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FOREWORD

As part of a planned endeavour to promote the growth of
meteorology throughout the world, the World Meteorological
Organization has in recent years arranged for the holding of a
series of Symposia on meteorological topics.
At the invitation
of the New Zealand Government, one of this series, the Symposium
on Tropical Meteorology, was held at Rotorua, New Zealand from
November 5-13, 1963.
The meeting was undertaken with the cooperation of the Union of Geodesy and Geophysics and in all, 84
meteorologists from 24 different countries participated.
The Symposium was opened by Mr R.R. Lapwood, Member of
Parliament for Rotorua, (representing the New Zealand Government)
and opening addresses were delivered by Mr O.M. Ashford (representing the Secretary-General of WMO, Dr J.F. Gabites (representing
the IUGG) and Dr R.G. Simmers, Director of the New Zealand
Meteorological Service.
A message of goodwill wishing the
Symposium every success was received from Mr J.L. Giovannelli,
President of the Southwest Pacific Regional Association of the WMO.
The present volume contains the texts of the invited survey
papers and the contributed scientific papers (in some cases somewhat
abridged) presented at the Symposium together with brief summaries
by the Session Chairmen of the more significant ideas put forward
in their respective sessions.
Informal discussion of the various
papers has not been explicitly recorded but any discussion item
presented in written form has been includ0d in the present
Proceedings.
The editing of the Proceedings has been carried out
under the guidance of Mr J.W. Hutchings of the New Zealand
Meteorological Service.
I should like to take this opportunity of thanking the New
Zealand Government, the Municipality of Rotorua, the Secretariat
of WMO, the various Scientific Consultants and all others who contributed to the success of the Symposium.
I am sure it has done
much to arouse interest in the problems of tropical meteorology and
in many cases has pointed a way towards their ultimate solution.

/U~
..
R.G. Simmers,
Director,
New Zealand Meteorological Service,
Wellington, New Zealand.
28 May, 196L~
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SESSION 1

GENERAL CIRCULATION OF THE TROPICS

CHAIRMAN:

E. PALMEN

ACADEMY OF FINLAND

GENERAL CIRCULATION OF THE TROPICS
Survey Paper
E. Palmen
Academy of Finland
INTRODUCTION
Very generally the mean atmospheric circulation can
be defined as the mean three-dimensional air flow over sufficiently long periods of time as a function of longitude, latitude
and height in the whole atmosphere.
In this form the general
circulation would include many "quasi-permanent disturbances"
which are related to the orography of the earth's surface and the
distribution of continents and oceans.
In a more restricted
sense the general circulation can be defined as the longitudinal mean of the three-dimensional flow.
This type of the
general circulation is then fully determined by the distribution
with height of the mean zonal, meridional and vertical wind
components in a single meridional plane.
If the general circulation is defined in this restricted
sense, the main problem is to explain the wind distribution in
such a mean meridional cross-section and the type of weather
and climate associated with it as a result of all the factors
to be considered.
The elimination of the longitudinal variations of the mean flow does not mean that these variations are
not considered when the maintenance and changes of circulation
in the mean meridional cross-section are discussed.
On the
contrary, it should be stated that no satisfactory theory of
the general circulation of the atmosphere in this restricted
sense can be achieved without considering the time and space
fluctuations of the real three-dimensional air motion.
The classical model of the general atmospheric
circulation, outlined already in 1735 by Hadley; introduced
a mean meridional circulation as the mechanism for meridional
exchange of momentum.
Hadley's idea gave a qualitatively
satisfactory explanation of the trade wind system, but failed
when applied to the circulations in higher latitudes.
A. Defant
(1921) was the first to stress the importance of large-scale
atmospheric disturbances for the m<:::ridional exchange of heat,
and some years later Jeffreys (1926) presented a theory of the
role of atmospheric disturbances for meridional exchange of
angular momentum.
The importance of the large scale atmospheric
disturbances, both for the meridional exchange of momentum and
heat, was later stressed by V. Bjerknes and Collab. (1933).
Mainly because of lack of observations on a global scale it
was at that time not possible to give numerical values of these
3
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eddy exchanges.
Since sufficient upper-air data became available
after the second World War, a large number of investigations
of the meridional eddy exchange of momentum and other properties
have been carried out.
Among these should especially be mentioned
the pioneering works by Starr, J. Bjerknes and Mintz.
Through
the new emphasis on eddy processes these replaced the mean circulations as carriers of properties in meridional planes.
As often
occurs in the history of science, when a new fruitful idea has
been introduced, many scientists considered the older ideas as
obsolete and useless.
In higher latitudes the new attempt was very successful,
but it failed largely when applied to conditions in the tropics.
Here the existence of the trade-wind, the climatic zones and the
subtropical jet streams can hardly be explained without the aid
of mean vertical circulations of the Hadley type.
Or, at least,
it is necessary to consi d er the combined effect of mean meridional
circulations and eddy processes.
For a deeper understanding of the processes involved,
experiments carried out in hydrodynamic laboratories, especially
by Fultz (1956), have been very helpful.
Through variations of
the differential heating of the fluid and the rate of rotation of
the experime ntal tank it became possible to investigate in detail
the types of circulation originated.
In these experiments both
zonal and meridional circulations and also different eddy processes,
resembling those in the atmosphere, were produced.
At a low rate
of rotation a steady meridional circulation with "trades" at the
bottom and "antitrades" at the top of the fluid develops, but if
the rate of rotation exceeds a critical valub the circulation
becomes irregular and long-wave patterns develop.
In cases of
slow rotation the "meridional" transfer of such properties as
angular momentum and heat is essentially performed by a Hadley
type of circulation, whereas in cases of high rotation large
scale eddies replace the Hadley circulation as carriers of momentum
and heat.
Unfortunately it is not possible to perform laboratory
experime nts which fully corr e spond to the conditions in the
earth's atmosphere wher e the variable Coriolis parameter and
the source of h e at due to condensation of water vap o u r ar e
ess e ntial for the processes.
In the real atmosphere the type
of circulation in low latitudes represents the case of low-rate
rotation and in higher latitudes the case of high-rate rotation.
Corres p ondingly, there would be in the atmosphere a gradual transition from the Hadley r e gime in the tropics to the eddy or "Rossby"
regime farther poleward.
Another complication arises from the
heat of condensation in the real atmosphere;
this acts as an
additional heat source which largely depends upon the circulation.
From the above qualitative discussion it can be concluded
that the general circul a tion of the tropics must show features

5
of both the simple Hadley regime and the much more complicated
regime of middle latitudes where eddy processes are dominating.
In the following an attempt will be made to consider both these
processes.
The discussion will mostly be limited to the tropical
troposphere.
The available data from the tropical stratosphere
or mesosphere are still so scattered that they hardly permit any
final computation of the meridional transfer processes, but promising attempts have already been made also in this field.
Recently a new field of investigations has been opened
in the form of "numerical experiments".
The ultimate purpose of
these experiments is to explain the hydrodynamic and thermodynamic
state of the atmosphere as a consequence of the laws of physics
and the imposed external conditions of the earth.
The numerical
experiments can give valuable information about the processes
governing the atmospheric circulation if the features of the
atmosphere, which can be observed reasonably well, are satisfactorily reproduced in the experiments.
Very promising results have
already been obtained by Phillips (1956), Smagorinsky (1963) and
several others.
2.

MEAN ZONAL CIRCULATION

Fig. 1 shows the mean zonal wind distribution between
the surface and 100 mb for both hemispheres in summer and winter
according to Mintz (1954).
In spite of the sparseness of data
from the Southern Hemisphere and parts of the tropical Northern
Hemisphere, Mintz' values give a rather satisf2ctory picture of
the distr~bution of the tropospheric mean zonal wind.
The tropics
are characterized by low-level easterlies, the width of which is
about 60 degrees of lat1tude.
In the upper troposphere, the width
of the east wind belt is reduced to about JO degrees of latitude
around 200 mb, but increases again upward.
The two hemispheric
west-wind maxima, closely corresponding to the sub-tropical jet
streams, appear around the latitudes 28° during the winter season
0
and around latitude JJ S and 42°N during the summer season.
The
wind maxima, 40-45 m/sec during the winter seasons of both hemispheres
are about equally developed, but the summer maximum of the Northern
Hemisphere (15-20 m/sec) is weaker than the corresponding Southern
Hemisphere maximum (20-25 m/sec).
Mintz' diagram shows no low-level
or higher-level equatorial west wind belt of the types proposed by
Flohn (1956) and others.
The possible existence of a mean equatorial
upper west-wind belt including the "Berson westerlies" around 20-25 km
(Berson, 1910) should be further investigated, but it seems more likely
that the equatorial westerlies of these types are local phenomena.
For the meridians 150°E Gibbs (1953) has published similar
meridional cross-sections.
In these the Northern Hemisghere wind
maximum in winter is about 60 m/sec.
The longitude 150 E is near
the absolute maximum intensity of the subtropical jet stream of the
Northern Hemisphere and can therefore not be considered quite representative of the mean conditions for the whole atmosphere.
For
the summer season Gibbs' cross-sections give about the same wind
distributions as Mintz' section.
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Using the newly published upper-wind statistic charts
by Crutcher (1959) I have recomputed the zonal-wind distribution in
a mean meridional cross-section for the northern hemisphere winter
(December-February) and summer (June-August).
The result is
presented in Figs. 2 and 3.
Unfortunately Crutcher's mean values
are not in all latitudes extended southward to the Equator.
In
the equatorial belt the me an wind distribution in Figs. 2 and 3
is therefore not quite satisfactory.
The W-wind maximum in winter
(34 m/sec) is observed at a mean latitude of 31°N, whereas the summer
maximum (20 m/sec) appears at 43°N.
The winter maximum is somewhat
weaker than according to Mintz, but as a whole, the mean distribution
of the zonal wind is quite similar in its general features.

3.

MEAN MERIDIONAL CIRCULATION

As was already pointed out, the existence of a mean
meridional circulation of the Hadley type in the tropics could
be expected both from theoretical and empirical considerations.
Observational data of upper winds in the tropical zone strongly
support this, ~s has been shown by Palmen an d Alaka (1952), Palmen
(1955), Mintz and Lang (1955), Palmen, Riehl and Vuorela (1958),
Tucker (1959) and Defant (1962).
Especially during the cold season
the tropical Hadley cell is well developed in the Northern Hemisphere.
From the Southern Hemisphere data are too sparse to permit any satisfactory computations of the Hadley circulation, but from the distribution of the climatic belts and the knowledge of the trade wind it
can be concluded that the tropical Hadley circulation during the
southern winter is about as well developed as during the winter
season of the Northern Hemisphere.
During the southern summer
the mean Hadley circulation is probably better developed than in
the northern summer atmosphere.
A new attempt to determine the mean meridional circulation
of the Northern Hemisphere has recently been made by Palm€n and
Vuorela (1963) for the winter season and ~y Vuorela and Tuominen
(1963) for the summer season.
For this recomputation Tucker's
(1957)data of the mean meridional surface wind components and
Crutcher's data of the components in the free atmosphere were used.
The distribution of the mean meridional wind for the seasons December February and June - August is given in Figs. 4 and 5.
From these
figures the meridional mass circulation was evaluated, and the results
are presented in Figs. 6 and 7.
During the winter season the total
mass circulation in the tropical Hadley cell exceeds 230 x 1012 gm/sec
(Fig. 8), whereas the reversed "Ferrel circulation" of the middle
latitudes carries only a mass of about 35 x 1012 gm/ sec.
The Hadley
circulation is converting mean available potential energy into kinetic
energy, and the Ferrel circulation reconverts kinetic energy into
potential energy.
For the atmospheric hudget of kinetic energy
the strong Hadley circulation of the tropics is therefore of great
importance.
During the summer season the northern Hadley c'irculation
is very weak, carrying a mass of only 35 x 1012 gm/ sec, and the
reversed Ferrel circulation is about e qually strong.
Howe ver,
during the northern summer the Southe rn He mispher e Hadley circulation,
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according to Fig. 7 crosses the Equator.
The mass circulation
of this southern Hadley cell probably equals the mass circulation
of the Northern Hemisphere cell in winter, but no satisfactory
values can be presented.
It should also be mentioned that Defant
and van de Boogaard (1962) in an investigation not yet published
computed the total mass circulation in the tropical Hadley cell as
being about 250 x 1012 gm/sec for one day of December.
For this
individual day they utilized in a very careful way all data available
0
for the zone Equator - 40 N.
From Fig. 4 it is possible to estimate the time needed for
a particule of air at the 200-mb level to move a certain distance
poleward.
For instance, an air parcel needs, on the average, a time
of 15 days to move from latitude 5°N to 25°N.
During the same time,
according to Fig. 2, it moves about 21,000 km eastward.
For a displacement from the Equator to 30°N the time needed is about 32 days,
and the corresponding eastward distance would be about 52,000 km,
or about 1.4 times the length of a mean parallel circle in this
latitude belt.
Fig. 9 shows the mean path of an air particle in
the 200-mb surface.
It would be of considerable interest to verify
this mean movement by releasing constant-level balloons in the vicinity
of the Equator and following their mean motion over periods of several
days.

4.

POLEWARD AND VERTICAL FLUXES

The poleward and vertical fluxes per unit mass of a
quantity Q is given by Qv and Qw, where v is the poleward component
of the wind and w the upward component.
If the space average
over the length of a latitude circle is denoted by a bar and a time
average by a circumflex and one prime denotes space fluctuations
and two primes time fluctuations, the total mean transports during
a given time period can be written in the form:

=

--

<';,

Qv + Qv +

~
QV;

~

~o

Qw = Qw +

~

Qw

~

+ <:1,w'

( 1)

The first right-hand terms in Eqs. (1) give the space and time
mean transports per unit mass computed from the time and space
mean values of Q, v and w.
The second terms give the time mean
values of the transports as a result of the fluctuations with time
of the spatial mean values of Q, v and w, and the last terms of
the fluxes due to time mean values of the space variations of Q,
v and w.
The sums of the two first terms then represent the
fluxes resulting from the spatial mean values over the length
of a complete latitude circle of the meridional and vertical air
motion.
In the mean meridional cross-section they determine the
transport per unit mass due to the existence of a mean meridional
circulation, varying with time.

-" v-" and -"
-"
The second terms in Eqs. ( 1 ) vanish if Q,
Q , w
are not correlated.
When using the mean spatial and time distribution
of given properties, for instance the mean angular momentum along
a complete latitude circle, the time variations of the meridional
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circulation are disregarded.
In the following a bar will therefore
indicate both the time and space mean values of the fluxes which
thence can be written in the simple form:
Qv

= Qv

+

cJ.v',

Qw =

Qw + c;fw'

(2)

The total fluxes are separated in two terms.
The first terms represent the contributions due to the mean transport in a given altitude
of the mean meridional plane during the entire period and the second
terms represent the contributions due to the fluctuations along the
length of a latitude circle during the same period. This simplification
is not quite correct, but necessary because of the form in which most
observational and computed data are available.
In their investigation
of the contribution of the different terms in Eqs. (1) to the meridional
flux of angular momentum, Starr and White (1952) showed that the term

----

~'
Q
v
generally is small in comparison with Q'v'.

The total poleward flux per unit time of a quantity Q
across a given latitude 0
between levels z
and z , can be written
1
2
in the form :

J,zz, 1° (Q v
2

21T Reos II)

+

Q'v' ) dz

(J)

Similarily the total vertical flux between the latitudes 0,
and ~2 can be expressed by

2rTR21"'-f (Ow+ Q'w') cosl/Jd</J

(4)

{ZS,

Here R is the distance from the centre of the earth ·(approximately
earth's radius) and I'
the air density.
The fluctuations of
density along the parallel circle have been neglected as being small
compared with the fluctuations of Q, v and w.
Further, if the
vertical integration is performed between two isobaric surfaces,
,..odz can be replaced by - ~ dp.
g

Over extended periods of time the local changes are
generally small.
Hence, the mean motion and the mean atmospheric
structure are maintained by the combined effect of the fluxes of
given properties and the generation of the same properties.
In
the following this rule will be applied on the maintenance of
angular momentum, kinetic energy, water vapour and total energy
in the tropics.

5.

BUDGET OF ANGULAR MOMENTUM

In the atmosphere the trade-wind zones represent a source
region of angular momentum, whereas the west-wind belts in higher
latitudes are sink regions.
On the average, the positive torque
of the earth in the tropical zones of east wind must equal the
negative torque about the earth's axis in the extra-tropical westwind zones.
Through the combined vertical and meridional exchange
processes, surplus of angular momentum in the tropics is transported
in the meridional direction from the tropical source region to the
extratropical sink region.
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Disregarding seasonal variations, the latitudes J0°N and
J0°s, on the average, separate the tropical source region of
angular momentum from the extratropical sink regions.
Hence
the poleward net flux of angular momentum must reach its maximum
intensity around these latitudes.
Generally one can state that
in every latitude zone the surface torque should equal the meridional
flux divergence of angular momentum.
According to Priestley (1951), the mean torque about the
earth's axis computed from the zonal wind stress has the following
values in the northern and southern tropical zones :
Table 1 • Mean torque about earth's axis
(Unit : 1025 gm cm 2 sec -2)
Zone

Jan.

April

July

Oct.

Year

N. Tropical

40

35

12

20

25

s. Tropical

32

J6

41

37

37

In the northern tropical zone the surface torque shows a much
stronger annual variation than in the southern zone.
The
difference is largely explained by the monsoon regime over the
Indian Ocean and adjacent regions.
The above values are probably somewhat ~ too small.
If the
mean zonal stress in the trade-wind zone is computed from the
total equatorward mass flow in the layer between the earth's surface and the level of maximum easterlies, according to the principle
outlined by Sheppard and Omar (1952), somewhat larger values of
the surface torque result, as Palmen (1955) pointed out.
For
instance, in the northern tropical zone the January torque should
probably be increased to about 50 x 1025 gm cm2sec-2.
Similar
corrections should be added to the other values in Table 1.
By introducing the expression of angular momentum in Eqs.

(J) and

(4) the total meridional and vertical momentum fluxes can be written
in the forms:
P,

2TfR2cos2 (/)

1
P2

[ ( nR cos

q:,

+

u) v + u'v'] dp

(5)

(6)
The angular momentum fluxes due to the mean values u, v
and w can be evaluated fo r latitude rings and constant levels.
The
meridional eddy flux has been subjected to extensive investigations
by Widger (1949), Mintz (1951), Starr and White (1952) and several
other meteorologists for the Northern Hemisphere.
The vertical
eddy flux is more difficult to compute, because it obviously is
essentially caused by small-scale processes, which cannot be evaluated
from synoptic charts.

16
Across latitude J0°N the mean poleward eddy flux of
angular momentum amounts to 45 x 1025 gm cm2sec-2 in winter and
only to 1J x 1025 gm cm 2 sec- 2 in summer, according to computations
by Mintz.
If the flux of momentum due to the mean meridional
circulation is added to the above eddy fluxes, we can estimate
the total poleward fluxes at 50 units in winter and 15 units in
summer.
These values are in close agreement with the surface
torques in the northern tropical zone.
From this agreement it
can be concluded that the net flux of angular momentum across
the Equator is quite negligible.
Whether a similarly good
agreement between surface torque and poleward flux of angular
momentum can be established in the southern tropical zone cannot
be decided;
however, there is no reason to doubt it.
According to Mintz and Widger, the poleward eddy transfer
of angular momentum almost entirely occurs in the upper troposphere.
To bring momentum from its low-level source region to the upper
troposphere, a mean mass circulation is necessary.
The role of
the mean Hadley circulation in the process of vertical momentum
exchange and for conversion of n-momentum into u-momentum was outlined by Palmen and Alaka (1952) and in more detail by Palmen (1955).
In order to simplify the discussion we shall assume that the total
mass circulation in winter, 2JO x 1012 gm/sec according to Fig. 6,
0
ascends at latitude J N and descends at 20°N.
If the mass circulation
is denoted by [Mz] the net upward transport of angular momentum across
an isobaric level around 700 mb can be expressed by

(7)
From this formula the net upward flux of angular momentum is
evaluated at about 80 x 1025 gm cm 2 sec- 2 , which is considerably
more than the surface torque or the poleward transport of angular
momentum across the northern boundary of the tropical zone.
The
difference between the upward transport of angular momentum due
to the Hadley circulation and the surface torque represents the
downward eddy flux of momentum in Expr. (6).
Per unit horizontal
area this can be written

f

Reos</>

u'w'

= - Rcos</J Lxz

(8)

where Lxz denotes the mean zonal component of the vertical shearing
stress.
In the tropical zone where ou/azis generally positive,
momentum is carried downwards in the layer between the maximum
easterlies above the friction layer and the level of highest
west wind velocity around 200 mb.
In Fig. 10 a scheme of the angular momentum budget in
the whole tropical zone during northern winter is presented.
The
surface torque is assumed to be 50 units in the northern zone and
40 units in the southern zone.
Across the Equator there is no
net flux of momentum.
The total northward flux across J0°N is
assumed to be 45 + 5 = 50 units and the southward flux across
J0°s 40 units.
The Hadley circulation with a total mass
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transport of 230 x 10
gm/sec in the northern zone carries upward
600 - 520 = 80 units.
The downward eddy flux must then be
80 - 50 = JO units.
In the southern tropical zone the mass
circulation is estimated at 4/5 of the northern mass circulation,
or at 180 x 10 1 2 gm/sec, if the ratio is equal to the ratio between
the surface torques according to Table 1.
The net upward transport
due to the Hadley circulation is estimated at 65 units and the downward eddy flux at 25 units.
It should be stressed that, whereas
the budget of angular momentum in the northern zone is supported
by reliable computations, the budget for the southern zone is more
speculative.
Two stratospheric circulation cells are sketched in
Fig. 10.
They can be considered as necessary complements to the
tropospheric cells.
Above the lev e l of maximum W-wind, around
200 mb, the vertical eddy flux of momentum is positive.
Since
there can be no sink of angular momentum at the upper boundary
of the atmosphere, momentum is accumulated in the upper levels
of the stratosphere and rings of air are forced equatorwards.
Under steady state conditions, angular momentum must be transported
poleward across the poleward boundaries of the stratospheric tropical
zones, but no data on the magnitude of these fluxes are available.
The distribution of the mean zonal wind, u, around 200 mb
can for steady state be evaluated from the equation

v (f

+

TI tan cf> -

R

au
) =
ay

Fy

+

(9)

Fz

where

Fy
Here F

=

1
cos2 (/;

_Q_ ( u'v' cos2ifJ )

ay

F.z

= - _1 a 'txz

( 1 0)

? az

represents the lateral friction per unit mass and F

y

vertical friction.
angular momentum)

the
z
In the case of no friction (conservation of

the meridional profile of mean zonal wind is

determined by

au = f

+

TI tan(/>

In Fig.

11

( 1 1)

R

ay

the solid curve represents this wind profile, whereas

the dashed curve gives the observed wind profile according to Fig. 2.
From the difference between these two profiles the following loss
of momentum due to the combined effect of F

y

and F

z

was evaluated.

Table 2. Frictional loss of zonal momentum per unit mass
at the level of maximum wind
(Unit
10-5 m sec-2)
Latitude
F

y

+ F

z

J.4

5.

1

5.6

4.J

2. 1
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Due to the combined effect of lateral and vertical friction, the
mean zonal speed of air moving northwards with the mean velocity
of Fig. 4 is reduced at a rate of 3-5 m/sec per day between 10°
and 25°N.
The much lower rate around 30°N indicates that Fy
vanishes here, where the northward flux of angular momentum
reaches its highest values.
If the latitudinal distribution of mean "zonal" wind is
computed relative to the core of the subtropical jet stream, the
third wind profile in Fig. 11 results (Riehl, 1962);
This third
curve is closer to the constant angular momentum profile.
By
referring the lateral flux of angular momentum to the jet stream
core with its quasi-permanent long waves (Krishnamurti, 1961),
a part of the very large-scale "meridional flux" is eliminated.
6.

BUDGET OF KINETIC ENERGY

2
2
If k = 1/2 (u + v ) denotes kinetic energy per unit mass,
the total poleward flux of kinetic energy across a complete
latitude circle in a layer between two fixed levels, z
and z ,
1
2
is given by
( 1 2)

If the flux is integrated from the top to the bottom of the atmosphere
and the meridional flux divergence is determined as a function of
latitude, this flux divergence must, on the average, equal the net
generation of kinetic energy, or the difference between generation
and frictional dissipation of kinetic energy.
In his study of
the mean meridional flux of kinetic energy Pisharoty (1954) showed
that the northern tropical zone, as a whole, is a source region of
kinetic energy, whereas the temperate zone is a sink region.
The
mean geostrophic flux of kinetic energy across the complete latitude
circle 30°N in January was est_i_;;1a tPd by Pisharoty at 20 x 1O10
kilojoules per second.
Generation of kinetic energy is approximately equal to the
work done by the horizontal pressure forces on the moving air.
Per unit length of the meridian the work,
SK, is given by the
formula :

SK = - 27\R cos(/>

2

fz [vQ.Q
lz, ay

+

V'( QQ )'

ay

+

U'(~)']
ax

dz

(13)

where the first term represents the contribution by the mean
meridional mass flow, and the other terms represent the eddy contributions.
At the present time these eddy contributions cannot
be estimated.
The contribution of the first term in Eq. (13)
has been estimated by Palmen, Riehl and Vuorela (1958) at
.
31.7 x 10 10 kj/sec for the northern tropical zone, Equator - 30°N,
in winter.
A somewhat higher value was presented by Krishnamurti
(1961) in his discussion of the maintenance of the subtropical jet
stream of the Northern IIemisphere, but in his result a part of the
generation of eddy kinetic energy is included because of his choice
of co-ordinate system.
In any case, it can be concluded that the
3
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Hadley cell in winter represents an effective mechanism for converting available potential energy into kinetic energy.
The total rate of conversion between available potential
energy and kinetic energy in the tropics must be considerably in
excess of the above value of about J2 x 1010 kilowatts.
If we
add to the eddy geostropic flux across J0°N the smaller amount
transported by the mean meridional circulation, the total northward flux is at least 22 x 10 10 kj/sec in winter.
It seems to
be characteristic of the generation - and flux of kinetic energy
that, in the former process, the mean meridional circulation is
a dominating feature, whereas the flux mechanism at the northern
boundary of the tropical zone is mainly an eddy process.
0

In the northern summer the flux across latitude JO N is
very small compared with the flux in winter, amounting to only
0.8 x 1010kj/sec, according to Mintz.
For the generation and
flux of kinetic energy in the Southern Hemisphere no data are,
to my knowledge, available, but considering the much greater
permanence of the Southern Hemisphere jet it seems safe to conclude that the role of the meridional circulation here, both in
summer and winter, is considerable.
It is of interest to compare the poleward flux of kinetic
energy with the total kinetic energy in the half of the northern
atmosphere north of J0°N.
According to Pisharoty's estimate,
the total amount 9~ kinetic energy in this cap amounts in winter
to about 120 x 10
kilojoules, which is about six times the
import across J0°N in one day.
Hence, the northern tropical
zone acts as an important source of kinetic energy for the
extratropical belt during the cold season, but not in the warm
season.
The difference is explained by the strong seasonal
variation of the Hadley circulation, but partly also by the
northward displacement of the thermal Equator in summer.
Estimates of the rate of conversion between potential
and kinetic energy in the atmosphere have been made by Sverdrup
(1914) and Brunt (19J9), under the assumption that the frictional
dissipation must equ£1 the generation of kinetic energy.
According
to th5se estimates the rate of energy Beneration in the whole cap
J0-90 N should be larger than 60 x 101
kilowatts but probably
sm3ller than 100 x 1010 kilowatts.
In winter the influx across
JO N hence amounts to 1/J-1/5 of the rate of dissipation or to
50-25 per cent of the local rate of conversion.
These values
show the importance of the tropics in the kinetic energy budget
of the atmosphere.

7.

WATER BUDGET OF THE TROPICAL ATMOSPHERE

The climate of the tropical and the adjacent subtropical
regions is strongly dominated by the influence of the tropical
circulation on the atmospheric water budget.
The earth's surface
is the principal source of water vapour, whereas the sinks of
vapour occur in connexion with condensation and cloud formation.
In the absence of horizontal moisture fluxes the local mean rate
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of precipitation would equal the local rate of evapo-transpiration
from the ground.
However, due to transient or more or less quasipermanent circulation systems, water vapour can be accumulated in
some preferred regions, where the rate of precipitation then
largely exceeds the local rate of evapo-transpiration.
Locally,
the difference between evapo-transpiration E and precipitation P
can be expressed by the formula :
E - p =

1

g

pQ.9.
0

Lat

dp

+

0

..1
g

1P v .
0

<q ~ ) dp +

0

...1.
g

1Po aw
0

dp

at

.1

+

g

ipo

'V • < w

v ) dp ( 14)

0

Here q denotes specific humidity, ~ the horizontal wind vector and
W the amount of liquid and solid water per unit mass of air.
Occasionally the two last right-hand terms can be large, but generally they are relatively small if the difference E - P is computed
for extended time periods.
Therefore, and since no data of W are
available, these terms will be neglected in the following discussion.
The total poleward flux of water vapour across a complete
latitude circle is determined by

Po

P0

2TTR cos<P
g

1

qv dp

=

2TTRcosp

0

g

(qv

[

+

q'v') dp

( 15)

0

where the first term in the integral again represents the flux due to
a mean meridional circulation and the second represents the eddy
flux.
The following table gives the mean values of the first term
between the Equator and J0°N in winter (December - February), according
to Palmen and Vuorela (1963), and in summer (June - August), according
to Vuorela and Tuominen (1963), (not yet published).
Table

J.

Flux of water vapour across different latitudes

due to mean meridional wind and transient eddies
(Unit :
Latitude
H
C)
~

~

·rl

::::

Mean wind
Transient edd.
Sum of fluxes
Divergence

H
C)

§
~

0

40
0.2
J.8
4.0
o.4

10 11 gm sec -1 )

00
50
10°
15°
35° JOO 25° 20°
0.0 -1 . 9 -4.J -10.5 -17.5 -25.8 -19.5 -10.2
J.6 J.J 2.9
2.4
2.2
2.0
1. 1
0.2
J.6 1. 4 -1.4 -8. 1 -15.J -2J.8 -18.4 -10.0

2.2

2.8

6.7

Mean wind
-0.J -2.5 -J.J -J.8
Transient edd.
J.J 2.6 2.0 2.0
Sum of fluxes
J.O 0. 1 -1. J -1 . 8

8.5

7.2
-0.8
1. 9
1. 1

o.6
1. 7
2.J

(/)

Divergence

2.9

1.4

0.5

-2.9

-1 . 2

-5.4
4.J
1. 4
5.7

-8.4

18.0
0.5
18.5

-J.4 -12.8

25.6
-0.J
25.3

-6.8
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In the above table the transport of water vapour due to
transient eddies was computed for the periods October - April and
May - September by Starr, Peixoto and Lividas (1957) rather than
for the winter and summer periods, December - February and June August, as were the fluxes due to the mean wind, but because of the
quite small annual variation of the eddy fluxes the values in Table 3
are approximately representative also for the shorter periods.
Excluded from the Table are fluxes due to "standing eddies".
It
is also likely that this type of eddy would generally give a northward flux of water vapour.
In an investigation of the water vapour
flux during one December day, van de Boogaard (1962, not yet published) got a somewhat higher value for the eddy flux, especially in
the northern part of the zone.
The eddy flux and divergence
values in Table 3 should therefore probably be somewhat increased in
this part of the zone.
During the winter season the southward transport of water
vapour is dominated by the mean southward flow of air in the lower
troposphere in the whole belt 25° - o 0 •
Across latitude 10°N the
mean meridional circulation carries 25.8 x 101 1 grams of water per
second.
In Fig. 12 the vertical distribution of this transport is
presented.
It follows from the curve that the water vapour transport
occurs essentially in the layer between 1000 and 700 mb.
For the
meridional water vapour transport the upper part of the atmosphere
can be disregarded.
If the total transport across 10° is accumulated in the zone 10°N - 5°s, the amount of water vapour, 23.8 x 10 11
gm/sec in Table 3, if condensed, would give a mean precipitation of
3.1 mm per day.
Condensation of this intensity corresponds to a
mean release of latent heat of 0.13 cal cm- 2 min- 1
This value
should be compared with the total short wave energy absorbed by the
earth atmosphere which, acc~2din~ to Baur and Philipps (1935), can
1.
be estimated at 0.34 cal cm min
To the above values of mean
precipitation and release of latent heat should be added the
influence of the local evapo-transpiration.
If this is assumed to
be about 3 mm per day (A.Defant, 1961), the mean precipitation in
the zone would rise to 6 ~ pe~ day and the mean release of latent
1.
heat to about 0.25 cal cm min
From these values we can
conclude that the water vapour transport due to the mean meridional
circulation plays an essential role in the heat budget of the
equatorial zone.
In summer a large amount of water vapour is, according to
Table 3, carried across the Equator due to the Hadley circulation
of the Southern Hemisphere.
If the total amount, 23.0 x 1011
gm/sec, is accumulated in the zone Equator - 15°N, the mean precipitation in the zone would be about 3.0 mm/day or about the same as
in the zone 10°N - 5°s in winter.
To this amount should be added
the total evaporation from the earth's surface.
The centre of
the belt of maximum precipitation in the equatorial zone is hence
around latitude 2.5°N in winter and 7.5°N in summer.
This seasonal
variation of the zone of maximum rainfall is in good agreement with
the rainfall distribution according to Riehl (1954).
However,
Riehl's values are 3.5 mm/day in winter and 4.1 mm/day in summer
compared with about 6 mm/day according to my estimate if the local
evaporation is considered.
Moller (1951) has presented some~hat
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Southward flux of water vapour between 1000
and 500mb at latitude 10°N due to the mean
meridional mass flux during December February.
The total flux of water vapour
across the latitude circle amounts to
25.8 x 10 11 gm/sec.
Dashed curve shows the
reduction in transport if interpolated
between 1000 and 850 mb.
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13

Difference between mean precipitation P and evapotranspiration E computed from the divergence of the
mean water vapour flux during December - February.
Curve P represents the mean seasonal rainfall according to Moller, and curve E is the mean evapo-transpiration computed from the other two curves.
All
values are given in mm for the 90 days.
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higher values, 4.1 mm/day in winter and 4.5 mm/day in summer.
Considering all possible errors in the mean precipitation and
evaporation the agreement between the computed and observed values
of the mean rainfall in the equatorial belt seems to be fairly
satisfactory.
Eq. (14) permits a computation of P - E as a function of
latitude.
In Fig. 13 the difference P - E in winter according
to Table J, the P-distribution according to Moller, and the
distribution of mean evapo-transpiration, curve E, are presented.
In the belt 4o 0 - 10°N evapo-transpiration is larger than precipitation.
In the northern trade-wind belt between J0°and 10°N the
mean evapo-transpiration is J.J mm/day, a value which is in close
agreement with the mean evaporation from the oceans according to
Wtist (1920), Jacobs (1951) and Defant (1961).
In the equatorial
rain belt, however, the computed evaporation seems to be somewhat
too small, only about 1.5 mm/day, compared with 3 mm/day for the
ocean regions, according to Defant.
Table 3 shows that the meridional flux of water vapour and
the rainfall distribution in the tropics largely depends on the
Hadley type circulation.
This is especially true in the real
tropical regions, whereas the subtropics already represent a
transition zone where the eddy fluxes become important.
This,
however, should not be interpreted as indicating that the disturbances are not decisive for the local distribution of rainfall also
in the tropical zone.

8.

BUDGET OF TOTAL ENERGY IN THE TROPICS

The source of total energy in different zones of latitude
is determined by the difference between the mean incoming and
outgoing radiation.
This difference is positive in low latitudes
and negative in higher latitudes.
To maintain the heat budget of
the earth, heat must be transported from the low-latitude heat
source to the heat sinks in higher latitudes.
Generally, however,
the atmosphere loses heat due to radiation •.
Counteracting this
is the heat gain due to heat flux from the earth.
The total poleward heat flux can be determined from the
total energy storage in the system earth + atmosphere.
Generally
it has been assumed that the poleward heat flux mostly occurs in
the atmosphere and that the transport by the ocean currents is small
(about 10 per cent of the transport in the atmosphere).
Because of
the large heat capacity of the oceans it is not permissible to
determine the seasonal vari a tion of the atmospheric heat flux from
the rate of heat s torage in the whole system earth + atmosphere.
In addition, it is necessary to consider the flux of sensible and
latent heat from earth to atmosphere.
Riehl and Malkus (1958) avoid this difficulty by considering
the radiation budget during the times of the year when heat storage
in the oceans vanishes.
This oc~urs during the late winter or
summer seasons when the ocean temperature reaches its extreme values.
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Latitudinal mean heat transport
(1015 cal sec-1) to Summer and
Winter poles according to Riehl
and Malkus.

Using London's diagram for the latitudinal distribution of the
radiation excess of earth plus atmosphere, they computed the latitudinal heat transport to winter and summer pole of the Northern
atmosphere during the time of no heat storage in the oceans.
Their
result is presented in Fig.14.
Here I shall use only the transport
to the winter pole.
It is not.quite correct to use their transports
valid for the later part of February for a study of the total energy
budget for the northern winter season (December - February), but for
our purpose the error may not be serious.
In. Fig.15 the solid curve represents the northward total
flux of energy during the winter season computed from Fig.14.
The
flux is positive from about latitude 10°S and reaches its maximum
value, 4.J x 10 12 kilojoules per second, around latitude J0°N.
This is about 20 times larger than our previous estimate of the flux
of kineybc energy across the same latitude, which amounts to about
22 x 10
kilojoules per second.
Considering the numerous sources
of error in the computed total energy flux, it is therefore permissible to neglect the small amounts of kinetic energy in our budget of
total energy.
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The poleward flux of energy across the total length of a
latitude circle ~ is determined by

( 1 6)

where the total energy per unit mass H is g iv en by
H

c T + gz+ Lq.
p

( 17)

Here c
is the specific heat at constant pressure, g z the geopotential aRct L latent heat of evap oration.
If the eddy transport is
esse ntially performed by quasi-horizontal eddies and ge ostrophic
winds are us ed in computing the poleward transport, th e total energy
flux across a complete latitude circle is express~d by

( 1 8)
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where the first integral represents the flux due to the mean meridional circulation and the second integral represents the combined
eddy flux of sensible and latent heat.

\

For an estimate of the latter integral we can use the
sensible heat flux computed by Mintz (1955).
The corresponding
flux of latent heat due to transient eddies is computed from the
eddy flux of water vapour in Table J.
The sum of both these fluxes
is probably somewhat smaller than the real eddy flux would have been.
It is represented by the dashed curve in Fig.15.
The difference
between the solid curve and the dashed curve then represents the
flux due to the mean meridional circulation, marked as Hadley flux in
the figure.
This latter has its maximum value. about 2.6 x 10 12
u
u
kilowatts, around latitude 17.5 ~' or 5 north of the latitude of
the centre of the Hadley cell.
A slight increase of the eddy flux
in the northern part of the tropical zone would take care of this
discrepancy, which probably depends on an underestimate of the
poleward eddy flux of latent heat.
Tbe investigation by van de
Boogaard gave a considerabiy larger poleward eddy flux of water
vapour than the values in Table J.
For a complete energy budget of the tropics, similar computations should be made for all seasons and also for the southern
tropical zone, but the data available at the present time are not
suitable for this purpose.
The fluxes presented in Fig.15 are
probably not very different in the southern tropical zone during the
corresponding winter season.
A few words may be added about the vertical flux of energy
in the vertical branches of the Hadley cell.
Riehl and Nalkus
(1958) have shown that the upward transport of energy in the
equatorial trough essentially occurs in the strong updrafts of
active convective clouds.
Hence the upward transport of the Hadley
circulation is essentially an eddy transport, whereas the equator or poleward transports could largely be considered as a transport due
to the mean mass movement.
In the middle and upper troposphere of
the equatorial trough the eddy flux is actually directed from lower
to higher values of energy.
This type of energy or heat flux is a
good example of the mechanism of the vertical heat flux proposed
by Ertel (1942), Priestle~r and Swinbank (1947) and others (see e.g.
Priestleyand Sheppard, 1952).
This type of heat flux does not
depend on the mean gradient, but upon the fluctuations in a given
level.
The convective type of heat transfer is maintained by
liberation of latent heat and must be especially active in regions
of mean upward motion where humidity is high.
Riehl and Malkus
estimated that a total area of undiluted Cumulus clouds, only 1/1000
of the total trough area, would suffice to give the proper upward
transport of heat.
If the mean vertical velocity, w, in the ascending branch of the equatorial Hadley cell is of the order of 0.5 cm/sec,
a mean velocity in the undiluted Cumulus clouds of 5 m/sec could carry
upwards the total mass and heat in this region.
It was previously shown that the net upward transport of
angular momentum could be computed from the mean vertical mass
circulation and that the eddy transfer of ·angular momentum is essentially directed downward in agreement with the mean vertical wind
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shear.
The different mechanism of vertical transfer of momentum and
heat is a good illustration of the complexity of the eddy processes.
Convection can actually transport heat against the gradient of mean
heat content, but, at the same time, transport momentum in the
direction from higher to lower mean momentum.

9.

GENERAL CONCLUSION

In the brief, and in many respects incomplete, discussion of
the processes involved in the maintenance of the general atmospheric
structure in the tropical zone, the importance of the mean meridional
circulations has been especially emphasized.
In the tropics these
mean meridional circulations have, especially in the colder season,
a dominating influence on the budget of angular momentum, kinetic
and total energy.
Also the atmospheric water budget could not be
explained satisfactorily without consideration of the equatorward
net transport of water vapour as a result of the mean meridional
mass circulations.
The existence of the tropical climatic zones
and their annual variation depend largely on these mean meridional
circulations of both hemispheres, if the disturbances due to monsoon
circulations are disregarded.
On the other hand, eddy procefrses due to large-scale and
small-scale processes are also essential.
For instance, the meridional flux of momentum and energy is, especially in the poleward
parts of the tropical zone, largely a result of large-scale eddy
processes, whereas smaller-scale eddy processes are important for
the vertical exchange of angular momentum and heat or for the total
budget of kinetic energy.
As a whole, the tropics represent an
important source region of angular momentum and energy for the extratropical regions.
At the present time our knowledge of the complicated
processes governing the tropical circulation is rather incomplete,
mainly due to lack of observations in many of the tropical regions.
Due to lack of observations it is, for instance, not possible to compute
any of the fundamental meridional flux quantities in the Southern
Hemisphere with a sufficient degree of accuracy.
Considering the
importance of the tropics for the whole atmospheric circulation, it
would therefore be of immense importance to establish a satisfactory
network of aerological stations in the t~opics.
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PRIMARY FACTORS GOVERNING TROPOSPHERIC CIRCULATIONS
IN TROPICAL AND SUBTROPICAL LATITUDES
H.T. Marth
East African Meteorological Department
Nairobi, Kenya.

ABSTRACT
A hypothetical model for the mean annual circulation of the lower atmosphere (below 25km) is developed for
middle and low latitudes, assuming that winds are thermally
driven.
The basic temperature field is derived from
radiative control by water vapour in the troposphere and by
ozone in the stratosphere.
The temperatures in the transition layer (troposphere) are assumed to depend on the
interaction between water vapour and ozone in the presence
of near-infrared radiation.
The structure of the observed
temperature field in the vicinity of the subtropical jets
suggests that water vapour may move independently of the
other atmospheric constituents under conditions of strong
shear.
A hypothetic relation to this effect applied to the
basically derived temperature-wind fields produces "zerofields" of temperature, pressure, and wind which resemble
the mean annual circulation computed from observed data very
closely.
1•

INTRODUCTION

Research presented in this paper has not been prompted by a
primary interest in the general circulation of the atmosphere, it
rather emerged from investigations aimed at day-to-day weather forecasting in low latitudes.
Pressure analyses for upper air charts have been performed
for equatorial latitudes in the East African Meteorological Department
since 1959 and two factors have clearly emerged over this period.
Firstly, weather in low latitudes is largely influenced by the wind
divergence fie~ds at levels throughout the troposphere.
These divergence fields can be related to the pressure fields in steady states.
Changes in the divergence field invariably reflect changes in the
pressure field.
Thus it becomes necessary to study what determines
the pressure and its changes in low latitudes.
Secondly, temperature, pressure, and wind changes appear to be closely correlated with
synoptic changes in middle latitudes.
The problem is to find the
correlating mechanism and to determine its application to forecasting.
The general circulation model described in this paper may
thus be regarded as developed from circulation studies in tropical
latitudes for the purpose of circulation forecasting in low latitudes.
Its application has shown promising results in weather forecasting
over equatorial Africa.
This leads the author to believe that by
concentrating on radiative influences a step in the right direction
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has been taken towards determining the basic factors governing the
general circulation.
2.

TEMPERATURE CONTROL BELOW THE TROPOPAUSE

Throughout this paper the term 'tropopause' refers to the
layer of transition between tropospheric and stratospheric temperature lapse rates and may therefore be several kilometres thick.
Since Emden's (1) first theoretical evaluation of the
vertical temperature distribution in the atmosphere in 1913, using
radiative equilibrium computations, it has been generally accepted
that stratospheric temperatures are controlled by radiation, while
tropospheric temperatures are dominated by convective heat transport.
The tropopause being the region of transition from one regime to the
other.
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Fig.1. suggests that, when considering lapse rate averages
over long periods, lapse rate profiles are remarkably parallel in all
latitudes throughout the troposphere, apart from the lowest 2 km.
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This implies that tropospheric temperatures are determined by the
same factors in any latitude.
Surely, it cannot be assumed that
convective activity shows the same uniformity with latitude.
Furthermore, if the saturated adiabatic lapse rate had any bearing on the
problem, lapse rates for the same height should be greater in high
latitudes than in lower latitudes.
These arguments suggest that
convective control, other than over short periods, is of minor importance for the formation of tropospheric lapse rates.
In the following an attempt is made to derive the annual
mean tropospheric temperatures from radiation considerations.
Unless
stated otherwise, the layer between the surface (sea level) and 2 km
is excluded from the 'troposphere'.
Hypothesis 1

Mean tropospheric temperatures are controlled
through absorption of radiation by atmospheric
constituents.

Hypothesis 2

The temperature attained through balance of such
absorption and re-radiation is a logarithmic
function of the radiation absorber density.

It follows that water vapour will dominate the temperature
control throughout most levels of the troposphere as its density greatly exceeds that of other radiation absorbers.
The annual mean temperature-humidity relation for stations
outside the subtropical belt is found to be
T
where T is in

°c,

= 26.5

logD

w

-

1J.4

( 1)

D in grams per m3
w

It is now necessary to determine the water vapour distribution with height in order to arrive at the tropospheric temperature
field.
Hypothesis J

The water vapour density at any point in the
troposphere is a function of height and rate of
evaporation from the surface only, as long as
no meridional advection occurs.

For maritime stations with purely zonal mean winds the following relation is found

l

D

og w

=

JS.6 - 0.175(h

.

26 5

+

12)

2

+ T'
s

(2)

where D is in grams/m 3 , h in km, and T' in °c.
For stations with
w
s
meridional mean wind components a depression in water vapour content
is found with polar components and an increase with equatorial components. T' represents the hypothetical surface temperature which is
s
obtained by extrapolation of the humidity-height relation across the
lowest two kilometres to the surface.
It is always smaller than the

"

J4
actually observed mean annual surface temperature T
Combining equations (1) and (2)
tropospheric temperatures, height and T'

s

in the tropics.

leads to a relation between

s

T

=

-0.175(h + 12)

2

+ 25.2 + T'
s

(J)

With a set of representative surface temperatures T
and
T' as boundary condition (Table 1), the tropospheric temperat~re field
C~n now be calculated for latitudes OO to 60°.
The vertical temperature distribution between the surface
and 2 km follows a different law because of additional effects due to
the vicinity of the ground.
While the fine structure of this layer
may be of principal importance in geographical influences on the
general circulation by differential heating i t is neglected at this
stage, and temperature-height graphs constructed from equation (J) are
extended to the surface by connecting the 2km temperature and T
through
s
a straight line.
It is most interesting that stations in the subtropical belt
(prP-dominant subsidence) were found to conform closely to the relationship of equation (J).
This suggests that radiational cooling resulting from the reduction in water vapour is almost exactly compensated
by adiabatic warming in the sinking air.

J.

CARBON DIOXIDE

Throughout the investigations on radiative temperature
control, especially for the higher parts of the troposphere, attention
has been given to the possible influence from co .
Whilst it is not
2
denied that this gas may contribute to the temperature control, all
basic features of the general circulation can be obtained without the
assessment of such influence.

4.

TEMPERATURE CONTROL ABOVE THE TROPOPAUSE

Assuming predominant control by ozone under radiative
equilibrium, the large temperature constancy with height above the
tropopause and the relatively small ozone density variation with
height suggest that a law similar to equation (1) connects the stratospheric temperatures with the density of the principal radiation
absorber, ozone.
At latitude 50° a fairly ~onstant -5J 0 c corresponds
to an ozone density of approximately 1·5.10grams/mJ between 15 and
25km.
At this latitude, the simple combination of an ozone-controlled
temperature profile with the computed water vapour-controlled temperature profile resembles the mean annual observed lapse rate curve very
well (Fig.2).

5.

TJSMPERATURi~

CONTROL AT THE TROPOPAUSE

Looking now at a mean annual observed lapse rate curve for
low latitudes (Fig.J), it must be inferred that the transition from
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water vapour·control to ozone control takes place at a higher
altitude, that ozone densities in the tropopause layer are much
smaller than at similar heights in higher latitudes, and that they
vary much more with height.
Studies of temperature soundings from
tropical stations show relatively strong day-to-day temperature
variations in the tropopause which suggests that the ozone density
in this layer is subjected to a rather delicate control.
An explanation is attempted through
Hypothesis

4 :

Near infrared radiation destroys ozone in the
presence of water vapour.
Fig. 4.

Fig. 3.
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The destructive radiation is assumed to be at the short
wave end of the terrestrial black-body radiation and of such small
intensity at terrestrial surface temperatures that it only penetrates
upwards to about 15km in the tropics, to less than 10km in high latitudes.
The same radiation is received from the sun, at the long
wave end of the solar radiation spectrum.
Again, intensities are
very small and penetration down to below 15 km occurs only at maximum
sun elevation.
The ozone density, and with it the temperature in the
tropopause layer, should then be a function of the water vapour density
and of the intensities of the destructive radiation received from sun
and earth.
4

J6
The envisaged mechanism involved can profitably be studied
in the month-to-month variations in the tropopause temperatures of a
station in the subtropics, here Yonago, Japan in Figure 4.
In
February, the transition from water vapour to ozone control takes
place between 8 and 11 km.
Because of the low earth surface temperatures, destructive terrestrial radiation does apparently not reach
this level.
A lapse rate transition typical of that in higher latitudes (polar tropopause) is evident.
Above 1Jkm, temperatures
decrease again suggesting that destructive radiation from the sun
becomes increasingly effective above this level.
At the same time
decreases the water vapour/ozone density ratio with height, probably
reaching unity around 17km.
This is believed to result in a relative
ozone density minimum and in the observed temperature minimum near
17km (tropical tropopause).
Later in the year, both destructive
radiation parts from sun and earth increase and the resultant effects
merge into one.
Most important is an inference from hypothesis 4, that in
low latitudes, where the intensity of the solar radiation varies relatively little, the minimum tropopause temperature will be mainly a
function of the water vapour content and the earth surface temperature.
As the latter two are proportional, it must be expected that surface
temperature gradients produce reversed temperature gradients in the
tropopause layer.
Thus, the subtropical jets at 12km can be explained as thermally driven by strong meridional temperature gradients in
the tropopause layer which, in turn, merely result from strong reverse
meridional surface temperature gradiertts.
Using relations empirically determined from Japanese aerological mean data, mean annual tropopause temperature profiles for
tropical latitudes have been constructed in Fig.5.
The combination
of these profiles with curves obtained from equation (J) enables
determination of the temperature field up to 25km between the 60°
parallels.
The result is represented in Fig. 6.

6.

THE BASIC GENERAL CIRCULATION (ZERO FIELDS)

Applying the simplified thermal wind equation to the above
derived temperature field and using as boundary condition surface
wind data from Tucker (2) an initial basic wind field has been computed.
The zonal wind components of this field are represented in
Fig. 7.
Note that so far only meridional temperature gradients
have been obtained, the resultant wind field must therefore be purely zonal.
The principal features of this wind field are the westerly
currents with a speed maximum of about JO m/sec near J0° latitude and
12km height.
Their position coincides closely with the mean of the
actually observed subtropical jet streams.
De tailed studies of the temperature field near the subtropical jet suggest that a circulation around the jet axis exists in
the meridional plane.
Together with the translation in the zonal
wind a helical circulation should be expected.
Howev e r, car e ful
scrutiny of the climatological data provides no evidence for such a
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motion.
As the temperature modifications in question merely depend
on the action of water vapour in the tropopause layer, it must be
assumed that water vapour is, independent of the other atmospheric
constituents, subjected to accelerations.
Hypothesis 5

Water vapour is accelerated along isotach
surfaces in zonal air streams at right angles
to the direction of flow.
The amount of
acceleration is proportional to the shear.

The sense of the resultant motion is illustrated in Fig.8
for both hemispheres.
The practical implication of this mechanism on the position
of the conventional tropopause for the case of an increase in j e t
speed is demonstrated in Fig. 9.
In extreme cases will the conv e ntional tropopause become so diffused that it appears to have be e n
broken.
Furthermore it becomes obvious that a zonal jet stream,
4*
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once it has formed, will be strengthened by this water vapour
circulation in the way of servo-mechanism.
In extr e me cases, this
servo-mechanism may modify and displace the jet stream beyond recognizable correlation with the initiating surface temperature gradients.
Applying corrections which take account of the water vapour
circulation to the initial temperature field, the "Zero"-field of
temperature is obtained (Table 2).
From it, using the thermal wind
equation, the 'zero-wind field' is obtained (Fig. 10).

Fig. 7.

Fig. 8.
Schematic Illustration of Water Vapour Circulation

Hypothetical Zona! Windfield from Surface to 25km
between 60°N. and 60° S.
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Assuming that the geo-strophic wind relation is valid throughout, and taking the 'zero-temperature field' as basis for thickness
computations, a 'zero-geopotential height field' is obtained (Table 3).
Meridional cross-sections for s e lected pressure surfaces are presented
in Fig. 11.
They clearly exhibit the equatorial trough at lower
levels between the subtropical high belts.
The latitude of the subtropical ridge centres decreases with altitude, exactly as it is
observed from actual data.
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Representative Surface Temperatures
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Fig. 11.
Meridional Profiles of "z,ero'-Geopotential for seleded
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CONCLUSION

It has been shown that a model exhibiting the mean actually
observed temperature, pressure and wind fields can be based on purely
radiative temperature control in the lower atmosphere.
The control
is divided between water vapour and ozone as schematically illustrated
in Fig. 12.
For closest resemblance of the mean observed annual wind
field it must be assumed that water vapour is transported normal to
the wind direction along surfaces of equal shear in the subtropical
jet streams.
A model of this kind naturally cannot explain any heat flux
from equator to pole by meridional circulations or eddy transfer.
It
rather suggests that such a heat flux, which is necessary to explain
the observed constant mean earth surface temperature distribution, is
given through the meridional component of the horizontal flux of
terrestrial radiation, being net-poleward because of the meridional
temperature gradients.
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GEOGRAPHIC, SEASONAL AND SYNOPTIC INFLUENCES ON
TROPOSPHERIC CIRCULATIONS IN TROPICAL AND SUBTROPICAL LATITUDES
H.T. Marth
East African Meteorological Department
Nairobi, Kenya
ABSTRACT
In a previous paper (1) the author developed a
hypothetical mean circulation.
Now, the actually observed
departures of this 'zero'-circulation are derived by considering the seasonal, geographic and synoptic influences on
the temperature field of the lower atmosphere.
Most
significant for the tropics is the deduction that the horizontal temperature field in the tropopause layer is a reversed image of the surface temperature field, as long as
differential radiation absorption by cloud and horizontal
advection of temperature can be neglected.
It is demonstrated that zonal jet streams in the upper troposphere
are conspicuously associated with strong meridional surface
temperature gradients.
A possible mechanism linking
meteorological evolution of middle and low latitudes on the
synoptic scale is illustrated.
1•

FOREWORD

This paper was read and can only be understood in conjunction
with the paper 'Primary Factors governing Tropospheric Circulations
in Tropical and Subtropical Latitudes'.
Within the framework of
contributions to a symposium the subject cannot receive more than the
most general treatment.
Furthermore, research on whose results the
arguments are based is far from being concluded.
Nevertheless, the
presentation of a selection of problems to which available results apply
may be of interest to tropical meteorologists.
Above all, it is hoped
that interest in the relations between moderate and low latitude weather will be stimulated.
The study of this inter-relation is, in the
opinion of the author, necessary for the understanding and forecasting
of weather in the tropics.
2.

SEASONAL VARIATIONS PRODUCED BY THE INCLINATION OF THE SUN

The 'zero'-fields of temperature, pressure and wind have been
derived assuming a constant 90° sun inclination at the equator.
There
is, however little difficulty in studying the effect of its annual
movement.
The obvious result is a movement of the zone of maximum
surface heating into the summer hemisphere.
The extent and speed by
which the surf'ace temperature maximum will follow the insolation
maximum depend strongly on the heat capacity of the surface.
Arid
land areas respond almost immediately while the lag over oceans may
amount to 2 months.
In particular areas, where sea currents counteract the effect of insolation, the zone of maximum surface temperature
may never move into the summer hemisphere but remain near the equator.
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Considering now the solstice case over land surfaces,
maximum surface temperatures are found near latitude 20° in the
summer hemisphere.
These, together with a maximum insolation on the
ozonosphere at latitude 22° produce maximum ozone destruction and
therefore minimum temperatures in the lower ozonosphere (tropopause
layer).
Relative to adjacent latitudes, the result must be a pressure minimum in the lowest 2 kilometres and a pressure maximum in the
highest part of the troposphere.
This is born out by the observational data for Northern Africa, where the 'equatorial' low level
trough and the zonal 200mb ridge are found between latitudes 15° and
25° North in July.
However in January, both low level trough and high level
ridge, together with maximum surface temperatures, only reach approximately 12° South of the equator due to the characteristics of the
ground (mostly above 850mb) in Southern Africa.
This demonstrates,
that the annual variation of atmospheric parameters over land areas
caused by the changing inclination of the sun can only be understood
when studied together with the topography and albedo of the ground.
In the case of extensive, zonally extended land-sea discontinuities, as in the Northern Hemisphere, complex thermal structures
will arise in certain seasons in the lower atmosphere through differential heating.
Nevertheless, the basic vertical link between surface
and tropopause temperature gradients can in most cases be clearly
detected.
In the equinox case, when solar insolation is symmetric about
the equator, greatest similarity between the actual and the 'zero' temperature field should be expected.
However, with 4/5th of the
earth surface being water and the resulting lag in the surface temperature field behind insolation, this symmetry never actually occurs.
The month of greatest approximation to the annual mean conditions is
October for the Northern Hemisphere.
This same lag in the surface temperatures is also responsible
for the fact that, on average, the greatest meridional surface temperature gradients arise around latitude 30° in spring.
At the same time,
the subtropical jet streams develop their greatest intensity at this
latitude.
During summer, the maximum of the meridional surface
temperature gradients shifts gradually polewards and the gradients
become weaker.
Near the end of summer, the relatively weakest meridional surface temperature gradients occur with a maximum around 40°
latitude and correspondingly weak subtropical jets at this latitude.

3.

HADLEY CIRCULATIONS

In the course of the annual temperature variation cycle the
low latitude temperature distribution will show asymmetry about the
equator.
Meridional pressure gradients are then observed at the
equator, principally at the surface and in the highest levels of the
troposphere.
It has been shown by Johnson and Marth (2) that such
gradients will cause meridional wind flow components whose magnitude
can be computed from the pressure distribution for certain cases.
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Also, that for a given latitude and initial flow conditions there
exists a critical meridional pressure gradient which determines
whether a predominantly zonal wind will approximate geostrophic conditions (and remain zonal), or attain highly ageostrophic meridional
components.
Applying these considerations to meridional pressure gradients caused by meridional temperature gradients across the equator,
it is evident that these will be most prominent at the solstices and
during the periods immediately after the solstices.
Again, meridional surface temperature gradients will be coupled with reversed
meridional temperature gradients in the tropopause layer.
Correspondingly, meridional pressure gradients will occur at the surface and
in the higher troposphere.
The resultant windflow and meridional
circulation are depicted in fig.1. for the idealized conditions of a
purely meridional constant pressure gradient across the equator.
The actually observed mean Hadley circulation for the northern hemisphere winter shows strong asymmetry about the equator and is almost
entirely confined to the northern hemisphere according to recent
computations by Palmen (J).
This is believed to result from the
extensive land-sea discontinuity in this hemisphere considerable
portions of which lie between 5° and 20° North.
During winter, excessive temperature and pressure gradients arise between these latitudes
while no significant meridional gradients result at the equator itself.
The resultant wind flow and circulation picture is schematically
illustrated in fig. 1.

4.

GEOGRAPHICAL I NFLUENCES

Apart from the emphasis that land areas give to the seasonal
variations, the irregular distribution of land over the surface of the
earth also results in major modifications of the annual mean circulation.
Comparison between the annual mean temperature-height profiles
of land and ocean stations show that the water vapour content, and with
i t the temperature, in the lowest part of the troposphere is consider ably
higher over - ocean surfaces.
This, together with the low level temperature modifications produced by upwelling of sea water on coasts, is
believed to induce the permanent and semi-permanent undulations in the
upper troposphere wind field which are obviously associated with the
land mass distribution on the globe.
Surface temperature gradients near coast lines are often enhanced by anomalous distribution of sea temperatures due to ocean
currents and very large gradients result in certain areas, especially
during the winter season.
In tropical and subtropical latitudes such
large surface temperature gradients will produce correspondingly large
reversed temperature gradients in the horizontal temperature field of
the tropopause layer.
Therefore, the speed maxima in the subtropical
jets should be located above the strongest surface temperature gradients.
Some of the strongest meridional surface temperature
0
gradients are found to occur in the Japan area around longitude 140 E.
From the same area have come reports of extreme jet zonal speeds, some
in excess of 150 mps.
The winter mean values for the meridional
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surface temperature gradient and for the tropospheric zonal wind
component are given in fig. 2.
Also in Tibet and Northern India
very strong meridional surface t ernperature gradients are found to be
associated with extreme subtropical jet speeds, as illustrated in
fig. J.
A feature that has long puzzled meteorologists as to its
origin is the easterly jet between 5° and 20°N across Africa, Arabia
and India during the northern summer.
Its speed maximum often lies
over southern Arabia, reaching 60 mps at times.
Again, meridional
surface temperature gradients together with the envisaged reversal
in the tropopause layer can be taken to explain the whole feature;
the southern Arabian maximum being produced by strong meridional
surface temperature gradients between cold upwelling on the Somalia
coast and a temperature maximum over the southern Arabian desert,
(fig.4).

5.

SYNOPTIC INFLUENCES

Because of the earth's rotation and the orientation of the
rotation axis relative to the sun, the temperatures in the atmosphere
attain basically meridional gradients.
Through corresponding
meridional pressure gradients and the Coriolis deflection a basically zonal wind field is produced.
Rossby has showh that zonal winds
in the earth's atmosphere are liable to develop wave like perturbations.
The moment a wave develops, meridional transport of heat and
heat-absorbing matter ensues, resulting in a deviation from the 'zero'conditions.
Also thermodynamical development leading to strong
meridional flow components is observed particularly near the surface
along strong meridional surface temperature gradients (polar front).
This may result in a .far-reaching disturbance of the original surface
temperature distribution of that area.
When extending to subtropical
latitudes a corresponding change in the horizontal temperature field
of the tropopause layer will be associated.
It is probable that this
change in upper temperatures and pressures may, in turn, influence the
further development at the surface, but such aspects are more part of
middle latitude meteorology and beyond the scope of this paper.
The meteorologist in the tropics is mainly interested in the
questions as to whether and how much middle latitude development is
liable to affect the weather in low latitudes.
Experience gained
from day-to-day study of pressure analyses in East Africa suggests the
following mechanism.
Extreme equatorward penetration of cold air,
such as behind fast travelling cold fronts, increases the meridional
temperature gradients at the surface in the subtropical belt.
In
consequence, the meridional temperature gradients in the subtropical
tropopause layer are increased in the reverse sense.
This results
generally in an increase in the subtropical jet strength and in an
equatorward displacement of the jet core.
Thus the upper tropospheric
westerlies penetrate nearer to the equator and the zonal shear increases.
This not only increases the water vapour circulation about the
jet but also extends its limits into lower latitudes.
The result is
a change in the vertical distribution of water vapour, and therefore
in temperatures, in the upper troposphere between the jet axis and the
equator.
If the middle latitude disturbance is very strong, as often
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observed in the winter hemisphere, the equatorial region itself may
become affected.
A schematic illustration of this mechanism, linking development in middle and low latitudes is given in fig. 5.
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Another mechanism of a similar nature is believed to operate
when an upper trough forms in the middle latitude westerlies f6r kinema tical reasons (Rossby wave) with an amplitude affecting the subtropical jet.
In this case the jet speed may not increase but the mere
equatorward displacement of the core will again change the zonal shear
at high tropospheric levels in low latitudes.
Redistribution of water
vapour and upper temperatures will ensue.
These mechanisms are believed to be the main reasons for the relatively large day-to-day temperature changes around the tropopause level which are observed at all
tropical temperature sounding stations.
In most cases the warming
(cooling) below the tropopause will be nearly compensated by the
corresponding cooling (warming) in the troposphere layer.
There are
however occasions when , following extreme synoptic changes in middle
latitudes, one or the other predominate and organized pressure changes
right down to the surface result.
The study and forecasting of the
latter is imperative for a successful weather forecast in low latitudes.

6.

CONCLUSION

Season, geography and synoptic situation produce that modification of the 'zero 1 -condition which we see as 'general circulation'
at a certain moment.
The actual general circulation shows considerable meridional transport of heat and distortion of the 'zero'
temperature field, in fact, the 'zero'-field never really exists.
Nevertheless, the general circulation must be taken as an ever-·changing
distortion of a broader, more basic picture.
In the opinion of the
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author, features of the general circulation should not be taken to
explain its basic driving mechanism which is independent of season,
locality and synoptic situation.
Perhaps the most important result for the tropical meteorologist, however, is the deduction that the hor i zon-tal temperature
field in the tropopause layer may be taken as a reversed image of the
surface temperature field.
It allows, at least to ! a qualitative
extent, the analysis and forecasting of the high tropospheric wind
field in the tropics with the help of surface t~mpe~::'atures.
This
means that a meteorological parameter which is frequently and accurately measured can be employed instead of meagre and often nonexistent high level wind observations.
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THE ROLE OF THE TROPICS IN THE GLOBAL BALANCE OF ANGULAR
MOMENTUM AND KINETIC ENERGY OF THE MEAN ZONAL MOTION
G.O.P. Obasi
Nigerian Meteorological Service, Lagos.

ABSTRACT
Upper-wind data from all available pilot-balloon
and radiowind stations in the Southern Hemisphere and the
equatorial regions of the Northern Hemisphere are analysed
for the calendar year 1958 at eight pressure levels (850,
700, 500, 400, JOO, 200, 100 and 50 mb).
The method of
analysis is that of statistical climatology employed in
general circulation studies.
The seasonal poleward flux and the interhemispheric exchanges of relative angular momentum are computed.
The mechanisms responsible for the transfer processes are
examined in the light of available data.
In the tropical and subtropical regions of the
Southern Hemisphere, the transient eddy transport of relative angular momentum is dominant as far north as 5°s.
The
standing eddies are important agents in the interhemispheric
exchanges of relative angular momentum.
The magnitudes of frictional stress as computed
from the angular momentum convergence are expressed as a
function of latitude.
The magnitudes of the stress compare favourably in the tropics with those obtained independently by Priestley.
The role of the tropics in the
abstraction of absolute angular momentum from the solid
earth and the hydrosphere is stressed.
The contribution of the tropics to the transformation integrals expressing the balance of the kinetic energy
of the mean zonal motion is presented.
Quantitative estimates of the Reynold stresses between the two hemispheres are
made.
1•

INTRODUCTION

For the purpose of this paper, we shall use the term "tropics"
include the region occupied by the broad belt of surface easterlies
on each of the hemispheres.
The region extends approximately from
.J0°s to J0°N.
~o

The general circulation of the earth's atmosphere has been
one of the fundamental problems of meteorology.
Theoretical, experimental and observational studies are being undertaken at various institutions to determine how the huge atmospheric circulation is being
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maintained against the continuous dissipative effects of friction.
The part of the problem dealing with angular momentum
balance has attracted world wide attention of prominent meteorologists
since the celebrated paper of Jeffreys (1926).
The availability of
upper air data after World War II accelerated the pace for observational studies.
In the more tropical regions, the station network
was sparse, (until very recently, though still far from adequate)
so that progress was much slower than in extratropical regions.
For
this reason the mechanisms responsible for horizontal flux processes
in the tropical zones have not been universally established.
The
concerted efforts of member countries of the World Meteorological
Organisation during the last International Geophysical Year has
improved the data position of the tropics, especially that of the
Southern Hemisphere.
Hence it is now possible to examine the role
of the Southern Hemisphere tropics in the global or hemispheric
balance of angular momentum and kinetic energy of the mean zonal
flow.
The following notations will be employed

_1_

t1- to

_1_
2Tt'

t

x

dt

=

d).

=

x

= time average of x

to

[nx

[x]

= zonal average of x

x'

x-x = departure from time average
= W-x = departure from zonal average
a = radius of the earth
height of the highest mountain
H
g = acceleration due to gravity
h = longitude
latitude
</>
p = pressure
Pg= pressure at the ground
t = time
w =
= vertical velocity
~

*

u = a cos</>

d).

dt

= eastward component of the wind

v = a

s&

= northward component of the wind

w =

-9.E.

= individual pressure change

n

dt
dt

= angular velocity of the earth

T)= eastward component of viscous force per unit mass
2.

EQUATIONS

The steady state absolute angular momentum balance for a
zonal belt of the spherical earth between latitudes ~ 1 and ~ 2 can be
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written in the form
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o

(vi)

+

Since over a long period of time there is no net latitudinal o~ vertical mass shifts expressions 2 (i) and 2 (ii) may be equated to zero.
Because of the difficulty in the measurement of [
find that
iPg

[v]

dp ct.

v] ,

0

In order to satisfy the physical constraint of no net mass shift
across latitude circles, we define a new expression such that

[v] - {[vJ}
5•

=

[v]"

we
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where

_1_

Pg
and

t
f

9

[v]

dp

[v]"

dp

{rvJ}

=

-

0

In the computations that follow the values of

J.

[v]"

were used.

FLUX OF RELATIVE ANGULAR MOMENTUM IN THE TROPICS

The flux of relative angular momentum across any latitudinal wall is given by

a 29-1 cos 2

</:>

Pg121T

1
0

0

lJV d). dp

This expression may be written in the form

The term [u'v'] represents a contribution to the momentum flux which
depends upon the presence of time correlation between the instantaneous values of u and v at individual points along a latitude circle.
We shall refer to this flux as that due to the transient eddies.
The term [uxvKJ
represents a contribution to the momentum
flux which is due to the presence of a spatial correlation between the
time means u and v along a latitude circle.
We shall refer to i t as
flux due to the standing eddies.
The term [u] [v]" represents a
contribution to the momentum flux due to a net meridional mass flux
during the entire period at a given level.
This component depends
on the existence of mean meridional circulations.
In our analyses, summer includes the months October to
December, plus January to March 1958.
The winter months include
April to September of the same calendar year.
Table 1 shows the
vertically integrated angular momentum flux across the various latitudinal walls, in winter.
The predominance of the transport due to
the transient eddies in this season is apparent.
The mean meridional
motion tends to destroy the poleward flux of relative angular momentum
in the region where there is maximum flux.
This is particularly
pronounced in the subtropical belt (latitudes 20° - J0°s).
The
contribution due to the standing eddies is small compared to that of
other agents.
Of particular interest is the transport across the
equator to the Northern Hemisphere during this season.
This transport
is principally effected by the eddies.
role.

During the summer, the mean meridional motion plays a minor
The standing eddies play a more active part in the poleward
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flux of relative angular momentum.
They ar e most prominent in the
inter-hemispheric exchange of relative angular momentum.
In the
subtropical latitudes, the transient eddies are again the principal
agents in the poleward flux of relative angular momentum.
As the two
tables show, the poleward flux due to the transient eddies is dominant as far north as 5°s.
TABLE 1
Zonally averaged values of angular momentum flux across latitude
circles in winter 1958.
The units are:
24
2
-2.
10
gm cm
sec
Latitude OS
Transient Eddies

0

10

15

20

25

JO

-68.5

-129.0

-190.8

-252.4

-284.J

-

5.0

-

7.J

-

5.8

9.2

J.6

-29.J

-

26. 1

7.J

49.5

51 . 0

5

1 9. 1

-16.J

Standing Eddies

7.4

1J.8

Mean Meridional
Motion

+0.6

-11 . 1

TABLE 2
Zonally averaged values of angular momentum flux across latitude
circles in summer 1958.
The units are:
24
2
-2.
10
gm cm
sec
Latitude OS

0

10

5

20

15

JO

25

Transient Eddies -11 . 5

-J8.5

-7J.7

-127.8 -184.o

-2J7.J

-270.5

Standing Eddies

-J9.7

-25.9

-2J.2

-28.6

- 2J.4

- 17.9

2.7

Mean Meridional
Motion

4.6

1. 7

-

-

-

29.6

J5.9

4.

0.9

7. 1

J.O

FRICTIONAL STRESS OVER THE TROPICS

The frictional stress may be computed from the convergence
of relative angular momentum in the form

[1'x] P-_Pg

+

[

uw] Pg

The stress so computed will include the effects of mountain torques.
In the computation of the stress we shall neglect the effects of the
mean meridional motion, and the term [uc...>]p
Over sloping terrain
9
this last term will be important.
The computed
stress so obtained
is shown in Tables J and 4.
Those computed independently by
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Priestley (1951) using surface climatological wind data are also shown
in the tables.
His values are for the months of July and January
averaged over many years for the Southern oceans.
For this reason
care must be exercised in comparing his values with those obtained
indirectly from angular momentum convergence studies.
The signs of the stresses in Tables 3 and 4 are in good
agreement with the surface winds.
Where the surface winds are easterlies the stresses are positive.
During the winter,the maximum surface
easterlies are found at about 12°s.
When the convergence due to all
the eddies are considered, in Table 3 we find that the maximum frictional stress of about 0.52 dynes cm-2 is at about 12°s.
During the
summer, the belt of maximum easterlies is found at about 15°s.
Again
Table 4 shows that the maximum stress of 0.45 dynes cm-2 is found in
this region.
TABLE 3

[ti]

Zonally averaged time mean frictional stress
computed from relative
angular momentum conver~ence in winter 1958.
The units of
the stresses are in dynes cm-2.
Latitude OS

I
I

0-5

5-10

10-15

15-20

20-25

25-30

All Eddies

0.20

0.51

o.47

o.46

0.39

0.34

Transient Eddies

0.25

0.37

o.45

o.48

0.51

0.29

Priestley, July
for all Southern
Oceans

0.24

0.38

o.42

0.56

0.58

o.43

TABLE 4

[tJ

Zonally averaged time mean frictional stress
ive angular momentum convergence in summer 1958.
stresses are in dynes cm-2.

computed from relatThe units of the

Latitude OS

0-5

5-10

10-15

15-20

20-25

25-30

All Eddies

0.09

0.23

o.44

0.39

o.4o

0. 10

Tran sient Eddies

0. 1 9

0.25

o.4o

o.43

o.44

0.29

Priestley, Ja n .
for all Southern
Oceans

0.34

0.38

o.42

0.56

0.58

o.43
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ROLE OF THE TROPICS IN THE ABSTRACTION OF ABSOLUTE
ANGULAR MOMENTUM FROM THE SOLID EARTH AND THE OCEANS.

5.

The belt of surface easterlies represents a region moving
much slower than the solid earth while the belt of surface westerlies
represents a region moving much faster than the solid earth.
The
region moving slower than the solid earth would exert a positive
torque on the earth while the belt of westerlies exerts negative
torques.
This implies that the belt of surface easterlies is a
source region of absolute angular momentum while the westerly belt
acts as sink for absolute angular momentum.
The question arises
as to how the absolute angular momentum from this source regions gets
into the free atmosphere.
This is brought about by the term
(iv)
in the equation of balance of absolute angular momentum of section 2.
In order that this term transports momentum vertically into the
atmosphere, u and w must be positively correlated.
Incidentally,
this is why winds with westerly components in the more tropical
regions have tendency towards upward movement and consequently thermal
instability - see for example Flohn (1959).
Very close to the earth's
surface the position correlations between u and w are probably brought
about by irregularities in the tropical terrain, as well as hills and
mountains.
Over the oceans this correlation may be brought about by
waves, swells and ripples.

6.

THE KINETIC ENERGY OF MEAN ZONAL MOTION

The integrals expressing the balance of the kinetic energy
of mean zonal flow in the Southern Hemisphere have been discussed in
detail by Obasi ( 196Jc).
It is of importance however to expand more
on one of the terms in the transformation integrals namely the term

a 2 g-1

fJJ f [U][v] "

d:>. dif> dp

This term is the non-linear interaction between the mean meridional
motion and the mean zonal motion.
It expresses the rate of conversion
of the kinetic energy of the mean meridional motion to the kinetic
energy of the mean zonal flow, through the coriolis transformation.
TABLE 5
Values of 2na1 g-•J/t[u][v]"cos</>d<f>dp as obtained by Starr (1959). Units are
.
1019 ergs sec -1 .
in
Lat. Belt

0-1J 0 N

1J-J1°N

Sum for the Tropics

Hemisphere

Int.

1950

+O. 1

-J.5

-J.4

-20.9

Inf.

1951

+2.7

-0.0

+2.7

-31. 6

Table 5 shows the value of this transformation integral as computed by
Starr (1959) for the tropical zone of the Northern Hemisphere.
The
' table shows that the conversion in 1951 for the tropical zone is from
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the kinetic energy of mean meridional motion to the kinetic energy of
the mean zonal flow.
TABLE 6

g·'JJ

Values of 2Tta 1
f [u] [v]" cos</> d<f>dp for the Southern Hemisphere (tropics)
1958.
Units are in 10 1 9ergs /se c.

Lat. Belt

0-5°S

5-10°S

10-15°S

15-20°S

20-25°S

25-J0°S

Sum

Winter

o.o

O.J

0.8

o.4

-1. 5

-J.5

-J.5

Summer

-0.0

-0.0

0. 1

0.2

-0.7

-2.2

-2.6

Table 6 shows the values obtained by Obasi (1963a) for 1958.
The table indicates that in both seasons the kinetic energy of the mean
zonal motion is converted to the kinetic energy of the mean meridional
motion through the coriolis transformation, but this energy is ultimately converted to potential and internal energy.
Generally the conversion rate due to the coriolis transformation is quite small when one compares this result with the rate of
conversion of the kinetic energy of the transient eddies to the kinetic
energy of the mean zonal flow as has been shown by Obasi (196Jc) and
Starr (1859).
For the entire Southern Hemisphere this rate is about
10 x 10 2
ergs/sec.
While for the entire Northern Hemisphere the
rate is about 6x1020 ergs/sec.
These results imply that the mean
meridional motions do not maintain the mean zonal motion through the
coriolis transformation but rather that on a hemispheric basis the
mean meridional motion in the form of the so-called Hadley cells
converts kinetic energy of the mean zonal flow to potential and internal energy.
This is particularly true in the middle latitudes where
the indirect type of the Hadley circulation is found.

7.

INTERACTION BETWEEN THE TWO HEMISPHERES

Table 1 and 2 show that during the winter there is a net
flux of relative angular momentum from the Southern Hemis~here to the
Northern Hemisphere.
The total flux is 26.5 x 10 2 4gm cm sec- 2 .
During this season the major part of the flux is due to the eddies.
The transient eddies transport as much as 19.1 x 1024 gm cm2 sec- 2
while the standing eddies transport 7.4 units.
The mean meridional
motion does not play any significant role in interhemispheric
exchange of relative angular momentum during this season.
In the summer, the picture is different.
The net transport
of relative angular momentum frpm the Northern Hemisphere to the
Southern Hemisphere is 47 x 1024 gm cm2 sec- 2 .
This is twice as much
as was transported to the Northern Hemisphere during winter.
This
result is in agre e ment with a speculation of Widger (1949).
During
this season, the standing eddies are the major agents in interhemisph-
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eric exchanges of relative angular momentum.
These eddies alone
transport J9.7 units .
The mean meridional motion transports about
4.2 units to the Northern Hemisphere thus working against the
eddies.
Hence we arrive at the conclusion that it is the eddies
which play the important role in the interhemispheric exchanges of
relative angular momentum.

8.

REYNOLD STRESSES BETWEEN THE TWO HEMISPHERES

In the equation expressing the balance of kinetic energy of
the mean zonal flow (see for example, Obasi 196Jc), three terms are
of importance in the coupling between the two hemispheres.
The first
is the advection of zonal kinetic energy from one hemisphere to the
other and the others are the Reynold stresses exerted by one hemisphere
on the other.
These integrals are respectively

and

The last two terms are the Reynold stresses due respectively to the
transient and the standing eddies.
Table 7 shows the values of these
integrals for the year 1958.
TABLE 7
Units are 10 1 9ergs/sec

1958

Advection

Reynold Stresses
Transient

Standing

Winter

0.5

+2.7

+0.6

Summer

+0.0

+O.J

+0.0

The table indicates that the advection of zonal kinetic
energy is from the Southern Hemisphere to the Northern Hemisphere in
the winter months.
During the summer the advection is quite small.
In the winter the Horizontal Reynold stresses exerted by
one hemisphere on the other is J.J x 1019ergs/sec.
This stress is
principally due to the transient eddies.
The Reynold stresses are
one order of magnitude smaller in the summer.
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9.

CONCLUDING REMARKS

In the light of available data, we have examined the
mechanisms which transport relative angular momentum from the tropical source region to the extra-tropical sink region.
In particular,
our data indicate that in the Southern Hemisphere, the transient
eddies are the major agents.
The mean relative angular momentum of
the atmosphere over the polar cap of the Southern Hemisphere south of
the extreme limit of the tropical zone is about 6.36 x 1032 gm cm2
sec- 1 .
It follows that if the horizontal transport of transient
eddy relative angular momentum from the entire tropical zone were
suppressed (without simultaneous increase in poleward transport by
other agents), and if the values of the frictional and mountain torques
were to remain constant in spite of the decreasing zonal momentum,
then the atmosphere over the polar cap will lose all its relative angular momentum in about 25 days.
Our data indicate that the generation of kinetic energy of
the mean zonal flow by the mean meridional motion through the coriolis
transformation in the entire tropical zone is small and this can
hardly be compared to the conversion of the kinetic energy of the
transient eddies to the kinetic energy of the mean zonal flow for the
entire hemisphere.
Thus on global or hemispheric basis, we find
that it is these eddies which maintain the kinetic energy of the mean
zonal flow against the dissipative effects of friction.
The coupling between the two hemispheres is quite apparent.
The stresses are small but the exchange of relative angular momentum
in summer is significant.
To place these findings on a firmer basis,
it is desirable to establish a denser network of upper air stations
over the entire tropical zone.
The establishment of these would
accelerate the development of tropical meteorology.
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SOME FEATURES OF THE THERMAL STRUCTURE OF THE ATMOSPHERE
OVER INDIA AND NEIGHBOURHOOD
R. Ananthakrishnan and S. Rangarajan
India Meteorological Department, Poona.

ABSTRACT
Based on the aerological data of the past few years
a study has been made of the thermal structure of the troposphere, the tropopause and the lower stratosphere over south
Asia during the summer and winter.
Mean temperature maps for
the standard isobaric levels of 700, 500, JOO, 200 and 100mb
as well as mean vertical soundings for a few selected stations
are presented to illustrate the marked changes taking place
from winter to summer.
In summer the tropopause over the
region is of the tropical type extending as a continuous leaf
up to J4°N.
In winter, the single leaf tropical tropopause
is confined to the south of latitude 21°N; the "tropopause
break'' region occurs between 25° and J0°N nearly coinciding
with the location of the subtropical westerly jet stream.
Some results of a study of the incidence of inversions and
layers of feeble lapse rate in the free atmosphere have been
presented and discussed in relation to the descending motion
of the Hadley cell circulations over the tropics.
1•

INTRODUCTION

The large scale features of the atmospheric circulation such
as the equatorial trough, the sub-tropical high pressure belts and subtropical westerlies undergo annual north-south oscillations in response
to the variations in the incident solar energy determined by the
geometry of the sun-earth system.
Owing to the markedly asymmetrical
distribution of landandsea areas over the earth, the amplitude of
this oscillation is different along different longitudes.
The annual
amplitudes of surface temperature differ markedly over continental and
oceanic regions.
These differences lead to similar asymmetrical
features in the temperature variation in the upper air extending up to
the tropopause.
Between longitudes 20°w and 160°E over the globe,
there is a preponderence of land area as compared with the other half
of the globe.
It is over this part of the globe that we find the
largest amplitude of the annual north-south oscillation of the equatorial trough and the subtropical high pressure belt.
The extreme northward movement of the equatorial trough and the subtropical belt to its
north manifests itself as the Asian summer monsoon.
According to
Riehl (1954) the equatorial trough shifts only by a little more than 5°
latitude over most of the western hemisphere while its annual amplitude
of oscillation exceeds J0° over large parts of the eastern hemisphere.
The easterly jet stream that occurs during the Asian summer
monsoon between 14 and 17km attains, on an average, a maximum strength
of 60/70 knots over the Asian area south of latitude 20°N.
This
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phenomenon which is linked with the peculiar thermal features of the
troposphere over the Asian area has no parallel anywhere else in the
world.
Another significant feature of the upper tropospheric easterlies is that they extend to more northerlylatitudes over Asia than
elsewhere in the northern hemisphere.
During winter, the westerly
jet stream swings more southwards over north India than over other
parts of the northern hemisphere.
The mean position of the subtropical ,jet stream over north India is 26° to 28°N as against J0° to
J5°N over other parts.
It is obvious that this extreme amplitude in the annual
north-south oscillation of the wind belts that occurs over south and
central Asia are linked with the thermal structure which undergoes
large annual changes on account of the continentality.
The present
paper deals with (i) the contrasting features of the mean thermal
structure of the troposphere and lower stratosphere over India and
neighbourhood during the summer and winter season;
(iil certain characteristics of the tropopause over the region; and (iii the incidence
of inversions and layers of stable lapse rate in the lower troposphere
and their relationship with the meridional component of the general
circulation over the Indian region.
2.

THERMAL STRUCTURE IN JANUARY AND JULY

Figure 1 illustrates the temperature distribution in January
and July over south Asia at 5 standard levels 700, 500, JOO, 200 and
100mb.
January:
The warmest region at 700, 500 and JOOmb levels
lies well to the south of latitude 15°N and the temperature decreases
steadily northwards.
The horizontal temperature gradient becomes
flat at 200mb with a warm ridge lying along 20°N.
At the 100mb level
there is a complete reversal of the temperature gradient, the highest
temperature being found over the northern parts of Asia.
July:
At 700, 500, JOO and 200mb levels the temperature
increases northwards from equator to about latitude J0° to J5°N.
An
elongated warm ridge (coinciding with the subtropical high) lies over
the area stretching along latitudes J0° to J5°N.
Comparing the January and July charts it will be seen that
the annual displacement of the temperature ridge is about 20 to 25°
of latitude in the lower and middle troposphere.
This large displacement is peculiar to the Asian area and dominates the upper air
climatology of this region.
This large northward excursion of the
temperature ridge in summer brings about the remarkable peculiarities
of pressure, wind and rainfall regime of the area which are all known
under the common name of the Asian monsoon.
The latitudinal variation of the vertical distribution of
mean temperature in January and July is depicted in Figure 2 for the
four stations Trivandrum (o8°JO'N, 76°59 1 E), Nagpur (21°09'N, 79°07 1 E),
New Delhi (28°J5'N, 77°12'E) and Srinagar (J4°05'N, 74°50'E) which
lie approximately along the meridian of 77°E.
At Trivandrum the
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Fig. 1a, 700 mb level

Fig. 1b, 500 mb level

Temperature distribution over South Asia January and July

'"'""

Fig.

1c, JOO mb level

Fig.

1d, 200 mb level

Temperature distribution over South Asia January and July
0\
\..Jl
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Fig.

1e

Temperature distribution over South Asia
January and July, 100 mb level.

temperature change from January to July is very slight.
It is interesting to note that temperatures are slightly less in July than in
January at all levels presumably on account of the decrease of solar
radiation brought about by the clouding.
Further to the north the
excess heating of the troposphere during July becomes more and more
pronounced as revealed by the mean soundings of Nagpur and New Delhi.
Still larger summer heating of the troposphere is observed at Srinagar.
The month-to-month changes in the mean air temperatures at JOO, 200,
150 and 100mb levels for the above four stations as well as for
Tashkent (41°16'N, 69°16'E) are shown in Figure J.
At Trivandrum
the annual changes are small.
At Nagpur although there is little
annual variation of temperature at 100 and 150mb, an appreciable warming of the troposphere is noticed at 200 and JOOmb levels during the
months May to September.
At New Delhi, Srinagar and Tashkent, a
common significant feature is the reversal of the phase ot annual
oscillation above 150mb, the lowest temperature at 1 OOmb level occurring in summer.
This is also associated with the change in the pattern
of the tropopause from winter to summer.
Sutcliffe and Bannon (1954)
have pointed out the occurrence of abrupt changes in the thermal
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structure of the atmosphere over Habbaniya (JJ 22'N, 4J J4'E) almost
coincident with the onset of the southwest monsoon over India.
This
shows that the thermal structure of the atmosphere over large parts
of Asia undergo significant changes in summer.
The large amplitude
of the annual oscillation of upper air temperature over extensive
areas between latitudes 25° and 40°N is linked with the extreme
northward swing of the temperature ridge over south Asia in the summer season.
The large excess of solar radiation absorbed by the vast
Asiatic land-mass in summer is transported upwards through the troposphere by eddy diffusion which is favoured under the high lapse rates
prevailing in summer.
One of the present authors (Rangarajan, 1963)
has adduced evidence to show that the thermal effects of the Asiatic
continent as a whole rather than the localised heating of the Tibetan
plateau, should be considered as more important for the heating of the
troposphere over Asia in summer.
This is somewhat in divergence with
the view of Flohn (1960) who postulated the existence of a warm region
over Tibet to account for the peculiar temperature and wind distribution during the Asian monsoon season.

J.

TROPOPAUSE CHARACTERISTICS

As a corollary to the large change in the thermal structure
of the atmosphere from winter to summer, significant changes in the
characteristics of the tropopause occur at places to the north of about
latitude 25°N.
Figure 2 shows that at Trivandrum and Nagpur, the
tropical type of tropopause characterised by a sharp inversion occurs
in January as well as July.
Individual soundings as well as statistics
of tropopause data show that within the belt from the equator to about
latitude 20°N the tropical tropopause is a permanent feature throughout the year.
The tropopause at Trivandrum in July is, however, 1 to
1. 5 km lower than in January.
A similar lowering of the tropopause in
summer is also noticed at Madras.
Riehl (1954) has found the same
behaviour of the tropical tropopause over the Caribbean region.
In contrast to the above features the characteristics of the
tropopause undergo marked change from summer to winter over the region
to the north of latitude 25°N.
In summer, the tropopause is of the
tropical type, with its height 17 to 1 8 krns as revealed by the July
soundings over New Delhi and Srinagar.
The tropopause in summer over
India is thus a continuous leaf from 8° to J4°N gently sloping upwards
with incr easing latitudes.
Tropopause data for Tashkent are not
available.
However, the mean July temperatures at 100mb as published
in the "Monthly Climatic Data of the World" show values of -61° to
-62°C which are 4 to S°C lower than the corresponding January values.
This trend is similar to that at New Delhi and Srinagar.
During winter, the tropopause at Srinagar is of the extratropical type, the base being at about 11 knis. At New Delhi, which lies
in the "tropopause break" region, the first transition to the tropopause is often observable as a marked decrease in the lapse rate at
11 to 12 km level.
Extra tropical tropopause (satisfying the current
W. M. O. definition) occurs at New Delhi on only about half the number
of days in the winter months.
The mean sounding therefore does not
show an extratropical tropopause satisfying the definition.
The
r egion extending from 25°N to J0°N is the transition zone demarcating

the extratropical tropopaus e to its north and the tropical tropopause
to its south.
The mean position of the subtropical jet stream over
north India coincides with this zone.
Study of individual soundings
at New Delhi reveals that the extratropical tropopause begins to
appear by the middle of November and disappears by the beginning of
May.
The regime of the extratropical tropopause at Srinagar as far
as could be inferred from one year's data is from the beginning of
October to the end of May.
Thus the extratropical type tropopause
at Srinagar disappears with the ons et of the southwest monsoon over
the Malabar coast of peninsular India, even as it does at Habbaniya in
the Middle East at the same latitude as Srinagar.
It reappears with
the retreat of the monsoon from no rthwest India.

4.

INVERSIONS AND LAYERS OF STABLE LAPSE RATE IN THE TROPOSPHERE

Radiational cooling of the ground and the air layers in contact with i t is responsible for the great majority of low level inversions
in the atmosphere,particularly in the winter months.
Radiational
cooling of cloud tops can also give rise to inversions or layers of low
lapse rate in the free atmosphere.
Besides these two causes, subsidence in the atmosphere is one of the primary factors in the production
of inversions and layers of feeble lapse rate.
It is well known that
a subsiding column of air with stable lapse rate becomes more stable by
subsidence, the lapse rate decreasing or even changing sign.
~nvers
ions and stable layers arising from this cause will be expected to be
large in the vicinity of subtropical anticyclonic cells which represent
the descending leg of the Hadley circulation cell over the tropics.
According to Palmen (1963) the Hadley cell in the northern winter is so
oriented that ascending motion takes plac e to equatorwards of 10°N while
descending motion tak e s place between 12° and 30°N.
In the northern
summer the ascending motion takes place to the equatorwards of J0°N
while descending motion takes place bet1~e en 35° and 50°N.
Over India and neighbourhood the subtropical anticyclonic
ridge lies north of 30°N in the southwest monsoon months June to
September.
The retreat of the monsoon which sets in by about the middle
of September is accompanied by the southward movement of the subtropical
high pressure ridge.
In the months November to April, the ridge over
India and the adjoining sea areas lies b etween 15° and 20°N in the lower
troposphere and between 10° and 15°N in th e upper tro posphere.
The
location, intensity and orientation of the ridge and the associated
anticyclonic cells undergo variations in association with perturbations
in the general circulation.
Based on the daily radiosonde data of 12 Indian radiosonde
stations for the period 1956-1960 we have made a detailed study of the
frequency of incidence of inv ers ions and layers of feeble lapse rate
(less than 2°c/km in the free atmosphere over India),(Ananthakrishnan
and Rangarajan, 1963).
Figur e 4 gives a day to day plot of the stable
layers in the lower tropospher e for the months January, February,
November and December 1959 for 5 stations located south of latitude 20°N,
which come under the influenc e of the subtropical high pressure belt in
the winter months.
The larg e fr equency of occurrence of stable layers
and the day to day variations are clearly brought out by this figure.
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Figure 5 shows the percentage frequency of occurrenc e of
inversions and stable lapse rates in different layers of the atmosphere
from
to 1 2 km for Trivandrum, Visakhapatnam, Nagpur and Ne w Delhi
covering the latitude interval 8° to 28°N.
It will be se e n that the
frequency of inversions and stable layers over the area is least
during the summer months and maximum during the winter months.
The
large fr equ ency of occurrence between 1 and 3 k m in the months November
to March is connected with subsidence over the descending leg of the
Had l ey cell.
This descending motion can be expe ct ed to be most pronounced over the eas t ern periphery of the anticyclonic cells of the
subtropical high p ressure ridge.

- - - - - > - +---FEBRUARY

1959

----+

15

,,

.,

,L-l-.-

-

~NOVEMBER

---4-----'1- 1

- - - - - - 1 - - , _ __,__

__

~~

,

1959

_

_ ___. .,___ _ _

I

16

6001-+--,,- - - - +-

1959

- - ----->

II I

16

31

~~.

- ----4-- - l-+-- - - - - - ' - + - - - BOMB AY- -L;_.!._ •••

i

'

1f-!---'--+: 1.i

DE CEMBER
II

.!:!I

,:

I

I

' ::

1:1

-

'r i~·-• -:i- !:~[

!. :

i I•, i i I:, I ! , i

;!

!

I ,

i: i j

111-i

ii• Ii•,

i

-i,:--+--

lt-1:-y- 8••

Ii l::

i •iii

i-

SOO

MADRAS

•

11 ·1

•

ao·~·L:_,-·-·rll-·i-.1
i- ,-·r· L! ,;,P1·1·· · I ' • 1·I''

'I

I

•I ! '

I, -, ,
- '1- :1-: 1 ~1 '

:,-,-1,L!_t_:__:
'

. :;

••• , !~u-:JJL~_i~i_ ·-2i1+HJ '
1000

11:

I

I

• '

_,__~!_1 _

1!

_,___-1-~

i i___J_1_:__!IJrn-;-:-:I ~111 -,-. - nr:,-

'

'

,_ _,_____ _,__,_l_, _ _

I

,·i

I

I '

:1·

::·I

: :I · I'
25

: li ~il

100

'°.

Li!--+r--

1--+-----+--'-!_,

't-!JJi-r-il;l_:'1.

I-+----+- - --+-"--- - --+-'!

28

; _ _ _'_ ii

I

;I

~·~----'-~---'---~--'--.,.-----r-----,------,--,

PORT BLAIR

_

:1

!,

,_ _

_

_,____ __

,______,__

,_,

i----yw:·--1----'--~--'
1-

1

1-

- -;

PORT BLAIR

.- -'Li- 11 ·
::

• •
! :.
_,_.__._.'--'----4-----l-------I-_._,_...,_
_ _,__ _
I

1000,L...J....o...J__.w___;__

!_ i• I

!

!I

~~~--~~

~·~---.----,----------,-----!~!-----,-,-----,-I~

I

I

I

!11,

L

1

I

I

,,

'

IL.1,,-.,-'- L! -~1-i-.--,·, -.

!i

1

!' '

I

I

!

'-'--J

I

l_J-1-:

9000- f - - I- .-,I

,. ·:

'3001--i

I I:·
---~

+-----FEBRUARY 1959

4a,

TRIVANDRUM - 1 - Goo

Jan - Feb

1

'--,- -L,-:.+ - - - - 1 - -.-.--.:.i_lL ,_1_:_ ___,_;1 -1 - 1- .-~
1
:!
!, 1 I
:
: :, I

-~-.!L.J1i...l1 ___:,.--1-!,21-~'2•"-''-'-'-'...LL:___;,,•

1

--!;~1-=·J- 1000

-0-'---'-"c-11---,..,1.--'-'*21"-'- '--f:',;_'

1959

~

.,.___ _ _ DECEMB ER

1959 - - - - - - " ' -

DAY TO DAY OCCURRENCE OF STABLE LAYERS IN THE LOWER TROPOSPHERE

Fig.

800

I

~

DAY TO DAY OCCURRENCES OF STABLE LAYERS IN THE LOWER TROPOSPHERE

Fig.

- ! - -1-

I '

1000L...L
·, ,;__•

15
1959

'-

'1

11

Iii

+-----JANUARY

1 - L -!-

l-+--1::- - 1 - - - - i: _ 1J _--+-•- - - - 11- -ir:hl

4b,

Nov - Dec

Day to day occurrences of stable layers in lower troposphere

71

1-3 Km

3-6Km
60 r---ic:--~-t---~~-+-~~+-~--'-~

40 ii~'·,_,',~·-t---~~-t-~-:-:f-''~'-';---____,~·--1

O

JFMAMJJASONDJ

6-9 Km

9-12 Km

NEW DELHI
NAGPUR

Fig. 5

- - VISAKHAPATNAM
.. ... ....... TRIVANDRUM

Month-to-month variation of the percentage
frequency of occurrence of stable layerso

REFERENCES
Ananthakrishnan, R., and Rangarajan, S.,
Geophysics Vol. 14(2)
173.
Flohn, H.,
Palmen, E .

1963

Ind. Jour. Met.

1960: Symp. Monsoons of the World, Ind. Me t. De pt.,pp.75.
1954: Sci. Proc. Int. Assoc. Met., Rome , pp. 409.
1963 : Ge n e ral Circulation of the Tropics, Symp. Trop.
Meteorology, Ne w Zealand.

Rangarajan S.,
Riehl, H.,

1963 : Austr. Met. Mag.

(und e r publication).

1954: Tropical Me t e orology, pp.13, pp.48.

Sutcliffe , R.C., and Bannon, J.K.
Me t., Rome, pp.322.

1954

Sci. Proc. Int. Assoc.

ASPECTS OF THE SUBTROPICAL JET STREAM OVER AUSTRALIA
A.H.J. Muffatti
Commonwealth Bureau of Meteorology,

Perth,

Western Australia

ABSTRACT
Utilizing data extracted from daily 200mb analyses,
the position and broad-scale structure of the lowest-latitude
speed maximum in the westerlies over Australia (Hereinafter
referred tv as the subtropical jet axis) is investigated for
the years 1956-61.
Frequencies of occurrence of the axis
have been classified according to latitude, speed at the axis
and associated horizontal shear over JOO n mi either side of
and normal to the axis, for ea ch ten degrees of meridian from
120°E to 160°E.
The classified data, with derived statistics for selected meridians, is presented and discussed.
It
is found that the subtropical jet axis is most often between
25°s and J5°S.
It reaches its maximum mean latitude and
minimum mean strength in summer.
The minimum mean latitude
occurs in autumn over most of Australia, before moving southward again in winter; when the jet axis reaches its greatest
strength and steadiness.
In spring the mean latitude moves
northward again over eastern Australia, where i t reaches a
lower latitude than in autumn; but shows a slight southward
shift over western Australia .
As a measure of day-to-day
persistence, moderate but significant serial correlations are
found in latitude and speed .
A relationship between latitude and speed at the jet axis is indicated by significant
correlations between latitude and speed and between daily
change of latitude and of speed.
Annual variations in mean
latitude and speed at the axis, show that significant departures from the overall means can occur in individual years.
Mean profiles of the jet axis indicate that, in winter, the
mean cyclonic shear is greater in magnitude than the mean anticyclonic shear; but little difference in magnitudes is apparent
in summer.
1•

INTRODUCTION

In recent years, upper air data over the Australian region
have accumulated to an extent that enables extraction of comparatively
long-term statistics to be undertaken with some confidence in the stabi
ity of the derived data.
This particular investigation was aimed at
gaining information regarding the spatial and temporal distribution and
structure of the subtropical jet stream over Australia.
Previous investigators, e.g . Gibbs (1952), Lamond (1959), Loe
and Radok (1959), Phillpot (1959, 19 62) , Radok and Grant (1957) have
published mean winds at standard levels, or mean vertical cross-section
These studies are sufficient to indicate that the mean altitude of the
subtropica l jet in the Australian region is consistently near 200mb.
A
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daily 200mb analyses have been available for some years, it was
decided to utilize these to study the quasi-horizontal distribution
and mean structure of the subtropical jet.
EXTRACTION AND PRESENTATION OF DATA

2.

The data were extracted from daily contour and isotach analyses of the 200mb isobaric surface,
based on observations made at
2300 GMT at station locations shown in Figure 1, and prepared at the
Central Analysis Office of the Bureau of Meteorology, Melbourne.
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For each day of the mid-season months' January, April, July and
October from 1956 to 1961, the following data were extracted at each
ten degrees of meridian from longitude 120°E to 1 6o 0 1s.
(i)

The speed, and latitude to the nearest degreP,

of the
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lowest latitude speed maximum in the westerlies,
which was taken to be the axis of the subtropical
jet at 200mb.
(ii)

The isobaric shear, measured normal to the wind
direction, over five degrees of latitude (or JOO
nautical miles) left (anticyclonic) and right
(cyclonic) of the jet axis looking downwind.

The data were grouped, in each month at every ten degrees of
meridian, into latitude classes at three degree intervals.
Each class
was divided into sub-classes of speed at the axis, at 20 knot intervals.
Further sub-divisions were made on the criteria of associated shear,
anticyclonic and cyclonic at intervals of 20 knots per 5° latitude.
Contingency tables, showing frequencies of occurrence in each class and
sub-class, were prepared.
At the tails of the distribution by latitude, data were
grouped into single classes of latitude, south of 4o 0 s and north of 14°~
Those occasions when a maximum was not detected at a particular meridiian were grouped as members of a "Not Available'' class.
Figures 2(a) to 2(d) show histograms of the relative frequency by latitude with sub-classes of speed of the subtropical jet axis,
for each mid-season month, at every ten degrees of meridian between
120°E and 160°E.
For clarity of presentation, the number of speed
classes was reduced by regrouping at 40 knots intervals with tail
classes of less than 60 knots, and 180 knots or greater.
On most occasions when the axis was classified as "Not Available", it was almost certain that it would have been south of 4o 0 s;
and was not detected because the analysis could not be confidently
extrapolated southward, into a region of few or no reports.
Accordingly, in the histograms, the "Not Available'' classes were grouped with
the latitude class of higher than 4o 0 s.
Figures J(a) to J(d) display the histograms of shears either
side of the jet axis.
The distributions of anticyclonic shears are
shown to the left of the base meridian and cyclonic shears to the
right.
The shears were classified, at intervals of 20 knots per 5°
latitude, and the latitude class was determined by the latitude of the
associated jet axis.
In addition to occasions when shears were not
available due to the non-detection of a jet axis (these were grouped
with shears south of 4o 0 s), there were times, at any latitude, when
shears were not available due to lack of analysis extrapolation to a
sufficient distance, on one or both sides of a detected axis.
Several
cyclonic shears also were not available; because the shear, over
JOO n mi to the right of the lowest latitude axis, was rendered meaningless by the presence of a higher latitude jet axis.
Means, and standard deviations, of the latitude and speed at
the subtropical jet axis in each mid-season month at meridians 120°E,
140°E and 160°E are presented in Table 1.
Also tabulated are serial
correlation coefficients with 24-hour lag, of the latitude and speed
at the axis, and of the 24-hour change of latitude and of speed; and
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TABLE 1.
Statistics of the Latitude and Speed at the 200
1956-61
Month
Long.
(ij
~
:rq,

z/E.

N

v
Cfy

rv

z/£
N

r;.v

z/e

N
N'

O'Arj,

rh
z
E.

N
0"4y

rAv

z/£

N
rA-.Av

z/£
N

N"

mb

Lowest Latitude Jet Axis

120°E

JANUARY
140°E 160°E

120°E

APRIL
140°E

160°E

120°E

JULY
140°E

160°E

120°E

30.26
5.88
0.35
4.39
144

29.04
6.71
0.61
9.49
173

30.74
8.27
o.47
6.86
176

27.51
5.39
0.55
8.05
172

27.46
5.52
0.58
8.76
174

27.79
5.80
0.54
8.00
170

28.49
3.69
0.54
7.90
177

28.55
3.78
0.58
8.89
179

28.27
2.88
o.43
6.20
179

28.97
3.97
o.43
6. 15
173

67.27
23.06
0.50
6.53
144

73.02
25.20
0.63
9.89
173

78.66
22.98
0.31
4.30
176

94.25
28. 12
0.51
7.28
172

92.32
25.27
o.47
6.78
174

93.09 140.90 142.15 136.29 113.74 108.80 105.60
21.03 29.64 31.23 28.76 27.66 25.94 26.03
o.4o
o.42
o.48
0.31
0.50
0.59
0.52
5.62
9. 1 6
4.31
7.
10
7.84
5.93
7.35
180
180
170
179
179
177
173

0.72
9.50
160
11 2

0.62
6.45
182
82

o.41
5.01
184
136

0.36
3.76
179
101

0.33
3.42
180
104

0. 17
1. 79
178
114

0.36
4.04
184
11 6

0.58
6. 19
185
91

0.36
4.50
185
143

o.43
4.89
182
1 16

o.49
5.60
186
114

0.38
4.JO
186
11 9

6.5
-0.44
-5.42
132

5.8
-0.3 6
-4.79
164

8.3
-0.36
-4.42
168

5.0
-0.24
-3. 15
165

4.9
-0.21
-2.71
168

5.6
-0.28
-3.62
164

3.6
-0.32
-4.27
17 1

3.6
-0. 16
-2. 12
173

3. 1
-0.26
-3.54
173

4.2
-0.37
-4.97
165

4.5
-0.29
-3.85
174

4.7
-0.21
-2.79
174

23
-0.33
-3.92
13 2

21
-0. 19
-2.43
164

27
-0.43
-5.98
168

28
-0. 11
-1 . 37
165

26
-0.34
-'+. 61
168

23
-0.33
-4.39
164

31
-0.31
-4. 11
17 1

28
-0.24
-3. 16
173

34
-0.35
-4.71
173

27
-0.25
-3.27
165

26
-0.29
-3.90
174

25
-0. 18
-2.34
174

o.4o
8.98
13 2
98

0.56
7.49
164
143

0.54
6.57
168
123

0.35
4.50
165
157

0.37
4.62
168
145

0.24
2.79
164
136

0.27
3.22
17 1
141

0.30
3.94
173
160

0. 13
1. 52
173
1 41+

0.31
3.69
165
137

o.41
5.21
174
147

0.25
3.21
174
162

OCTOBER
140°E 160°E
28.16
4.60
0.51
7.57
180

26.65
4.45
o.43
6.22
180

--.]

\.0
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correlation coefficients between latitude and speed, and between
daily change of latitude and of speed.
TABLE 1 (continued)
Explanation of Symbols

(iJ

Mean latitude of Jet Axis (deg s)

r !:.</>

=
=
=
=
=
=
=
=
=

r1:.v

=

Serial Correlation Coefficient of 24-hour change of
speed (24-hour lag)

rt!J,v

Correlation Coefficient between latitude and speed

rA-,4V

=
=

z

= t

v

C!"
O'y

(jA~
0'4y

rd
r

v

Mean speed at Jet Axis (kt)
Standard deviation of latitude (deg)
Standard deviation of speed (kt)
Standard deviation of 24-hour change of latitude (deg)
Standard deviation of 24-hour change of speed (kt)
Serial Correlation Coefficient of latitude (24-hour lag)
Serial Correlation Coefficient of speed (24-hour lag)
Serial Correlation Coefficient of 24-hour change of
latitude (24-hour lag)

Correlation Coefficient between 24-hour change of
latitude and of speed
log(1+r)-log(1-r)

=

Standard error of Z

N'

=

N ( 1 - r{lf rv)

N"

=

N

( 1 +r ~ r

( 1-rA- rAV )

)-

=

1

(N-3)- 2

1

v
1
( 1 +rAf rA~ ) -

When assessing the reliability of these values, one must keep
in mind, apart from statistical significance, the subjectivity of the
extracted data.
Incomplete data will also affect the results.
However,
this is serious only for the western meridians in January, and accounts
for the lower standard deviation in latitude and the higher correlation
between latitude and speed at 120°E compared with 140 and 160°E.
This
should also be borne in mind when considering January data discussed
in Section J.

J.

SEASONAL VARIATIONS OF THE JET AXIS

The variations, between mid-season months, of the mean latitude and speed at the subtropical jet axis at meridians 120°E, 140°E
and 160°8, are shown in Figure 4, which summarises much of the data
shown in Figure 2 (a)-(d).
(a)
January
During the summer the westerly flow is weaker than in other
seasons, and on only seven days did the speed at the jet axis reach
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0

140 knots.

All but one of these occurrences were south of J7 S.
The distributions are bimodal, showing a major mode near, but not
including, the mean latitude and a secondary mode south of 4o 0 s.
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Fig. 4 Mean latitude and speed of the lowest latitude 200 mb.jet axis in the westerlies 1956 - 1961.

The mean latitude of the axis is near J0°S and shows little
difference between western and eastern Australia; and although displaced slightly northward at 140°E is furthest south in this month at
all meridians.
It must be remembered that the mean latitude is weighted
southward over eastern Australia by the higher latitude mode, but this
effect does not apply at 120°E due to a large number of occasions when
a maximum was not detected over the analysed area.
In fact the lower
latitude mode shows a northward displacement between 1J0°:S and ·1 40°E.
Phillpot (1959), using mean reported winds at 40,000 feet
shows good agreement with this study ov er eastern Australia; indicatin§ a maximum near 27°s, and suggesting another somewhere south of
40 S.
Although no maximum is specifically shown over western Australia,
possibly due to lack of data, the magnitude of the available mean winds
suggests the existence of one between 25°s and J0°s.
Radok and
Clarke (1958) using data for 1954 only, obtained, at 147.5°E , a modal
class of occurrence of a jet axis betwe e n 25°s and J0°S; although when
double maxima appeared on the same day, they selected the stronger
rather than th e lower latitude axis .
(b) April
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The main changes apparent proceeding from summer to autumn
are the marked reduction of the secondary mode south of 4o 0 s to almost
negligible proportions, a northward shift of the mean latitude at all
meridians to between 27°s and 28°s, now falling within the modal
class, and a strengthening of the westerly flow.
In general, the
work of Radok and Clark (1958) shows the same changes.
The latitude
of the maximum in the mean flow at 40,000 feet, according to Phillpot
(1959), also lies between 27°s and 28°s across Australia.
Over western Australia there is a marked increase in the
0
0
frequency occurrence between 20 S and 25 S; and the frequency of the
latitude class centred on 21°s at 120° ~ is higher than in any other
season.
The danger of attempting to interpolate between seasons is
emphasised by Lockwood (1963), who, with the aid of ten-day mean charts
based on data from 1954 to 1960, showed that rapid changes in the flow
at 200mb in the tropics occur in May and June, and again in October.
Lockwood's charts indicate a southward shift of the maximum in the mean
flow over western Australia during May and June.
However, this
present study suggests that it is preceded by a change in the opposite
sense, sometime between January and April.
(c) July
Winter is characterized as the season of strongest westerly
flow, when the mean speed at the subtropical jet axis is of the order
of 140 knots; a speed rarely achieved in summer.
The increased speed
is accompanied by a southward shift of the mean latitude of the axis
and a greater concentration of the frequency distribution about the
mean, shown by a reduction of the standard deviation of the latitude
at all meridians; as typified by the values calculated at 120°E, 140°E
and 160° E .
As in April, the mean latitude shows little variation
between meridians, being located near 28.5°s.
Again, close agreement
is found with the work of Phillpot (1959) and of Radok and Clarke
(1958).
In this month the axis of the subtropical jet is rarely found
0
south of 4o s.
(d) October
In spring the strength of the westerly flow weakens again,
but the mean speed at the subtropical jet axis in October, of the order
of 110 knots, is higher than the mean speed in April.
The mean latitude of the axis shifts northward over eastern
Australia, and at 150°E and 160°E the frequencies of the latitud e
classes centred on 24°s ar~much greater than any other season.
A
similar result was found by Radok and Clarke (1958).
However, over
western Australia a slight southward movement of the mean latitude
occurs between July and October.
The same features are displayed by
the latitude of the maximum in the mean flow at 40,000 feet in Phillpot'
(1959) work.
This leads one to suggest that, over western Australia
the change towards the higher mean latitude of summer has commenced;
whereas over ISastern Australia, the change occurs after October.
Both
October and January display the northward displacement or the lower
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latitude mode from west to east, suggesting a trough over eastern
Australia in the mean flow at 200mb.
Lockwood (1963) claims October to be a period of rapid
changes in the 200mb flow over tropical and subtropical regions.
A
study of his ten-day mean charts shows that the latitude of the maximum in the mean flow moves northward over Australia between late
September and mid-October, followed by a return southward to near 30°s
by late October; changes being of slightly greater magnitude over
western Australia.
Phillpot (1959) found a sudden strong northward
displacement of the latitude of the maximum in the mean flow at
40,000 feet between November and December, when it reaches its lowest
latitude for the year between 140°E and 160°E.

4.

YEAR TO YEAR VARIATIONS OF THE JET AXIS

Monthly mean values of the latitude and speed at the subtropical jet axis in January and July in each year of the pebiod investigated, were calculated for meridians 120°E, 140°E and 160 E.
The
results, indicating the possible variations between years, are shown in
Table 2, together with the standard error of the mean of each sample.
Values which differ significantly from the mean over all years are
appropriately indicated.
The variations of the means are graphically
presented in Figure 5.
The significantly high mean latitude at 160°E during January
1956, was due to the existence of a persistent blocking high over the
Tasman Sea from the 15th to the 2Jrd of that month.
During this period, the lowest latitude jet axis was near 50°s.
That the subtropical
jet axis may reach high latitudes with the development of blocking
anticyclones, in any season, is suggested by a study of a Northern
Hemisphere winter situation by Defant and Taba (1958), where it is
claimed that the axis deviated as far poleward as 60°N over the North
Atlantic.
The fact that perturbations of the scale of an anticyclone
can cause significant annual variations in monthly means, emphasises
the difficulty of investigating the climatology of the general circulation from relatively short-term statistics; and the need for
expansion of the Southern Hemisphere observational network, coupled
with investigations over longer periods as data become available.

5.

CORRELATIONS OF THE LATITUDE AND SPEED

The significance of the various correlations referred io in
Section 2, and tabulated in Table 1, was tested by transforming to the
almost normally distributed statistic z.
The value of z was compared
with its standard error which depends only upon N, the number of pairs
in the sample from which the correlation coefficient was derived
(Fisher, 1948).
When testing the significance of the correlation
between latitude and speed, N was replaced by
N'

=

N ( 1-r9S rv )

( 1 + r~ rv

)

- 1

to compensate for the effects of serial correlation in each individual
7
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TABLE 2.
Annual Values of Mean Latitud e and Speed at 200 mb lowest latitude
Jet Axis, and standard errors of means, during January and July.
JANUARY

19s6
JO.S
1 . 20

19S7
J 1. 7
1 . JS

19S8
28.9
1. OS

4.70
24

s.4J
18

4. 14
J1

29.7
1. 20
71
4.S2
J1

J0.4
1 . 27
4.7s
28

28.2
1. 20
74
4.S2
J1

n

J6.2 ***
1. s 1
79
4. 19
JO

JJ. 1
1 . 48
81
4. 12
J1

29.3
1. 48
81
4. 12
J1

~

19S6
28.2

Long.

~

120°E

€.

v SS **
E.

n

s6
(

140°E

v
E.

n

i
E.

160°E

v
E.

62

68

62

19S9
J 1. 0
1 . 11
7J
4.Js
28

1960
J 1. 2
1. 09
SJ***
4.28
29

29.3
1. 20

J 1. 1
1. 20
87**
4.S2
J1

1 . 22
72
4.S9
JO

JO.O
1. 48
70*
4. 12
31

28.4
1. 48
89*
4. 1 2
J1

66

4.S2
31

27.S*
1. s 1
67* -*
4. 19
JO

1961
29. 1
1. 07

6S

4.20
JO

2S.7**

JULY

141
5.J2
E:
n
J1

1J7
s.J2
J1

19S8
29. 1
0.67
1S2
5.41
JO

~

JO.J **
o.68
v 1SO
5.60
E
n
J1

27.6
o.68
1SO
5.60
J1

J0.8**
0.69
1S7*
5.70
JO

ii>

28.6
0.52
150**
5. 16
J1

29.4*

Long

£

120°E

v

o.6s

£

140°E

e.

160°E

v

28.2

o.s2

1J8
5. 16
E.
n
J1

19S7
26.4 ***

o.6s

o.s2

148-*
s.24
JO

19S9
J1.2***
0.67
1J1
s.41
JO

154**
s.J2
J1

1 961
27.0*
0.65
1J1
s.J2
J1

25.7***
o.68
11 S* * *

29.6
o.68
1s1

27.J
o.68
1JO*

s.60

J1
26.9**
0.52
117***
s. 16
J1

1960
29.2

o.6s

s.60
J1
28. 1
0.52
1J2
s. 16
J1

s.60

J1
28.2

o.s2
1J4
5. 16
J1

Mean Latitude of J e t Axis (d eg S)
Mean Speed of Jet Axis (kt)
Standard error of statistic in previous row
n
Number of members in sample
Significance o f mean compared to appropriate mean ov e rall years, from
Figure 5,indicated by * at S% l e v e l, ** a t 1% level and by *** at
o. 1r;s l e v e 1.
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Fig. 6
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series, where r~ and rv are serial correlation coefficients between
successive daily values of latitude and of speed respectively
(O'Mahony 1960).
A similar adjustment of N was made when testing the
significance of the correlation between 24-hour change of latitude and
of speed.
The 24-hour lag serial correlations for latitude and speed
are all positive and, from the values of z/£ , all highly significant.
This also applies to the correlations between latitude and speed
except that the correlation coefficient for 160°E in April is significant at the 8 per cent level.
With one exception (120°E in April), the 24-hour lag correlations of daily changes in both latitude and speed are all significant at less than the 5 per cent level.
These correlations are all
negative, possibly reflecting the effect of the passage of short waves
in producing day-to-day perturbations in both the latitude and speed
at the 200mb jet axis at fixed meridians.
Longer period lag correlations have not been calculated, but this aspect warrants further
study synoptically as well as statistically.
Except for 160°E in July all correlations between the daily
change of latitude and of speed are highly significant.
All these
correlations are positive, suggesting the effect of angular momentum
conservation in meridional movements of the jet axis.

6.

MEAN PROFILES OF THE SUBTROPICAL JET

From the tabulated data mean profiles of the subtropical jet
were constructed for January and July, typifying summer and winter,
respectively.
The mean speeds in each three degree latitude class,
at the jet axis, and at JOO n mi left and right of the axis, were calculated using data at every ten degrees of meridian from 120°E to
160°E over all years 1956-61.
Means from less than ten members were
rejected as unreliable.
The remaining values were plotted with
latitude and speed as co-ordinates.
The mean speed at the axis in
each class was plotted at the central latitude of the class; and the
mean speeds l eft and right of the axis, five degrees north and south,
respectively, of the appropriate central latitude.
This procedure was
justified by the assumption that the mean 200mb flow is quasi-zonal.
Smooth curves were drawn through the vertices and ends of
the profiles, paying most attention to means derived from the largest
samples (Figure 6).
As the shears were over JOO nautical miles, these profiles
offer no detailed information about the jet structure close to the axis:
where it is generally accepted that stronger shears occur.
However,
the broad-scale symmetry, over ten degrees of latitude centred on the
axis, is apparent in the January profiles, where there is little difference between mean anticyclonic and cyclonic shears at all latitudes;
apart from the mean shears about the axis centred at 15°s, where the
mean cyclonic shear was derived from only 10 members.
When an average profile is derived from all latitude classes plotted, an average
~ean speed of 70 knots at the axis, and cyclonic and anticyclonic
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shears of 26 and 28 kt/JOO n mi respectively,

are obtained.

In July profiles display more asymmetry, and a surprising
feature is that the mean anticyclonic shear exceeds the mean cyclonic
shear, about the axis centred at 21°S.
However, the standard error
of these means is more than 5 kt / JOO n mi, and the difference is not
significant.
When an average mean profile is derived from all latitude classes plotted, cyclonic and anticyclonic shears of 59 and
49 kt/JOO n mi, respectively, are obtained relative to an average
mean speed of 143 knots at the axis.
Both summer and winter profiles display the correlation
between latitude and speed.
An examination of Figure J discloses many occasions when the
anticyclonic shear exceeded the Coriolis parameter in magnitude, suggesting inertial instability.
According to the literature, e.g.
Crossley (1962), strong anticyclonic shears over JOO nautical miles are
rare occurrences.
A large percentage of the shears, which exceed the
Coriolis parameter by a comparatively small value, can probably be
discounted due to errors in observation, analysis and extraction of data.
However it is intended to undertake a separate study of this aspect
using the more general criterion, involving the contribution of curvature to the relative vorticity.
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DIURNAL VARIATION OF LOW LEVEL CIRCULATION OVER INDIA
R. Ananthakrishnan and K.V. Rao
India Meteorological Department, Poona.
ABSTRACT
The six-hourly synoptic observations of 75 surface
observatory stations over India for the ten year period 1952
to 1961 have been utilised to prepare normal sea-level isobaric and surface wind charts for the standard synoptic
hours 00, 06, 12 and 18 Z.
The diurnal changes in the
pressure field have been studied in relation to the wind
circulation at the surface.
The results for the four representative months January, April, July and October are
presented.
1•

SEASONAL CHANGES IN CIRCULATION

As is well known, the seasonal changes in circulation brought about by land-sea contrasts are most pronounced over south Asia.
Over India and the adjoi·ning sea areas the summer and winter circulations in the lower levels are known as the southwest and northeast
monsoons.
The southwest monsoon has its sway over India and southeast Asia during the period June to September which is the principal
rainy season for this area.
During this season the hot arid tracts
of West Pakistan, Afghanistan and adjoining land areas become the
c~ntre of a low pressure cell, while two high pressure cells lie over
the north Pacific Ocean and the south Indian Ocean respectively.
The
low level circulation over India and neighbourhood which is controlled
by these major pressure systems result in an inflow of air from the
sea towards the land.
Beginning from September, the southwest monsoon
circulation weakens on account of the decreasinginsolationintercepted
by the northern hemisphere.
In the winter months the land-sea
contrasts of temperature and pressure are reversed.
The Asiatic land
mass gets much colder than the adjoining sea areas and northeast Asia
becomes the seat of an intense anticyclone.
At the same time the
Aleutian region of the northwest Pacific becomes an area of low pressure;
comparatively low pressure areas also lie over the continental mass of
south Africa and north Australia.
Under the influence of these systems
cold continental air flowing outwards from the anticyclone dominates
south Asia and the adjoining sea areas in the lower levels.
This is
a season of comparatively dry weather and clear skies over these areas.
2.

DIURNAL CHANGES IN CIRCULATION

Superposed on the large-scale seasonal circulation pattern
there is a diurnal variation which is noticed throughout the year.
This diurnal variation is particularly conspicuous over the tropics
where it plays an important role in weather processes.
Both the seasonal and the diurnal changes in circulation are brought about by the
differential response of land and sea to the incident solar radiation.
While the seasonal changes are manifested as monsoons the diurnal
changes are manifested as land and sea breezes in coastal areas.
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Beginning from 1950, surfa c e meteorological obs e rvations
at the four principal synoptic hours 00, 06, 12 and 18 Z are being
taken at some 75 observatory stations in India.
Upper wind measurements are also being made at these four hours from many of these
stations.
We have made use of the observational data for the tenyear period 1952-1961 to prepare mean monthly sea level isobaric and
surface wind charts for the principal synoptic hours.
Charts for the
four typical months January, April, July and October are presented
and discussed in this paper.

M . S.L.

PRESSURE

AND

WINDS

JANUARY
90 °

0600 G.M.T.

0000 G.M.T.

30
1016 mb

\ 10~
c

1015

L

L

1800 G.M .T.

C =Calm .

Figo

J.

1

'------

= 2· 5

Knots . \.__

= 5·0

Knots.

M.S.L. Pressure and Winds

January

SEA LEVEL PRESSURE AND WIND PATT-ERNS

January: January is the typical winter month.
The mean sealevel isobars for the four synoptic hours are shown in Figure 1 .
The
isobars are spaced at 1mb intervals.
The wind arrows give the most
predominant wind directions while the barbs represent the mean scalar
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wind speed.
The 00 Z chart is typical of morning conditions while
the 12 Z chart represents conditions in the afternoon.
In this
month the surface pr e ssure decreases from north to south over the
country, the highest surface pressure occurring over northwest India.
Pressure over the sea areas is less than that over land.
Superposed
on this seasonal feature the diurnal pattern'of pressure variation
stands out clearly.
On account of the excess diurnal heating of the
peninsular land mass as compared with the surrounding sea areas, a low
pressure area develops over the land in the afternoon.
This results
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in an influx of maritime air into the coastal belts of the peninsula
in the afternoon.
Over the east coast of the peninsula where the
prevailing seasonal winds ar e northeasterly (northeast monsoon) the
diurnal variation strengthens the prevailing winds in the afternoon
while over the west coast the afternoon circulation produces a
reversal of the coastal winds from easterlies to westerlies.
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April:
In this month summer conditions prevail over the
country.
The surface pressure increases from north to south with a
trough of low pressure running across the peninsula.
The pressure
over the sea areas is higher than over the land.
At 00 Z the pressure
gradient is flat (Figure 2).
In the afternoon an intense thermal
low builds up over the centre of the country wi.th the isobars running
almost parallel to the coast line.
The increased pressure gradient
in the afternoon is in phase with the seasonal gradient and leads to
a vigorous indraft of maritime air into the country across the coastal
parts.
The sea breeze on the west coast passes over the Western
Ghats and can be noticed at an interior place like Poona on several
~ venings (Ramanathan, 1931).
At stations on the east coast the prevailing wind which is always from the sea towards the land gets considerably strengthened in the afternoon by the increasing pressure
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gradient.
Afternoon thunderstorms occur frequently in this month
particularly over the south of the peninsula and over northeast India.
The frequency and violence of these thunderstorms increase with the
advance of summer.
July:
This is the typical southwest monsoon month when
the monsoon current has advanced over the whole country.
Surface
pressure gradients are strong with pressure increasing from north to
south.
Pressure over the sea areas is higher than that over the
land.
The prevailing winds over the peninsula are westerly.
On
account of clouding over the greater parts of the country the surface
heating from morning to afternoon is less than that in January and
April.
Nevertheless, there is a distinct diurnal variation of the
pressure field and wind circulation (Figure J) which is . particularly
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conspicuous on the southeast coast of the peninsula wher e rainfall
and clouding are least in this month. At Madras sea-breeze is almost
a regular f e ature in this month, the prevailing westerlies suddenly
changing over to E / SE winds in the afternoons (Roy, 1946).
Since the
prevailing winds are westerly the circulation induced by diurnal heating strengthens the westerlies on the west coast and weakens or
reverses the westerlies on the east coast of the peninsula.
October:
Surface pressure gradients are feeble in this
transitional month and surface winds are mostly calm or extremely weak
at 00 Z (Figure 4).
In the afternoon the circulation is controlled
by the thermal low over the peninsula which leads to an indraft of
maritime air across the west and east coasts.
This circulation dies
down at night.
Figures 5 and 6 give the mean monthly surface temperature
changes and mean monthly sea level pressure changes from 00 to 12 Z
over the country.
It is interesting to note that the contour lines
in these diagrams generally run parallel to the coast lines of the
peninsula.
A more detailed study of the diurnal changes of temperature and pressure fields in relation to the associated changes of
circulation in the lower levels up to 3kms is being pursued.
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MEAN STREAM LINES FOR STANDARD PRESSURE LEVELS OVER
THE INDIAN OCEAN AND ADJACENT LAND AREAS
R. Frost and P.M. Stephenson
Far East Air Force, Singapore
1.
ing
and
the
(2)

At present the only analyses available to forecasters workin this area are the, mainly, contour analyses prepared by Heastie
Stephenson (1) based on limited rawind and radiosonde data and
stream line analyses for SE Asia prepared by Bunnag and Buajitti
which were limited to the 5000 and 10,000 feet levels.

2.
To facilitate analysis in the British Meteorological Offices
in the Indian Ocean and SE Asia stream line charts were prepared for
the standard pressure levels for the mid season months January, April,
July and October.
The data used for this purpose included the rawind
data from (1) and (2), rawind data extracted from (J), (4) and (5),
rawind data for India, Hong Kong and China supplied by the Indian and
Hong Kong meteorological services, and rawind data for Singapore, Gan,
Djakarta and Sourabaya computed by staff in FEAF.
These data were
supplemented where necessary by pilot balloon data from Malaya (6),
India (7), Indonesia (8), and islands in the Indian Ocean (9), and use
was also made of mean vector winds derived from wind observations from
high flying aircraft over routes from Singapore to Hong Kong, Singapore
to Darwin, Singapore to Gan, Gan to Aden and Gan to Nairobi.

3.
In general the main features shown by these charts are similar to those shown by Wiederanders (10) for the Pacific. The principal
differences are:(a)

The large poleward displacement of the subtropical ridge
axis over the Indian sub-continent from winter to summer.

(b)

The existence of a large cyclonic circulation at 500mb.

(c)

The existence at all seasons of equatorial westerlies
between Gan and Sumatra from the surface to 700mb (in
July to 500mb).
These westerlies fall off and become
light variable at 500mb (except in July) and at higher
levels become easterlies which increase with height.

(d)

The marked cross equatorial flow in July at 200mb between
longitudes 70°E and 140°E.

4.
Palmer (11) suggested that the equatorial westerlies might be
a reflection of the equatorial vortices resulting from intensifying
waves.
Whilst this explanation may be valid in the Pacific where the
equatorial westerlies are variable in time and space it ~annot explain
the steady westerly winds of the Indian Ocean.
It is suggested that
the simplest explanation of the flow pattern described in J(c) is
that the surface westerlies and upper easterlies are parts of a simple
zonal cell which has the ascending branch over Indonesia and the descbranch over or near Gan.
This hypothesis which also fits the pressure
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and temperature observations will be discussed in a later paper.
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ANALYSES OF MONTHLY MEAN RESULTANT WINDS FOR
STANDARD PRESSURE LEVELS OVER THE INDIAN
OCEAN AND ADJOINING CONTINENTAL AREAS
C.R.V. Raman and C.M. Dixit
India Meteorological Department,
International Meteorological Centre, Bombay.

1•

INTRODUCTION

An essential prerequisite for assisting extended analysis
and its interpretation and for serving as a reference background for
research is a set of normal climatological charts.
This paper presents and discusses a series of mean resultant wind charts for standard
pressure surfaces (850mb - 200mb) over the Indian Ocean and adjoining
continental areas (20°E - 155°E and 50°s - 45°N) for the mid-season
months January, April, July and October.
Figures 1-4 depict charts
for selected levels.
Kinematic techniques of analysis which provide
direct and meaningful representations of synoptic flow patterns in the
tropics, where pressure gradients are weak and data are relatively
sparse, have been employed.
Mean upper wind data, extending from three to thirteen years
(1948 - 1961), for 126 stations, generously supplied by meteorological
services as well as extracted and computed from available publications
have been utilized in the study (1, 2, J).
RAWIN data of Gan,
Mauritius and New Amsterdam, island stations in the Southern Hem~sphere,
have been of immense value in providing the key to principal circulation features over the large Indian Ocean area.
Short period low level
pilot balloon normals, for all available stations over the area, have
been used along with rawin normals to maximize data coverage and lend
support to analyses despite obvious and well known limitations of pibal
data, which are biassed against bad weather situations (4, 5, 6)*.
Intensity of wind field and directional variability have been given due
weight in analyses; considerable use has also been made of other
climatological charts in streamline analyses over the Indian Ocean area
(4, 7, 8, 9, 10).
2.

DISCUSSION
Subtropical anticyclones

The subtropical ridgeline at a level has been taken to be the
line of separation of winds with westerly and easterly components.
The
ridgelines at various levels generate a surface adequately described
by curvature of its horizontal and vertical sections.

*For example, rawin normal for Trivandrum at 500mb in May gives a wind
0
24o /4.2kn as against a pibal normal 080°/Jkn;
this introduces a
meaningful change in circulation feature at that level.
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This surface slopes equatorward up to JOOmb, is vertical up to 200mb
and slopes poleward aloft (11);
neglecting longitudinal variations,
its slope is approximately that of a parabolic cylinder.
To depict the features of the vertical sections and to bring
out the effects of continentality, three meridional profiles, averaged
over J0° longitudinal
intervals, have been presented in Figure 5 for
J0°E (land in both hemispheres), 77°E (land in Northern Hemisphere and
ocean in Southern Hemisphere) and 140°E (mainly oceanic in the Northern
Hemisphere and continental in the Southern Hemisphere).
In accordance with well known general principles, these
profiles show that the ridgelines are closest to the .equator in winter
and farthest in summer.
The ridgeline in the Southern Hemisphere, as
compared to its counterpart in the Northern Hemisphere, undergoes much
smaller meridional displacement.
However, the 77°E section (Fig. 5b)
reveals that in winter the mean latitude of the Northern Hemisphere
ridgeline in the lower troposphere is closer to the equator than the
corresponding latitude of the ridgeline in the Southern Hemisphere.
Such a configuration accounts for a broader belt of easterlies in the
lower troposphere in the Southern Hemisphere.
It can thus be inferred
that the ridgeline oscillates about a mean position, the amplitude
being dependent on continentality.
The variation of the subtropical ridge at 200mb along 77°E in
the Northern Hemisphere is depicted by the continuous graph in Fig.6.
The curve is asymmetric, the winter to summer slope being significantly
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greater than that of the summer to winter.
A larger portion of the
poleward displacement of the ridge axis is accomplished between May
and June.
The stabilisation of the ridgeline farthest from the
equator takes place in July - August (northern summer).
Along 77°E,
the displacement is from a premonsoon position to almost the summer
monsoon position;
this is in conformity with the observed large and
rapid changes of meteorological elements in a short time interval.
Though the displacement between September and November is significant,
the summer to winter transition is comparatively gradual.
Interestingly, the curve showing the median monthly curvature latitudes of
tropical disturbances in the western Pacific exhibits similar features.
The above inferences are well supported by daily analysis in IMC.
The vertical $lopes of the ridgelines reveal yet another
difference in the two hemispheres.
In winter, the equatorward slope,
up to JOOmb is greater in the Southern Hemisphere than in the Northern
Hemisphere.
For instance, the J0°E section (Fig. 5a) shows that the
equatorward slope of the ridgelines from 700mb to JOOmb is seven
degrees of latitude while the corresponding slope in the Southern
Hemisphere is sixteen degrees.
This confirms the earlier inference
that the tropics are more extensive in the Southern Hemisphere (12).
The charts also show that the ridgeline contains a number of
semi-permanent vortices.
For example, in the Northern Hemisphere at
200mb in January, there are three main cells - one lies over Ethiopia,
the second over the Central Pacific at a more northern latitude and
the third southeast of Ceylon.
In July, at the same level, separate
cells exist over Iran, South Tibet and East China.
The cell over east
China is flanked on its southeastern periphery by the mid-Pacific
trough.
The mid-Pacific trough is noticed within the area of analysis
in June.
Low Latitude and Equatorial Configurations
The upper tropospheric equatorial region say, between 10°N to
10°s, is the seat of easterlies practically the year around.
With a
linear wind and pressure gradient relationship, the equator would be
characterised as a trough in the upper tropospheric levels.
Since,
however, such a relationship does not hold in the equatorial region,
justification is required for the above inference.
It is known that
maxima in upper tropospheric easterlies occur some distance away from
the equator (13); hence, kinematically, the equator can be regarded as
a trough line.
Again, balance requirements arising from interhemispherical
flow would lend support to the existence of an equatorial trough in
the winter hemisphere.
Rao (14) has shown that even small meridional
components of equatorial zone winds would lead to large exchanges.
A
near equatorial trough line should hence inhibit large scale exchanges
by minimisation of wind spe e ds along the trough line.
The lower tropospheric equatorial region is, on the other
hand, characterised by westerlies in both the hemispheres.
Westerlies
at low levels are observed close to the equator even in winter.
Mean
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winds at Gan at the levels up to 500mb from June to August are
WSW/NW 5 - 15kn, with very high steadiness.
These imply two distinct equatorial troughs, one in each hemisphere, in every month of the
year.
The mean charts show that the summer hemisphere trough in the
two hemispheres undergoes a ~ignificant latitudinal displacement so
as to overlie the continental heat lows.
On the other hand, the
winter hemisphere trough lies very close to the equator.
For instance, at 850mb in the Northern Hemisphere, the mean trough line in July
runs from the South Arabian coast to the Philippines, through the
Gulf of Oman, West Pakistan, Indo-Gangetic Plain, Upper Burma and
North Thailand.
In January, the corresponding position is roughly
along J 0 N.
Since the large displacements over the Indian subcontinent are ultimately heat induced, relatively smaller variations should
be expected in the mainly oceanic Southern Hemisphere; over Africa and
Australia, however, the displacement is larger in the southern summer,
though not as spectacular as over south Asia.
The monthly average location of the new latitude trough at
850mb is depicted by the pecked curve in Figure 6.
The curve shows
a close resemblance to the continuous curve, which depicts the upper
tropospheric ridge features.
This trough line follows the march of
the sun, while the ridgeline lags by about two months.
The pecked
curve is more skew than the continuous one.
The spring-summer transition is quite sharp and takes place abruptly between May and June;
the autumn-winter change is more gradual.
The link between the two
trough lines in the equatorial lower troposphere and the equatorial
trough in the upper troposphere is brought out in Figure 7, which
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provides a rough cross section corresponding to 77°E.
The lower
tropospheric trough line surfaces in the two hemispheres would tend to
join asymptotically in the upper tropospheric layers.
The near equator trough lines also contain a number of
vortices or eddies (15, 16);
clockwise or counter clockwise circulatory systems straddling the equator or close to it are designated
9
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'eddies'.
The strong southeast trade winds off northeast Madagascar
in July and the strong southwesterlies off Socotra seem to shed
eddies close to the equator.
The sense of circulation of the near
equator eddy is clockwise or cyclonic in the Southern Hemisphere in
the northern summer;
in the northern winter, the eddy in the Northern
Hemisphere has an anticlockwise circulation.
Synoptic experience at
IMC has confirmed the existence of double equatorial troughs as well
as eddies embedded therein.
Northward displacement of an eddy in the
Southern Hemisphere in July/August shows it up as an anticyclone in
the Northern Hemisphere;
such oscillations have an important bearing
on monsoon rainfall.
Trades
The total width of the trades in the two hemispheres is more
or less constant throughout the year.
A noticeable feature in July
is that, when the southeast trades of the Southern Hemisphere exceed
10kn, maxima occur in the westerlies over the Arabian Sea and Bay of
Bengal, south of the displaced trough in the Northern Hemisphere.
In the upper troposphere, the easterlies south of the subtropical ridge attain high jet stream speeds at 150 - 100mb levels
between the South China Sea and Sudan during summer (13, 17).
On the
mean charts at 200mb the easterlies are broadest
over the Indian
subcontinent, showing a tendency to concentrate into a maximum over
extreme south.
The zone of maximum winds exhibiting jet stream
characteristics occurs near 150mb over the south Indian Peninsula and
slopes northwestwards with height (18).
westerlies
In the northern winter, westerly winds with core speed exceeding 1J0kn occur often as twin maxima at 200mb over south Japan (35°N);
at this level in the southern winter (July) strongest westerlies of
speed 100kn occur over West Australia near 25°s.
At the corresponding
latitude over Africa, the westerlies are only about 70kn strong at
200mb.
Perhaps another maximum in westerlies occurs at a more southern latitude (10).

J.

CONCLUSION
The salient features brought about by the study are:
1.

The tropical ridge axis undergoes a large poleward displacement
from winter to summer, especially over the Indian subcontinent.
The north-south migration of the subtropical ridge axis, between winter and summer in the Southern Hemisphere is much less,
being about a third of that of the Northern Hemisphere.

2.

In the lower troposphere, the ridge in the Southern Hemisphere
is situated at a higher latitude than the corresponding seasonal position of the ridge axis in the Northern Hemisphere.

J.

The amplitude of oscillation of the subtropical ridge is larger
in the Northern Hemisphere than in the south.
The amplitude
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of oscillation seems to be dependent on continentality.
4.

In each hemisphere, below 700mb, between the subtropical
ridgeline and the equator, there is a trough line.
The
seasonal displacements of the trough line and the ridgeline
take place in the same direction.
The Southern Hemisphere
trough line lies close to the equator in all seasons over
the oceans;
however, in summer, it is displaced more to the
south over land.
Thus, it may aptly be described as an
equatorial trough line in all the seasons.
However, in the
Northern Hemisphere, the trough line in summer is displaced
considerably away from the equator.
In winter, it lies
over near equatorial regions.

5.

The trough line near the equator consists of extensive
circulation cells in one hemisphere, or over the equator or
showing up in the other hemisphere.
Such circulatory
systems are designated 'eddies' and hence the line joining
them may be aptly called 'eddy-line'.

It is hoped that these mean charts will have an operational
utility as they provide the reference background for statistical methods for forecasting winds in the tropics.
Vector deviations of spot
winds can be computed and forecasts prepared on the basis of assumption
of restoration to normal or statistical relationships (19).
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ON THE CHARACTERISTIC DISTRIBUTIONS IN THE MERIDIONAL PLANE
OF SOME PHYSICAL PROPERTIES OF THE ATMOSPHERE BETWEEN THE
EQUATOR AND 40°N BASED ON A SINGLE DAY'S DATA
H.M.E. van de Boogaard
National Center for Atmospheric Research, Boulder, Colorado
ABSTRACT
In order to investigate the feasibility of studying short
term fluctuations of the Hadley cell circulations and of such quantities as angular momentum, kinetic and total energy in the equatorial
and subtropical latitude, synoptic maps were constructed for a single
synoptic time observation for a region between 4o 0 s and 600N and for
the surface and the 950, 900, 850, 800, 700, 500, JOO, 200 and 150 mb
pressure surfaces.
Results show that at least for this particular
day (12 December 1957) the meridional circulations exist and that their
intens.i ties equal that of the seasonal circulations as computed by
other investigators.
The computations of such quantities as the transport of water
vapour, sensible heat, geopotential energy, latent heat, and kinetic
energy were then undertaken.
Results show that the role of the meridional circulations in transporting these quantities varies with the
physical property in question.
When integrated in the vertical between
the two 1 imi t s of the me r idi ona 1 c_ITc_ul at_i_ons_ the_s__um_o :f __ens-i-b-l e-- g-~-Q·~--
p o tent i al, latent and kinetic energies give a small residual and
therefore show a tendency to balance one another.
The eddy fluxes,
however, do not show such balancing tendencies and already from latitude 20°N substantial transports of total heat energy are observed.
SOME ASPECTS OF THE SYNOPTIC PATTERNS OF THE TROPICAL ATLANTIC
AND THEIR RELATIONSHIP TO THE GENERAL CIRCULATION OF THAT REGION
G.A. Dean and N.E. La Seur
Florida State University
ABSTRACT
From analyses based upon data obtained during the International Geophysical Year, the life-cycle of synoptic-scale systems in
the region from the west coast of Africa across the tropical Atlantic
to South and Central America is illustrated.
Mean charts prepared
by averaging the daily synoptic charts are discussed in relation to
the long-term mean maps and the general circulation of this region.
In particular, the problem of hurricane formation is discussed and
illustrated by events during the month of August, 1958.
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CHAIRMAN'S SUMMARY : SESSION 1
E. Palmen
In the survey paper the importance of the tropics as a
source region of angular momentum, kinetic and total energy was stressed.
It was pointed out that the atmosphere in low latitudes in
many respects behaves as the fluid in an experimental tank with low
rate of rotation.
Quantitative values of the mean meridional mass
circulation in the Hadley cell were presented.
The importance of
this circulation and that of eddy processes for the meridional flux of
angular momentum, energy and water vapour were discussed.
Similar problems were treated by Obasi, who especially discussed the circulation in the tropical part of the Southern Hemisphere.
He expressed the opinion that the large-scale horizontal eddies are
essential for the meridional exchange of angular momentum and energy.
In the following discussion questions were asked about the
relative importance of mean circulations and eddy processes and also
regarding the adequacy of existing data for the computation of the
different fluxes.
A different approach to the general circulation was presented
by Marth.
He developed a hypothetical model for the mean annual circulation assuming that winds are thermally driven and that the temperature field is obtained through radiative control by water vapour in
the lower atmosphere and by ozone in the upper levels of the atmosphere.
In the tropopause layer the temperature then depends on the interaction
between water vapour and ozone in the presence of near infra-red
radiation.
From these assumptions he derived many features of the
actually observed circulation.
In the following discussion the
questions asked mainly concerned the general validity of the assumptions made.
The other papers in this session discussed problems of
geographically more limited importance.
In the discussion following
these papers many new viewpoints were presented and in addition some
criticism, but on the whole the new ideas presented in the papers
seemed acceptable as a basis for further study.
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2

LARGE SCALE PERTURBATIONS OF THE TROPICAL CIRCULATION

CHAIRMAN:

J.W.HUTCHINGS

NEW ZEALAND METEOROLOGICAL SERVICE

LARGE SCALE PERTURBATIONS OF THE TROPICAL CIRCULATION
Survey Paper

J.W. Hutchings
New Zealand Meteorological Service
INTRODUCTION

1•

The last decade has seen a rapid increase in the amount of
meteorological data available from many different parts of the world.
This is especially true of upper-wind data.
In this field the
widespread use of radar techniques has in many regions quite revolutionized our knowledge of upper-air flow-patterns.
In turn, the
recognition of these flow-patterns has given rise to new interpretations of surface weather phenomena.
From the tropical regions of the earth the amount of data
resulting from these developments is less extensive than in other
parts of the world.
Nevertheless the data available are now adequate
to give a reasonably comprehensive picture of average flow-patterns
at the different atmospheric levels.
They are also sufficient to
show clearly any seasonal changes to which these average patterns may
be subject.
At low levels (surface) and at high levels (JOO mb) the
broad picture given by these observations is shown in figures 1 and 2
respectively.
These charts are based on a reconstruction of the
available observational data as given in various climatological
publications and may be compared with independent analyses by Riehl
(1954) and by Mintz and Dean (1952).
It will be found that althoug~
differences exist between the various interpretations these are of a
very minor nature.
It may thus be assumed that the charts shown in
figs 1 and 2 give an adequate representation of the average winter
and summer tropical circulation patterns in the atmospheric layers
near the surface o f the earth and at the JOO mb level.
Two

facts are immediately apparent from the charts shown in

fig.1
(a)

On both of these charts the surface wind patterns show large
variations with longitude.

(b)

The charts show large and characteristic changes in flowpatterns from winter to summer.

It seems clear that the above mentioned differences are
closely connected with the longitudinal distribution of land and sea
and the different thermal responses of these surfaces to the seasonal
variation in solar radiation.
In agreement with this interpretation
the corresponding flow-patterns (known generally as monsoons) may be
best regarded as large-scale perturbations superimposed on a simpler
12J
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tropical circulation pattern.
This simple circulation pattern may
be taken to be the pattern which would be observed on a rotating
earth with a uniform surface.
Of course it is not known just what
surface flow-pattern would develop in these circumstances.
However
recent theoretical work with a simple atmospheric model, Phillips
(1956), seems to indicate that in the zonal direction an easterly
surface flow would develop over the tropical and equatorial parts
of the globe with, in the meridional direction, a low-level drift
of air towards the equator.
In this case it seems probable that
a more or less continuous convergence zone would exist at or near
the equator to act as a (two dimensional) sink for the mass-transfer
into this region.
We may obtain some observational insight into
the probable surface flow-pattern under these circumstances by
confining attention to the more oceanic longitudes (say westwards
from longitude o 0 to 180°) on the charts shown in fig. 1.
Flow-charts showing conditions in the lower and middle
troposphere (not reproduced here) to a large extent confirm the
conclusions deduced from the surface charts.
As might have been
expected the perturbations associated with relatively small land
masses (such as Australia) are very shallow and hardly extend to the
700 mb level.
On the other hand the large-scale perturbation
associated with the Asiatic land mass extends at least up to the
500 mb level.
Thus in considering the observed flow-patterns, both at the
surface and in the lower and middle troposphere, it is difficult to
avoid the impression that the large-scale perturbations of the
tropical circulation are for the most part due to the seasonal heating and cooling of large land masses relative to the rather minor
thermal changes in the surrounding oceanic areas.
However, when we examine the flow-pattern in the higher
tropospheric layers, for example at the JOO mb level (fig.2), we find
a rather different picture.
There the flow is much more zonal in
character and over the main monsoon area (Asiatic continent - Indian
Ocean) the characteristic seasonal alternation (which in the lower
layers took the form of a broad pattern of inflow-outflow from the
Asiatic continent) is now of a pronounced east-west character. This
kind of alternation may be best described as a seasonal latitudinal
fluctuation of the zonally averaged belts of upper level easterly and
westerly winds.
It is of the same nature as a similar (though not
so clearly marked) latitudinal oscillation shown by the principal
flow-patterns on the surface charts given in fig. 1.
Thus the flowpatterns at the higher levels give the impression that, in addition
to the lower-level influences previously mentioned, an important
factor in the creation and maintenance of these perturbations is to
be found in the characteristic large-scale seasonal changes in latitude undergone by the (mainly zonal) flow-patterns at the higher levels.
Observations thus suggest two contrasting views regarding the
generation and maintenance of the large-scale perturbations of the
tropical circulation.
The first view tends to regard these perturbations as due almost entirely to the large-scale heating and cooling
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of the continents relative to the surrounding oceanic areas with
the flow at higher levels playing only a minor part.
This view
tends to regard the monsoon perturbations as a hydrodynamical and
thermodynamical problem whose solution is largely independent of the
surrounding atmospheric flow.
The second view, on the other hand,
tends to treat the large-scale perturbations as arising mainly from
a thermally induced seasonal oscillation in the planetary wind field
at upper levels, this oscillation being on a global scale and largely
independent of the distribution of land and sea.
This view tends
to minimise the changes at lower levels and to emphasize the interaction between the large-scale perturbations and the general atmospheric circulation.
There seems little doubt that both points of view contain
large elements of the truth and indeed it will be seen that the
current state of our knowledge of these perturbations includes significant contributions from both these points of view.
Theories which
for the most part emphasize the first point of view may be called
"regional" while those emphasiz,d_ng the second point of view may
properly be called "planetary".
2.

REGIONAL THEORIES

The basic equations for a dynamical theory of the monsoon
perturbations were first developed by Jeffreys (1926).
Under certain
simplifying assumptions he was able to consider the kind of motions
which would, on dynamical principles, be expected to arise from certain
prescribed distributions of temperature in the atmosphere.
In this
theory pressure and temperature perturbations are superimposed on an
initial state of equilibrium in which pressure and temperature are
constant over level surfaces.
The two equations of horizontal atmospheric motion, the hydrostatic equation and the equation of continuity
are integrated with respect to height from the earth's surface up to
the top of the atmosphere.
In this manner Jeffreys devised a set of
equations describing the perturbation fields of pressure and wind.
If frictional forces are neglected these equations may be solved by
known methods.
It is found that the equations have a close analogy
to the set of equations describing slow tidal motions in an incompressible ocean of uniform depth covering a rotating earth.
The equations derived by Jeffreys are readily applicable to
the investigation of wind and pressure changes produced by local
heating.
This is supposed to be of such a magnitude that the pressure changes within a limited region of the earth's surface are large
in comparison with pressure changes elsewhere.
In these circumstances a first approximation may be obtained by ignoring variations in
the Coriolis parameter over the land area considered and by neglecting all frictional effects.
To apply this method to the monsoons
Jeffreys considers a circular land area surrounded by an infinite
oce-an.
The air over the land is subjected to periodic temperature
changes proportional to ei~t and the conseqvent pressure and wind
changes are treated as forced oscillations with the same period.
These considerations lead to the following basic differential equation:

-9_!2_ [ ..! ~ (

t2-a2

r ar

rap' )
ar

+

_1
r2

a2 P' J
ae2

+

p'

=

a

c1 >

127

In this equation r, 9 are plane polar co-ordinates, g is the acceleration of gravity, h is given by ( 1 /p05
p dz
where p05 is the
0
undisturbed pressure at the earth's surface and Po the same quantity
at level z , f is the Coriolis parameter (assumed constant over the
land area) and 2n/u is the period of the temperature change (one year
in the case of the monsoons).
If ~o and T0 are the undisturbed
density and temperature at level z and T' the temperature perturbation at this level, the quantities p' andQ are defined by
2
p' = (cop' .dz
Q
= gJmflo T0 { ] T'/r02
dz

>/,"°

Jo

o

0

dr}

(being a dummy variable for z .
The function a can be represented as a sum of periodic
functions with Bessel coefficients, that is a sum of terms like
Q

AJ (:X.r)exp(iat:t ine)
n
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where A is a constant and 1/A is the radius of the continent considered.
The solution of the differential equation (1) mentioned above
is then obtained for p'
in the form of a sum of terms like
R'
n
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where B is a constant.

The differential equation (1) then reduces to
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The hydrostatic equation gives
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the differentiation of this gives, after vertical integration,
hP.'
s

=

p' - Q

which gives the surface pressure perturbation.
Because of the fundamental assumption that the general circulation of the atmosphere has only a slight influence on the monsoon
perturbations it is not possible to test Jeffreys' theory in any
rigorous manner by a direct comparison with observations.
However
from the relation between A and B it may be seen that
2
_Q_ =
ghA
+
p'
fz - cr2
so that for the Asiatic continent ( 1/).=2700 km, f = 10-+ sec-• , h = 7·3 km )
Q/P' becomes approximately equal to 2.
Thus P; = -Q/2h in this
particular case.
Using upper-air temperature data from Canada
(supposed similar to conditions over Asia) Jeffreys found a value of
41 mb for the annual range of surface pressure in the central parts of
the Asiatic Continent.
This is somewhat greater than the value of
JO mb obtained from actual observations.
This theoretical value was
however corrected by Coulson (1931) who found a computed annual
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pressure range of 33 mb.
Using upper-air data for Agra (India)
Pisharoty and Asnani (1958) showed that the theoretical value of the
annual range of surface pressure at this station is nearly 25 mb
compared with the observed value of 18 mb.
Owing to the numerous
assumptions made in the Jeffreys' theory however it was not possible
for them to point out any particular assumption that might be responsible for the observed discrepancy.
Further calculations of the perturbations of the surface
pressure that might be expected in the case of the periodical heating and cooling of large continents have also been given by Schmidt
(1946) as part of his general theory of surface pressure changes.
Schmidt is concerned with the "isallobaric" changes in pressure that
occur as the result of such heating and cooling.
As a first approximation the distribution of the relevant temperature variations is
represented by means of harmonic functions both in the latitudinal
and longitudinal directions.
Thus, using rectangular cartesian
co-ordinates (x eastward, y northward and z vertically upwards) the
temperature change at point (x,y,z) is given by
ST
= To e-kz[ (cos TI2t + 1 ) (cos !1..X. + 1 )]
az
4
"Ax
A..y
where To is the rate of change of temperature at the surface and K
measures the rate at which this quantity varies with height.
The
quantities 2'A" and 2'A.Y represent the dimensions of the land area over
which the temperature changes take place.
In a similar way the density variations are represented by
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where t° is the density and
So = -p0 't0 /T0 denotes the density change due
to heating or cooling at the point (x,y,z).
The factor [1 - kz]
implies that surface heating or cooling leads to opposite changes in
density above and below the level
z = 1/k .
Using these basic equations Schmidt was able to calculate the
changes in pressure from winter to summer over various continents
although the value of K had to be determined from empirical data.
For Eurasia the annual mean surface air temperature is around 260°K
with annual range of 6o 0 c in t he cen t ral parts.
Taking A~= OOOOkm
Ay = 3750 km the theoretical annual range of surface pressure at the
centre of the continent is found to be 32 mb.
This agrees well
with the estimate of Coulson from Jeffreys' theory and is in good
agreement with the actual value (about JO mb) as found from observations.
0

For North America the annual mean temperature is 270 K with
an annual range of 35°c.
Taking Ax =A.r = 3000 km the annual range of
surface pressure is theoretically 18 mb.
Actual observations give
only 8 mb.
For Australia a theoretical value of 10 mb is found
compared with 13 mb from actual observations.
However in the case
of Australia coastal stations also show a variation of about 7 mb
from winter to summer so that the monsoonal variation in the central
parts of the continent is only about 6 mb.
This coastal variation
is connected with the seasonal latitudinal oscillation of the subtropical belt of high pressure and in this context should be taken
to be independent of the longitud~nal distribution of land and sea.
It should however be noticed that in the theories of Jeffreys and

129
Schmidt radiational effects in the free atmosphere, the release of
latent heat of condensation and all frictional effects are
disregarded.
A more thorough treatment of the dynamical problems presented by the large-scale monsoon perturbations has recently been given
by B~hme (1954a, 1954b, 1955).
In B~hme's theory an initially calm
isothermal atmosphere is perturbed by the action of periodically
distributed heat sources and sinks and the effects of this action on
the temperature, pressure and (horizontal and vertical) wind components at different atmospheric levels is calculated.
The ~eat is
communicated to the upper layers of the atmosphere through turbulence,
the maximym rate of supply at the base being assumed to be 100 cal
cm- 2 day- •
As with the theories previously considered, radiation
effects in the free atmosphere and the release of latent heat of
condensation at intermediate atmosI·heric levels are neglected.
Frictional effects are, however, taken into account in an approximate
manner, it being assured that frictional forces are proportional to
the wind speed.
Under these conditions Bohme first finds an analytical
solution and later an approximate numerical solution which may be
applied to actual conditions in the atmosphere.
When applied to the
Eurasian continent reasonably good agreement with observations is
reported for most of Europe and the extra-tropical parts of Asia.
However an examination of its applicability to the aerological data
from Agra (India) by Pisharoty and Asnani (1958) does not disclose
very close agreement with the results of observations.
It would
seem from their examination that as far as the Indian monsoon is
concerned a more refined theory is required to account for all the
observational facts although at Agra the agreement between the theoretical and actual ranges of surface pressure is reasonably satisfactory.
Other results of a rather different character have been given
by de Lisle and Harper (1961).
These authors consider the perturbations of the mean tropical circulation pattern in the southern hemisphere which would be produced by surface heating in summer over the
Australian continent.
The average undisturbed tropical circulation
was taken to be a steady-state zonal flow between latitudes 35°-15°s
with low-level easterly winds decreasing with height and turning to
westerly winds aloft.
The vertical shear of the zonal flow is
assumed to be constant.
Two models were considered - model I in
which the surface separating easterly from westerly winds (surface
of zero wind-speed) is parallel to the earth's surface and model II
in which this surface slopes uniformly upwards from the earth's
surface at 35°s toward lower latitudes in a manner similar to that
shown by actual observations.
The heating perturbation is taken to vary harmonically in the
east-west and north-south directions and to decrease exponentially
with height.
The latent heat of condensation is allowed for in
ass~ssing the maximum surface heating.
This is fixed as 250 cal
cm- day- 1 .
The motion is taken to be geostrophic and surface
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Surface pressure chart computed for perturbed
How in Model I. Longitude of maximum heating taken
as 135° E and E-W wavelength of heating function 1.::0°
longitude.

Fig. J

Surface pressure chart computed for perturbed
flow in Model II. Longitude of maximum heating and
E-W wavelength of heating function as in Fig. l

Fig. 4

1J1

friction is included in the manner indicated by Charney and Eliassen
(1949).
The wave-length of the disturbance is taken to be 120° in
the east-west direction and 40° in the north-south direction, which
simulates roughly the effects of the three southern continents.
It was found that the results of these computations differed
considerably according to the model used.
As far as the surface
pressure distribution is concerned, with maximum heating at longitude 1J5°E (central Australia), there is in model I a displacement
of the surface low pressure area towards the east while in model II
the corresponding displacement is towards the west.
This is shown
in fig. J for model I and in fig. 4 for model II.
According to observations the average summer surface pres·sure charts show a characteristic "heat" low in the far northwest of
the continent with a more indefinite trough of low pressure in the
eastern parts near Cloncurry.
A rather typical summer chart showing
these two features is given in fig. 5.
However, the low pressure
area near Cloncurry can occur in both winter and summer.
For that
reason it is probably of mainly orographical origin being formed by
the retarding action of the east-coast mountain ranges on the lowlevel easterly winds which prevail over this area in all seasons of
the year.
It seems therefore that the more realistic model (model
II) gives results that correspond best with actual observations.
However, because of the incomplete correspondence between the model
and the real tropical circulation i t is probably not possible to
obtain more than qualitative results from this type of analysis.
The recent advent of electronic computational facilities
has encouraged many meteorologists to undertake numerical studies
of atmospheric motions due essentially to heating and cooling.
The
work of Estoque (1961) on the land and sea breeze perturbation falls
into this class and may, with suitable modifications of method and
basic data, be applied to the monsoon problem.
Using a simplified
model of atmospheric structure in the lower atmosphere layers and
making suitable assumptions regarding the transfer of heat and
momentum by small scale eddies, Estoque was able to give a rather
realistic treatment of the development and decay of the sea-breeze
perturbation throughout the course of a twenty-four hour period.
As an illustration of some of the results of this work the computed
field of velocity due to the perturbation at 1600 LST is shown in
fig. 6.
One of the most interesting features of the resulting
circulation brought out in these computations is the formation
during the afternoon hours of a zone of low-level convergen9e at
the leading edge of the landward current.
This type of feature
(shown in fig. 6) appears to have many of the characteristics of a
cold front:- strong upward vertical motion, sharp wind shift at the
surface and colder air advancing into a region formerly occupied by
warmer air.
Viewed on a larger scale, in relation to the monsoon
problem, the resemblance of such a zone to the intertropical convergence zone when advancing slowly into a continental region, or to
the more localized monsoon fronts which occur in different areas,
is certainly striking.
In the future it seems likely that this
kind of approach will be increasingly used to analyse the largerscale perturbations of the atmosphere, including - indeed with
10
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special reference to latitudes.

the monsoon perturbations of tropical

However, in respect to all these theories, too much emphasis
should not at present be placed on the amount of agreement obtained
between theory and observation.
The agreement that does exist is
encouraging and there seems little doubt that a large part of the
observed phenomenon may be explained by the kind of reasoning employed in the above-mentioned regional theories.
Nevertheless for a
more comprehensive view of these perturbations it is necessary to
take into account not only the regional disturbance due to differential heating and cooling but also the interaction between this disturbance and the more basic seasonal changes in the surrounding
atmospheric circulation, both in the tropical regions and in higher
latitudes.
This latter feature is basic to the "planetary" theories
of the monsoon perturbations.

3.

PLANETARY THEORIES

These have almost all arisen during the last decade and are
perhaps some of the more significant results stemming directly from
the increased availability of aerological observations from widely
separated parts of the globe.
These observations show clearly the
existence of marked and often abrupt changes in the high troposphere
which seem closely connected with corresponding changes in the largescale perturbations of the tropical circulation.
Thus Yin (1949) has pointed out that over India at a height
of 8 km (a level sufficiently high to permit adequate exchange of air
across the Himalayan mountain barrier) the circulation pattern is
characterized by a north-south low-pressure trough lying east of the
country in winter but to the west of the area in summer.
This is
shown in figs. 7, 8 which show respectively the average winter and
summer circulation at this level over India and the surrounding
region.
In a synoptic-aerological study of the monsoon transition
months during 1946 Yin showed that the westward movement of this
trough took place rather rapidly and was closely related
to the rapid advance of the monsoon over India.
This rapid westward movement of the trough was attributed to progressive seasonal
changes in the circumpolar westerly jet-stream of the northern
hemisphere combined with the presence of the Himalayan mountain
complex.
Thus, the westerly jet-stream which before the burst of
the monsoon had flowed along the southern border of the Himalayan
mountain chain, experienced during the transition period a rapid
displacement toward the north.
This resulted in a rapid orographically-determined displacement westwards of the upper-level trough.
The process is shown in fig. 9 which gives the mean geostrophic
westerly wind-component at 500 mb, computed for 5-day periods, between
0
longitudes o and 130°E as a function of time and longitude.
The
heavy line near the base of the figure gives the corresponding mean
latitude of the equatorial convergence zone, ECZ, over India taken
from daily charts.
It may be seen that at the beginning of May the
region of strongest westerlies (jet-stream) is situated near 30°N
latitude.
In the last week of May this jet moves northward to about
4o 0 N and then, in the first week of June, disintegrates abruptly.
In
0*
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Mean winter circulation at 8 km over India and its neighborhood (after Ramanathan and Ramakrishnan).
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Mean summer circulation at 8 km over India and
its neighborhood (after A. Wagner).
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9

Schematic representation of the change in flow pattern
resulting from slight displacement of the jet north or south of
the Himalayan mountain complex.

Fig.

10
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the meantime a new jet maximum has progressed steadily southward
from higher latitudes and by the beginning of June has become the
dominant flow.
As the low-latitude jet is displaced northward the
Bay of Bengal trough at the 3 km. level (corresponding to the surface
E CZ) begins to move westward and northward and the burst of the
monsoon at the surface coincides with the rather abrupt disintegration of the jet.
It was pointed out by Yin that the deformation of
flow imposed by the Himalayan mountain complex would probably lead
to the displacement of the upper-level trough in the direction that
is actually observed.
This is indicated schematically in fig. 10.
Further investigations along these lines have been carried
out by Chinese meteorologists; Staff members, Academia Sinica (1957),
and their results seem to confirm those of Yin.
They find that in
general the seasonal variation of the general atmospheric circulation over Asia is very distinct and that the changes from one season
to the next are fairly abrupt.
They note that the abrupt disappearance
of the westerly jet-stream to the south of Tibet is connected not
only with the advance of the monsoon over India but also with the
summer monsoon rains over the Yangtze Valley (Mai-yu season).
Thus,
in both these areas the monsoon perturbations are closely linked
with the general planetary circulation.
Other evidence for the existence of a complex interaction
between individual units of the tropical circulation has been put
forward by Frost (1953) and by Sutcliffe and Bannon {1954).
Using
aerological data for the Arabia-Middle East region these authors
have clearly brought out the abrupt nature of the seasonal changes
in circulation and tropopause regimes which take place in this area
and have pointed out that these changes are closely connected with
the onset of the Asiatic monsoon over India.
It seems clear from
this data that there is a real degree of correlation between the
dates of the events shown.
However it is not certain that the
dates of all the observed phenomena (singularities) can be determined exactly and objectively on every occasion.
Thus the degree
of association between the different phenomena may not be as great
as is suggested.
Nevertheless the data indicate the possibility
of the existence of various inter-connections between major perturbations of the tropical circulation even where these perturbations
occur in widely different longitudes and under quite different
climatic regime.s.
Unfortunately, at the present time it is not possible to
give a detailed dynamical explanation of the relationship between
these events.
In many ways it may seem difficult to avoid the
conclusion that the seasonal change in solar heating over the area
is the primary cause of the change in wind regime and the consequent changes in the tropopause configuration.
However, in this
region, variations in the incoming solar radiation, in the cloudiness and in the albedo of the land surface are expected to vary
only slightly from year to year.
Thus if the phenomena were
controlled directly by solar radiation effects they might be
expected to show much more regularity from year to year than is
actually the case.
It seems therefore that abnormalities in the
particular region where the phenomenon occurs are unlikely to be
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the primary explanation of the year to year variations in the times
of occurrence of the various changes.
In this respect conditions in
middle latitudes are probably more important.
Over Europe, these
are known to show large variations from year to year as conditions
alternate between extremes of persistent blocking (low index) and of
typically strong westerly circulation (high index).
Studies of the above type may have some application to the
problem of prediction of the development of monsoon perturbations.
Thus there is a progressive regularity in some of the seasonal
changes observed over the Middle East area which may help in the
timing of later changes further north and over India itself.
Such
studies also indicate that there may be some possibility of using
certain large-scale characteristics of the middle-latitude flow at
upper levels to predict the behaviour of the large-scale disturbances
in the tropical circulation.
Similar investigations have also been carried out in the
region of the Australian monsoon by Troup (1961).
He concludes that
although the monsoon in northwestern Australia consists of spells of
heavy rain and moderate westerly winds at the surface there is in the
upper troposphere in low southern latitudes a noticeable increase in
easterly wind-components.
This is normally the result of more
frequent and longer lasting periods of easterly winds rather than the
establishment of a steady easterly regime as is the case with the
upper-level monsoon flow over sub-tropical Asia and India.
In the
Darwin area the onset of the monsoon is preceded in the eastern Indian
Ocean by the onset of one of these periods of easterly winds and is
associated with a relatively abrupt poleward shift of the southern
hemisphere subtropical jet-stream.
These changes appear to occur as
the result of large-scale shifts in the tropical circulation pattern
rather
than through the movement of individual disturbances into the
monsoon area.
However, in any one locality these upper-level changes
are in most cases not able to be used as predictions of the monsoon
onset, as they occur approximately at the same time as the relevant
changes in surface flow.
Although the monsoon perturbations are no
doubt the largest and most significant disturbances of the large-scale
tropical circulation it is perhaps worth mentioning an interesting
disturbance of a rather different nature.
This is the recently
discovered, Ebdon (1960), high-level stratospheric oscillation of the
zonal wind component which appears at equatorial and certain tropical
stations with a period of about 26 months;
Reed and Rogers (1962).
Similar oscillations of temperature have also been discovered in the
equatorial regions at around the 50 mb level and are no doubt connected with the oscillation of the zonal component of wind;
de la Cruz
(1962).
These oscillations are no doubt of some importance in the
general study of the stratospheric perturbations of the tropical and
equatorial circulation but as yet it is too early to attempt to
estimate their significance for the larger and seemingly more important disturbances of the middle and lower troposphere.
The strata~
spheric wind oscillation may however be connected with the well known
"southern oscillation", best expressed in the balance of surface
pressure between Indonesia and the South Pacific (Easter Id.) region,
and may thus be indirectly related to the intensity of monsoon
conditions in the Indonesian region.
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Parallel with these synoptic and aerological studies
meteorologists have also made investigations of a more basic character.
These latter investigations seek to lay the foundations for
future dynamical monsoon theories by means of extensive computations
of the balance of energy and momentum in the main monsoon areas.
The techniques used are the same as have already proved very successful in dealing with the wider problems of the general planetary
circulation on a globally averaged scale.
The work of Rao (1960) may be cited as an example of this
kind of investigation.
His study is specially concerned with the
Indian southwest monsoon which is probably the largest regional
perturbation of the tropical circulation.
Meridional transfer of
mass, heat-energy and angular momentum associated with this perturbation were computed from aerological data at Singapore, Nairobi,
Madras, Bombay, Nagpur and New Delhi for the monsoon months of July
and August 1955.
From general considerations it is clear that a
significant convergence of meridional transfer of angular momentum
would be required to balance the frictional torque due to the extensive zone of surface westerly winds in the monsoon area.
Rao's
data seem to indicate that this could be very largely brought about
by strong northwa.r d transfer of zonal momentum across the equator
into the eastern parts of the area.
Some contribution to the
required convergence of zonal momentum did arise from the southward
transfer of zonal momentum into the monsoon area from the northern
parts of the region, but for the most part this was of smaller magnitude.
In general advective transfer of zonal momentum seemed to be
of more significance than the corresponding transfer by atmospheric
eddy-motions.
However, no attempt was made by Rao to make a numerical
assessment of the actual balance requirements of the monsoon area.
This kind of assessment was first attempted by Berson and Troup ( 1961-)
who (for the southern summer season) made a detailed study of the
conditions for balance of zonal angular momentum in the troposphere
overlying the equatorial monsoon westerlies in the Indian Ocean North Australia region.
The numerical computations made by these
latter authors agreed for the most part with the less comprehensive
results given by Rao.
However, the detailed consideration of the
orders of magnitude of the various types of momentum transfer led to
the conclusion that the balance requirement could largely be accounted
for in terms of meridional transport of the earth's angular momentum
and by the effect of zonal pressure gradients.
Zonal and meridional
stresses due to advective and eddy transports of relative zonal
momentum as well as those due to frictional effects proved to be of
considerably smaller magnitude.
These results are rather surprising as it is widely held that in low latitudes accelerations and
frictional effects are at least as important as pressure gradients in
determining atmospheric motions.
However it should be pointed out
that the observational data available for these investigations are not
adequate for determining many of the details of the balance of energy
and zonal momentum in this area.
Further studies of the circulation and energy balance in the
Indonesia - Australia summer monsoon have also been undertaken by
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Berson (1961).
In this investigation mean monthly meridional and
zonal circulations in the monsoon region and the associated transfer
of heat-energy were studied by means of surface and aerological
observations for two monsoon seasons.
The results of this study
indicated that on the northern side of the monsoon trough a large
increase in meridional circulation strength and associated energy
transfer occurred during the establishment of the monsoon.
When,
however, the monsoon had become established the latent heat released
in the region exceeded the net export of sensible heat from it by
only a comparatively small amount.
These quantities were the dominant terms in the heat balance, the remaining quantities (net radiative
cooling in the troposphere and the transfer of sensible heat from the
ocean) being of smaller relative magnitude.
These results suggest
that the establishment of the monsoon regime is connected with a
comparatively abrupt shift and intensification of the northern hemisphere Hadley circulation in the longitudes of the monsoon area.
The initia~ion of the monsoon flow is thus directly influenced by
seasonal changes in the general circulation of the atmosphere.
However when the monsoon is established it may be possible to treat
it as a self-supporting circulation with only insignificant dependence
on external energy sources.
All these studies have furnished important evidence regarding
the nature and extent of the interaction between the monsoon perturbations and the surrounding atmospheric circulations.
In particular
some of the more recent work has brought out the important part played by the Hadley cellular meridional circulations in the initiation
of these perturbations.
These investigations have pointed out the
role of the strong easterly jet-stream type of circulation that is
almost always found at upper levels above surface monsoonal flowpatterns.
Of course, taken by themselves, these investigations do
not constitute anything like a dynamical theory of the monsoon perturbations but there seems no doubt that the kind of information
gained from these studies is essential to the emergence of any real
dynamical theory.

4.

STRUCTURE OF THE LARGE-SCALE PERTURBATIONS

Almost all the above mentioned investigations relate to the
average or climatological picture of the large-scale perturbations
of the tropical circulation.
However, meteorologists are aware that
this picture is extremely incomplete and that a more adequate idea of
monsoon mechanisms can be obtained only by considering the more
detailed structure shown by the daily synoptic charts.
Thus, with
regard to the Indian southwest monsoon i t has been known for a long
time that the strength of the monsoon circulation is variable from
day to day and that the average monsoon is continuously subject to
pulsations and perturbations on many different scales.
The frequency,
intensity and tracks of these disturbances play a decisive role in
determining the monsoon rainfall and for that reason their characteristics have been extensively investigated.
Similar investigations
of the detailed structure of other monsoon flows show that in most
cases the basic monsoon current is similarly subject to frequent
wind disturbances.
Some of these disturbances may develop within
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the closed system of the basic monsoon current but many of the more
conspicuous perturbations of the basic current are induced by factors
originating outside the monsoon system.
In the past, much of our knowledge of the detailed structure
of the major monsoon currents has resulted from the use of surface
observations.
However, in most recent work of this nature there is
evidence of a distinct shift in emphasis away from the consideration
of surface changes and toward the consideration of changes taking
place at higher atmospheric levels.
An example of this tr e nd is shown by recent work aimed at
relating the so-called "breaks" in the monsoon to large-scale disturbances of the general circulation of the atmosphere in temperate
latitudes.
The first results in this field were due to Koteswaram
(1950) and work along these lines has been further extended by Indian
meteorologists.
A recent paper is that of Ramaswamy (1962).
Ramaswamy selected a situation occurring during the first half of
August 1957 for detailed study.
During this period there was a short
break in the monsoon over India followed by a revival of monsoon
conditions at about normal intensity over most of the country.
The
large-scale flow-pattern at 500 mb during the early stages of the
break is given in 1ig. 11.
This shows that a pronounced trough of
large amplitude dominates the weather situation over Tibet and extends
its influence over much of the Indian continent.
This trough has
moved rather rapidly into its present position from the west and northwest during the previous few days.
During these days active monsoon
conditions were experienced over India.
In this case it seems clear
that the invasion of northwesterly and westerly winds behind this
trough and the simultaneous extension of the Iranian anticyclone towards the Indian continent are closely associated with the break in
the monsoon.
The 500 mb chart for 00 GMT on 10 August 1957 (fig.12)
shows that by this date the trough has passed well to the east of
India.
The normal easterly wind regime at these levels has now
replaced the westerlies experienced during the break and normal
monsoon conditions have resumed over the continent.
This example shows clearly the advantage to be gained by a
consideration of upper-air conditions when dealing with these perturbations.
Other examples of this nature may be found in the literature but to discuss these matters further here would lead too far
from the main aim of this survey.

5.

FUTURE RESEARCH

From the preceding account of the present state of
meteorological knowledge of the large-scale perturbations of the
tropical circulation it will be clear that although substantial progress has been made in recent years the subject, considered as a whole,
is in a rather rudimentary state.
Many avenues for future research
present themselves, among which those along the following lines are
perhaps the most clearly marked.
( 1)

Continued observational studies bri ngiii g out, in a more
objective manner than is at present customary, the basic
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5 AUGUST 1957
500 mb

1 1 • ;")01) mb pattern during the break C'onditions: August 5. l 9.5i. The ehart shows the 500 mb pattern
durinii the earlier 8tages of the break. The contour heights have been plotted correct to tens of metres
and the contours have been drawn at intervals of 40 metres. The C'ontinuous thiC'k lines are trough
lines and the zig-zag line is a ridge-line. Dotted contour lines have been drawn in regions where the
analy~is is rather uneertain.

10 AUGUST, l!t57
500mb

1 2 • 500 mb pattern during the normal monsoon conditions after the break: August 10, 1957. The
diart shows the 500 mb pattern during normal monsoon C'onditions after the break.
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facts that any theoretical study must succeed in explaining.
In this connection it will be necessary to obtain
more observations from the oceanic parts of the major
monsoon circulations.
(2)

Development of a unified theory combining the basic ideas
of what has here been called the "regional" approach with
the recently acquired data and concepts of the theories
that have been designated here as "planetary".
This
would involve the treatment of the monsoon perturbations
as part of the general atmospheric circulation, their
seasonal development being treated numerically as has
been done for the circulation in temperate latitudes by
Phillips (1956).

(3)

Studies aimed at obtaining more detailed knowledge of the
basic energy and momentum balances in the monsoon areas.
Much more observational data are needed before the necessary
computations can be made with the required accuracy.

(4)

Further investigations of the large-scale teleconnections
between circulation patterns in different parts of the globe.
This research would have the ultimate aim of developing
improved techniques for predicting the times of onset of
major monsoon flows and foreshadowing their rainfall characteristics.
This work would involve a greater use of upperlevel global-scale charts than has hitherto been the case.
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PERTURBATIONS OF THE GENERAL CIRCULATION OVER
INDIA AND NEIGHBOURHOOD
R. Ananthakrishnan and A.R. Ramakrishnan
India Meteorological Department, Poona
ABSTRACT
The general upper air circulation over India and
neighbourhood consists of a summer circulation from the end
of May to the beginning of October and a winter circulation
during the period from October to May.
The transition
from the winter to the summer circulation which takes place
rather abruptly in the second half of May ushers in the
southwest monsoon over the country; the onset of the winter
circulation brings about the withdrawal of the monsoon from
North India and the central p~rts of the country.
Large
scale perturbations in the normal flow patterns occur in
both the winter and summer months.
The nature of these
perturbations and the dynamical and thermodynamical features
associated with them are discussed on the basis of case
studies.
1•

INTRODUCTION

The geographical distribution of the incoming and outgoing
radiation for the earth - atmosphere system shows that over the tropics
extending from the equator to about J0° on either side there is an
excess of incoming over outgoing radiation while the reverse conditions obtain over the extra-tropical latitudes.
Since, averaged over
the years, the temperature is nearly constant at all places on the earth,
an exchange of heat should take place from the tropics to the higher
latitudes.
This is brought about by the agency of the general circulation of the atmosphere.
The annual oscillation of the sun between
the Tropic of Cancer and the Tropic of Capricorn results in a corresponding north-south oscillation of the pattern of general circulation.
The non-uniform distribution of land and sea also influences the general
circulation which could otherwise be expected to show symmetry about
the earth's axis of rotation.
Considering the earth as a whole, the continents cover 29% of
the surface area and the oceans 71%.
The corresponding percentages
for the northern hemisphere are
land 39% and water 61%; and for the
southern hemisphere : land 19% and water 81%.
Considering the northern hemisphere alone, the areas covered by land and water in the
eastern half of this hemisphere are practically equal while for the
western half only 25% of the total area is covered by land.
Conditions of radiation and heat exchange differ considerably
over continents and oceans.
Consequently, large thermal contrasts are
set up along zonal belts which in turn produce distortions in the
general circulation.
Such distortion is maximum in the northern hemisphere where the areas covered by land and water are comparable with
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each other.
The eastern half of the northern hemisphere which is
dominated by the land masses of Eurasia and north Africa present some
unique features in this respect.
The largest perturbations in the
general circulation are noticed over this part of the globe where the
areas covered by land and water are nearly equal.
These perturbations are the well-known summer and winter monsoons of South Asia.
2.

THE MONSOON CIRCULATIONS

During the months May to September the insolation received
at the earth's surface is strongest over the belt from 20° to 4o 0 N.
A vast thermal low builds up between these latitudes over the land
mass extending from north Africa to East China.
The centre of this
low is over west Pakistan and the adjoining parts of Afghanistan
where the lowest surface pressure in the world prevails during the
months from May to September.
This continental low pressure area
exercises an important control over the low level circulation in these
months when there is a sustained influx of maritime air from the South
Indian Ocean and the Southwest Pacific Ocean into south Asia - "the
southwest monsoon".
During the winter months when the land mass
cools much more rapidly than the oceans, north Asia is dominated by a
large anticyclone with its centre over Mongolia and the adjoining
parts of Siberia where the highest surface pressure over the world
prevails.
The low level circulation over south Asia is now predominantly an outflow of air from land towards the sea.
The influence of the African and Eurasian land masses on the
tropical circulation over these areas is noticed not only at the lower
levels but also in the upper troposphere.
Figure 1 shows isopleths
of the mean zonal components of the wind over the northern hemisphere
0
at 100 and 200 mb levels from the equator to 60 N for the summer and
winter seasons.
These diagrams have been prepared by extracting the
relevant data from the U.S. Weather Bureau publication "Meridional
Cross Sections; Upper Winds over the Northern Hemisphere" (1961).
The
strong easterly flow in the upper troposphere near the tropopause
level, extending from Philippines to Central Africa reaching the maximum speed exceeding 60 knots over the Indian Peninsula along 10° - 15°N
is a feature of this part of the tropics during the southwest monsoon
season.
Such strong easterlies are not met with elsewhere in the
troposphere over the tropics.
In winter, the subtropical westerly
jet-stream at 200 mb level attains the highest speed over Japan.
Such
high speeds are not encountered elsewhere in the northern hemisphere.
The Tibetan plateau - the highest and most extensive plateau
of the world - covering an area of more than one million square kilometres and having a general elevation of 4 to 5 km above sea level is
an important orographical feature that has to be taken into consideration while dealing with the upper air circulation over south Asia.
Apart from being a mechanical obstacle in the path of the air flow, the
view has been expressed (Flohn, 1957) that this plateau acts as a heat
source in summer in the middle troposphere.
The effect of such a
heat source on the thermal structure of the atmosphere over south Asia
does not appear to have been quantitatively studied.
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TRANSITIONS

3.

The onset of the swnmer monsoon on the southwest coast of
India which goes by the nomenclature of the "burst of the monsoon" is
one of the most spectacular features of tropical meteorology.
Many
investigators (references 5 to 8) have drawn attention to interesting
changes in the upper troposphere that take place almost simultaneously
with the onset of the southwest monsoon.
Ananthakrishnan and Krishnan (1962) studied the upper air
changes over India associated with the southwest monsoon making use of
the radiosonde/rawin data of the 4 Indian stations, Trivandrum, Madras,
Nagpur and New Delhi which lie roughly along the meridian of 77°E
across India.
Figure 2 shows the seasonal variations in the mean
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Seasonal variation of contour heights and winds
at standard isobaric levels across India

contour heights of these four stations at standard isobaric levels.
The monthly mean upper winds are also given for the different levels.
This diagram reveals some striking features in the upper tropospheric
levels of JOO, 200 and 150 mb which may be associated with the onset of
the monsoon.
At these levels the contour height curves of Trivandrum
and Madras (south of latitude 15°N)which are initially above those of
~agpur and Delhi (north of latitude 20°N) intersect and cross over
11

14S
between the middle and the end of May.
From then till about the
middle of October the curves of Nagpur and Delhi remain above those
shown for Madras and Trivandrum.
The diagram also shows that the
reversal of pressure gradient in the upper troposphere and the reversal of the circulation from westerly to easterly and vice versa go
hand in hand.
From a similar study for individual years it was found
that during years of early/delayed onset of the monsoon the reversal
of the upper tropospheric pressure gradient also showed a parallel
behaviour.
The reversal of pressure gradient and the change over of
the westerlies into easterlies takes place by about the middle of May
at the 150 mb level and moves down to the JOO mb level by about the
end of May which is the normal date of onset of the southwest monsoon
over the Malabar coast.
Ananthakrishnan and Ramakrishnan (1963) studied the vertical
variation of upper winds over India based on the mean monthly winds of
12 rawin stations from S 0 N to J2°N.
Figure J shows the variation with
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height of scalar mean wind speed (Vs), the constancy q (defined as the
ratio of the vector to the scalar mean wind speed) and resultant wind
direction D for six rawin stations along 77°E for the typical winter
and summer monsoon months of January and July.
In January the westerlies in the upper troposphere blow with great steadiness and attain
their maximum speed at 12 km (200 mb) level at all stations from
Madras to Amritsar.
In July the wind profile for stations from
Trivandrum (S 0 N) to Nagpur (21°N) shows two maxima.
The westerlies
in the lower troposphere reach their maximum speed at about 2 km.
In
the upper troposphere the easterlies attain their maximum speed over
Trivandrum at 14 km, over Madras at 16 km and over Bombay and Nagpur
at 16/1S km.
South of 20°N the region of transition between the easterlies and the westerlies at 5 to 7 km is characterised by very unstead~
winds.
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The changes in the zonal and meridional components of winds
at J00/200 mb levels in association with the onset and retreat of the
southwest monsoon were examined for the seven Indian rawin stations
Trivandrum, Madras, Bombay, Veraval, Nagpur, Calcutta and New Delhi
and the two middle east stations Aden and Bahrain for the years 1959,
1960 and 1961.
For this study the north and east components of the
daily winds were plotted separately during the period April to
November for the three years.
Two typical diagrams are given in
Figure 4.
It was found that the date of cessation of steady westerlies at Bombay/Aden which happens about the second week of May gives
the first indication of the reversal of circulation.
The period between this date and the date of setting in of steady easterlies is
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somewhat variable.
In 1959 the transitional period was about 5 days;
in 1960 the transition was abrupt; in 1961 the interval varied from
about a fortnight at Aden to nearly a month at Bombay.
The transition
from easterlies to westerlies associated with the withdrawal of the
monsoon is abrupt in the case of New Delhi and occurs in the first or
second week of September.
The corresponding transition at Bombay/Aden
occurs by about the middle of October.
11 *
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4.

PERTURBATIONS IN THE SOUTHWEST MONSOON CIRCULATION

While the southwest monsoon constitutes a large-scale perturbation of the tropical circulation, the monsoon circulation itself
undergoes perturbations lasting for periods of the order of a week or
ten days.
Three types of perturbations can be identified.
These
are (i) active monsoon conditions; (ii) break monsoon conditions; and
(iii) monsoon depressions.
These perturbations which are associated
with changes in the low level and upper level circulations play an
important role in the distribution of rainfall over different parts
of India.
Three situations during the southwest monsoon season of 1958
have been chosen as illustrations.
Time sections showing meridional
profile of upper winds along 77°E for the three situations are shown
in Figure 5.
Figure 6 shows ten-day mean sea-level isobaric charts,
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ten-day mean pressure departure charts and charts of ten-day total
rainfall distribution for the three situations.
Figure 7 gives the
ten-day mean upper air circulation patterns.
Since the daily synoptic
features were quasi-stationary during the ten-day periods covered by
the situations (vide Figure 5), the mean patterns bring out the characteristics associated with them.
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The situation from July 11-20 is typical of "active monsoon"
conditions.
Referring to Figure 5 it will be seen that at 1.5 and
3.0 km, W/WNW winds of 25/30 knots prevail south of latitude 20°N.
Higher up the circulation changes over to easterlies.
Above 9 km the
easterlies rapidly increase in strength south of 20°N.
At 14 km the
easterlies are strongest at Trivandrum, the speeds ranging from 75 to
100 knots.
Referring to Figure 6 it will be seen that the sea level
isobaric gradient is strong and the monsoon trough extends from the
head of the Bay of Bengal to ~ northwest India.
Pressure departures
are negative over north India and positive over the south of the peninsula showing that the prevailing sea-level pressure gradient is
stronger than normal.
The rainfall diagram shows that heavy and welldistributed rain has occurred all along the west coast.
There is
another area of good rainfall to the southwest of the monsoon trough
over Orissa and east Madhya Pradesh.
Moderate precipitation has also
occurred along and near the foot of the Himalayas over north India.
Over Madras, the greater parts of Mysore, Andhra Pradesh and West
Bengal, rainfall has been scanty.
The upper air charts in Figure 7 for
this situation show a progressive displacement of the monsoon trough
southwards from 1.5 to 6 km.
At 9 km and above easterlies dominate
the whole country south of 28°N, the speeds increasing towards the south.
The core of strongest winds lies along 10°N at 14 km and at about 15°N
at 16 km.
Over the Tibetan area the circulation is anti-cyclonic from
9 km upwards.
The second situation from August 1-10 is typical of "break
monsoon" conditions.
During this period which is separated by an interval of only 11 days from the active monsoon situation discussed
above, the circulation pattern showed a large and persistent perturbation.
As will be seen from Figure 5 the low level westerly circulation 1.5 and 3.0 km over the south of peninsula has we ak e ned considerab ly.
At Madras the westerlies are, in fact, replaced by weak easterlies at
3 km.
Both at Trivandrum and at Madras the westerly circulation has
changed over to easterly even at 6 km.
In the upper troposphere the
strongest easterlies are encountered at Madras and Bombay at 12 and
14 km.
This is confirmed by the steady easterlies at these levels
over Delhi throughout the period.
The surface isobaric pattern in
Figure 6 shows a very weak pressure gradient over the country and adjoining sea areas.
The monsoon trough has shifted northwards towards
the foot of the Himalayas and is running from ESE to WNW.
Pressure
departures are positive all over the country except over the extreme
south of the peninsula where they are negative.
This is in conformity
with the weak pressure gradient.
The chart of rainfall distribution
shows marked difference from the corresponding chart for the fir~t situation.
The area of heavy rainfall on the west coast is very much
contracted.
A broad belt of heavy rainfall stretches along and near
the foot of the Himalayas from Punjab in the west to Assam in the east.
Over Madras which was a dry zone during the active monsoon period
there has been rainfall associated with thunderstorms.
Figure 7a
shows that at 1.5 and 3 km the monsoon trough lies at the foot of the
Himalayas almost in an east-west direction.
The westerly circulation
to the south of the trough is extremely weak at these levels and is
replaced by the easterly circulation even at 6 km.
As can be seen
from Figure 7b the easterlies build up steadily above 9 km.
At 14 km
the core of strongest easterlies is to the north of Madras and at
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16 km to the south of Bombay.
There has been a northward shift of
the core of strongest east e rlies as compared with the earlier situation (Koteswaram, 1958).
It is also noticed that the easterlies
between 10° and 20°N are stronger.
The third situation from August 21-JO shows revival of
monsoon activity over the peninsula.
Referring to Figure 5, WNW
winds of 25/35 knots prevail south of 15°N.
At 12 and 14 km the
strongest easterlies occur over Trivandrum.
In the upper troposphere
over Delhi westerlies have appeared.
The surface isobars (Figure 6)
show a return to the pattern associated with active monsoon conditions.
Towards the end of the ten-day period a depression formed over the
northwest Bay of Bengal and was moving inland.
This is reflected on
the mean chart by the closed isobar over the Orissa coast.
The pressure departures are negative over the whole country except over the
extreme north where the values are slightly positive.
Associated
with this situation widespread heavy rainfall has occurred on the west
coast and over the central parts of the peninsula between 15° and 20°N.
With respect to the orientation of the monsoon trough, the areas to
the south have got much more rain than those to the north.
Rainfall
over north India along and near the foot of the Himalayas has decreased
compared with the second situation.
Figure 7 shows a progressive
shift of the axis of the monsoon trough from 20°N at 1.5 km to 15°N at
6 km.
In the upper troposphere the easterlies have weakened compared
with the second situation.
The core of strongest winds at 14 km lies
near the latitude of Trivandrum.
To get a semiquantitative idea of the total precipitation
over India for the three situations considered above, the daily rainfall
data of 114 observatory stations more or less uniformly distributed
over the country (the data of which were utilised for drawing the rainfall diagrams) were totalled for the respective ten-day periods.
It
was found (vide Figure 6) that the total rainfall amounts for the three
situations were nearly the same showing that the changes in the circulation patterns had brought about significant variations in the spatial
distribution rather than in the total rainfall over the country.
We have briefly referred to some of the characteristic perturbations that are noticed in the southwest monsoon circulation over
India.
To understand their dynamical and thermodynamical features it
is necessary to study surface and upper air charts covering south Asia
and middle latitudes.
Such studies are being pursued.
The subtropical
anticyclone in the upper troposphere over the Tibetan region in the
southwest monsoon months appears to have a profound influence on the
monsoon circulation.
The passage of troughs in the middle latitude
westerlies to the north of the anticyclone can affect its position,
strength and orientation and consequently the strength of the easterly
circulation to the south.
It is interesting to note that during the
break monsoon situation considered here, there was a general strengthening of the upper tropospheric easterlies over India and a northward
shift of the core of strongest winds at 14 and 16 km.
Further study
is required to find out whether such a feature is always associated
with similar situations.

155
JANUARY 1961

JANUARY 1961

30 °-----~---~------

\L

20·

~

DLH

DLH

A LB

A

NGP
BMB

NGP
BMB

MDS

MDS

TRV

TRV

LB

20·

15°

-I
10

10•

F

'-------'--'----L-----'---'-----'--'----'-----''----L-__J 5•
30 °' ..------~~---------

25°

,...---,,,
11(-.,_----.,.,,__-..,,.,,_---r,----~---.

DLH

DLH

ALB

ALB

NGP
BMB -

NGP
BMB

15°

"'-

"-

"'-

Ii._

20•

MDS

10

TRV

'--------'-----''----L-----'--

/

25°

'---.

DLH

DLH

ALB

ALB

NGP
BMB

20"

./
~

"-

"'-

,,...-<

J

~

15°

MDS
10•

/' r

""\

5•·'---------'-----'--'-----'---'----'--

-""'

..-""

-

.-<

22

23

JANUARY 1961

24

25

26

'<(,

j

../'

"'

27

28

- 25°

20·

15°

/'

10•

\

'-------,'-.__J/L._7----'Hl---'-19-...L2D_2_._l_.J....._~2J_3_2L._4----'25~_J

29

30°

/"!'/'~rr

MDS

'>J

TRV
21

----..

""-

~
"

TRV

-'----'---'---'-__J
10

-'----'--.J.....__J___JL__i___J5 0

..--~---~--~~u__--J--~---.

NGP
BMB

__,, r

10·

r

r

TRV

5"'-------'-----'--'-----'---'----'---'---'--'---'-----'
30··~-,--,-./-~-~-~--,-~----

25°

15°

r

MDS

"'-

30°

JANUARY 1961

!)_O

FEBRUARY 1961

30°- -- - - - - - - - - - - - - -

--------------~~30•

- DLH

DLH

25°

- ALB

ALB

20"

- NGP
- BMB

NGP
BMB

25°

-;;',JV";/.,,_d
~....-

J

20·

4$'..,'

l14·0Kmi

15°

15°

- MDS

MDS

-TRV

TR V

10

'-----'------''----L-----'---'----'---'----'---'----'---'5.

5"'-------'-----'--'-----'---'---'---'----'--'----'---'

DLHALB - - NGP
- BMB -

..._

1.\1\L

~~

""'""

ilL

"'--

~

\)\>-

WU-

"""~~ltic.~

NGPBMB -

25°

w>-

"'>"

_,y- ""-

'l»-t.\lL

~

..,,,.,, ..,_..

l12·0Km l

10•

- MDS

1.1...

~ TR V-

Ill(.

llllL

l12·0Km

1L

~

._
""'-

I.-. ._ ...,_.. "'-._

""'-

""'-

15°

10•

TR V'---'---'----'---'---'-----'---'---'--'---'---'5.

DLH
25°

20•

.J

I

MDS -

5' '-------'-----'--'-----'---'---'---'----'-~'---'---'

~

~
~

ALB

'-NG P
1-- B MB

l\..
""-

""'-

~
f '41.

""-4,

""'-

~ I.I...
"'-.. ""'- "-- \.. _

..------------~--...._--,I&.,,----,

30°

ALB -

25°

NGP BMB

20·

15°

15°

'- MDS

MDS -

TR V

TRV -

10•

10 °
~

5• L__--'-----''--'-----'-- - ' - - - - ' - - - ' - - - - ' - - - ' - - - ' --

21

Fig. 8

22

23

25

26

27

28

29

30

'--'--'---'-----'--'-----'-16

17

18

19

20

21

Meridional profile of upper winds over
India along longitude 77°E for January
and February 1961. (1.5 to 18.0 Km)

-'-----'---'----'----'5•
22

23

24

25

5•

PERTURBATIONS OF THE WINTER MONSOON CIRCULATION

The retreat of the southwest monsoon is accompanied by a
southward shift of the sub-tropical high in the upper troposphere. In
January and February when the winter circulation is at its strongest,
the sub-tropical high in the lower levels over India lies between
15° and 20°N with a pronounced anticyclonic cell over the centre of
the peninsula.
The axis of this anticyclone is tiJ.:·ted southwards so
that with increasing elevation the westerlies extend to more southern
latitudes while the area of easterlies over the south of the peninsula
contracts.
At 12 and 14 km the sub-tropical anticyclone generally
lies between 10° and 15°N.
The position, intensity and orientation of
the anticyclone in the lower and upper troposphere undergo large variations in asso~~ation with the passage of disturbances in the extratropical westerlies.
Some of these disturbances give rise to precipitation
over north India in the winter months.
On some occasions in the
months of January and February the sub-tropical anticyclone in the upper
troposphere is displaced considerably south of its normal position.
On
such occasions strong westerlies penetrate as far south as the latitude
of Trivandrurn (8°N) and the axis of the sub-tropical jet stream which
generally lies along 26°N over north India moves down to about 18°N.
During such situations, stations such as Bombay (19°N) and Nagpur (21°N)
show double tropopause with a lower transition at about 10-12 km and
an upper transition at 16-18 km.
Normally only the upper tropopause
is seen at these stations, while the double tropopause is characteristic of stations such as Jodhpur and Delhi north of 25°N.
Three situations in the winter of 1961 have been chosen as
illustrations.
Each situation covers a period of ten days.
Charts
similar to those for the southwest monsoon season are reproduced for
the winter situations in Figures 8 to 10.
The first situation for the period January 1-10 corresponds
to the subtropical high pressure belt and the anticyclonic cell more
or less in the normal position.
The subtropical ridge at 1.5, 3 and
6 km lies between 15° and 20°N and aloft between 10° and 15°N.
The
core of strongest westerlies at 12 and 14 km lies along 26°N.
The second situation covering the period January 21-30 corresponds to a major perturbation in the winter circulation.
The subtropical ridge at 1.5 km is still seen between 15° and 20°N.
At
3 km the ridge is displaced southwards and is ill-defined.
At 6 km
and aloft up to 16 km westerlies prevail over the entire country showing that the ridge has shifted south of latitude 8°N.
Westerlies have
strengthened considerably over the central parts of the country, the
speeds being much higher than those over north India.
The core of
strongest winds at 12 and 14 km is now approximately along 19°N.
The third situation from February 16-25 illustrates the northward shift of the subtropical high pressure belt and the associated
anticyclonic cell.
From 1.5 to 6 km the anticyclone lies over the
peninsula centred along 18° to 20°N.
At 12 and 14 km the pronounced
southerly flow over the south of the peninsula is controlled by the
intense anticyclone, the western half of which lies over the Bay of
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Bengal.
Over north India westerlies exceeding 60 knots in speed are
seen even at 6 km level.
From 6 to 14 km the core of strongest
westerlies lies between 26° and 28°N.
1-10 JANUARY , 1961
0300 G.M.T.

M.S.L . ISOBARS

21-30JANUARY,1961

16-25 FEBRUARY , 1961
0300 G. M.T.

0300 G.M.T.

M.S.L. ISOBARS

RAINFALL

tn!~~t~~sl 24~ mm

•.,.

Fig. 9

M.S.L. isobar, pressure departure, and
rainfall for January and February 1961.

Figure 9 shows the mean sea level isobars, the mean pressure
departure charts and the total rainfall distribution charts for the
three situations.
The first and third situations when the subtropical
anticyclone in the lower troposphere lay over the peninsula between 15°
and 20°N have given rise to precipitation in Madras in association with
low latitude easterlies.
The south of the peninsula was dry during the
second situation where the subtropical anticyclone was displaced southwards so that the whole country came under the influence of the westerly
circulation.
Westerly disturbances gave rise to precipitation over
North India in association with all the three situations.
The precipitation was more for the first two situations and least for the third
situation.
We have examined the changes in the thermal structure of the
atmosphere at the Indian radiosonde stations for the three situations.
Significant temperature changes occur in the troposphere which are
in agreement with the observed variations in the windfields.
A discussion of these studies is not presented here.

6.

CONCLUSION
The case studies briefly presented in this p a per point out
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the occurrence of significant perturbations in the summer and winter
circulations over India and neighbourhood.
These perturbations are
intimately linked with the subtropical anticyclone, the location and
orientation of which undergo fluctuations, both zonal and meridional.
The intensity of the anticyclone and the strength of th e associated
circulation also undergo variations.
In the southwest monsoon months
this anticyclone is located over the Tibetan region in the upper troposphere so that the whole of the Indian area comes within the tropics.
In the winter months the subtropical high pressure belt generally lies
over the peninsula so that north and central India come under the
influence of the extratropical circulation while tropical conditions
prevail over the extreme south of the country.
On a global scale the
equatorial trough in the low levels and the subtropical ridge in the
upper levels have the maximum north-south amplitude of oscillations
during the year along the meridian running across the Indian peninsula.
While monthly mean charts bring out the large-scale features of the
general circulation over the tropics, it is necessary to make detailed
studies of situations associated with perturbations in the circulations
to understand their nature and the role they play in the scheme of
general circulation.
We have planned to make such studies for a fiveyear period making use of surface and upper air data for India and
neighbouring areas.
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THE TROPICAL EASTERLY JET AND OTHER REGIONAL
ANOMALIES OF THE TROPICAL CIRCULATION
H. Flohn
University of Bonn, Germany
INTRODUCTION

1•

Large-scale and regional anomalies of the atmospheric circulation in tropical latitudes are the origin of the so-called "problem
climates" (Trewartha). Most of them can be understood if we properly
take into account several effects:

2.

(a)

Effects of the differential heat balance of oceans and
continents in tropical latitudes (sections 2 and J).

(b)

Effects of differential heating on a regional scale; for
example, the heating of high plateaux, cooling of lakes
(section 4).

(c)

Divergence effects: directional divergence, speed divergence, frictional (stress) divergence (section 4).

(d)

Effects of the asymmetry of the meteorological equator,
produced by the different heat balances in the arctic
and antarctic regions (section 5).
RADIATION AND HEAT BALANCE

On a rotating earth with a homogeneous surface weather and
climate would be functions only of latitude and season.
On the real
planet earth, the differentiated radiation and heat balances of variou:
surfaces at various altitudes, together with the effects of frictional
differences, are responsible for the large-scale, regional and local
gradients of temperature, humidity, pressure and wind.
The primary
cause of all effects mentioned above - including the physical origin
of most divergence effects - can be found in horizontal and seasonal
differences in the heat balance of the surface of the earth.
The radiation and heat balance of the earth may be expressed
by

Q

(s + H)

=

( 1 - A)

(E

effective incoming radiation

Q

= us
soil
sea

+

ua

ue

+

air
(sensible heat)

G)

effective outgoing radiation
+

evaporation
(latent heat)
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melting
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where
Q

=

H

=
=

s =

A

net radiation
solar radiation
diffuse sky radiation
surface albedo

E
G
U

=

=
=

outgoing terrestrial radiation
atmospheric counter-radiation
heat transfer

The tropical heat budget is shown in Table 1.
TABLE 1
Energy Budget (Percentage of Q)

us

ua

ue

0
0

22-30%
50-65%

70-78%
35-50%

7-14%

80-98%

Tropical Continents:
Equatorial humid zone
Semi-humid zone
Tropical Oceans:

±5-10%

A special feature of the equatorial latitudes is that with
the near vanishing of the Coriolis parameter f = 2 n• sin - , several
terms in the equations of motion are no longer negligible, in contrast
to the assumptions normally made in middle-latitude atmospheric
dynamics.
Another remarkable difference is connected with the occasional existence of "anomalous winds" (1), especially in cases of vorticity advection across the equator.
Since the tropical region - when defined between latitudes
J0°N and J0°S - covers one half of the earth's surface with an average
land area of about 26 per cent, we should expect large-scale spatial
variations in its circulation patterns.
This is especially true if
we compare an oceanic section - as in the central Pacific - with a
continental section, like Africa.
In an oceanic section the weak response of the air temperature to the annual trend of the incoming radiation produces only
insignificant seasonal differences in the fields of temperature,
pressure and wind.
The physical cause of this weak response can be
found (Table 1) in the fact that over the low-latitude oceans most of
the net radiation is used for evaporation and only about 10% is available for heating the air.
The annual average of Us is small, but
due to the heat storage capacity of the oceans rather large seasonal
variations of this term are observed.
In oceanic sections the
tropical easterlies between the subtropical anticyclonic cells decrese with height and disappear between 6 and 10 kms, while at about
12 kms (200 mbs) the westerlies from both hemispheres frequently
merge above the intertropical convergence zone (ITC), which is partly
replaced by weak but persisting cyclonic cells in equatorial latitudes.
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In a continental section the response of air temperatures
to the annual course of the incoming radiation is much stronger due
to the larger magnitude of Ua (Table 1).
We therefore observe a
large seasonal shift of the zone with highest temperatures, lowest
surface pressure and converging winds from about 18°S in January to
18°N in July and under exceptional circumstances (as in the IndoPakistan subcontine nt) even to 28°N.
In the equatorial regions we
obtain - due to the dynamical effects described in section 5 - a belt
of equatorial westerlies.
In most areas this belt persists during
the whole year.
In the neighbouring tropical zones (approximately
5-18°Lat.) this large swing of the pressure and wind belts leads to
the occurrence of a monsoonal shifting of winds, withquasigeostrophic
westerlies during summer and easterlies during winter.
In the upper
half of the tropical troposphere, i.e. between 500 and 100 mbs
( ,.... 6-16 km) a steady easterly current prevails, separating the extratropical westerlies from both hemispheres.
Above the continent of
Africa this pattern does not only persist during the extreme seasons,
but occurs also during the transition seasons.
During the extreme
seasons this wind pattern is correlated with a strong tropospheric
temperature gradient from the meteorological to the geographical
equator.
Above North Africa and India the equatorial air at 200 or
150 mbs is 7-11° cooler than above the central Sahara or the
Himalayas.
LARGE-SCALE CIRCULATION PATTERNS

3.

The belt of high-tropospheric easterlies in tropical latitudes is especially strong and persistent during the northern summer
above the Inda-African region.
Here it is accentuated as a Tropical
Easterly Jet (TEJ) (10), extending with an average core speed of
50-70 knots in the layer 100-200 mb between longitudes 100° and J0°E,
and with its characteristic constancy from the Philippines to West
Africa, i.e. over a distance of 150° of longitude or nearly 17,000 kms.
Unfortunately, a lack of internal consistency in the radiosonde
network does not allow a reliable day-by-day analysis of this jet in
its central region.
However a statistical evaluation of all available
upper wind data at and above 200 mbs ( - 12 kms) during July and
August 1956-62 above the Inda-Pakistan subcontinent and Africa leads
to some general conclusions.
They are based on the following maps
aid diagrams:
(a)

resultant winds and isotachs at the 200,
levels

150 and 100 mb

(b)

resultant winds and isotachs at the level of .maximum speed

(c)

meridional cross-sections of the zonal flow along 78 E and
10°E

( d)

meridional cross-sections of temperature along 78 E
(including Tibet).

0

0

In addition to this, an evaluation of the statistical parameters of the wind distribution permits some synoptic conclusions.
In
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its core near 15°N, which rises from 200 mbs at the southern edge to
100 mbs at the northern edge, the speed can reach 120-150 knots.
Large-scale meandering Rossby waves are not observed, the prevailing
motion being more or less pulsatory, with only small deviations in a
meridional direction.
The pulses of the TEJ - with a length of
J-6 days - seem to coincide with variations in the intensity of the
warm anticyclonic cell above the well-heated Tibetan plateau.
This
feature was suggested in 1950 (J) and has recently been confirmed (6).
Only a very small portion of the total kinetic energy (12-25 per cent)
is due to travelling pulses or eddies and wind-constancy reaches
97-99%.
If we define the long axes of the isotach ellipses as jet
axes, we observe a systematic deviation of the resultant winds: east
of longitude 80°E all resultant winds have a marked northerly component, while west of this longitude a southerly component predominates.
Only along the equatorial boundary are a few exceptions found.
This
suggests a large-scale non-geostrophic cross-circulation in which the
direction reverses from the entrance to the exit region of the jet, as
described in the usual jet-stream models.
Thus, in the entrance
region over SE-Asia one may observe a direct circulation cell in the
troposphere similar to that described by Koteswaram (10).
In the
exit region, however, extending from about 70°E to 10°w, over 10,000
kms, we observe an indirect tropospheric circulation with rising cool
equatorial air and subsiding warm air at subtropical latitudes
(20°-30°N).
In this case, it is possible to compute the average divergence aloft in the exit region.
Arranging all available upper wind
statistics (averaged for the 8 months July-August 1957-60) above Africa
(4°-16°N) into a northern and a southern group, with a meridional
difference of 6.7°Latitude = 745 kms and a zonal distance of 5,500 kms
(Aden-Abidjan), we obtain the following numerical results for the
layer 500-100 mbs

av

ay
2.65

+

au

ax

0·8J

=
=

1 . 82

( unit: 10 -6 sec -1)

The mass deficit produced by a meridional outflow in the
layer 500 - 100 mbs could be balanced by an equivalent inflow in the
lower troposphere below 500 mbs and in the stratosphere above 100 mbs.
In our model we disregard such possible stratospheric transport and
assume, under stationary conditions (a~ I
at= o), a meridional circulation restricted to the troposphere.
This necessitates an average
vertical uplift through the 500 mb level of
1.11 cm sec-1 (about
1 km per day) over an area of about 4·1 x 106 km2.
A more detailed consideration of the data shows that the
axis of the TEJ core - when defined independe.ntly of height - deviates
by about 7° from a latitude circle, running from 83° to 263° in the
usual notation (90° = E).
In the southern group of wind data the
average flow of the 500-100 mb layer is also found to be 83°.
This
12
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coincidence suggests a small rotation of the coordinate system in
such a sense that the x-axis runs parallel to 83°.
In this system
the flow in the 500-100 mb layer through the southern boundary is
zero.
We may now assume a closed system with two solid vertical
walls, one near 7°N, and the other near the subtropical divergence
axis at 25°N, where the zonal flow in the layer 500-100 mb disappears.
In this model, the mass transport between 500 and 100 mb
perpendicular to the jet axis through the northern limit of the divergence area near 14°N is equivalent to an average wind of 135 cm sec- 1
from 173°.
This produces, in the larger northern convergence area,
extending between approximately latitude 14°N and 25°N and covering
about 6.7 x 106 km 2 , a downward transport through the 500 mb layer with
an average forced subsid:e.nce of 0· 69 cm sec-1 or about 600 m per day.
This strong cross-circulation in the exit region of the TEJ
suggests a physical interpretation of some climatological facts in the
lower troposphere.
Over the African continent the weather patterns
at both sides of the ITC - when defined as coinciding with the equatorial pressure trough - are remarkably different (5) (7)
at the
northern edge, we observe persistently dry, clear weather with haze
and subsiding air, but at the southern edge there occur several belts
of convective activity, increasing southward to a maximum at a meridional distance of about 600-800 kms.
The usual explanation of this
asymmetry, as a consequence of air-mass distribution, is not consistent with the length of the air-trajectories over the central Sudan.
In addition to this, a systematic evaluation (5) of more than 260,000
surface wind observations for the equatorial Atlantic, together with
all available pilot balloon data, has demonstrated that the same
asymmetric distribution of the horizontal divergence and vertical wind
component with respect to the ITC is observed over the ocean.
This
result depends only on the observed wind field and suggests that in
this area vertical instability and moisture content are not conservative air-mass properties, but are consequences of the dynamics of the
wind-field.
Earlier, no satisfactory physical explanation of this
asymmetry could be given.
During the season of the TEJ, that is from mid-June to
early September, the average position of the ITC in Africa is at about
18°N, that is within the belt of forced subsidence at the northern
edge of the TEJ.
The region of greatest convective activity coincides with the central part of the TEJ, with divergence aloft and
large-scale lifting.
Here and in this season, the ageostrophic
circulation across the exit region of the TEJ allows a rational physical interpretation, including the extraordinary persistence of the
large summer-time upper anticyclone above Northern Africa and the
Near East.
In this area, the tropospheric circulation is opposite
to the usual sense of the Hadley circulation: here we observe, over
about one quarter of the earth's circumference, a strong anti-Hadley
circulation with rising cool air on the equatorial side and subsiding
warm air in the subtropical cell.
For the northern winter, the
numerical intensity of the planetary Hadley cell has been investigated
by Mintz and Lang (15) and Palmen, Riehl and Vuorela (17).
These
authors estimate the sinking motion in the subtropical cell to be

-1

-1

0.27 cm sec
and 0.31 cm sec
, respectively.
During summer, Mintz
and Lang obtained only 0.05 cm sec- 1 : here the small latitudinal or
planetary average is nothing but the difference between two (or more)
areas with comparatively large vertical motions of opposite sign.
As an energy-consuming circulation, the indirect cell in
the TEJ exit region needs an external source of energy.
This energy
is most probably supplied by the remarkable heating of the middle and
upper troposphere above the Tibetan plateau and adjacent highlands (6)
(14), which increases the meridional pressure and temperature gradient towards the equator, and here leads to a marked baroclinic state
of the tropical atmosphere.
In addition to this persistent transfer
of sensible heat from an elevated heated surface, the strong release
of latent heat in the regions of the maximum orographic rainfall in
the Himalaya and its extensions towards the SE in Assam and Upper
Burma, must also be considered.
For other continents thorough investigations have revealed
that no really comparable easterly jet exists below the tropical tropopause.
While the core of the TEJ is concentrated in the lower
stratosphere, in all other areas the easterlies are much weaker and
increase with height above 100 mbs.
They represent obviously the
lower boundary of the subtropical maximum of the stratospheric easterlies in the summer hemisphere.
The development of a strong and
persistent TEJ is restricted to Southern Asia and North Africa in the
northern summer, due to the exceptional heat balance of the Asiatic
Plateau during that season.
Since no representative data for the
heat balance of the Tibetan Highlands are available, we may compare
the data obtained by Zuev (20),Table 2, during August for the Pamir
(Kara-Kul, 3990 m), which are practically the same as for the adjacent
low-level desert Karakum.
Obviously it is only the larger contribution of advection and vertical mixing in elevated regions which prevents the temperatures from rising to the same values as at sea-level.
TABLE 2
Energy Budget for the Pamir and the Karakum Desert
(units : g cal cm- 2 day- 1
Pamir
Effective incoming radiation (S+H)(1-A)
E - G
Effective outgoing radiation
Net radiation
Q
Heat transfer surface-air
Va
Heat transfer surface-soil
Us
Latent heat of evaporation
Ue

546
-305
241
240
- 17
18

Karakum
525
-244
,281
274
7
0

From this reasoning we may also understand why the tropical
summer rains do not extend (over Africa, Near East and parts of the
Arabian Sea) farther north than about 16-18°N, in contrast to the situation over North America or over the southern continents, where

12•
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tropical and continental summer rains (which can here hardly be
distinguished) extend up to Latitude 25° and more.
Even in the Great
Australian Desert summer precipitation is much more frequent than in
the extensive belt from the western Sahara to Baluchistan.

4.

REGIONAL DIVERGENCE EFFECTS

Within the equatorial rain belt in latitude 0-10°N, more
than 90% of the total area enjoys sufficient rainfall, especially
during the northern summer.
Only one regional interruption exists;
this occurs at the Somali peninsula and extends from eastern Ethiopia
to the central Arabian Sea.
In this region we observe large arid
areas with less than 500 mm of rain, in some areas less than 100 mm,
the bulk of which falls during spring and fall.
During the summer
period mid-June to early September, rainless weather with a strong
steady SW monsoon is predominant.
Even on the mountain ridges the
convective showers during summer are much less effective than in
spring and fall.
As a remarkable exception to the results in section
J, arid conditions during the summer extend from northern Tanganyika
through NE Kenya, Somalia and eastern Ethopia (Ogaden) to a triangular
section of the Arabian Sea reaching a point near 15°N, 65°E.
The
usual explanation of this aridity is based on the parallelism between
the SW monsoon and the eastern coast of the Somali peninsula.
Taking
into account the different surface friction (stress) over land and
sea, we would expect a divergence zone along the coast.
Furthermore
at the ocean surface the wind stress produces an off-shore current
from W to E, together with cool upwelling water along the coast.
This
is well reflected in sea and air temperatures as well as in haze
frequency.
But these explanations can be valid only for a small
coastal zone.
Recent investigations (8) have shown that the spring and fall
rains of Somalia are by no means exceptional, but coincide well (in
season and latitude) with the beginning and ending of the summer rainy
season in other sections of North Africa, for example along J2°E
(Sudan-Ethiopian border) or 8°E (Nigeria).
During the season of the
SW monsoon, however, two additional divergence effects occur together
with the coastal effects mentioned above.
Due to the increase of the zonal pressure gradient poleward
from the equator, the average speed of the SW monsoon at sea increases
with distance from the equator: Latitude 0-5°N Beaufort J.9, 5°-10°N
Beaufort 5.6 and Latitude 10°-15°N Beaufort 6.0, with a constancy of
80-90%.
The same speed divergence can be expected over land, for
example over interior Somalia and Ogaden, even if conclusive evidence
will hardly be obtainable.
Furthermore, an inspection of the observations of surface
winds taken at noon - that is around the time of greatest vertical mome ntum exchange - shows a marked directional divergence between a flow
from S or SSE in the area south of the Ethopian highland (Lodwar,
Marsabit, Moyale, Neghelli) and one from the SSW to SW along the KenyaS omalia border (Mandera, Wajir) and in southern Somalia (Mogadishu,
Belet Den).
In the region between Lake Rudolf and the Somalia border
the belt of low-level equatorial west e rlies (in the northern summer)

is obviously interrupted, due to the large-scale influence of the
Ethopian highlands.
The physical cause of this divergence can be
attributed to a thermally driven regional circulation around the
Ethopian highlands, with convergence in the lower layers and anticyclonic flow patterns probably at 600 mbs and above.
During the
summer rainy season, the main heating effect of the highlands may be
due to the release of latent heat in the cloud layer, that is mostly
between 700 and 550 or 500 mbs.
Durine the season of the fully developed SW monsoon (midJune to early Se~tember) all possible divergence effects act together
to produce large-scale subsidence with a maximum along the eastern
coast of the Somalia peninsula.
These effects are
(a)

directional divergence due to the heating of the Ethopian
highland

(b)

speed divergence due to a northward increase of the pressure
gradient

(c)

frictional stress divergence between land and sea in the
coastal zone

(d)

anticyclonic (off-shore) deviation of the wind-driven ocean
currents with upwelling cool water along the coast.

Taken together, these effects are obviously much stronger than the
large-scale divergence aloft as described in section J.

5.

HEMISPHERIC ASYMMETRY EFFECTS

One of the strongest anomalies of the tropical circulation is
the contrast of an equatorial rain belt north of the equator with a
dry equatorial zone just south of the equator.
This pattern is observed not only in the eastern and central parts of the Pacific, but also
in the eastern and central parts of the equatorial Atlantic.
The
explanation of the equatorial rain belt by the "clash of the trades"
along the ITC is well-known:
we have only to explain why the ITC remains during the whole year in the northern hemisphere.
Usually the
average position of the meteorological equator north of the geographical equator has been explained as a consequence of the warming of
the northern continents during summer.
But this hypothesis cannot
be valid during winter and over the largest of the oceans.
Recent
investigations have shown that the extraordinary strength of ~he southern westerlies - which are stronger, even in the southern summer, than
the northern westerlies during winter (11) - is correlated with a
shift of the southern subtropical anticyclonic cells towards the
equator.
This forces the powerful trades of the southern hemisphere
to cross the equator and penetrate into the northern hemisphere.
In low latitudes a very strong correlation exists between the
zonal wind component u and the vertical stability of the lower troposphere.
Generally speaking westerly/easterly winds are correlated with
unstable/stable conditions, and therefore with high/low values for
cloudiness and rain frequency.
One can try to interpret this statis-
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tical result by considering the equation of vertical motion (w) together with the frequently neglected vertical component of the
Coriolis force.

=

dw
dt

1 ap
I° az

g

( I

I. u

+

=

2wcos</) }

This equation however, yields greatly exaggerated numerical results
for w.
A more rational physical interpretation has been given by
Lettau (13), who introduces eddy viscosity terms into the equation of
motion and derives, under reasonable assumptions, an expression for
the height-variation of the turbulent deviations (w') of the vertical
wind component (w) from its temporal mean w (w' = w - w).
This
expression is

=

I. u

Under these assumptions, an increase/decrease of convective
activity with height should be correlated with westerly/easterly
winds, as observed in climatological statistics.
In individual cases,
such a statistical tendency can certainly be overbalanced by synoptic
or large-scale convergence effects, as for example in the equatorial
rain belt north of the equator where easterly surface winds still
prevail.
In a belt of width 400 kms on both sides of the ITC, 60-90%
of the total kinetic energy of the surface winds is contributed by
eddies, in contrast to a figure of only 35-40% in the area of the undisturbed trades (5).
If we neglect, at first, certain anomalous periods with
lengths of some months, the extreme aridity of the equatorial dry zone,
especially in the vicinity of the equator, can be interpreted in
terms of a second statistical correlation (5).
This is weaker than
the first one, but still significant and states that in tropical latitudes, winds directed towards the poles/equator are correlated with a
tendency for lifting/subsidence, and therefore with high/low values
for cloudiness and rain frequency.
A physical interpretation of
this result can be given only in a climatological sense.
This refers
to a time-averaged wind system u:,
v
with
au/ax = 0
and the
Coriolis parameter f close to zero.
We find that

R
</J

=

df
dy

=

1 d

f

R~

=

f
I

I

(a)

R

In this c _ase we obtain for

w
=

=
=
=
=
=

earth's radius
latitude
coriolis parameter
2wcos</)
earth's angular velocity

at height z (w )
z

~cote/>

iz

Y dz

Under these assumptions we expect, in a steady current with
a meridional wind component towards the equator/poles a tendency for
subsidence/lifting.
This rapidly increases (with ctg </J ---... + oo)
when approaching the equator (and is invalid at~= 0).
Additional
statis"LLcal evidence for this correlation has been found at Eniwetok
(12) and in other latitudes by Molla and Loisel (16).
The above explanation refers to those areas where the ITC
remains, even in northern winter (southern summer), at a sufficient
distance north of the equator, and where steady ESE Trades cross the
equator.
Another physical cause of this correla-cio::J. is furnished
by the well-known behaviour of easterly waves, where convergence
normally occurs at the rear together with winds with a component from
the equator.
In the dry equatorial zones at both the Pacific and the
Atlantic, as well as on the western coasts of Africa and South America
between Latitude 2° and 12°s, large-scale anomalies of precipitation
occur together with remarkable anomalies of the se~ temperature.
While the coastal and oceanic areas in this belt are normally dry with
upwelli.ng cool water along the coast, in some periods the ocean temperatures rise to the normal values of 26°-27°c together with considerable rainfall.
Over land, serious floods occur in the usually dry
river beds.
This phenomenon has been described, along the coasts of
northern Peru and Ecuador, as "El Nino".
Similar phenomena have
been described from the Loango coast of West Africa (3°-5°), but occur
in the same longitudes from Gabun to central Angola (2°-12°~.
In this connection recent investigations (2) have shown that
the rainfall anomalies on the Angola coast (Luanda 8.8°s) are significantly correlated not only with those of the island of Fernan~o
Noronha (3.8°s), situated at a distance of about 5000 kms near the NE
coast of Brazil, but also with those of continental stations in the
northern part of the semi-arid, drought-affected triangle of NE Brazil
(Table 3 A).
Since the highest correlation is found with a time-lag
of 3-4 months, the interpretation of this teleconnection can be based
on oceanic advection of areas of cool (or warm) water with the SouthEquatorial Current.
Some evidence for this hypothesis can be found
by correlating ocean temperatures near Fernando Noronha with the wind
field in equatorial oceanic areas and with rainfall anomalies in the
interior of NE Brazil..
The problem of the physical cause of these
sea-temperature anomalies remains unsolved; most probably they are due
to large-scale anomalies of the atmospheric circulation in subtropical
latitudes.
The strange delay of the rainy season in NE Brazil also
seems to be caused by the same mechanism.
Similar correlations can be found - according to preliminary
investigations (Table 3 B) - between the anomalies on the Peru-Ecuador
coast and those in the vast area of the dry equatorial zone of the
Pacific.
This extends over about 12,000 kms far into the Pacific.
At the remote islands in this area we likewise observe a retardation
of the rainy season into the first half of the year.
In this
connection Schott (19) has given some indications of a coincidence of
anomalous years over large distances but with. apparently no time lag
in the teleconnections.
Over the equatorial Indian Ocean quite
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different patterns are observed: here we find an equatorial belt of
weak, unsteady westerlies, which prevails during the greater part of
the year, between 2°s and 2°N (3, 6, 7).
In contrast to earlier
textbooks, the trades from both hemispheres are here deflected
before reaching the equator, to a more westerly direction (NE into NW,
SE into SW).
A physical explanation may be based on the occurrence
oI' a weak zonal pressure gradient in the equatorial latitudes of the
Indian Ocean and the consequent relatively strong meridional components of both trades.
Assuming quasigeostrophic conditions together
with v >TI and f -- O, Hollman (9) has derived, for a wind system
approaching the equator, an additional westerly component
Vu given
by
'\'/ u

(v

g

=

=

IR

geostrophic part of v, R

-1

f-2- 2

Vg

=

earth's radius

= 2w cos</> )

This term is based on the increasing imbalance between
pressure gradient and horizontal Coriolis force due to the inertia of
a predominantly meridional current approaching the equator from both
hemispheres; it produces a deflection into westerlies before crossing
the equator.
The decreasing speed and deflection into westerlies
produce (in a statistical sense) a tendency for convergence with consequent instability and lifting, thus preventing the occurrence of a
dry equatorial belt such as is observed in the eastern Pacific and
Atlantic.
Other causes may be found in the frequent extension of
Antarctic troughs in the upper westerlies to and even across the
equator.
This is true not only in the whole Indian Ocean - coinciding
with the widespread penetration of Antarctic water and air into temperate latitudes - but also in the Pacific between 160°E and 170°w.
In
these areas the trades are much more disturbed than in other regions
and owing to the occurrence of low-level disturbances (with consequent
decreased vertical stability) convective activity and rainfall are
distinctly greater in these regions.
TABLE 3

A. Angola - NE Brazil

r

n

R

Luanda X-V - R Ascension II-XI

0.38

45

R

Luanda I-III - R Fernando Noronha IV-VIII

0.77

35

R

Lnanda XII-III - R Porangaba I-V

0.50

43

R

Luanda XII-III - R Quixeramobim I-V

o.47

59

R

Luanda XII-III - R Sobral III-VI

0.50

41

0.73

18

Fernando de Noronha II-VII : R -

t

w
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TABLE 3 (contd.)
B. Ecuador-Peru

-

Central Pacific

r

n

R

Guayaquil XI-IV - R Funafuti II-VII

0.67

27

R

Guayaquil XI-IV - R Funafuti IX-II

0.50

27

t

p.

Chicama I-IV - R Fanning Isl. IV-V

0.58

24

p.

Chicama II-III - R Funafuti VI-VII

o.47

18

Puerto Chicama I-IV - R Nauru IV-VII

o.49

26

Malden III-VI - R Nauru II-V

o.44

18

w

t
t

w
w

R
R

=

t

rainfall,

w

=

ocean temperature, I--XII

r = correlation coefficient,
n
level for r shown by underlining:

=

=

months,

number of pairs; significance

1% level ( _ ) , 0.1% level (=)
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THE OBSERVED STRATOSPHERIC WIND CYCLES IN THE TROPICS
A.D. Be lmont and D.G. Dartt
Applied Science Division, Litton Systems, Inc.*
Minnesota, USA.
ABSTRACT
The previously published properties of the observed
stratospheric biennial wind oscillation, and its component
biennial and annual waves are reviewed.
A series of 50 mb
equatorial area maps of the mean monthly zonal wind from
July, 1957 to December, 1960 and a time section at 50 mb
along the 180 degree meridian for the same period are presented.
These show that the component biennial wave is
sufficiently stronger than the annual wave in a band from
about 10N to 10S, to cause a reversal of the circulation.
The flow in this belt would be from the east at all times of
the year, apparently, if the biennial component wave did not
exist.
Irregularities due to continent-ocean boundaries
are suggested, although details cannot be verified without
more representative monthly mean data.
1•

INTRODUCTION

The properties of the stratospheric zonal wind oscillation in
the tropics which have either been published already or are in press,
were reviewed in the lecture form of this paper but are not repeated in
this text.
We will only remind the reader that the zonal wind speed
wave has its maximum amplitude at lowest latitudes and at highest altitudes, is apparently constant along latitude circles,is found in both
hemispheres, is symmetric to the equator, and hence a global ring
phenomenon.
Its phase progresses downward and equatorward in the
stratosphere.
The wave is now detected even at polar latitudes and
into the lower troposphere.
Only in the equatorial stratosphere,
however, is its amplitude sufficiently large to cause a reversal of
sign in the zonal wind.
The period of the wave varies from one cycle
to the next at a given station and also with latitude, ranging from
about 20 to JO months ·, with 26 months presently accepted as an average
over the past ten years.
The references given below will provide
further details and most recent developments concerning this interesting atmospheric phenomenon.
2.

50 MB ZONAL WINDS

The current status of a study to see how the observed zonal
wind patterns at 50 mb vary with longitude and time is reported here.
As a start, a 42-month series of mean monthly equatorial zonal wind
maps was prepared.
It is only possible to show every third one here
(Figures 1-4).
The maps show isotachs of the mean monthly zonal wind
at 10 knots intervals.
Regions of winds from the west are shaded.
*Formerly General Mills' Electronics Division.
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Areas of no data are indicated by ends of isolines and by reference
to the data availability chart (Figure 5) which shows the maximum
data available in any single month.
Not all stations appear every
month.
The first feature to note is that the zonal wind appear to
be organised in latitudinal bands rather than to have definite longitudinal patterns.
There is often evidence of a continental-ocean
influence, shown by the cellular organization of primary centers west
and east of Africa (see Figures for example).
This may be due in
part to the distribution of available data, but also occurs frequently
over SE Asia and the Western Pacific where data are relatively plentiful.
This feature can be seen also in the JOO mb streamline over
the tropics in the review paper by the session chairman.
If we are satisfied that the broad-scale isotach patterns
are indeed zonal, then Figure 6 conveniently represents how these bands
of winds move along the 180th meridian with time.
This meridian was
chosen to represent oceanic conditions and also an area of most reliabl
analysis.
The figure s·hows that the component biennial wave is sufficiently stronger than the annual wave in a band from about 10N to 10S
to cause a reversal of the circulation about each two years.
Presumable easterly flow would exist in this belt were it not for the
component biennial wave.
The usual annual cycle prevails at higher
latitudes.
Notice that the equatorial westerlies occasionally do not
merge with the higher latitude westerlies and that the patterns do not
repeat closely from biennium to biennium.
Differences from this time
section are to be expected at other longitudes, especially along coastal and continental meridians.
However, sufficient data were not
available to prepare other time-meridian graphs for the same range of
latitudes for which data were available at 180 degrees.
It is clear
that there are cellular patterns of maximum wind within each narrow
latitudinal band, but details can only be revealed by additional and
more representative data.
The monthly maps show large changes from season to season and
year to year.
Used with height-latitude cross sections and heighttime sections, the movement of the mean monthly zero wind surface can
be described and perhaps eventually explained.
As with any phenomenon
the more that is known about it, the more complicated i t becomes.
This
is only a first estimate to be improved as additional data are provided
ACKNOWLEDGEMENTS
We thank the Meteorological Services of the many countries
who have kindly made their data available.
This research has been
supported in part by the U.S. Army Electronics Research and Development
Laboratory under Contract DA 36-039, SC 89211.
REFERENCES
Angell, J.K. and J. Korshover, 1962 : The biennial wind and temperature
oscillations of the equatorial stratosphere and their possibl
extension to higher latitudes.
Monthly Weather Rev., 90,
127-132.

179
Angell, J.K., and J. Korshover, 1963 : Harmonic analysis of the
biennial zonal wind and temperature regimes.
Monthly
Weather Rev., (In press).
Belmont, A.D., and D.G. Dartt, 1963 : The double biennial cycle in
observed winds in the tropical stratosphere (In press).
Dartt, D.G., and A.D. Belmont, 1963 : Periodic features of the
zonal winds in the tropics. (In press).
Reed, R.J.

SO

et al., 1961 : Evidence of a downward-propagating, annual
wind reversal in the equatorial stratosphere.
J. Geophys.
Res., 66, 813-818.

Reed, R.J., and D.G.Rogers, 1962: The circulation of the tropical
stratosphere in the years 1954-1960.
J. Atmos. Sci.,19,
127-135.
Veryard, R.G., and R.A. Ebdon,
stratospheric winds.

13

mb

1961 : Fluctuations in tropical
Meteor. Mag., 90, 125-143.

LONG-PERIOD FLUCTUATIO~S OF UPPER LEVEL WINDS
AND TEMPERATURES OVER THE SOUTH PACIFIC
E. Farkas
New Zealand Meteorological Service
ABSTRACT
Monthly mean upper-wind and temperature data at
selected levels over Nandi (Fiji) are subjected to statistical analysis in order to assess the significance of
fluctuations of periods longer than one year.
Similar analyses of data for stations lying at
progressively higher latitudes near New Zealand's longitude
also appear to show long-term fluctuations in upper winds
and temperatures.
The variation of the long-term fluctuations with
latitude and a possible connection between the well-known
biennial oscillation of stratospheric zonal wind components
over the tropical latitudes and long-term oscillations in
upper winds and temperatures at higher latitudes are discussed.
1•

INTRODUCTION

The recently discovered and so far unexplained west-east
oscillations of the monthly mean zonal wind components in the equatoria
stratosphere had an average period of 26 months during the last decade
for which high level wind observations were available at the required
latitudes.
These wind oscillations, here to be referred to as biennial oscillations, are the predominant feature of the equatorial
stratospheric wind regime.
The reversals from westerlies to easterlies and vice versa occur first at the highest observed levels, then
occur at successively lower levels with an average lag of approximately
1 month per kilometer, but do not appear below tropopause level.
At
all observed longitudes along the equator these reversals appear to be
in phase (Veryard and Ebdon, 1961).
In the South Pacific area, a biennial component in the zonal
wind fluctuations was shown to exist at Nandi, Fiji (Farkas, 1962) and
the existence of such a component between latitudes 7 to 20 degrees
South was also confirmed by shorter period stratospheric wind data for
several Australasian stations.
The predominantly biennial wind regime
of the equatorial stratosphere changes into a predominantly annual one
in the tropics and at highe r latitudes.
The 50 mb monthly mean zonal
wind compone nts for Canton Island, Nandi, and two New Zealand upper
air stations situated at higher latitudes shown in Figure 1 demonstrate
this change very we ll.
The bi e nnial component at Nandi appears as a
stronger e asterly maximum e v e ry second summer between 1953 and 1963.
It has been suggest e d that a small biennial component can be traced
towards the high l a titud e stratosphe re (Angell and Korshover, 1962).
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The casual inspection of these curves at Auckland and
Invercargill did not reveal any other systematic oscillation besides
the annual one.
Twelve monthly running means of these data however,
appeared to show fluctuations of periods varying between 2t to
4 years.
As the application of running means can induce spurious
oscillations into the observations, more reliable statistical methods
were chosen to examine wind and temperature data in more detail.
2.

ANALYSIS OF DATA

The stations and periods utilised in the forthcoming analysis are shown in Table 1 for both wind and temperature data.
Lack of
good long period observations for all stations concerned necessitated
the use of the 100 mb level instead of the 50 mb level for temperature
analysis.
Both the monthly mean zonal wind and temperature data were
regarded as time series composed of harmonic terms and random residuals.
The annual components were calculated by harmonic analysis, and are
shown in Table 2, together with the amplitudes and phases of the 2nd,
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STATION

CANTON I.

Latitude
South
2°46

1

Total No.of
Months

Period of 100 mb
Temperature data

Jan 1954-July 1963

115

Jan 1956-May 1963

89

Period of 50 mb
Wind data

Total No.of
Months

NANDI

17°45'

Oct 1951-Apr 1963

139

Jan 1956-May 1962

156

RAOUL I.

29°15'

-

-

Jun 1952-May 1963

132

AUCKLAND.

36°51'

Jul 1950-June 1963

156

Aug 1943-Dec 1962

233

INVERCARGILL

46°25'

Sep 1951-Apr 1963

140

Jan 1950-Jun 1963

162

MACQUARIE I.

54°30'

-

-

Jun 1948-Dec 1962

175

TABLE 1.

Periods of Monthly Mean Wind and Temperature
Data Utilised for Spectrum Analysis

Mean

12 Mon t hs

6 Mon t hs

4 Mont hs

a2

a3

3

~1 o nths

S t andard Deviation

2
2
0-a/ O'

STATION
a

a1

0

~1

Hax

;)2

yi

3

a4

~4

O'

O'a

O"r

1. 1
5.8
5.2
9.1

12 . 4
3.1
J .5
J .9

1. 9
1.6
2.7
3.1
2.1
3.7

0.9
1.6
1. 5
1. 9
1.7
2.6

%

(a ) 50 mb Zona l Wind Co i~1-ponents (M/Sec )
CANTON I .
NANDI
AUCKLAND
INVERCARJ-ILL

- 2.0
- 7 -9
0.8
7.9

1.5
8.1
7.0
12. 4

153
1 9J
1 67
182

Je
Jy - Au
.J e - Jy
Jy

0.2
1.6
1. 6
J .2
(b )

CANTON .I .
NANDI
RAOUL I .
AUCKLAND
INVERCARGILL
MACQUARIE I .

- 80.7

- 77 . 1
- 66 . 7
- 59 . 4
- 54 . 3
- 52 . 4

TABLE 2 .

1. 9
2.2
J .8
4.3
2.6
4.8

20 1
205
2 16
2 10
245
342

Au
Au
Au
Au
Sep
D- Ja

Harmonic Ana l ysis o f

1.2
0.7
0.6
0 .5
1.0
1. 5

189
JOO
3;28
01+5

0 .5
o.4
1. 6
1. 4

0 11
240
.'.262
259

0
0
0
0

.3
.2
.2
. Li

14 1
126
169
127

12 . 5
6.6
6.2
9.9

1

77
70
84

100 !".lb Tem;>e rat ure s ( oc )
075
127
183
177
2 17
2 17

1. 3
0.4
0
0 .3
o.6
1. 2

269
1 17
0
325
104
093

o.6
0.2
0
0.2
0
0.2

0S7
3 15
0
1 80

0
325

2.1
2.3
3.1
J.6
2.7
4.6'

82
L~8

76
74
60
65

( a ) 50 mb Mon t hly Mean Zonal Wind Components
( b ) 10 0 mb Month l y Mean Temperatures
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3rd and 4th harmonics of 12 months, the basic period.
The standard
deviations of the original data
(a ),of the harmonic components
( O'Q. ), and of the residuals (a.,. ), are also given.
The last column
gives the percentage of the total variance due to the four harmonic
components.
The amplitude of the annual component of the 50 mb zonal
winds at Canton Island was small, as would be expected.
Other points
of interest in the table are the change of phase of the maximum 100 mb
temperatures between the middle and high latitude stations and the
large amplitude of the semi-annual oscillation of the winds at
Invercargill and of the temperatures at Canton Island, Invercargill
and Macquarie.
The semi-annual temperature variations at Canton
Island contribute 16% to the total variance.
The rest of the semiannual amplitudes which are underlined contribute 5 to 7% of the total
variance.
These results are in agreement with the findings of a
recent analysis of temperature oscillations in the middle stratosphere
for several northern hemisphere stations in the 9 to 15 degrees latitude belt, where it was found that this comp-0nent increased with height
and towards the equator (Reed, 1962).
The harmonic oscillation composed of the four components
shown in the table was next removed from the wind and temperature data
at all stations.
The residual data were then subjected to spectrum
analysis based on the formula
n

F((A))

=E ( 1

-J_il)

C5COS Ca>S.

-n
n
where~ is the angular frequency,
Cs are covariances, n is the total
number of observations.
The frequency resolution was 2 millicycles,
which gave satisfactory separation of points in the period range from
about 18 to 45 months.
Only a range of frequencies corresponding to
periods of 18 to 100 months was analysed.

The values of the spectrum function were normalized by dividing by the respective variances for each set of data and results were
replotted in terms of periods.
Figures 2, 3 and 4 show the results of the analysis for the
parameters.
The 50 mb wind component spectrum in Figure 2
gives the large and well known biennial peak between 25 and 26 months,
but also shows a prominent peak near 38.5 months.
This has about
1/4th of the intensity of the biennial peak.
The spectra for the
other stations show peaks near 22 and 28 months, both peaks being strongest at Invercargill and weakest at Auckland.
A broad peak between
42 and 45 months is also present at all three stations.
The large
rise of the Invercargill curve at the low frequency end may be due to
a long period trend suspected bNt not removed from the date.
var~ous

The spectra of the 100 mb temperature residuals present somewhat more complicated structures.
At all stations however, 22-23 month
period peaks are indicated, except at Macquarie where a corresponding
peak appears at 20 months.
From Auckland to Macquarie, peaks appear
at 27-28 months also.
Although there seems no systematic correspondence between stations, peaks in the 33 to 38 months range are also
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shown.
The spectra of the 500 mb temperature residuals in Figure 4
have rather small magnitude peaks on the high frequency side and no
latitudinal correspondence appears to exist.
At the two higher
latitude stations however, broad peaks with maxima near J6 months may
have some importance.
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Spectrum of monthly mean 500 mb temperature
residuals.

To have some measure of significance of the peaks shown in
the various spectra, harmonic components and their contribution to the
total residual variance were calculated for the periods when the main
peaks occurred.
Results are given in Table J, which shows the
periods, their harmonic amplitudes and the percentage of the total
variance contributed by them.
The amplitudes of the wind components for each group of periods increase towards the higher latitudes, and these wind oscillations
appear to be more significant at the lowest and highest latitude
stations than at the middle latitudes.
The temperature oscillations
appear to be prominent for the 22-23 month period only at Nandi and
Auckland, and for the 46 month period at Invcrcargill.
Phase relations between the 26-29 month and JS-46 month period oscillations of the 50 mb zonal wind component residuals are shown
in ~igurr! 5.
The biennial wind oscillations reach their maxima first
i1t the 40 to 50 degrees latitude stations and precede thos e at the

STATION

Period
(Months) Amplitude

%

of Variance
(a)

CANTON I .

-

Period
(Months)

Amplitude

%

of Variance

Period
(Months)

%

Amplitude

of Variance

6.6

14

SO mb Zonal Wind Component Residuals (M/Sec)

-

-

26

14.9

71

JS

NANDI

22

1.6

13

29

1. 0

0.7

2

2J

1•6

7

28

1. 1

s
s

4J

AUCKLAND

4J

0.9

INVERCARGILL

22

2.3

s

28

1.

6

7

43

1. 7

3
8

0.3

1

36

o.4

4

1

(b) 100 mb Temperature Residuals (oc)

26

22

0.7

10

AUCKLAND

23

0.9

13

.2 8

o.s

4

39

o.s

4

INVERCARGILL

22

o.6

6

27

O.J

1

46

0.9

14

MACQUARIE I.

20

0.8

5

28

0.6

"I+

46

0.8

5

NANDI

TABLE J.

Harmonic Analysis of (a)
(b)

SO mb Monthly Mean Zonal Wind Co:nponent Residuals
100 mb Monthly Mean Temperature ResidL.1als

CJ)

-.._]
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tropics and Canton Island during the period shown here.
For the
43 monthly periods, the higher latitude station precedes those at the
lower latitudes also.

South Latitudes
00
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la°
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\
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I

I
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1954

lnvercorgill

)(

)(

Fig. 5

3•
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I

Auckland

)(

I

x

50

Nandi

i

I
\

1955

1956

1957

1958

1959

1960

1961

1962

1963

Times of maximum amplitudes of the 26-29th month (o--o)
and J8-4J month (>t--i() period oscillations of the 50 mb
mean zonal wind component residuals.
CONCLUSIONS

The foregoing analysis thus appears to present some evidence
that 28-29 month stratospheric wind oscillations of small amplitudes
exist in the middle and higher latitudes, which precede the biennial
stratospheric wind oscillations of the tropics and of the equatorial
regions.
Larger amplitude wind and temperature oscillations of 22-23
months period are also present at all except the equatorial stations.
The reality of oscillations of periods varying from 38 months at
Canton Island to 43 months at Invercargill will have to be examined
further by extending the analysis to other stratospheric and tropospheric levels.
Some further work on the vertical and horizontal variation
of the amplitudes of biennial and 22 monthly components of the stratospheric wind and temperature oscillations is needed, especially as
regards to the connection between equatorial and high latitude variations.
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REMARKS ON THE BIENNIAL CYCLE IN THE EQUATORIAL STRATOSPHERE
H. Flohn
University of Bonn, West Germany
Above both oceanic and continental sections and apparently
independent from longitude, we observe in the equatorial stratosphere
that strange, nearly biennial cycle (1, 2) of slowly subsiding belts
of easterlies and westerlies, which in former years were known under
the name of Krakatoa E asterlies and Berson Westerlies.
Our knowledge
of this fascinating phenomenon is far from being complete, even in a
descriptive sense, and any physical interpretation is still lacking.
From statistical investigations using the wind data at JO mbs
at Canton Island (Table 1) it can be demonstrated, that the easterly
TABLE
Statistical Parameters of JO mb Winds, Canton Island (2.8 S,171.7 W)

~

C1

a

ox/ay

E

25.7
27.2
26.4

5.9
6.2
5.7

J.8
J.4
J.2

1. 56
1. 84
1. 78

7% 99%
6 99
6 99

v

r

x

y

a. East Wind

1956/6-11
1958/7-12
1960/5-9

89°
92°
88°

b. West Wind

1957/5-10
1959/6-11

27J
269°

14.7
15.5

6.4
6.6

4.o
3.9

1. 58

94°
265°
270°
95°
91°

11. 4
J.9
J.8
19.4
4.6

10.J
11 . 9
7.8
13.6
8.4

4. 1
4.6
4.o
4.8
4.2

c. Transition 1956/1-5
56/12-57/4
57/12-58/4
1959/1-5
59/12-60/4

0

Clx,Cly

=
=
=

direction of resultant wind
speed of resultant wind (mps)
standard deviations of zonal,

E

=

contribution of kinetic energy to total
kinetic energy = a 2 /(a 2 + v~)
constancy

Ol

Vr

r

s

Q

=

xy

=

s

Q

r xy
-0.16
-0.04
-0. 16

70

21
19

94
95

+0. 1 J
-0.00J

2.50
2.60
1. 96
2.84
1. 96

48
91
84
J6
81

84
JO
45
87
51

+0.05
-0. 12
-0.0J
-0.09
+0. 14

1•

merid,~. onal

components

correlation coefficient between zonal and meridional
components

stratospheric winds are even more steady than the westerlies.
While
in the core of the easterly periods, the kinetic energy of disturbances
contributes not more than 7% of the total kinetic energy, this amounts
to about 20% in the core of westerly periods.
The standard deviation
190
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of the meridional wind components - which is always much smaller than
that of the zonal component - varies only little with time; even
during the transitional periods it remains nearly constant.
It can
therefore be concluded, that the transition between the subsiding
belts of easterlies and westerlies is little affected by synopticscale or mesoscale disturbances.
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PATTERN OF MONSOON RAINFALL DISTRIBUTION
OVER INDIA AND NEIGHBOURHOOD
R. Ananthakrishnan and P.J. Rajagopalachari
India Meteorological Department, Poona
ABSTRACT
The five-day normal rainfalls of 60 selected
stations for the 50-year period 1901 to 1950 have been utilised for the study of the pattern of monsoon rainfall over
the area between 8°N to J5°N and 67°E to 95°E.
Beginning
from the end of May a rising trend is shown by the rainfall
curves of most of the stations.
In respect of the stations
on the west coast of peninsular India the rise is extremely
steep and the peak is attained by about the middle of June.
The slope of the rainfall curve is much less and the maximum
very flat in respect of stations in North-East India.
Stations in the central and northern parts of India experience the pea~ of rainfall activity by the middle of August.
There is thus an interval of two months between the attainment of the peak rainfall at stations on the west coast of
South India and those over the plains in North India.
These facts are considered in relation to the onset and
advance of the south-west monsoon.
The rainfall patterns
of two island stations, Minicoy and Port Blair, the first of
which lies in the path of the Arabian Sea branch of the
monsoon current and the second in the Bay of Bengal branch
of the monsoon current are presented and discussed.
1•

INTRODUCTION

The southwest monsoon season comprising the four months,
June, July, August and September accounts for more than 75% of the
annual rainfall for most parts of India.
The southeastern parts of
peninsular India south of 15°N experience their rainy season during the
northeast monsoon months of October and November.
During the months
from December to May travelling disturbances in the extra-tropical
westerlies give rise to lightprecipitationover the northwestern parts
of India.
The southern and northeastern parts of Ind-ia experience
precipitation associated with pre-monsoon thunderstorms which progressively increase from March to May.
Figure 1 shows the precipitation received over different parts of the country expressed as
percentage of the annual rainfall for the four seasons: - (i) June to
September (Southwest Monsoon); (ii) October and November (Northeast
Monsoon); (iii) December, January and February (Winter); (iv) March,
April and May (Summer).
The southwest and northeast monsoons are associated with the
northward advance and southward retreat of the equatorial trough
across India and the adjoining sea areas.
When the southwest monsoon
is fully established over the country the equatorial trough lies
between 22° and 28°N.
By October the trough retreats equatorwards
192
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0

0

and lies between 10 and 15 N over the Bay of Bengal; in November
the trough retreats further and is located between 5° and 10°N; and
in December the trough lies close to the equator while in January and
February it lies about 5° to the south of the equator.
The advance
SEASONAL DISTRIBUTION OF RAINFALL AS PERCENTAGE OF ANNUAL

JUN-JUL-AUG-SEP

OCT- NOV

Fig. 1 Seasonal distribution of rainfall
as percentage of
Annual.

I
LJ>75%

DEC-JAN-FEB

MAR- APR-MAY

1

and retreat of the southwest monsoon across India are accompanied
by large scale changes in the circulation patterns over south Asia
which have no parallel over the rest of the tropics.
The rainfall
associated with the monsoon constitutes the mechanism by which the
troposphere over a large area of the tropics and subtropics receives
a large input of energy in the form of latent heat of condensation.
The monsoon circulation and the monsoon rainfall are, therefore,
closely inter-dependent.
2.

MONSOON RAINFALL PATTERNS

Rainfall is by and large the criterion adopted by the India
Meteorological Department for fixing the dates of onset and withdrawal
of the monsoon over different parts of the country.
The middle dates
of the five-day periods during which characteristic rise and fall occur
in the five-day normal rainfall curve of a station are chosen as the
dates of onset and withdrawal of the monsoon for the station. Figure
2 shows the normal dates of onset and withdrawal of the monsoon over
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India and
show that
India and
while the

neighbourhood arrived at in this manner.
These diagrams
to a first approximation the advance of the monsoon over
the adjoining sea areas is from southeast towards northwest
retreat is in the opposite direction.

THE SOUTHWEST MONSOON
65°
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10 0°

Fig. 2 Normal dates of onset and
withdrawal of the Southwest Monsoon.
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Since the onset and withdrawal of the monsoon are associated
with the northward and southward movement of the equatorial trough, we
might expect that places to the south of latitude 25°N which are
crossed twice by the trough would show two rainfall peaks while stations to the north of latitude 25°N would show only a single peak.
However, as Riehl (1954) has pointed out, dynamic effects in the upper
troposphere, interaction between the tropical and extratropical weather systems and orographic effects produce considerable variations in
the rainfall patterns.
To study the actual rainfall patterns associated with the
southwest monsoon over India and neighbourhood, pentad rainfall normal~
of 60 selected stations based on data for the fifty-year period 1901
to 1950 were made use of.
The stations considered covered the latitude interval from 8°N to J5°N and the longitude interval from 67°E to
95°E.
Curves showing variation8 of pentad rainfall for the pentads
25 to 60 (May to October) were drawn for all the stations.
Alongside
these curves pillar diagrams of monthly normal rainfall were also
depicted.
A brief account of the salient features shown by the rainfall diagrams is given below:
{i) Minicoy and Port Blair
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The rainfall patterns of these two island st a tions (Figure
J)are of particular interest as they lie in the path of the Arabian
Sea and the Bay of Bengal branches of the monsoon current.
The pentad
rainfall curves for these stations cover the full year (pentads 1 to
73).
Up to the end of March (18th pentad) the rainfall level is very
low at these stations.
There is a slight increase of rainfall in
April due to pre-monsoon thundershowers.
From the 25th pentad
(beginning of May) a steady rise in the rainfall sets in reaching the
peak value in the J1st pentad (1st to 5th of June) in the case of
Port Blair and J2nd pentad (5th to 10th of June) at Minicoy.
There is
a rapid fall after the peak value has been attained at both places.
From Figure 2 it will be seen that normal date of onset of the monsoon
over Port Blair is 20th of May (28th pentad) and that over Minicoy
between the 1st and 5th of June (J1st pentad).
This indicates that
the monsoon sets in over Port Blair nearly a fortnight earlier than at
Minicoy.
The pentad rainfall curves in Figure 3 would indicate a
difference of only 5 days between the dates of onset at Port Blair and
Minicoy.
This shows that in the absence of objective criteria it is
difficult to fix with precision the date of onset of the monsoon over
a particular station.
In recent years it has been realised by Indian
meteorologists that rainfall should not be the sole criterion for fixing the date of onset of the monsoon and that this has to be supplemented with other criteria such as changes in air temperature, cloud
conditions, low level wind field and upper air circulation patterns
that accompany the advance of the monsoon.
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Rainfall patterns of Port Blair and Minicoy

The rainfall curve for Port Blair shows three maxima which
occur approximately in the first pentad of June , the fifth p e ntad of
September and the third pentad of November.
Rainfall minima occur
in the last pentad of July and the last pentad of October.
In the
14

case of Minicoy the rainfall decreases steadily from the peak value
in June reaching a minimum towards the end of September after which
it gradually ris e s and attains a secondary maximum in the first fortnight of November.
June is the rainiest month of the year at both
the island stations.
Stations betwe en 8° and 15°N

(ii)

Figure 4 shows pentad rainfall curves for 11 stations lying
in this latitudinal belt.
Five of the stations lie on the west coast
and three in the interior of the peninsula, while the other three lie
on the east coast of India.
The difference in the pattern of rainfall
for the three sets of stations are striking.
The west coast stations
show a sharp rise in rainfall commencing from about the 20th of May
to a peak value by the middle of June (J4th pentad).
In the case of
the southermost stations Trivandrum and Cochin, the curves show a
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gradually decreasing trend immediately after the maximum, the minimum
being reached by the middle of September (52nd pentad).
The rainfall
shows a secondary maximum in October.
The steep rise in the rainfall
curves of the stations on the west coast of India explains the origin
of the expression "burst of the monsoon on the Malabar coast".
Taking
rainfall as the criterion, the date of onset of the monsoon can be
fixed with greater precision for the west coast stations than for
stations over the rest of the sub-continent.
June is the rainiest
month at Trivandrum and Cochin while June and July get practically the
same amount of rainfall at Kozhikode, Mangalore and Marmagoa.
An
interesting feature brought out by the three interior stations
Tiruchirappalli, Bangalore and Bellary is the gradual decline in rainfall from pentad JO to 35 while rainfall is steeply rising on the west
coast.
Pamban, Cuddalore and Madras on the east coast do not show
any changes in rainfall associated with the onset of the southwest
monsoon.
Hence it is not possible to fix any date for the onset of
the monsoon for these stations based on the criterion of rainfall. All
these stations,however, show a rapid increase in rainfall from the end
of September reaching peak values in November.
(iii) Stations between 15° and 20°N
Pentad rainfall and monthly rainfall f'or 10 stations in this latitudinal belt are represented in Figure 5.
The west coast stations
again show steep rise in rainfall from the end of May till about the
25th of June.
June and July get almost the same amounts of rainfall
at Marmagoa while further north at Ratnagiri and Bombay July is the
rainiest month.
The four interior stations Hyderabad, Sholapur,
Nizamabad and Aurangabad show a gradual rise in rainfall from the beginning of June to a flat maximum near about the middle of July.
There
is a decrease of rainfall in August followed by an increase to a
feeble maximum about the 20th of September (52nd pentad).
The rainfall curves of the three stations Masulipatnam, Visakhapatnam and
Gopalpur on the east coast show a gradually rising trend from about
the middle of June to a maximum about the middle of October after which
there is a rapid decrease.
(iv)

Stations between 20° and 25°N

Figure 6 shows the rainfall patterns of some stations that lie in
this latitudinal belt.
Surat and Bhunj on the west coast illustrate
the rapid decrease in the monsoon rainfall to the north of Bombay.
July is the rainiest month at both these places.
The interior stations from Indore in the west to Sambalpur in the east illustrate the
longitudinal variation of rainfall over the central parts of the
country.
There is a general increase in rainfall from west to east
over this zone.
Moreover while July is the rainiest month over the
western parts, rainfall in August is practically the same as that in
July over the eastern parts.
The rainfall pattern for the stations
over Northeast India/East Pakistan show some distinct features.
Rainassociated with pre-monsoon thunderstorms in April and May makes an
appreciable contribution to the annual rainfall over these parts.
Hence the characteristic rise in the pentad rainfall seen at stations
along the west coast is not observed for these stations.
Another
noteworthy feature is the more or less even distribution of rainfall
14*
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throughout the monsoon season,

the rainfall being abundant.
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Stations between 25

0

0

and 35 N

Rainfall patterns for selected stations in this latitudinal belt
are shown in Figure 7.
All the stations lie to the west of 85°E.
Most of the stations show a gradual increase of rainfall from the JOth
pentad (beginning of June) to the 45th pentad (middle of August) after
which the rainfall decreases gradually to a very small value by the
middle of October (58th pentad).
The diagram also illustrates the
decrease of monsoon rainfall from east to west over north India.
It
will be seen that the monsoon current does not reach Srinagar in the
Kashmir Valley.
This station experiences more rainfall in the winter
months in association with western disturbances than in the southwest
monsoon months.
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J.

DISCUSSION

From the preceding section we see that the monsoon rainfall
over India presents a variety of patterns.
Comparison of the rainfall diagrams for the stations (i) Trivandrum and Pamban, (ii)
Mangalore, Bangalore and Madras, (iii) Ratnagiri, Hyderabad and
Visakhapatnam, brings out the large variations in the rainfall patterns for stations which lie practically along the same latitude.
While
orography is an important factor that contributes to these variations,
dynamical factors also play an equally important role.
The steep
increase in rainfall followed by a gradual decline along the stations
on the west coast is in striking contrast
to the gradual rise and
fall shown by the rainfall curves of the north Indian stations.
Stations on the west coast south of latitude 12°N show two rainfall
peaks, one in June and the other in October.
However, the maximum
in October is lower than that in June.
Stations no~th of latitude
12°N show only a single rainfall peak in the month of July.
On the
east coast of India stations between latitudes 19° and 15°N have their
maximum rainfall in the month of October and those south of 15°N in
November.
Stations north of 20°N get their maximum rainfall in July.
Stations in the interior of the peninsula show a number of interesting
features.
For example, Sholapur gets maximum rainfall in September
while Hyderabad has two rainfall peaks in July and September.
It is
· interesting to note that while the rainfall of Mangalore on the west
coast is steadily decreasing from the 40th pentad, that of Madras on
the east coast is steadily rising.
We have attempted to present in this paper a descriptive
account of some of the salient features shown by the rainfall patterns
of stations over the Indian area.
Since rainfall is associated with
vertical motion in the atmosphere, the rainfall patterns should be capable of general interpretation in terms of the circulation patterns
and the thermal structure of the atmosphere.
We propose to deal with
these aspects in a subsequent paper.
We wish to express our thanks to the Deputy Director General
of Observatories (Climatology and Geophysics), Poona, for the pentad
rainfall data utilised in this study.
These rainfall data were originally collected in connection with studies on medium range forecasting.
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THE EFFECT OF TROPICAL CYCLONES IN THE WESTERN NORTH
PACIFIC AND THE BAY OF BENGAL ON THE WEATHER IN THE
SOUTHWESTER..i'J PART OF INDONESIA
C. Sutrisno
Meteorological and Geophysical Service, Indonesia

ABSTRACT
The climate of Indonesia depends on the two
adjacent continents Asia and Australia.
South Sumatra,
West and South Borneo and West Java will be taken into
consideration in this paper.
From July to October, when the sun is situated in
the northern hemisphere and is on the way back to the south,
the wind above these areas blows from the southeast.
Close
to the Equator this wind direction changes and seems to
blow from the southwest.
Much rain may be expected at
places beyond this southwest current because of orographic
and/or convergence effects.
In this current the original
dry air from the Australian continent has absorbed enough
water-vapour from the Indian Ocean, so that a small orographic or convergence effect is enough to give precipitation.
Considering the streamline charts for the months
July to October statistically, it can be seen that this
wind change takes place in a certain zone, which moves northward or southward, depending on the frequency and intensity
of the tropical cyclones in the Western North Pacific and in
the Bay of Bengal.
An important fact for people living in South
Sumatra, West and South Borneo and We st Java is the increased
precipitation north of this zone.
In contrast to Japan, the
Philippines and other places, where destruction is caused by
tropical cyclones, the existence of tropical cyclones in the
Western North Pacific and the Bay of Bengal benefits people
living in the Southwestern part of Indonesia.
1•

INTRODUCTION

The climate of Indonesia is influenced by the two continents
Asia and Australia.
The movement of the earth around the sun causes
different positions of the earth with respect to the sun from month to
month during the year.
Because of the differential heating of the
Asiatic and the Australian continents, Indonesia has two main 1nonsoon
circulations, which develop during the winter and the summer months of
the northern hemisphere.
The considerable variations in successive
years of the times of transition between the two monsoon circulations
give no possibility for the determination of a sharp boundary between
the two monsoons.
The following division of the year into four
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periods,

so as to cover the four seasons, has been used:

I.

The west monsoon period in Java.
During this period
(which includes the months December, January and February)
the Intertropical Convergence Zone or shortly the ITC is
on the average situated over the Java Sea.

II.

The transition period between the west and the east monsoon
in Java includes the following three months :
March, April
and May.
In this period the ITC moves northward and is
situated about latitude 2°s.

III.

The east monsoon period in Java covers the months June,
July and August.
The ITC crosses the Equator until it
reaches a latitude of 10°N or more.

IV.

The transition period between the east and the west monsoon
in Java includes the months September, October and November.
In this period the ITC moves further to the south and lies
roughly about J 0 or 4°N.

It is not the purpose of this paper to go into much detail
regarding these four above-mentioned periods.
2.

GENERAL CONSIDERATIONS

The east monsoon period and its transition with the west mons·
oon, which coincides with the tropical cyclone/storm season in the
Western North Pacific and the Bay of Bengal were considered.
Only the
four months July to October were taken because most tropical cyclones
develop within these months.
For simplicity the author uses the term
"tropical cyclone" to represent the storms developed in the Western
North Pacific as well as those occurring in the Bay of Bengal.
In the first place the author considered the mean upper air
charts for the months July-August and September-October for the altitudes of JOOO and 7000 feet.
At the lower levels, including the one
for JOOO feet, broad undisturbed air-currents move from the southern
hemisphere toward the strongly heated Asiatic continent.
Above an
altitude of 7000 feet the southeasterly air-current changes its
direction into a southwesterly one several degrees south of the Equator
A zone of wind shear often develops and is usually accompanied by an
overcast sky with rain.
During a cyclonic development in the Indian
Ocean south of Strait Sunda or Sumatra, an air-stream boundary between
two southwesterly currents with slight differences in relative humidity is normally created north of the zone of wind shear.
The southeasterly current from the Australian continent is
originally very dry and contains dust particles.
During its passage
over the Indian Ocean much water-vapour is absorbed.
Small disturbances in this rather moist air are enough to initiate convergence
followed by rain.
This phenomenon is only possible along or north of
a zone of wind shear and/ or an air-stream boundary.
The spells of
rain are mostly of short duration and usually happen during the
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TABLE 1.
Total rainfalls for different regions and months for the years 1948 to 1959
Djakarta-Banten
July
Year

1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959

Palembang-Lampung

-

-

-

Oct

Oct

Aug

Oct

July
Oct

136
178
349
177

264
224
514
396

295

1+65

57
253
311
375
128
2J1
1 17

92
454
632
627
367
569
224

294
295
150
242
396
349
402
321
192

310
335
142
377
430
478
432
310
253

604
594
292
619
826
827
834
631
445

July

Sept

-

-

Aug

128
46
165
219
170
35
201
321
252
239
338
107

July

Sept

Benkulu
Sept

July

West and South
Borneo
July

July

Sept

July

-

-

-

-

-

-

Aug

Oct

Oct

Aug

Oct

Oct

-

-

J.1+6

-

-

-

-

895

523
29!+

61+ .'-1-

241
372
461
328
497
331
227

627
615
680
506
643
588
426

1416
938
868
987
1 141
83!+

1140
919
653

400
278
308
565
612
408
3 11
472
326

53!+

406
546
486
493
221
439
282

-

746
812
714
1111
1098
901
532
91 1
608

TABLE 2.
Frequencies of tropical cyclones for different months from 1948 to 1959
Bay of Benga l

Western North Pacific
July
Year

1948
19!+9
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959

Sept

-

-

Aug

Oct

12
9
23

12

6

6

8
7

9
8
9

6

14
7
5
12
8

8

9

6

7
9
8
8

July
Oct

July
Aug

Sept

24
17
J2
12
17
15
15
20
14
14
20
16

5
0
1
8
3

5

h

2
1
4
2
2
6

Western North Pacific
and Bay of Bengal
July

July

Sept

July

-

-

-

-

-

Oct

Oct

Aug

Oct

Oct

10
4
5
9
7
5

17
9
24
14
11
11
8
15
11
7
14
14

17
12
13
7
1J
9
13
13
10
12
15
10

J4
21
37
21
24
20
21
28
21
19
29
24

i'+

4
1
l-i-

1
4
7
3
3
7
2

6

8
7
5
9
8

204
afternoon and evening hours.
The zone of wind shear and the air-stream boundary moves
from time to time, crossing different regions of the southwestern part
of Indonesia.
This can be seen clearly from the upper air charts
as well as from the rainfall distribution in these regions.
The
movement of the zone of wind shear and the air-stream boundary seems
to be very closely related to the total frequencies and intensities
of the tropical cyclones in the Western North Pacific and the Bay of
Bengal.
However it should be pointed out that the intensities of
the tropical cyclones could not be considered here owing to the lack
of data regarding the minimum pressure and radii of the individual
cyclones.
A brief description can be g~ven as follows:
a southeasterly
air-current from the Australian continent changes its direction into
a southwesterly one on approaching the Equator.
Should a tropical
cyclone develop in the Western North Pacific and/or in the Bay of
Bengal, the zone of wind shear will move to the south, but will move
back again to the north after the tropical cyclone has entered its
mature stage.

J.

RAINFALL COMPARISONS

The different annual frequencies of the tropical cyclones and
storms from 1948 to 1959 for the months July to October were compared
with the rainfall distributions of several regions in the southwestern
part of Indonesia for the same years.
Rain data from 18 stations in
South Sumatra (Benkulu, Palembang and Lampung), 20 stations in West
Java (Hanten and Djakarta) and 12 stations in West and South Borneo
wr ~ re used.
Those rain stations are spread over an area of roughly
JOOO square miles in West Java,
S0,000 square miles in South Sumatra
and 65,000 square miles in West and South Borneo.
The mean values of
rainfall for the different regions are given in Table 1.
Data for Benkulu are .g iven in a separate column, bearing in
mind its mountainous boundary with Palembang and Lam~ung.
The four
months are further divided into two groups.
The first group includes
the months July and August belonging to the east monsoon period, while
the second one includes September and October for the transition
period between the east and west monsoon in Java.
The year to year fluctuations of the mean values of the separate groups for different regions can be seen in Table 1.
For the
purpose of comparison the frequencies of tropical cyclones are given
in Table 2.
The fluctuations in the frequencies of tropical cyclones
with the years can be seen distinctly and seem to have a period of
roughly about J years.
To examine the possible correlation of these tropical cyclone developments with the weather in the southwestern part of

Indonesia th<' rainfalls for different regions and the total frequencies or tropical cyclones were plotted in graphs.
These graphs
~hoW<.!d that incr<~ases in frequencies are genRrally accompanied by
increases in rainfall or in the number of rain days.
However, it

TABLE 3.
Total numbers of rain days for different regions from 1948 to 1959

Djakarta-Ban ten
July
Year
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959

-

Sept

July

-

-

Aug

Oct

Oct

8
4
7
12
10
3
12
19
12
12
17
6

11

19
15
27
25
29
8
27
35
29
18
28
13

11

20
13
19
5
15
16
17
6
11
7

Palembang-Lampung
July Sept

-

Aug

-

19
18
9
20
26
20
22
20
12

-

July

-

Benkulu
July

-

Sept

-

West and South
Borneo
July

-

July

-

Sept
Oct

July

-

Oct

Oct

Aug

Oct

Oct

Aug

-

-

-

-

-

-

-

-

55
43
36
45
54
44
l+9
40
34

17
18
16
23
27
21
17
17
11

19
25
19
26
21
24

36
43
35
49
48
45
28
36
28

20
23
12
21
26
24
18
16
15

-

39
41
21
41
52
44
40
36
27

21
16
12
21
29
19
25
17
16

-

34
27
24
24
25
25
24
23
18

-

11

19
17

Oct

-

-

TABLE l+.

Djakarta-Banten and
Palembang-Lampung
July-Aug
Rainfall

Sept-Oct

0.86
Corr.Coeff
0.79
Regr.Equat Y=0.71X+16 rY=0.75X+84

0.82
0 93
R ain
.
d ays Corr.Coeff
Regr.Equat Y=0.88X+2.1 Y=0.64X+2.9
A

0

Djakarta-Banten and
West and South Borneo

Djakarta-Banten and
Benkulu

July-Aug

July-Aug

0.73
Y=1.0X-58

Sept-Oct
0.72
Y =1. 1X+32

o.66
0.74
Y=0.59X+2.5 Y=0.59X+4.9

0.57
Y=0.68X-6
0.73
Y=0.7JX+1.5

Sept-Oct
Small
0.36

-

l\)

0
\J1
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has to be remembered that in addition to the frequencies the radii
and the central pressures of the tropical cyclones have also to be
considered.
We know that the lower the central pressure and the larger the
radius of a tropical cyclone the larger is the effect of suction.
It
is therefore perhaps premature to determine correlation coefficients
between rainfall and the frequencies of tropical cyclones without also
considering the intensities of the tropical cyclones involved.
The numbers of rain days for the same periods and regions are
given in Table J.
The author then calculated the correlation coefficients (for both rainfall and the number of rain days) between
Djakarta-Banten and the other three regions.
Results of these calculations are presented in Table 4.
The correlation coefficients have
moderate values and tend to show the existence of a relationship
between the rainfall distibutions of Djakarta-Banten and the other
regions.
Besides the correlation coefficients regression equations
have been obtained and are also presented in Table 4.

4.

CONCLUSIONS
Considering the tables and results of the calculations, brief
conclusions are:
1.

An increase of rainfall in a certain period between the months
July and October is mostly obtained as a result of an increase
in the frequency of tropical cyclones/storms in the Western
North Pacific and the Bay of Bengal.

2.

A wet east monsoon occurs in the southwestern part of Indonesia
when the frequency of tropical cyclones is above normal, while
a dry east monsoon may be expected when tropical cyclones are
very rare.

J.

Rainfalls for Djakarta-Banten are moderately correlated with
those of Palembang-Lampung and West and South Borneo.
These
rainfalls are caused by the existence of zones of wind shear
and/~r a~r-stream boundaries, activated by the development of
tr0~1cal cyclones.
The current flowing above West and South
Borneo seems to originate partially from the Western South
Pacific which probably accounts for the moderate values of
the correlation coefficients shown in Table 4.

4.

Moderate correlation was found for the rainfalls between
Djakarta-Banten and Benkulu for July-August, but very small
correlation was found for September-October.
This is because
of the large orographic effect in the last two months.

5.

Based on the moderate values of the correlation coefficients
between Djakarta-Banten and the other regions (except Benkulu),
factors used for the determination of the beginning and the
end of the dry monsoon in Java can possibly be used for the
other two regions.

SEASONAL CHANGES IN THE CIRCULATION PATTERN OVER
INDIA AND NEIGHBOURHOOD
G.C. Asnani and A. Umamaheswara Rao
India Meteorological Department, Poona.
ABSTRACT
Based on monthly means of observations during the
IGY year 1958, time-sections are presented for the four
meridians 20°E, 80°E, 180°and 80°W extending from latitude
6o 0 s to 60°N.
Important differences in these sections, apparently due to land and sea contrasts, are highlighted.
The Indian radiosonde data, averaged for two different months
January and July are used to calculate various measures of
vertical stability.
The Indian pibal and rawin data for
January are used to evaluate horizontal and vertical wind
shears.
It is found that the ratio of the relative vorticity
to the coriolis parameter is constant for a given level on
the anticyclonic side of the westerly wind maximum.
Brief
reference is made to the applicability of geostrophic assumption to the mean January flow over India south of 20°N.
1•

INTRODUCTION

It is well known that orography, static stability and wind
shears (horizontal and vertical) play important role.s in the dynamics
of small scale and large scale flow patterns.
It was, therefore,
considered to be of interest to examine the circulation over India in
relation to these parameters.
The influence of land-sea contrasts on
the seasonal pressure patterns, the behaviour of certain stability
parameters in winter and summer months and the behaviour of the zonal
W/E winds across the central meridian through India in the winter month
of January are briefly touched upon in this paper.

2.

LAND-SEA CONTRASTS

To study the effect of land-sea contrasts on the seasonal
pressure patterns, the monthly mean charts for the IGY year 1958 published by the USSR were made use of .Isopleths of pressure/contour heights
were prepared for the sea level, 700, 500, JOO, 200 and 100 mb levels
along four meridians chosen for distinctly different dispositions of
land and sea along their north-south stretch.
These are:
(i) 20°E (running across the centre of the continental mass of
Europe and Africa).
The meridian is characterised by land mass
to the north and sea to the south.
(ii) 80°E (running across Asia and the Indian Ocean).
This
meridian is characterised by land mass to the north and sea to
the south.
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180°

Time sections based on monthly means of
the y e ar 1958.
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(iii)

180° (running across the Pacific Ocean).
This
meridian has sea on either side of the equator.

(iv)

w (running along the eastern parts of North
America and off the west coast of South America). This
meridian has land mass to the west and sea to the
east north of the equator and vice versa to the
south of the equator.
So

0

Figure 1 shows the seasonal variation of pressure / contour
0
height along these four meridians from 6o 0 N to 6o s at sea level and
at 700, 200 and 100 mb levels.
In the northern summer, the lowest
values of pressure/contour height in the lower troposphere over the
tropics are found along the meridian of 80°E which is representative
of conditions over India and neighbourhood.
The strong pressure
gradient from the subtropical ridge of the southern hemisphere to the
equatorial trough across south Asia in the northern summer months
brings about the transport of air across the equator from the southern
hemisphere during the southwest monsoon months June to September.
In
tne upper troposphere close to the tropopause (100 mb), the largest
pressure gradients are noticed along 80°E in these months between
latitudes 10° and 20°N.
These are associated with the easterly jet
stream observed over the south of the Indian peninsula in these months.
The peculiar features of the summer monsoon circulation over
south Asia characterised by the most intense "low" in the lower troposphere and the most intense "high" in the upper troposphere are presuumably to be attributed to the land-sea contrast which is the
distinguishing feature of the meridian of 80°E as compared with the
other three meridians.
A quantitative theoretical explanation of
this feature of the monsoon circulation is at present not available.
J.

STATIC STABILITY

Gates (1961) has described various measur e s of static stability
useful in considerations of dynamics of small scale and large scale
motions of the atmosphere.
He has also presented the average values
of nine such parameters for the USA.
Similar computations have been
made for the Indian area using mean values of the radiosonde data.
Computed values for individual stations cannot be presented here for
want of space.
The horizontal distribution of one of these parameters, - re-' ae/ap
, in the bulk tropospheric column 800-JOO mb in
degrees per deci-bar is shown in Figure 2 for the months 0£ January
and July.
Table 1 gives the values of eight stability parameters
averaged over the Indian mainland.

4.

HORIZONTAL AND VERTICAL WIND SHEARS IN JANUARY

Between latitudes 8°N and J1°N and longitudes 75°E and 80°E,
there are about 15 pibal stations and four radiosonde / rawin stations
over the Indian area.
There is also a radiosonde station at Colombo
(7°N) in Ceylon.
The daily 1200 Z upper wind data of these stations
for the winter month January for the three year period 1961-1963,
were utilised to study the behaviour of the horizontal and vertical
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TABLE 1.
Mean Vertical Distribution of Static Stability Measures Averaged
over 14 Indian Radiosonde Stations (excluding Port Blair)
Level
mb

r ae
eaz

- ae
-T ae
-1 ae
- et ae
1- ae
-..12ae
ap
e az
eap
sap
eaP
e az
deg km-1 1o-2km-1 deg db-1 deg db-1 1o- 2 do1 cm 3 gm -1 cb-1

-~ae

eap

gm m-3cb- 1

JANUARY

900
800
700
600
500
400
JOO
800JOO

5.9J
6.42
6.65
7.76
10.J6

1 . 01
1. 58
1 . 91
2.02
2.06
2.J6
J.04

0.94
1. 6J
2. 1J
2.6J
J. 1J
4.29
7.20

0. 11
0. 1J
0. 1J
0. 12
0. 10
0.09
0.09

1 . 11
1. 55
1. 66
1 . 52
1. J5
1. JO
1. 29

6.99

2. 16

J.50

0. 11

1. 45

1 . 04
1 . 62
2.21
2.95
J.80
4.92
6.64

0. 10
0. 1J
0. 1J
0. 1J
0. 12
0. 10
0.09

1 . 18
1. 49
1 . 62
1. 67
1. 57
1 . 41
1. 19

J.69

0. 12

1. 49

2.95
4.5J

J.OJ
4.84

J.7J
J. 12
J.29

1 . 06
1. 49
1 . 72
1.56
1. 41
1. 2J
1.J7

5-J5
5.51
5.44
5.99
7.J1

J.92

1. 46

5.69

2.94
4.27
4.8J
4.28

layer

JULY

900
800
700
600
500
400
JOO
800JOO
layer

J.5J
4.06
4.47
4.70
4.JJ
J.77
2.96

1 . 19
1 . 40
1. 57
1. 69
1. 60
1. 45
1. 20

J.J4
4.51

J.44
4.81

5-J9
6. 18
6.62
6.86
7.05

5.9J
7. 15
8.05
8.90
9.97

1 . 12
1. 55
1 . 80
2.22
2.45
2.6J
2.86

4.05

1. 49

6. 10

7.47

2.25
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wind shears over this area on all days on which the wind flow was
markedly zonal.
80°

Fig.

2

90°

Horizontal distribution of parameter -(T/e)86~p

in the layer 800-JOO mb for January and July.
In January, the subtropical high pressure belt along 77~10 E
slopes upwards to the south in the troposphere.
Hence the westerlies
extend to lower latitudes with elevation (Ramanathan and Ramakrishnan,
1939).
To the north of the subtropical ridge, the westerlies
increase in strength with increasing latitude t i l l about 27° - the
mean latitude of the subtropical westerly jet stream - and decrease in
speed thereafter.
The core of the jet stream is at an average
elevation of 12 km.
To the south of the subtropical ridge the tropical easterlies also increase in strength with decreasing latitude to
a maximum value beyond which their speed decreases.
Starting from
the centre of the anticyclonic rid.ge, the region of increasing westerlies to the north and the region of increasing easterlies to the
south are regions of anticyclonic vorticity, while beyond the maximum
on either side, the vorticity changes sign.
In association with the
perturbations in the general circulation, the strength, location and
orientation of the subtropical high pressure ridge and the associated
anticyclonic cells undergo large variations with corresponding
variations in the strength, location and elevation of the subtropical
jet stream.
Consequently, monthly mean values of winds and the
corresponding wind profile do not bring out certain features which are
brought out by a study of the day to day wind structure.
The monthly
mean wind profile is blunted by the process of averaging the daily
flow in which the peaks are sharp but undergo fluctuations in strength
and elevation from day to day.
The study of the daily profile of winds over the region of
anticyclonic vorticity revealed the following results:(i)

15

On the days of zonal flow over the area under consideration,
the ratio of the horizontal wind shear to the coriolis
parameter, (6u/ay)/ f
, was found to be constant for a giv e n
level over the entire region.
The value of the constant
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varies from day to day.
Since the flow is zonal, au/ay
also represents relative anticyclonic vorticity of the
flow.
This relation may, therefore, be written as:

~

=

-k

f

where S is the vertical component of relative vorticity
and k is a pure number.
We may call k as the "relative
vorticity ratio" and the latitude interval over which k is
constant as the "band width".
(ii)

Between 1.5 and 12
with height.
The
for four different
shown in Figure J.
the January months

km, the value of k generally increases
frequency distribution of the k values
levels (1.5, J.O, 7.2 and 9.0 km) is
This is based on the daily values for
of 1961 and 1963.
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(iii) The band width of anticyclonic vorticity increases with
height, being of the order of 15° of latitude at 1.5 km and
exceeding 20° of latitude at 12 km (on account of the lack
of observations south of 7°N, the southern limit of the
band o1 anticyclonic vorticity could not be located at the
hi g her lev e ls on several days).

(iv)

·rhu transition from the region of anticyclonic vorticity to
cyclonic vorticity is fairly sharp at the upper levels and
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rather diffused at the lower levels.

(v)

The observed values of k did not exceed unity, showing that
the absolute vorticity ( ~ + f ) did not become negative
over the region of relative anticyclonic vorticity.

On individual days, k was determined in the following way:-

(au/ay)
f

= k

u = 2 a w k ( c o s <:/; - c o s </J0

where

)

a

=

radius of the earth

~

=

angular velocity of rotation of the earth

=

latitude of the ridge line

(/)
0

u

=

o

= latitude

(/)

A nomogram was prepared on transparent paper containing a set of curves
with u as abscissa and ~as ordinate for ten different values of k in
the interval k equal to 0.1 to 1.0.
By superposing the nomogram on
the actual wind profile for a particular level, the value of k corresponding to the curve which gave the best fit to the observed profile
was chosen as the appropriate value of k for that level on that day.
We have also examined to what extent the relationship which
we found for the day to day wind over the region of anticyclonic
vorticity holds good for the mean winds for January averaged over many
years.
As already mentioned, the peak in the day to day profile
gets smoothened by the process of averaging.
The profile of the
0
normal zonal wind along the longitude of 77t Eshowedthat between 4.5
and 12 km and south of 21°N, the rule of constant relative vorticity
ratio holds good.
However, north of 21°N, the profile shows a
diffused transition from anticyclonic to cyclonic relative vorticity
because of the smoothing introduced by averaging.
It is found that
between 7° and 21°N, the normal wind profile for different levels from
4.5 to 12 km can be represented by the following set of equations:-

Where

U

=

2 aw k

k

=

0.388 + 0.0534 (h-5), . . . . . . . . . . 10~ 11.~4.5 km

k

=

0 . 6 5 5 + 0 . 0 0 7 5 ( h- 1 0 ) , . . . . . . . . . 1 2 ~ h ~ 1 0 km

cos c/J0 =

(cos (/) 0

-

cos(/))

......••.•...•.. ( 2 )

0.9393 + 0.0102h + 0.0007h
+

( 0.167 x

2

10 -4) h 3 . . . .

12 ~ h ~ 4. 5 km

The zonal winds calculated by this formula are given in Table 2 for the
levels of 6, 9 and 12 km.
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TABLE 2
Winds given by E qn.

2 (knots)

6 km

9 km

12 km

6°N

-12.5

-8.8

-6.o

8

-9.2

-4.2

-1. 0

10

-4.8

1. 7

5.7

12

o.6

9.0

13.8

14

6.8

17.5

23.2

16

1 J. 9

27.3

J4. 1

18

22. 1

38.3

46.4

20

J 1. 2

50.7

60.2

22

41. 1

64.J

75.3

</J~h

---.;..

When the wind is given by equation (2), we can work out the
contour profile of constant pressure surfaces, along the meridian of
0
77} E , on geostrophic assumption.
These prof il es for 500 mb, JOO mb
and 200 mb surfaces are shown in Figure 4.
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Fig.

4
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SUR FACE -

20 gpm

Contour profiles of constant pressure surface
along the meridian of 77t 0 E.

The average heights for January (1956-1963 data) for three individual
stations Trivandrum (08°JO'N, 76°59'E), Madras (1J 0 00'N, 80°11'E) and
Nagpur 21°09'N, 79°07'E) are also shown in the same figure.
The
observed fit suggests that between the levels of 6 and 12 km, the
applicability of geostrophic balance may not be ruled out for the are
south of 20°N.
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O'.\T INTERACTIONS BETWEEN THE SOUTHWEST MONSOON CURRENT
AND THE SEA SURFACE OVER THE ARABIAN SEA
Jose A.

Colon

National Hurricane Research Project,*
U.S. Weather Bureau, Miami, Florida

ABSTRACT
Some aspects of interactions that take place
between the water surface of the Arabian Sea and the summer
monsoon circulation are investigated.
Over large portions
of the Arabian Sea (and also the Bay of Bengal) there is a
rapid warming of the surface water during the late winter
and early spring.
The maximum temperatures are observed
around May, at the time of the establishment of the southwest monsoon circulation.
There is then cooling of the
waters to a minimum observed in August-September, followed
by a secondary maximum in October-November.
This trend
differs from what is commonly observed over most of the
tropical oceans, where there is a single water temperature
maximum in late summer and a minimum in late winter.
The
water cooling in early summer appears to be a direct result
of the e stablishment of the southwest monsoon regime.
The
resulting inter-relationships have pronounced effects on
the properties of both the water body and the monsoon circulation.
In order to assess the role of the heat flux in
the water cooling, computations of components of the energy
balance were carried out for stations located along the
southwest monsoon current.
Rather large rates of heat
flux by evaporation were obtained in the west-central portions of the Arabian Sea.
It is shvwn that the evaporation
makes a major contribution to the water cooling in that
area.
Effects of the air-sea interactions on the atmospheric current are investigated by analysis of aerological
soundings along the monsoon surface trajectory.
A characteristic low level inversion in the levels from 900 to 700 mb
is found over most of the oceanic area.
The moisture is
concentrated below the inversion.
Above the inversion the
air is dry and unstable.
Some of the implications of the
presence of this thermal and moisture distribution on monsoon
weather are discussed briefly.
1•

INTRODUCTION

Inspection of the space and time variations in the water
temperatures over the Arabian Sea previous to and durine the southwest
*Written while on leave at the International Meteorological Centre,
Colaba Observatory, Bombay 5, India.
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monsoon suggests the presence of important interactions between the
ocean and atmosphere which have profound effects on the properties
of the southwest monsoon circulation.
The seasonal variation in
water temperatures over the Arabian Sea shows maximum values of about
29°c in April-May.
These are about the highest temperatures recorded anywhere in the oceans in summer.
After May there is a decrease
in temperature; a minimum is observed in August followed by a secondary maximum in October.
This variation differs from the more comnon
picture for most oceans, which consists of a single maximum in late
summer and a minimum in late winter.
The water cooling in the northern Indian Ocean in summer is
clearly a result of the establishment of the southwest monsoon.
These events provide a remarkable example of large scale effects of
an atmospheric system over a large oceanic body with important feedback effects on the properties of the atmospheric circulation.
An
investigation into some aspects of these interactions was carried out.
Attention was given to its results on the thermal and moisture properties of the monsoon current before it strikes on the western coast
of the Indian subcontinent.
The purpose of this report is to
discuss some of the results of these interactions and to bring to
attention some problems of interest to the understanding of Indian
monsoon weather, as a first step to more thorough work now in plan.
Data sources used in the study were the U.S. Navy Marine Atlas (U.S.
~avy, 1957); the Dutch Indian Ocean Oceanographic and Meteorological
Data collection (Royal Neth. Met. Institute, 1952); and observations
made by the U.S. Weather Bureau research aircraft and by oceanographic
vessels participating in the International Indian Ocean Expedition.
2.

FIELD OF FLOW AT LOW LEVELS AND WATER TEMPERATURE
VARIATIONS OVER THE ARABIAN SEA

The main features of the var~ations in surface flow over the
Arabian Sea are quite well known.
During winter the northeast monsoon prevails and, except in association with cyclonic perturbations
along the heat trough, the flow is generally weak and dry weather and
clear sky conditions predominate.
Weak northeast flow is observed until May, when the southwesterly monsoon current develops.
Figure 1 illustrates the monsoon
flow in full swing in June.
A southwesterly current characterized by
a high degree of steadiness and persistency dominates the area.
The
wind speed is rather weak in the vicinity of the equator, but
increases downstream on account of cross-isobaric flow towards lo,ver
pressures.
Winds of Force 4 or more are observed over most of the
Arabian Sea.
The centre of maximum speeds lies in the west-central
sector, where the mean winds are close to JO knots and where reports
of 40-45 knots are quite frequent in the daily maps.
The mean charts for July, August and September show very
little change from what appears in Figure 1.
By late Septe1nber the
heat trough starts shifting southward, changes in circulation become
more frequent and the wind flow in general becomes weaker.
The
southwest monsoon current gradually disintegrates.
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20

10

0

10

Fig.

Normal surface wind circulation over northern Indian Ocean
for June.
Streamlines in solid, isotachs (Beaufort Force)
in dashed curves.
Locations for which sea-air heat exchange
was computed are shown by numbered squares.
Only the data
for stations 4, 2 and 1 are discussed in this report.

The seasonal variations in water temperatures are shown for
three locations in the Arabian Sea and vicinity in Figures 2-4.
These stations are located approximately along the downstream trajectory, close to the strongest flow, which goes from the equatorial
region near the east coast of Africa to the vicinity of Bombay.
At
station 4, near 4°S-52°E, in the upstream end of the trajectory, the
water temperatures reach a maximum in April and a minimum in JulyAugust.
At station 2 the maximum occurs in May and ,the minimum in·
August.
The water cooling in summer amounts to about 4°c, the same
as in station 4.
A secondary temperature-maximum is observed in
October and a secondary-minimum in January-February.
Further downstream, at station ·1, the temperatures are highest, about 29°c, in
May-June.
There is a s e condary minimum of 27°c in August and a main
minimum of about 25°c in January-February.
The magnitude of the water temperature decrease from May to
August varies greatly from place to place; the maximum cooling is
generally observed in the centres of upwelling near the coasts of
Somali and Arabia, where there is a reduction from about 28°c in May
to 22°c in September.
The cooling is also large in the central
portions of the Sea, but is much less in the southeast sections that
lie outside the strong monsoon current.
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Track and wind reports at 1500 feet recorded by
research aircraft during period ,June 26 - July 2,
1963.
The track marked with dots was made on the
southward mission on June 26-27, 1963; the one
marked with x's was made on the northward mi3sion
on July 1-2, 1963.
The small numbered circles
show the positions where dropsonde data illustrated
in Figures 6 and 7 wer e recorded.
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The close association between the establishment of the
summer monsoon circulation and the onset of the water cooling leaves
little doubt as to the atmospheric effect on the water temperatures.
The physical mechanisms by which the changes in atmospheric circulation bring about the water cooling are well known and understood.
These are:
one, increase in the heat flux from the water surface to
the atmosphere, mainly by evaporation; and two, the water motions
forced by the wind stress which lead to advection of cold waters,
both vertically - or upwelling - and horizontally.
In the Arabian
Sea upwelling is quite pronounced along the African coast; the main
centres are located off the coast of Somali near latitude 10°N and
on the coast of Arabia near latitude 20°N.
Normally, evaporation
over the oceans is minimum in summer, but over some sections of the
Arabian Sea it is extremely large and seems to play a prominent role
in the water cooling.
The establishment of conditions of large heat flux from the
ocean surface to the atmosphere has also important repercussions from
the point of view of atmospheric processes, since the heat and
moisture gained by the atmosphere have important effects on the thermodynamic properties of the monsoon circul ati on.
These in turn have
an important bearing on condensation and precipitation processes over
the Indian subcontinent.

3.

THE OCEANIC HEAT BALANCE

The contribution of the sea-air heat flux to the water
temperature variations can be assessed quantitatively by computations
of components of the heat balance for the water body.
Such computations are presented for a single location in the Arabian Sea in the
work of Budyko (1956).
Another report: "Atlas of the Heat Balance"
edited by M.I. Budyko, 1955, which contains charts of components of
the oceanic heat balance for all oceans, has also been referred to
in the literature, but it was not possible for us to obtain these
charts for study.
It was decided,therefore, to carry out new computations for a few selected locations in the Arabian Sea which wou ld
show conditions at several locations along the low level air trajectory.
Monthly mean data published in the U.S. Navy Marine Atlas
(U.S. Navy, 19.57) were found adequate for evaluations of the heat
flux to the atmosphere and of absorbed radiation.
The heat flux was
computed with the formulae:
L(q

s

-

q )v
a

where Q is the latent heat flux by evaporation; Q is the heat conduction; e~ is the air density; cd is the drae coef~icient; c
is the
specific heat of air at constant pressure; L is the heat of ~aporiz
ation; q
is the saturation specific humidity at the temperature, T ,
s
w
of the water; q
and T
represent the specific humidity and temperature
a
a
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of the air; and v is the wind speed.
The computations were made
using mean monthly values of the parameters involved.
The applicability of these formulae to mean data have been amply discussed in the
literature (Jacob, 1951; Malkus, 1962).
The drag coefficient was
taken as 1.4 x 10-3 for wind speeds less than 15k and 2.0 x 10-3 for
speeds above 15k (Sheppard, 1958; Wilson, 1960; Deacon and Webb,
1962).
With the large range of wind speeds observed, over 25k in
the monsoon period and less than 10k in winter and spring, it seemed
advisable to recognise the variations in the drag coefficient with
wind speed.
The net absorbed radiation, Q , was evaluated with the
relation (Budyko, 1956)
r

Qr =A Q0

[

1 -(1

-

k)c

J

-

Q

bo

( 1 -k !I

?

c...,)

where A is the absorption coefficient for sea water; Q is the incomo
ing short wave radiation at the earth's surface for clear skies; c is
the cloudiness in tenths; Qbo is the net long-wave radiation at the
surface for clear skies; k and k"
are numerical parameters, which
vary slightly with latitude.
For the latitudes of the Arabian Sea
k is around O.J4, and k"
varies from 0.50 to 0.54 (Budyko,1956).
The
values for Q and Qb were adopted from Budyko (1956); the absorpti0
0
vity, A, was taken as 0.94 (Sverdrup, 1942).
The results are shown in Figures 2 to 4.
At station 4,
(Figure 2), in the upstream end of the monsoon current, the heat flux
was relatively low, on account of weak winds.
The maximum, about
1
270 ly day- , was observed in June.
Minimum values were obtained in
March-April and in August to October.
The radiation showed distinct
spring and fall maxima.
It was also relatively low, on account of
large cloudiness, but exceeded the heat flux throughout the year, by
a relatively large amount from January to April and from August to
December and by a very small amount in May and June.
At station 2, near 12°N - 58°E, the radiation balance showed
larger magnitudes (Figure J).
The maximum was about 450 ly day- 1
in spring and large magnitudes were also observed during summer and
fall.
The heat flux showed a pronounced maximum of about 670 ly day-1
in June.
It decreased rapidly in July and August.
Minimum values
of about 145 ly day- 1 were observed in April and September-October.
In this area the heat flux exceeded the radiation balance by about
JOO ly day- 1 in June and by a very small amount amount in July and
December.
Figure 4 shows the picture farther downstream in the northcentral Arabian Sea.
There, the heat flux was quite large from June
to August, while the radiation showed a large reduction from a maximum of 600 ly day- 1 in April to a minimum of 250 ly day-1 in August.
This reduction in radiation was due to a sizeable increase in cloudiness.
The heat flux varied from about 550 ly day- 1 in June to about
150 - 200 ly day- 1 from March to May and in September.
There was a
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secondary maximum of close to JOO ly day
in winter.
From March to
May the radiation gain at the surface exceeded the heat loss by about
400 ly day- 1 while from June to August the heat loss exceeded the
radiation gain by about 200 ly day- 1 .
These facts are reflected well
in the water temperature variations from February to May and from
June to August.
Computations in other locations of the Arabian Sea revealed
that the highest magnitudes of the heat flux are generally observed
along the stream represented by stations 2 and 1.
Along the coasts
of Somali and Arabia the heat flux by evaporation was large in June,
but decreased to a very small value in August and September on account
of the small moisture gradient between the surface and the air above.
To the southeast the evaporation was relatively low due to weak flow.
Attempts were made to evaluate also the two other important
components of the heat balance:
the local time changes in the heat
content of the water - the so-called storage term - and the divergence of heat transport by the water motions.
These attempts 1vere
unsuccessful on account of l.nsufficient data.
Knowledge of the temperature and the field of water motion below the surface is required.
Such information is practically non-existent.
Some information on
the seasonal variation in temperatures below the surface is available
for the location near 17°N-66°E, our station 1, in a report by
Pattullo (1957).
However, the information was based on only 109
bathythermograph observations.
Values of the heat storage computed
from these data were found to be quite high and could not be harmonized into a sensible heat balance with the values of radiation and
heat flux shown in Figure J or with Budyko's results (Budyko, 1956).
It is hoped that a new analysis of this term based on more plentiful
documentation can be made once the new data being collected by
vessels participating in the International Indian Ocean Expedition
become
available.
No reliable quantitative estimates of the contribution by
the ocean currents on a monthly or seasonal picture could be made
either due to insufficient information.
The seasonal ?icture appears
to be quite complex.
The surface water currents reverse direction
in accordance with the changes in wind circulation.
On the annual
picture, on the other hand, i t can be shown that there is a sizeable
export of heat from the Arabian Sea to other areas (Budyko, 1956).
Considerable information and insight about the physical
processes that determine the water temperature variations and about
the role of the monsoon circulation can, nevertheless, be inferred
from the material contained in Figures 2-4.
There was a large increase in heat flux downstream along the monsoon trajectory from the
equatorial region (station 4) to the north-central Arabian Sea
(stations 2 and 1).
The maximum rates of mean evaporation in summer were close to 1 cm day-1, which are as high as computed anywhere
on the tropical oceans.
These large values of heat flux resulted
mainly from the increase in the strength of the flow as the monsoon
stream moves northeastward toward the subcontinent.
As mentioned
previously, the large excess of radiation over the heat flux in
spring and early fall and the excess of heat flux over radiation
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in the monsoon period observed at station 1, and to some extent also
at station 2, are to a large extent r e sponsible for the water temperatur e variations.
The heat loss of about 200 ly day- 1 observed at
station 1 from June to August can be shown by calculation to be
sufficient to account for the observed water cooling (about 1°c per
month) in a layer 60 meters in depth.
Thus, in that vicinity, regardless of the contributions by the water motion, the increase in
h e at flux in summer would largely account for the observed water
cooling.
The picture is not quite the same in the upstream regions.
At location 2 there was a large net loss of heat, about 290 ly day- 1 ,
in June, but in the other months cold advection by the water motions
must evidently make an important contribution to the water cooling.
The same is true also in the vicinity of location 4.
The contribution of
ation 1 was also important.
in summer was mainly a result
the southwest monsoon period.
contributed to the large loss

the cloudiness in the reg~on near locThe large decrease in radiation balance
of the increase in cloudiness during
This reduction in radiation heating
in heat at the water surface.

In summary, we have that during spring conditions are such
that most of the incoming solar radiation is expended in increasing
the temperature of the water.
By May the water temperatures reach
values whic,h are about the highest observed anywhere in the oceans.
With the es'tablishment of the southwe st monsoon widespread cooling
takes place on account of cold advection and increase in heat flux to
the atmosphere.
There are in turn important effects on the low level
properties of the monsoon current, which ar e discussed next.

4.

LOW LEVEL PROPERTIES OF THE MONSOON CURRENT

Until recently the properties · of the monsoon current could
be inferred only from surface observations at sea and from aerological
soundings along the west coast of the Indian subcontinent.
These
soundings, however, revealed the characteristics of the stratification
at the end of the oceanic trajectory.
Very little information on
the properties in the upstream regions of the trajectory was available.
With the organization of the International Indian Ocean Expedition
part of this deficiency is being remedied.
Valuable information has
alr e ady been collected which p e rmit a first glance at the modifications introduced during the path of the air over the Arabian Sea.
During the period June 26 - July 2, 1963, the research aircraft of the U.S. Weather Bureau carried out an extended mission from
Bombay to Nairobi to investigate the low level monsoon flow.
Two DC-6
aircraft departed Bombay on June 26 at altitudes of 1700' and 500 mb
on a path upstream along the surfac e flow.
Aft e r a stop ov e rnight in
Aden, the track was continued to a position near 2°N - 47°E (Figur e 5).
A r e verse track was flown on July 1-2.
A complete programme of
meteorological observations, which include d a s e ries of dropsond e s
from 500 mb, was carried out.
Only the dropsond e obs e rvations ar e
discuss e d here.
The soundings r e cord e d on the northward track on
July 1-2 ar e shown in Figures 6 and 7.
The positions where the soundings were mad e ar e numbered from 5 to 1 in Figur e 5.
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The d a ta reveal e d a general incr e a s e in t e mpe r a tur e d o wnstr e am a t low l evels (Figure 6).
At the surf a c e ther e was a n
incr ea s e of 4- 5 ° C from th e e quatorial region to Bombay .
T h e l a:Jse
rate in the surfac e layer was nearly dry-adiabatic, mor e s o in the
downstr e am p osition in the central Arabian Sea, indicating we ll-mixe d
conditions.
Another important feature was the pre se nc e of a~ inver sion in the l a yer from 900 to 750 mb, which was also mor e pronounc e d
in the downstr e am positions (see positions J and 2 in Fi g u re 6).
The pronounced instability of the layer above the inv e rsion was a l so
of interest.
Closer to Bombay there was a :;;:>ronounced t end e n cy fo r
The sounding at Bombay r e fl e ct ed r a i ny
a breakdown of the inversion.
conditions prevalent at the time of observation.
The moisture data (Figure 7) showed a definit e inc reas e in
moisture content downstream near the surface.
Of p artic u la r i nter est wer e the soundings at positions J and 2 which r e v e al ed v e r y hi gh
moisture near the surface and dry conditions aloft.
The to :;;> of the
moist layer was located around 900 to 925 mb, at the b a se of th e
temperature inversion.
The drop in moistur e in the inversion wa s
quite remarkable.
In many respects this resembles the distribution
in the trade winds of the Atlantic and Pacific Oceans.
The sounding for Santa Cruz Airport, Bombay, at the e nd of
the trajectory, showed a very large moisture content at all le ve l s
re.fleeting the rainy weather present there.
The data on the southward mission on June 26-27 (not illustrated) showed ess e ntially th e
same features mentioned above.
The cloud field observed during the cours e of the s e mi s sions
reflected well the distribution of temperature and moistur e rev e al e d
by the dropsondes.
Near the equator the cloud formations we r e to
some extent of convective nature; lines of cumuli orient e d par a ll e l
to the low level flow were observed.
There was a decreas e in
convective cloudiness northward.
The predominant cloud deck from
about 7°N to 15°N was a low level stratocumulus layer with b a s e a ro u n d
1500 feet and top near JOOO feet.
There was also, sp e cially north o f
latitude 10°N, a layer of haze near the surfac e .
In th e we st-c e ntral
sections of the Sea there was a definite lack of convectiv e clouds;
. over large areas ther e we re no middle or high clouds.
F arth e r do ~ n
stream, from about longitude 65°E eastward to Bombay, the a mount of
middle and high clouds and the weather activity incr e ased.
Wid esp r e a d
cloudiness and rainy conditions pr e dominated through the oc ea nic a r ea
j~st west of Bombay.
Additiona l information on the temp e rature and moistu re
stratification was obtaine d by means of radiosond e s ounding s made
from oc e anogr a phic v e s se ls.
Two soundings ma d e a bo ard th o AT LANTC:3
II on August 11-11+, 19 6 3, are illustrated in Fi g u re 8.
The~ one i n
dashes, near 15°N - 58°E , shows a n e arly dry a di a batic l a y e r fL 0!ll th e
surface to 915 mb; a d ee p stabl e l a y e r from 910 to 810 mb, a n unstab l e
layer from 800 to 500 mb; and a moist adiabatic l a ps e r at e abov e
500 mb.
The moistur e was not av a ilable, but simil ar f ea t u re s wPn'
observed in soundings mad e furth e r to the we st, which sho wed we ll tlH '
moistur e discontinuity a t low l e v e ls.
Th e othe r sound ing illustr atcci ,
1
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near longitude 68°E, showed the mixed surface layer extending to
about 840 mb.
A thin inversion was present from 840 to 815 mb and
a relatively unstable layer above.
The moisture discontinuity was
not very pronounced in this case.
An interesting feature of the soundings in Figure 8 is th e
unstable layer above the inversion.
A similar property was also
noted in the dropsonde data in Figure 6 and appears to be a characteristic property of the stratification.
It is probably associated
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Se a r e cord e d aboa r d the Oc eano g raphic v es s e l
Atlantis II.

with the air of African and/or Arabian origin which over-rides the
southwest surface current.
The presence of this layer is of great
importance to the rain-producing potential of the monsoon current,
since once the inversion is destroyed there is a favourable stratification for rapid release upward of the moisture leading to
condensation and precipitation.
The causes of the inversion itself appear to be air mass
differences between the moist, relatively cool current with a long
oceanic trajectory near the surface and the hot, dry air current of
land (northeast Africa and Arabia) origin above it.
The surfac e
oceanic air mass is quite shallow; the southwesterly flow at the surface in the western sections of the Arabian Sea changes rapidly with
height to a westerly flow coming from land.
At the 850 mb lev e l
the flow reaching India as far south as the southern tip of the
peninsula seems to be in large measure of African origin.
Over the
northern sections of the Arabian Sea northwesterly flow predomina t e s
at the 850 mb level in summer (Raman and Dixit, 1963).
As it approaches the coast of India, the air suffers considerable modification.
The coastal region east of about longitude
68°E is a favoured one for the occurrence of increased cloudiness and
16
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precipitation (Meteorological Office, 1949).
A deeper moist layer
and weaker inversion seems to prevail there (Figure 8).
There is
at present no accepted explanation behind this preferred region of
weather.
Several possible factors can be mentione·d, none of which
have so far been fully evaluated.
There may be oceanic interactions
and vertical mixing processes in the low levels, acting in a manner
similar to what has been proposed in connection with the trade wind
inversion (Riehl, 1954).
In the scheme envisioned there, vertical
mixing takes place across the inversion layer; the penetration of
active cloud formations across the inversion base leads to mixing and
diffusion of mixture upward, which result in a lifting of the inversion.
Pick up of sensible heat and moisture from the sea surface
enhances the convective processes downstream.
Another feature to be
considered in the east Arabian Sea is the orographic effects caused
by the Western Ghats - a mountain range which runs north-south along
the west coast of India and whose influence probably extends some
distance upstream.
However, the weather area seems to extend too far
upstream for orographic effects to be solely responsible.
One other
factor that may prove to be of great importance is the tendency for
formation of perturbations in the low level flow in the vicinity of
the coast (George, 1956).
Recent observations and studies now in
progress indicate the possibility that the formation of these perturbations may be connected with developments in the middle troposphere.
Thus the breakdown of the inversion may be linked to the occurrence
of convergence patterns associated with synoptic scale developments.
The most direct and noticeable effects of the interactions
between the water body of the Arabian Sea and the circulation above
are probably those discussed in this report.
However, there are
probably many other feedback effects, covering a wide scale in time
and space, and many of which are not easily detectable.
The discussion presented here has brought out factors of importance in the
diagnosis and forecasting of monsoon weather.
First of all, it
appears that the establishment of the monsoon current by itself is not
enough to guarantee the release of rainfall.
There is a vast reservoir of moisture near the surface, but a suitable mechanism must
exist to overcome the thermal inversion and release the moisture upwards for condensation and precipitation to occur.
This mechanism
must as a rule be produced by patterns of convergence associated with
synoptic scale perturbations.
This is a rule which applies to the
rainfall production in other parts of the world.
The monsoon rains
do not appear to be an exception.
Consideration of the stability of the monsoon air during its
oceanic trajectory may help in developing a fruitful line of approach
in the study of the synoptic and physical aspects of the monsoon
rains.
Additional documentation and study is needed about the space
and time variations in the low level stratification over the Arabian
Sea.
The causes underlying the modification of the monsoon air as
it approaches the Indian coast, but while still far out at sea; the
presence and nature of low level perturbations in that area, and the
nature of the cloud formations that are instrumental in producing
rain are some of the unknown questions of importance for the study of
monsoon weather, as well as the general problem of air-sea interactions and rainfall production.
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DISTURBANC E S IN THE TRADES OF THE WESTERN INDIAN OCEAN
F.A. Lajoie
Meteorological Services of Mauritius

1

ABSTRACT
Bands of convective clouds in the western Indian
Ocean when oriented roughly along an east-west direction
tend to be associated with mean surface dewpoints around 18,
21, or 24°c.
The bands of clouds are accompanied by a
weak pressure disturbance of small wavelength and disturbed
wind flow throughout the moist layer.
Suggestions for
their origin and maintenance are indicated.
1•

INTRODUCTION

The presence of long bands of clouds in the tradestream is nc
beyond doubt and Kuettner (1959) and Malkus and Ronne (1959) have
already discussed some of their characteristic features~
Some of theE
bands are roughly oriented in an east-west direction and others along
north-south.
If one flies equatorwards across an active east-west band, hE
will experience exceptionally fine weather with a few shallow cumuli
for one or two hundred kms on the upwind side.
A sharp transition ir
cloud structure and weather occurs at the poleward side of the band
where well-developed Cumulus or Cumulonimbus and showery precipitation prevail.
A little further toward the equator, trade cumuli
reappear gradually.
This sequence is in full agreement with experience and with many Tiros pictures of which Figures J and 5 are typical
examples.
The weather structure in the band and in its vicinity
obviously reflects the divergence field in the lower layers.
This is
associated with large variations in surface dewpoint along a surface
trajectory.
According to Riehl (1954) greater divergence and hence
greater subsidence poleward of an east-west band will lower the dewpoint below its mean value.
Along the band itself, evaporation of
falling rain will tend to raise the surface dewpoint above its mean
value.
This effect is partly compensated when the precipitation is
heavy and continuous, for then the accompanying downdraft will tend to
depress the surface dewpoint.
But the bands considered here rarely
give rise to continuous heavy downpours (Palmer et al, 1955).
As
these bands move over a station, the surface dewpoint temperature will
therefore show a characteristic variation.
In the western Indian Ocean, paucity of weather observations
has prevented a comprehensive study of these bands by standard synopti
1) Present affiliation : Meteorology Department, University of
Melbourne, Australia.
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iethods.
An attempt, howev e r, has b e en mad e to investigate some of
;heir characteristic features as they pass ov e r th ~ island of
[auritius (20.3°s, 57.5° E ).
EXAMPLES OF BANDS OF CONVECTIVE ACTIVITY
The surface observations used in the investigation are
1ainly those made at Plaisance Airfield (20°26 1 S, 57°40'E) on flat
errain sixty metres above mean s e a level, about one kilometre from
he coast at the upwind (southeast) end of the island.
Studi e s of
he trades by Malkus and Stern ' (1953) and by Malkus (1959) suggest
hat the weather conditions in such a location would be slightly drier
.uring the day and slightly wetter during the evening and night, than
ver the open ocean.
Except for occasional land breezes, the main
·eather changes at Plaisance will therefore be assumed to represent,
·ith some exagg e ration, those occurring over the adjacent sea.
The dewpoint and rainfall variations associated with the
assage of a typical band of convective cloud over the island are
llustrated in Figure 1 which shows the Plaisance surface dewpoints
or 0600 G.M.T. (known to be within.±. o.3°c of the daytime mean dewoints) and the daily rainfall totals for thirty-six selected rainfall
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Fig. I. Mauritius rainfall and mean dewpoint at Plaisance .

tations on the island during the period 14th to 28th Februa ry, 1961.
o rainfall data have been includ e d for the we st of the island where
ost of the rainfall is due to sea breezes.
The amount of rainfall
an in no way be taken as r~presentative of that over the s e a, but
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its variation suggests an increase in shower activity over the sea
especially on the 24th when the dewpoint rose to 23.5°c and on the
26th as the dewpoint fell to 21°c.
These and other observations made on February 24th suggest
the passage of a thin bandlike disturbance oriented roughly east-west
moving southward in the afternoon.
This is borne out by the
Pluviograms for Plaisance and Port Louis (JO kilometres northwest of
Plaisance) reproduced in Figure 2.
Showers started first in Port
Louis at 0415 hours G.M.T., spread southwards across the island and
reached Plaisance at 0510 G.M.T.
Some passing showers occurred at
Plaisance during the day.
At 1200 G.M.T. heavy showers suddenly
started at Plaisance, spread northward and affected Port Louis thirtyfive minutes later.
Heavy downpour stopped at 1231 G.M.T. at
Plaisance (followed by slight rain from Altostratus) and at Port Louis
at 1310 G.M.T., thirty-nine minutes later.
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Pluviograrns indicating the passage of convective bands
over Mauritius, 24 February 1961.

It must be emphasized that the disturbance of February 24th
was not linked to the equatorial trough which at the time was located
far to the north of Mauritius; this is shown also by the absence of a
wind shift to the southwest or northwest which tends to characterize
the passage of the equatorial trough and serves to distinguish this
event from the passage of the bandlike convective disturbances here
under consideration.
Details of these bands have become more accessible for study
with the advent of satellite cloud photographs.
As an example, the
nephanalyses obtained from Tiros VI for the 1Jth and 14th May, 1963,
are reproduced in Figure J.
They indicate that a band of clouds
orientated from northeast to southwest was located just to the southeast of Mauritius on May 1Jth at 1053 G.M.T., and that at 0955 G.M.T.
on the following day another band extended from east to west across
the island whilst the northeast-southwest band was far to the south.
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Figure 4 (a) to (e) shows a selection of observations at Plaisance
from May 12th to 15th.
Curve (a) shows the surface pressure trend
after removal of the diurnal variation by a 24 hour moving average
(the actual pressure observations are also shown as dots);
the
variations in surface dewpoint are given by the curve (b) together
with the amounts of cumulus cloud (c), surface and upper winds (d),
and weather phenomena (e).
From Figures 3 and 4 it appears that the northeast-southwest
oriented band of clouds photographed by Tiros VI on May 13th moved
over Plaisance, in an easterly direction, shortly after 1800 G.M.T.
on May 12th.
The surface pressure variation (curve (a), Figure 4)
and the wind changes indicate the passage of a small-scale ridge
followed by a trough, the rainy weather being associated mainly with
the ridge.
The pressure variation was only 0.2 mb, but in view of
the short wave length of the system (30 to 50 km from trough to ridge)
this represents a significant disturbance in the large-scale pressure
field.
The upper winds in Figure 4 (d) demonstrate that the disturbance extended throughout the moist layer.
The showery weather at 13/2100Z was purely local, being the
effect of land breeze characterised by the light surface northwesterly.
Between 14/0300Z and 14/0600Z, the dewpoint rose suddenly through 1s 0 c,
and remained above this value until just after 14/2100Z.
According
to curve (c), the band of clouds photographed at 14/0955Z (Figure 3)
passed southward over Plaisance just before 14/0300Z.
The mean
pressure was falling and the upper winds indicate a convergence of
stream lines along an east-west asymptote.
It is well known that in
the tropics frequently there is correlation between such directional
convergence in the low troposphere and horizontal mass convergence
(Palmer et al (1955)).
The disturbance was again accompanied by a
perturbation of the flow throughout the moist layer (see upper winds
of the 14/1200Z).
The band apparently moved north over Mauritius
again just before 14/0300Z as illustrated by curve (c).
The pressure
was then rising.
The nephanalyses of the 15th May showed that the
bands were still active, but the Tiros picture ended west of Reunion
Island and did not include the Mauritius area itself.
Similar disturbances have been reported from other parts of
the tropics where observational networks make it possible to study them
in greater detail.
An example is the case discussed by Hubert (1961)
who was able to show that the poleward end of the band of clouds in
question had the characteristics of a temperate-latitude front whereas
its low-latitude end had degenerated past the shear-line stage and
coincided with a convergence asymptote of the surface streamlines.
Where the band passed over observing stations such as Aneityum Island
and Vila Island,dewpoints in the range from 18.5° to 20°c and between
21° and 22°c respectively were observed.* Another band of cloud,
which existed around the same time in the vicinity of the northeast
coast of Australia, again tended to coincide closely with the 18°C dewpoint isopleth.
*The writer is indebted to Mr L. Hubert for the detailed observations
from which this information was obtained.
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Finally a case of a convective cloud band over land is
illustrated in Figure 5 which shows part of the Australian surface
chart for 0500 G.M.T. on October 29th, 1962.
The nephanalysis
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Fig. 5. An Australian example of convective bands. (Nephonolysis from Tiros

obtained by Tiros VI has been extracted from the small maps in the
published catalogue (1963) and has been added in Figure 5, together
with the dewpoint isopleths of 18°c, 21°c
and 24°c.
Again the cloud
band limits seem to coincide with the dewpoint isopleths.
The
finger-like structure of the southernmost band and the merging of the
two more northerly bands at their eastern end seem to be due to weak
pressure troughs, as shown by the presence of cyclonic wind shear and
the sequence of surface observations (not shown) in these two regions.
As in the case described by Hubert (1961) the southernmost cloud band
in Figure 5 can be traced back to a frontal system which extended in
a northwest-southeast direction from Port Hedland to Woomera on the
26th October and during the following days moved into the area covered
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by Figure 5.

3.

SUGGESTIONS FOR THE ORIGIN OF THE CLOUD BANDS

The final examples of the preceding section have indicated
a possible link between low-latitude bands of convective clouds
and middle-latitude fronts (cf. also Bunker et al (1949)).
The
synoptic charts of the southern hemisphere prepared on the basis of
IGY data by the South African Weather Bureau (1962) show on many
occasions frontal systems between 25°south and 20°south (where the
analysis was terminated) especially on the east coasts of the three
continents.
In most cases these frontal regions coincide with the
mean 18°c or 21°c dewpoint isopleths.
It must be emphasized, however, that the narrow bands of
convective clouds found near and north of Mauritius as well as in
other tropical regions, though possibly derived from middle-latitude
fronts, are not themselves frontal systems.
Riehl (1954) has put
forward irrefutable arguments against the existence of fronts in the
tropics.
In the trades small-scale turbulent eddies in the sub-cloud
layer and the entrainment circulation in the cloud layer itself,
effectively distribute the sensible and latent heat picked up at the
ocean surface over a deep vertical column.
Since the heat flux from
the ocean is directly dependent on the difference of the temperatures
of the ocean and the adjacent air, discontinuities in air temperature
such as occur near fronts quickly disappear.
The trade wind inversion restricts the turbulent mixing to the moist layer of the trades.
In consequence, as the airmasses associated with a frontal system of
middle latitudes move into the tropics, both the temperature
and
density contrasts and the cyclonic wind shear are rapidly destroyed
in the lower layers.
At higher levels however, remnants of the
frontal circulation will evidently persist rather longer, since the
trade inversion offers protection from surface influences.
Over tropical continents, - an inversion exists as in the tradewind regime.
The air below that inversion is drier than that over
the open sea.
Ball (1960) in his study of this inversion ~ver
Australia found that its level is controlled exactly as the trade-wind
inversion, namely by subsidence and its accompanying mass transfer
and the variations of the heat flux from below.
The existence of
continuous bands of convective clouds on both land and sea then is
consistent with the hypothesis that the cloud bands often represent
the remnants of middle-latitude fronts.
This would account also for
the pressure trough noted in the examples in Section 2.
However, it
must be stressed that such a trough can be explained also in
hydrostatic terms once the convective activity exists, and moreover
can be shown to lend itself to perpetuating the circulation associated
with the convective cloud band.
To do so, we refer to the theory of steady trade flow put
forward by Riehl and Malkus (1957), in which it was shown that for a
unit cross-section the surface pressure head !:l p 0
driving the flow
is related to the non-adiabatic heating H, deduced from observed
increase in potential temperature along the trajectory by the re-lation
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ds dz

( 1)

where K, u, s and z are respectively a constant which can be theoretically determined, the wind speed and the coordinates along the
trajectory and the vertical.
Malkus (1956) using the equations of motion f)r a steadystate flow along an air trajectory together with the equation of
continuity and the first law of thermodynamics, obtained the following
second-order differential equation for the vertical velocity w:

=

gH
CpTu2

_ _1_ d 2 Tsz
/C'Ti dz2

(2)

In equation (2) the bar indicates undisturbed values and S, g, c , T,
and y sz are the stability {1/e)88/az ,the acceleration due to grav~ty,
the specific heat of air at constant pressure, the temperature,
density and shearing stress respectively.
H was assumed to be independent of s and to decrease exponentially with height.
Using the
observations of Riehl et al (1951), Malkus deduced H 0 the mean rate
of heating at the surface, and the mean exponential decay with height,
for the whole trajectory.
The model presented fitted the observed
mean picture.
It was then shown that the stability of the trade and
the associated divergence field is strongly affected by slight variations in the rate of heating.
A decrease of 10% in that parameter,
or possibly even much less than that, was shown to be adequate to
create strong convergence in the lower layers.
If we now consider
the quasi-steady trade flow through the small surface trough associated
with a convection band of the type suggested by the examples of Section
2, the heating function H will no longer be constant along s and may
be assumed to consist of two parts H and H' which are respectively the
steady-state heating function and its perturbation due to the pressure
fluctuation.
For steady-state conditions, the first law of thermodynamics gives

(J)
Applying perturbation methods,
ion may thus be written

the steady-state surface heating funct-

where T' and p' are the gradual increments of T and p, the values at
the upwind end of the trajectory.
Taking into account p" the small
scale pressure fluctuation near the band, the heating function there
is given as
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Riehl et al (19s1) have shown that H0 has values between 150 and 100
ergs gram -1 sec -1 .
A pressure fall of no more than 0.2 mb over a
distance of fifty kilometres as suggested by the observations of May
12th, 1963 according to equation (4) will make Hb equal to 17 ergs
61 o f -H .
gram -1 sec -1 or some 10~
0

There is therefore little doubt that the existence of even
slight pressure irregularities along the trades would give rise to
marked fluctuations in convective activity, reminiscent of the effect
of very slight sea temperature anomalies (of the order of 0.05 to
o.3°c) which Malkus (1957) has shown to be responsible for the origin
of disorganized trade Cumuli.
It remains to account for the association of intensified
convection with certain mean surface dewpoint values.
This association has been pointed out in the examples presented here and is further
underlined by Figure 6 which shows the distribution of rainfalls
observed during March 1963 . at Plaisance, Mauritius, plotted against
surface dewpoint.
To minimize the effect of evaporating rain the
dewpoint at the hour preceding the shower was used in preparing Figure
6.
Day and night values were dealt with separately because of the
disturbing effect of diurnal variation.
It is worth pointing out
here that the weather is not necessarily disturbed when the dewpoint
rises or falls through these 'critical' values, but when bad weather
occurs, due to the passage of an oriented east-west band, it is
usually associated with a change of dewpoint through one of these
values.
This association has helped to improve forecasts for
aviation purposes and of local weather at Mauritius.
Although the origin of the southernmost band of convective
clouds (usually associated with dewpoint 18°c) may sometimes be traced
back to an extratropical frontal system, yet there is some doubt about
the origin of the other bands.
An explanation of these might perhaps
be given on the following terms.
As middle-latitude air moves into
the tropics, its modification will proceed at much the same rate in
each case in accordance with the observed mean temperatures and dewpoints along the climatological streamlines of the trades.
These
indicate that the heating function must pass through a maximum since
both ae/as and the velocity of the flow TI increase at first along
the flow (Riehl et al (1951); cf. also mean charts in Schott (1935)).
Subsequently, there comes a point at which the increase in potential
temperatures slows down without the corresponding increase in flow
velocity needed to keep H constant.
It may be suggested that this is
the point where the convective bands first tend to form and that this
oc8urs on the average when the surface dewpoint has been raised to
18 C in winter and to 21.5°c in summer.
Subsequently the mechanism
described above for the maintenance of a convective band through the
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associated heating function disturbance arising from the small
pressure variations may be adequate to maintain the convective band
as the trade air moves equatorwards.
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CONCLUSION

Evidently a good deal of speculation has gone into the many
models suggested here for the narrow bands of convective clouds so
important for the weather change$ in the region of the western Indian
Ocean and elsewhere in the tropics.
Additional data are needed to
test the model.
Apart from satellite photographs, useful information
could come either from a large set of synoptic observations, or from
numerous observations at a few fixed stations which can be averaged
with reference to the position of the convective band at the time of
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each observation.
Data for small islands unlikely to disturb the
trade flow appreciably would be especially valuable for this purpose,
and it is hoped that an observational study to start shortly at
Willis Island (16°18'S, 149°59'E) may produce observations suitable
for test~ng and amending the considerations presented here.
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CHAIRMAN'S SUMMARY : SESSION 2

J.

w.

Hutchings

The survey paper for this session referred to four areas
in which extensive research was necessary.
One of these references
stressed the need for further observational investigations bringing
out the basic facts that any theoretical study must succeed in explaining.
In retrospect this session consisted for the most part of
such observational studies and the discussion of these papers also
tended to take similar lines.
With regard to the survey paper it is interesting to note
Hubert's remark that the increasing amount of satellite data expected
to be available in the near future will help in obtaining knowledge
of the wind circulation in the tropical regions.
Indeed this was
the subject of a paper by Sadler in a later session.
Noteworthy too
was Koteswaram's note of warning against too much generalisation on
the causes of the characteristic breaks in the Indian monsoon.
Further investigation shows that a variety of conditions may be responsible for this phenomenon.
Many of the papers presented studies of the Indian monsoon.
In the discussion following these papers there seemed to be general
agreement on the observational structure of the monsoon circulation.
Flohn, however, considered that the different types of radiosonde used
in India and Tibet may introduce some uncertainty into the observed
picture at higher levels.
New observational material on the Indian
monsoon was given in a paper by Raman and Dixit (presented by Ramage)
and further new data for the Indian region was presented by Colon.
These data represent the first fruits of the International Indian
Ocean Expedition and further results from this source are expected to
add greatly to our understanding of this region.
One basic study presented was that of van de Boogaard.
Discussion of this paper mainly expressed appreciation of the careful
attempt being made to obtain basic facts about the momentum and energy
exchanges in the earth's atmosphere over shorter periods of time.
Of the other papers the work on stratospheric wind cycles
by Belmont and by Farkas attracted most attent~on.
It seems however
that although the observational facts are well documented by these
studies, little progress has been made with the physical explanation
of the phenomenon.
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INTRODUCTION

Convection today is one of the most exciting and challenging frontiers in tropical meteorology, from both a practical and a
purely scientific viewpoint.
Tropical clouds are vital links in the
radiation and water budgets of the planet.
The low-latitude onethird of the earth's surface receives its rainfall largely from cumuliform clouds.
That this supply is inadequate, varying spasmodically
from rare feast to persistent famine is well-known; it poses a serious
obstacle to human development in Australia, India, Central America,
Northern Africa, the West and East Indies and other tropical regions.
Tropical cumuli also have an impact far outside the regions
that breed them.
Recently their vital role in the fire box and fuel
pump functions of the atmospheric heat engine have been documented;
a few thousand cumulonimbus "hot towers" in the equatorial trough
zone condense two-thirds of all the sea water evaporated into the
atmosphere and export aloft several hundred times as much energy as
consumed by all the global wind systems combined.
Nearly all tropical weather hazards to life and property
have convective clouds near the heart of their machinery.
An outstanding example is the hurricane, where a few hundred active towers
have been shown (1-3) to create the pressure gradients that drive the
furious winds.
Attempts to understand, predict and modify tropical
convection must therefore be given high priority in our effort in the
earth sciences, on both a national and international scale.
Today
these convec.tion studies find themselves in the paradoxial position
of facing major obstacles in physical modelling and yet being nearer
the threshold of serious modification experiments than any other branch
of atmospheric science.
This paradox is the heart of both the challenge and the
excitement; it will serve as the focal point of this paper.
A brief
review of progress to date will be presented first to enable understanding of the obstacles faced and to form a background to discuss
the new frontiers, particularly the current and proposed modification
experiments.
2.

REVIEW OF PROGRESS TO DATE

Since World War II, advances in convection research have
been phenomenal, and gratifying enough, most of these have stemmed
from studies made in the tropics.
The progress lies mainly in three
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areas:
1.

Studies of individual convection elements

2.

Documentation of the role of convective clouds in largerscale tropical circulations

J.

Studies of cumulus organization and patterns

Let us consider the first two topics here, beginning with
individual convection elements.
There are now detailed aircraft
and glider observations (4-7), some including updraft and liquid
water profiles as well as those of temperature and humidity.
We
have quantitative time-lapse motion picture studies, occasionally put
together with radar (8), limited theoretical and numerical models
(9,10) and controlled laboratory experiments (11).
It is gratifying
that the worthwhile literature on these topics is so extensive as to
preclude citing here any but a few of the most recent studies.
It
is also noteworthy that the burst of progress of the late 1940's and
early 1950's has noticeably slowed down in the past three years.
In reviewing convection models, I shall not go back and
start again with the parcel method and the postulation by Stammel (12)
of entrainment.
The fact that everyone has heard this development
to the point of exasperation is sufficient evidence that something
new is needed.
About ten years ago, heated debates useJ to rage about what
form convection took..
People became irate about whether we should
call a cumulus element a column, bubble, jet, mushroom, vortex ring,
or thermal.
In fact, a so-called "theory" has been tagged with
almost every one of these names, each with attractive features,
drastic assumptions, and severely criticizable shortcomings.
I think
we all realize now that convection can take many different forms
depending on initial and ambient conditions; the argument is or should
be adjourned and attention turned to quantitative delineation of the
criteria for the appearance of the different forms.
Concerning entrainment, we are little nearer its heart than
Stammel first took us in 1947 (12) when he both recognized it as a
turbulent process and provided the tools to compute cumulus dilution
from readily made aircraft observations.
Entrainment remains an
almost unexplored turbulent interaction between the convective and
smaller scales of motion; what little insight we have gained about
its mechanisms derives mainly from laboratory experiments (11,1J,14)
which identify the exchange elements of a thermal as its cauliflowerlike protuberances.
The importance of entrainment, however, has been well
documented (15,16).
It is the critical brake upon cumulus growth
which seems only to become ineffective as cloud tower diameter grows
wider and undiluted cores are thereby protected by a large peripheral
mass.
No one has yet been able to say much about how large diameter

towers form, but we have demonstrated (17-19) that their existence
requires convergence in the large-scale flow.
That is to say that
synoptic scale circulations control the convective developments
must be viewed in the large-scale context to make sense.
This
point will be developed more explicitly in the next sections.
More theoretical studies of convection elements have
treated these as pre-existing entities which have a given shape and
circulation and start out sharply distinct from their surroundings.
One may then show (4) that such an element obeys a rate of rise
equation of the form
Vertical acceleration

=

Buoyancy minus drag.

The problem is, of course, first to formulate analytically
the terms on the right.
However, I believe that integration of
this equation has reached diminishing returns (20) even when rendered readily tractable by the assumption that entrainment is inversely
proportional to diameter and is responsible for the major buoyancy
reduction and mechanical drag.
The diamet e r of the element must
somehow be specified.
Then the rate of rise, buoyancy, etc. are
predictable as functions of height for given ambient and initial
conditions.
However, at least one undeterminable constant is required,
namely that relating entrainment rate to diameter.
Furthermore,
the effects of suspended hydrometeors on the right-hand terms can
only be roughly estimated at best.
Nevertheless this model can be
"calibrated" by careful comparison with observations (4, 21) and can
thereby produce practically useful relationships between a verti6al
temperature-humidity sounding, cumulus size, buoyancy and updraft
profiles.
The biggest difficulty lies in the fact that this approach requires an arbitrary specification of diameter or a hierarchy
of diameters; the problem is highlighted by its paradoxial prediction that huge towers would grow better in the mean tropical atmosphere than in the mean hurricane atmosphere!
The point is that the mean tropical atmosphere does not
produce large diameter towers while the hurricane atmosphere does,
illustrating that the synoptic-scale disturbance permits penetrative towers not just as a simple or direct consequence of building
up a deep moist layer as was once believed.
In other words, large
diameter towers are little inhibited by a dry upper troposphere, so
that the deeper and/or moister moist layer is only important if and
as it favours wide tower production.
Thus the scale-of-motion
irtteraction is a complex one and probably at least partially dynamic,
that is affected directly in some way by the velocity convergence
prevailing at low levels in the disturbance.
These difficulties suggest a numerical approach treating
the convective process as a self-developing field of motion, rather
than starting with a pre-given entity.
Some encouraging beginnings (22-24) in this direction have been made, but great caution is
required in pursuing them further.
Firstly, we do not know how to
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include or to parameterize the vital process of entrainment or any
kind of convective friction for that matter.
Secondly, the finite
difference grid approach has problems of its own to contribute,
particularly in such a non-linear, physically unstable problem.
These include the blow-up of small scales of motion or their distortion of the solution under a false large-scale alias, rapid
growth of truncation errors and artificial damping due to the
finite-difference approximation to derivatives.
Concomitant with the development of entraining convection
models has been the recognition and documentation of the role of
cumulus clouds in maintaining the large-scale tropical circulations.
This began with the demonstration of how trade cumuli raise and
weaken the trade-wind inversion along the air trajectory and create
the pressure head maintaining the steady easterly flow (25-27).
Then buo.yant cumulonimbi were found necessary to effect the vertical
energy transport in the equatorial trough zone (28); only a few
thousand "hot towers" active at a time are enough to perform the fire
box function in the heat engine and condense all the water vapor
shipped equatorward by the trade winds.
The "hot tower" hypothesis
culminated in a steady-state hurricane model (1-J) demonstrating how
the latent heat release by a few giant clouds was adequate to sustain
the extreme pressure gradients observed.
This recognition of the
role of convective towers in the storm dynamics forms a cornerstone
of the hurricane modification experiments to be discussed later.

J.

TRACTABLE FRONTIERS IN TROPICAL CONVECTION

We have suggested here that the modelling of individual
cumulus elements has encountered formidable barriers.
These barriers
are imposed by the complex interaction between scales of motion in
the atmosphere.
Cumuli interact crucially with smaller scales of
motion as they entrain air from their dry surroundings and dilute
away the buoyancy needed for their growth.
Cumulus entrainment is
a turbulent process and thus of near-prohibitive complexity to
attack with anything like rigorous analysis.
Nor has anyone yet
found an adequate way to parameterize it in theoretical or numerical
models.
Direct approaches to understanding entrainment mechanisms
and their functional dependences are probably best made through
laboratory experiments, careful observations on real clouds and
applications, where feasible, of the burgeoning statistical-theoretical work (29, JO) on turbulence which has been developed rigorously
for fluid flows far simpler than those in the atmosphere.

Any such direct approach to entrainment, however, is
probably the hard way to seek the badly-needed breakthrough in
cumulus studies.
Meteorology may gain more by temporarily by-passing
the barrier of cloud turbulence as follows:
Cumuli also interact with
larger scales of motion, from meso - through synoptic up through the
planetary scale.
In fact, evidence (17-19) is now overwhelming that
it is these large systems that somehow regulate the location and
extent of cumulus development.
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Thus we postulat e that the large-scale interaction is
the crucial one for tropical convection and, in fact, controls the
meteorologically important consequences of the smaller-scale or
turbulent interaction.
Specifically, the entrainment process
itself differs widely in effectiveness between fair condition s,
where stunted and diluted trade cumuli barely reach heights of
2-J km, and tropical storm conditions where penetrative hot towers
reach the tropopause with nearly undiluted wet adiabatic cores.
If this postulation has any validity, a major next step
in tropical convection studies is to isolate prototype problems
from the overall complexity where critical information may be
gained regarding the interaction between cumuli and the larger
scales of motion.
Such developments may hopefully be sought in
the following three areas, where serious study is now underway or
getting underway in the tropics:
1.

Cloud organization and patterning

2.

Diurnal cycles in cloudiness and rain

J.

Modification possibilities
a) Hurricane seeding experiments
b) Heated island experiments

It will be seen that not just the last but all three of
these topics are intimately related to the most urgent practical
problems in tropical meteorology.
For this reason, as well as for
their postulated value as prototype problems in a crucial aspect of
atmospheric science, the remainder of this paper will be devoted to
specific discussion of these frontiers and their exploration.

4.

ORGANIZATION AND PATTERNING OF CLOUDS OVER TROPICAL OCEANS

A clue to the interaction between convective clouds and
meso - and larger-scale circulations is to be sought in the spectacular patterns
first documented by aerial photography and revealed
on an ascending hierarchy of scales by the satellite cameras.
In a survey of the tropical North Pacific (17-19) we made
time-lapse motion pictures at fixed intervals from MATS aircraft
over three circuits covering 15,000 miles of ocean.
The important
step in analysis consisted of comparing the cloud distribution with
the three-dimensional structure and motion field of the atmosphere,
as deduced from the regular rawinsonde network.
Since published
results (31-JJ) are or soon will be widely available, they will only
be briefly summarized here.
Quantitative relationships between cloud arrangement and
air circulation were partially developed for the extreme ends of the
size spectrum, that is for the synoptic scale and the cumulus row
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scale of organization.
In the former case a "Tropical Whole Sky
Code" was devised (J4).
It consisted of sixteen numbers, which
ascended in proportion to increasing degree of disturbance.
Each
of these numbers was typified by a single print from the movie
film.
Prints were made every fifteen minutes and a code number was
assigned to each print.
This assignment proved both easy and
reproducible by independent observers.
The code numbers were then
plotted (at intervals of about 50 miles) on all synoptic charts;
they have a coherent progression of sky types and provided insight
into the processes occurring both on the convective and synoptic
scales.
Anyone looking at the numbers and the characteristic print
could obtain nearly as good a picture of the sequence of cloud forms
and sky configurations as if he had been on the flight himself.
Even more important, the code numbers could be associated
with objectively measurable features of the circulation, in particular vorticity tendency in the upper troposphere.
Physically, we
interpreted this result to mean that increasing cyclonic vorticity
aloft was accompanied by convergence there and thus descent through
mid-levels so that stunted clouds and suppressed sky types were
found, while on the other hand, decreasing vorticity aloft was
associated with upper outflow, ascending motion in the troposphere,
and vigorous convective activity.
Practically, this suggests that
a numerical prediction method which is able to forecast upper-level
vorticity tendencies in the tropics may also be able to forecast sky
types by means of this code or an improved version of it.
To investigate further the relation between convective
structure and flow dynamics we made extensive maps of the long cumulus
streets found on 70% of our pictures (32).
We found that row
orientation is governed by the velocity shear imposed upon the cloud
layer.
This explains why cumulus streets are generally parallel to
the trade winds, but occasionally show checkerboard patterns and
"cross wind" modes.
The existing meteorological network was too
sparse, however, to answer most of the vital questions which will
also be essential in improving satellite photo-interpretation in the
tropics.
It was not possible, for example, to evolve criteria for
the very existence of the cloud rows or for the mysterious 40-50
mile spacing of the cross-wind mode, or to determine the reason that
disturbances as classes and individuals exhibit the characteristic
cloud "fingerprint" that we could describe; thus the prognostic
value of these cloud fingerprints, if any, is still unknown.
To
assess this last possibility and to develop further the quantitative
criteria for the patterns, specifically designed research programs
must be undertaken with instrumented aircraft and surface and
sounding stations to relate the photographs properly to the ambient
and boundary conditions.
A current program of this sort will be
discussed here in the last section.
Another approach to the underlying question of cumulusenvironment interaction may be sought in the time dependence of
tropical convection in relation to that of its surroundings and
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boundaries.
An important time dependence which is just becoming
documented and perhaps tractable is that of the diurnal variation in
oceanic cloudiness and rain.

5.

DIURNAL CYCLES IN THE TROPICS

A nocturnal oceanic rainfall maximum in low latitudes has
long been suspected and is presently becoming clearly established
(35-37).
It now appears that a land mass as large as the island of
Puerto Rico (100 by 25 miles) may be required to produce a midday
peak.
If true this has important consequences · for the tropical water
supply problem and for possibilities of its amelioration by modification methods aimed to increase the solar heat supply to the air.
Evaluating the causes of the diurnal cycle can also provide vital
clues about the processes governing tropical convection.
The nature of the diurnal cycle appears to be a marked peak
in cloudiness and rainfall near dawn, with a possible secondary peak
just after sunset.
A strong suppression is indicated in the midday
hours from about 10 a.m. to 2 p.m. local time and a secondary suppression, more doubtful, may occur again near and just after local
midnight.
Three causes have been proposed for the cycle; these are
(not in order of preference) radiation, air-sea interaction and
atmospheric tides.
All three act roughly and qualitatively in the
right sense and of course could contribute in some combination to
produce the observed variations.
We believe that the time is ripe,
however, for quantitative tests to assess their relative importance.
In principle, it should not be hard to settle whether radiation is the only cause of the convective cycle.
If it is, then
just a single peak should be found at pre-dawn when solar heating has
been longest absent from the cloud layer.
Thus .atoll and ocean
station records should be examined with as much refinement as possible
to determine whether the apparent secondary post-sunset peak and
midnight suppression are real.
If they are, as it now looks likely,
then radiation can be called upon as the only or pr~ncipal motivation
of the ~ycle.
Simultaneously, a diurnal variation in cloud-layer
lapse rate should be sought.
If the cloud layer is demonstrably
less stable by night, the radiation theory would be strongly supported,
since increased convective activity would oppose any destabilization
produced by external causes; this may be a partial reason for the
inconclusive results of Lavoie (37) on this point.
Finally, the
magnitude and consequences of direct radiation absorption by cloud
drops should be assessed both theoretically and observationally.
If, as present evidence suggests, the radiation hypotheses
cannot provide the entire explanation, we must scrutinize the effects
upon convection of the variations in air-sea interaction and of
atmospheric tides.
There is no question that the former contributes
in the right sense (Fig. 1, top).
It is well established (38-40)
that a vigorous heat input from sea to air is essential for trade
cumulus convection.
A pronounced diurnal cycle in sensible heat
exchange has been established by Garstang (41).
His three weeks of
observations from a stationary research vessel (Lat. 11°00'N; Long.
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Figure 1.
Diurnal cycles as a function of local time (abscissa).
F rom top to bottom :
a.
Air - sea temp era ture difference (°F) where To is sea tempera ture and Ta is air temperature (after Gars tang, 4 1).
1
2
b.
Sensible heat supply (Qs) from sea to air in cal cmsec - x
10- 5 (after Garstang, 4 1).
c.
Low cloudiness, variation about the mean in per cent (after
Riehl, 36, and Lavoie , 37).
d.
Windspeed, scale for observed surface variation at Eniwetok
(37) to left. Scale to right is postulated cloud lay er
_
variation for calculation in text .
_
1
Pr essure tendency (mb /hr ) and convergence (10 7 sec
).
e.
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52 25'W) show two peaks in oceanic heat supply, one near dawn and
the other at about 8 p.m., in phase with a cycle in air-sea temperature difference, which actually reversed sign during the midday
hours.
This is shown to be due to the more rapid warming of the air
relative to the ocean after dawn and its more rapid cooling at sunset.
The reason for the post mid-night secondary minimum in exchange is,
however, not fully clear and should be pursued, and around-the-clock
observations of heat and moisture fluxes below cloud base should be
obtained.
If indeed air-sea exchange were to prove the most vital
factor in the significant diurnal variation in both cloudiness and
rainfall, this would indeed have major implications regarding tne role
of boundary processes in convection and important consequences for
modification possibilities; however, the fact that midday suppression
is also exhibited by moderate-sized islands (35) would require some
rather complex explaining.
At the present time, our experience with
tropical clouds suggests that a dynamic explanation of the diurnal
cycle is more plausible than a direct thermal or boundary layer explanation: that is, we think it worthwhile to seek a convergence-divergence cycle in the free atmosphere which is itself set up as a result
of the solar cycle.
T~e atmospheric tide-convection relation was first suggesta:l
by Sverdrup as a result of the Meteor data.
It has been rejected by
recent authors (37) on the grounds that the associated convergence (of
the order of 10-7 sec- 1 ) would be too small to affect convection.
Our Woods Hole cumulus studies (particularly 39) contravert this,
however; cumulus convection is highly sensitive to very small changes
in net convergence.
We suggest that the atmospheric tide hypotheses
be resuscitated and tested.
The foundations of the argument are
presented in Figs. 1 and 2 and Table 1.

The top part of Fig. 2 shows the diurnal pressure wave at
Eniwetok, from Lavoie's fine study (37).
Just below we present the
consequent convergence-divergence field in the easterlies, which
qualitatively is both predicted theoretically and observed.
If. the
cloudiness variation is induced by this tidal wind variation, we
should have maxima at 0700 and 1900 hours local time, a strong minimum
at 1300 hours and a weaker one at 0100 hours (due to superposition of
the diurnal tidal component upon the stronger semi-diurnal one).
The lower curve in Fig 1 shows the diurnal march of pressure
tendency for Eniwetok.
If we could assume hydrostatic balance (as
surely is likely in the troposphere) so that the famous tendency
equation applies and if we knew the amplitude variation in tendency
with height, we could quantitatively convert the tendency to conver1

communicated by Prof. C.E. Palmer from conversations with Sverdrup
in the 1940's.
No published record of his work or thoughts on this
subject have yet been found by us.
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Figure 2.
Schematic illustration of phase relations between
diurnal pressure wave, convergence field, and cloudiness.
Top curve shows observed diurnal pressure oscillation abou't
the mean at Eniwetok (37) as a function of local time (LMT).
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gence in the troposphere thereby.
In the figure we do this conversion directly from a hypothesis regarding the wind field as follows:
The second curve from the bottom in Fig. 1 shows the observed diurhal
windspeed oscillation at Eniwetok (37).
The phase of the convergence oscillation is in perfect agreement with that of the pressure
tendency and the cloudiness cycle, provided the secondary peak and
minimum in the latter are confirmable.
The amplitude of the surface
windspeed variation, however, is only about 0.3 knots.
This is about half the theoretically predicted tidal win~
oscillation; its associated convergence amplitude is less than 10sec-1.
It seems plausible, however, that the windspeed oscillation is reduced by surface friction.
As an illustrative example, if
the amplitude of the windspeed oscillation averaged 1.6 knots in the
cloud layer, the convergence-divergence variation would be given by
the scale to the right of the lowest curve in Fig. 1.
Some evidence
of a much larger twelve-hourly windspeed difference was found near
cloud base by Riehl et al (25).
What is required to test this,
however, is a good sample of cloud layer wind soundings made at not
more than six-hourly intervals.
Such a sample is hard to obtain.
That the test may be worth considerable effort is suggested
by the following calculation in which we show that a convergencedi vergence amplitude of 2.5 x 10-7 sec-1 is readily enough to account
for the convection cycle.
By continuity, a convergence field of 2.5 x 10-7 sec- 1
would be associated with a mean ascent of about 0.1 cm/sec at 3 km
(near the top of the normal cloud layer at the latitude of Eniwetok).
If the mean cloudiness at this level is 35% and this mean is made up
by half the sky being clear and half the sky being occupied by cloud
groups with 70% cloudiness, the increase in average up motion in
cloud groups would be 0.2 cm/sec.
It is now well known that in a
convergent zone in the tropics all ascent is highly concentrated:
within cloud groups · and even there within the few active clouds (2,3,
28).
Following a similar calculation by Malkus (39) from aircraft
samples, Table 1 shows how an oscillation of + 0.2 cm/sec of the
average vertical motion can easily lead to a 10% cloudiness variation.
This calculation is intended to be illustrative rather than
definitive; it is both conservative in assumptions and insensitiv~ to
reasonable variations in them.
Its remarkable result depends on the
following three features of the cumuli, brought about by our aircraft
observations:
1.

Comparable vertical speeds in active updraft and active
downdraft, which together occupy only a small per cent of
the total cloudy area.
In the example the updraft speed
is not quite twice that of the downdraft, which is a typical
lifetime average for the upper parts of a cloud (16,43).

2.

Same or nearly same area on the average occupied by active
upward and downdrafts (not necessarily in the same cloud).
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TABLE 1
Cloudy Area ( J km elevation)
Average Over 24 hours
5% Active Updraft

274 cm/sec

5% Active Downdraf t

-150 cm/sec

60% Inactive Cloud

-8 cm/sec

JO% Intercld Spaces

-1

cm/sec

+ 1.1

cm/sec

w

Max.Conv.

(2.5x10- 7 sec- 1 )

5-5% Active Updraf t

274 cm/sec

5-5% Active Downdraf t

-150 cm/sec

66% Inactive Cloud

-8 cm/sec

23% Intercld Spaces

-1 cm/sec

w=

Max.Div.

+ 1.J cm/sec

(2.5x10-7sec- 1 )

4.5% Active Updraf t

274 cm/sec

4.5% Active Downdraf t

-150 cm/sec

54% Inactive Cloud

-8 cm/sec

37% Intercld Spaces

-1 cm/sec

w

=

+ 0.9 cm/sec
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J.

Nearly constant ratio between area occupied by active
cloud drafts (up and down) and inactive or decaying cloudy
matter.

Table 1 shows that a 20% variation in cloud-group cloudiness
or an overall 10% variation can readily result at 3 km from a convergence amplitude of 2.5 x 10-7 sec- 1 .
Experience suggests that the
attendant cloudiness variation at 1-2 km would be as large or larger.
The explanation of this in terms of so small a convergency field is
clear when we mention that our aircraft observations (cf. 16,43)
suggest that active updrafts and downdrafts have very nearly the same
r.m.s amplitude near cloud base, since the updrafts increase upward
and the downdrafts downward.
Thus at low levels a smaller mean
updraft may permit as large a cloudiness increase as shown in Table 1.
The atmospheric tide-convection hypothesis is not only
attractive because the link is dynamic and the phases are correct but
because it also explains the "tidal" oscillation in the height of the
trade-wind inversion and the depth of the moist layer, which vary as
the pressure tendency. 1
These may then be thought of as consequences of the convection cycle.
Our work on trade-wind dynamics (25,
44) shows that the moist layer depth represents an adjustment between
the opposing processes of subsidence and convection, the former
acting to create and strengthen the inversion and the latter acting to
raise and weaken it.
This has been substantiated by numerous aircraft samples showing a systematic elevation of the moist layer (or
inversion base) in cloudy areas relative to clear ones nearby at the
same time.
The diurnal cycle in convection is thus postulated to
raise the moist layer top when convective towers are most active,
allowing subsidence to dominate and lower it during the suppressed
phases of the cycle.
Quantitative establishment of a semi-diurnal moist layer
oscillation would thus be a strong confirmation of the reasoning outlined here.
The other needed critical tests involve the reality of
the semidiurnal cloudiness-precipitation variation and the amplitude
of the wind speed cycle in the free atmosphere.
A modest program is
currently under way at U.C.L.A. to determine whether any definitive
tests can be made using existing data.

6.

MODIFICATION POSSIBILITIES

Weather modification efforts in tropical convection have
enormous practical value if successful.
Everyone would like to diminish the destructiveness of the vicious hurricane and to supply more
and better regulated rainfall to water-starved and consequently
underdeveloped areas.
This is obvious and an obvious reason for
serious consideration of any reasonable proposals.
However, what has not been emphasized enough in connection
with modification endeavours, current or proposed, is that there are

1
18

Personal conversation with Prof. H. Riehl.
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actual experiments that man can conduct on the atmosphere.
If
measureable and predictable effects ensue, a tremendous landmark is
achieved in meteorology, regardless of whether the experiment leads
to practical or ec.onomic weather amelioration.
Meteorology has
then taken a spectacular step towards becoming a "laboratory science"
like physics, with which the contrast has been deplored for more than
a century.
We shall not describe here the many types of modification
experiment which are just in the discussion or speculation phase;
many such are noised about and many more are foreseeable with the new
techniques of the space age.
The pertinent point is that tropical
convection today leads meteorology into this new era with two series
of modification experiments actually under way; we shall confine our
attention to these.
Both assure measurable effects from measurable
cause; in both man aims at something quantitative and reproducible
on the meteorological scale, in contrast to the pioneering cloud
seeding experiments which started weather modifications in the
1940 1 s.
Furthermore, and perhaps most important, in each case
attempts are being made to predict the observable results in advance
so that the experiment is designed as a (hopefully) critical test
of a model.
In the first series of experiments, the chain of reasoning connecting convection to circulation dynamics still contains
many speculative links, but the stakes are high; these involve the
most dangerous manifestation of tropical meteorology, the hurricane.

7.

HURRICANE SEEDING EXPERIMENTS : PROJECT STORMFURY

Hurricane modification by seeding was first proposed by
Langmuir (45).
In the present Inter-Agency effort, however, both
a new seeding technique (46l and, most importantly, a new concept
have been brought in (47,48 .
The concept postulates a testable
conne ction between the cloud physics and the circulation of the
storm itself; that is, an Achilles heel is suggested whereby changing the clouds could conceivably upset the balances maintaining
the storm winds.
The magnificent efforts of the U.S. Weather Bureau's
Hurr icane Research Project have shown that the extreme pressure
gradients in the storm core are maintained by a few huge cloud
towe rs in the eye wall, especially in the right semi-circle.
Here
the data show that there may actually be outward motions at nearly
all levels.
Theoretical studies (49-51) have suggested a near
dynamic instability in this region, so that a slight reduction in
pre ssure gradient might trigger outward migration of the ring of
hot towers and consequent reduction in storm intensity (52).
The
chain of reasoning has been more fully explained elsewhere by its
originator (47,48).
Briefly, the idea is that massive seeding in this critical
location can convert sizeable quantities of liquid water into ice,
releasing enough heat of fusion to lower the hydrostatic pressure
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and thereby reduce the surface pressure gradient in its steepest
region.
Whether this can be done and whether the desired consequences will ensue is a matter for detailed calculation and test at
every step.
Even to carry out such an experiment in a dull hurricane
posed tremendous problems in logistics, observational design and
technique.
The fact that one seeding operation has been performed (in Hurricane Esther, 1961) and its results analyzed and
presented (47) is a first major triumph of man over his old archenemy, who is no longer quite so formidable if subject to the
indignity of experimentation.
The 1961 Estherexperiments apparently led to the desired
large-scale conversion of supercooled water cloud into one consisting of snow and ice, in that a segment of the eye wall disappeared
from view on the 10 cm radar but not on the 3 cm radar; also some
suggestion of about a 10% reduction in wind intensity followed the
seeding.
The latter, however, may be within observational and
sampling error and several perhaps serious questions regarding the
interpretation of the radar events also remain.
The experiment is
difficult to repeat but must be repeated with the same and increased
seeding capability.
Such efforts are presently planned in 1963,
together with careful tests of the seeding technique and its
consequences upon large cumulus clouds under non-storm conditions~
Regardless of whether they tame hurricanes, these experiments offer a new tool to unlock the connexion between cl _o ud physics,
convection dynamics and larger-scale atmospheric circulations; for
this reason alone they should be pursued with maximum effort.

8.

HEATED ISLAND EXPERIMENTS

These experiments are approaching the human interference
stage more gradually and already are built upon a decade of theore.tical, observational and numerical work.
They were started in the
days before we had specific aspirations to change the atmosphere
ourselves, but rather sought a situation where nature herself was
performing a semi-controlled experiment of which we could hope to
make a model.
Natural "weather modification" experiments are being carried out daily by tropical islands as they warm in the sun and produce
cumulus clouds, and then cool off again by night.
Ten years ago,
a simple analytic model was constructed for the air flow over a flat
heated island, narrow enough along the wind for linear equations
and long enough cross wind for the flow to be roughly two-dimensional
(53,54).
This model and its extensions have been tested by detailed aircraft programs on both tropical and extra-tropical islands
ranging in size from 20 to 2500 square miles, illuminating many of
the vital processes governing convection.
The important result of island theory for present purposes
is that the air flow equations are mathematically related to those

262
governing flow over mountains.
An "equivalent thermal mountain"
can be associated with each island; its height and shape are
specifiable in terms of the surface temperature and a very few
atmospheric parameters (54).
The common 2-J°C temperature excesses1 of tropical islands can produce a maximum thermal mountain of
about 1 km; its effective height is often reduced to about half
that due to strong winds, static stability or reduced eddy exchange
in the boundary layer.
The "equivalent mountain" concept
compute the air lifting by Puerto Rico and
to relate ocean cloud groups to warm spots
to analyze the long showering cloud street
island of Anegada (2 by 10 miles, see 57).

was used successfully to
its consequences (55),
in the sea below (56) and
produced by the tiny

Just recently an exciting and practical means of artificially enhancing the island effect by asphalt coatings has been
suggested by Black (58) of the Essa Research and Engineering Company.
From this, Black and Tarmy (59) made the ingenious and daring step
of suggesting (with explicit calculations) that tropical rainfall
could be usefully increased by this method.
They propose covering
island-sized regions of ground with asphalt.
This lowers the albedo
below 5%, thereby creating a "temperature advantage" of about 10°c
compared to the natural island's advantage of 2-J .
If our linear
theory could be extrapolated, equivalent mountains of J000-4000 ft
are thus achievable even under unfavorable conditions.
As is well
known from Hawaii (60) and other hilly regions in the tropics, real
mountains this high can increase local rainfall by several factors.
Black and Tarmy postulate that even if thermal mountain and
actual mountain rainfall are only comparable within a factor or two,
such man-made water is still obtainable much more cheaply than by
de-salting the ocean - or by any other present day method.
Thus a
potentially powerful way of ameliorating the water shortage in
selected tropical regions is conceivable.
But an asphalt coating many miles on a side will cost several million dollars and enormous human effort to install, and there
are presently numerous "ifs" in the chain of reasoning.
Among the
most serious are the questionable adequacy of the linear model with
such high temperature advantages, the dubious equivalence of real
to thermal mountains, which exist only in sunlight hours, and the
possible unfavorable effects of intense heating upon cloud base
height and microphysics.
An extensive program is now under way to establish (or
reject) these vital links; by numerical modeling of non-linear flows
over heated boundaries and by a series of observational studies
involving a speGtrum of island sizes and coastal regions.
The
1

Effective black-body temperature as defined by an airborne radiation thermometer and of course much lower than the actual soil
temperature.
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ambitious aim is to predict the effects of the asphalt upon the air
before trying it; thus even a failure should be profitable scientifically.
The next step is the 1963 Barbados study, carried out by
too many collaborating groups to list here.
Barbados (outermost
West Indian island at 13°10'N, 59°30 1 w) is a nearly ideal island to
study.
A lopsided triangle, 20 by 15 miles in dimensions, it is
almost flat with relatively simple topography.
It possesses a
rawinsonde station, a versatile radar, a dense and long-operative
rain gauge and surface network, and meteorologically aware and
co-operative local officials and inhabitants.
During August 1963 a research vessel will be stationed
250 miles upwind and an instrumental aircraft will map clouds and
perform wind and boundary layer measurements between ship and island.
It will also make individual cloud penetrations to compare the
structure of sea and land-born cumuli.
The differences are to be
related to the altered boundary conditions and their consequences.
The purpose of these observations goes beyond that of the
important background testing for the asphalt scheme, in that
Barbados itself is to be regarded as performing an exciting and
informative modification experiment.
We wish to describe quantitatively how the island alters the air flow, cloud structure, patterning and precipitation throughout the diurnal cycle, both in fine
weather and under defined degree of disturbances.
Hereby the
delicate balances of the oceanic tropical atmosphere are upset in a
measurable fashion through measurable changes imposed at the lower
boundary.
The long-run objectives of this research touch many of the
important questions in tropical meteorology.
They include but are
not confined to the following:
1.

Determining whether and how numerical models may be made
of the convection induced by the flow of tropical air over
small and larger heat sources.

2.

Assessing quantitatively the "island effect" under undisturbed conditions throughout twenty-four hours in the wet
and dry seasons.

3.

Determining how the "island effect" distorts our view of
oceanic tropical disturbances.
How much and how does an
island modify disturbances of varying strength and
conversely how do disturbances modify the fine weather
island effect?

4.

Determining how large a land mass is required to reverse
the diurnal cloud and precipitation cycle and whether
Barbados increases, decreases, or merely rearranges its
own rainfall relative to that over the upwind ocean.
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5.

Beginning evaluation of whether tropical precipitation
could be economically enhanced by asphalt coatings and/
or possibly by other methods.

Preliminary results of the Barbados dry season field test
(April, 1963) gave exciting promise that many of these goals can be
realized by the current experiment.
The principal product to date
of the April study is a series of cloud maps which, when time allows,
will be put together with the simultaneous rain distributions, wind
and temperature patterns, radar photographs and paths of zero-lift
balloons tracked across the island.
The cloud ·maps are presented in Figs. J-10.
They were
made from light aircraft flights during which the fairly steady
configurations were carefully plotted relative to landmarks.
Base
and top heights were measured by flying parallel to them, as were
the lengths of streets where possible; results were checked against
still photographs made simultaneously with this purpose in mind.
The cloud arrangements show some intriguing and suggestive evidence
concerning several aspects of the problems we have raised here.
Firstly, the island cloud patterns appeared intimately
related to those over the open ocean, and in a real sense repeated
or enhanced these with relatively minor alterations (61).
For
example, the hundred-mile long cloud streets were found on April 7
(Fig. 4) and April 10 (Fig.
when long oceanic streets prevailed
and not on April 9 (Figs. 5-6 when oceanic streets wer.e absent.
On a given day, the island cloud street was many or a few clouds in
lateral extent similar to those over the sea and, we believe, with
the same implication.
On the midday maps shown, particularly
Fig. 4, the cloud street was many clouds wide, suggesting the
northerly wind shear which prevailed throughout this period.
These
relations between ocean and island cloud streets suggest the excitation of a natural response of the atmosphere, which may help us
better understand and predict convection patterns.
More practically, it may aid us in resolving some of the present non-uniqueness
in determining the wind field from satellite photographs.

8l

Secondly, the main island cloud street was found to occupy
nearly the same location daily during the midday hours (Figs. 4,5,
8) although its early morning "starting conditions" and formation
times differed widely from day to day (cf. especially Figs. J and
7).
The principal cloud street, christened "Maj_n Street", was
observed to locate in a sharp line of seabreeze convergence, with
nearly 180° opposed winds as it was crossed from north to south.
Two important conclusions from this are indicated: a) no twodimensional model will exhibit this important feature and b) the
main cloud production of the island is an indirect dynamic consequence, where the latter would arise from increased upward heat flux
or even from simple lifting of the trade winds over the "equivalent
thermal mountain".
We suggest the pursuit of this point also in
connection with oceanic clouds, with disturbance cloud patterns
such as hurricane rainbands, and with the diurnal cycles; in
particular the meso- and smaller-scale wind fi~lds should be related to cloud formations.
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Thirdly, the Barbados cloud street grew toward its maximum
vertical development as the afternoons wore on.
Figs. 5 and 6
illustrate a typical case.
The clouds persisted, still ascending,
at the lee shore and far down-wind even for a short while after the
sunset (near 1800 hours LST), well before which all over-island
cumuli had vanished.
The midday suppression was common and
noticeable, following the oceanic cloudiness; therefore we suggest
that Barbados may not be large enough to reverse the oceanic cycle,
at least in the dry season.
It also appears that the seabreeze
circulation may have an unexpectedly large lag relative to the
heating, which will be important tq assess.
Fourthly, agriculturally significant rain fell on to
Barbados from warm cumulus showers in weak disturbances, but the
apparent pronounced midday minimum in these makes it questionable
whether the overall effect of the island is, in fact, enhancing rain.
Analysis of our observations will go far toward settling this point,
which has major implications regarding artificial rain modification.
Anyway, a now obvious advantage of an actual versus a thermal mountain is its presence at night to avail itself of the oceanic nocturnal maximum in cumulus development.
In conclusion, we return to the question of the needed
breakthrough in tropical convection studies and inquire where such
an advance is most fruitfully sought:
it seems most probable from
these modification experiments regardless of their practical prognosis.
The reason for this is two-fold:
firstly because by
drastically changing chosen aspects of the tropical atmosphere (by
a series of pre-determined and measurable actions) causal relationships are sharply delineated that are normally obscured when so
many processes are at work in near balance.
Secondarily but quite
practically, modification efforts are and should be heavily supported and manned.
This is a critical necessity for the large-scale
tropical observation programs which are prerequisite for better
models, improved parameterization of turbulent interactions and
the rendering of complex processes tractable to human understanding, prediction, and control.
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Comment by R. Ananthakrishnan
Some of the ideas put forth by Professor Malkus found
support from the studies of diurnal variation of rainfall at some
40 stations in India which he and his collaborators had carried
out recently.
Several stations showed a minimum of rainfall
towards noon hours.
In the summer season many stations showed an
afternoon maximum.
The night and early morning maximum of rainfall was shown by several coastal stations and also by the submontane stations, including Cherrapunji, the rainiest station in
the world.
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MESO-SCALE STUDY OF RAINFALL OVER POONA AND NEIGHBOURHOOD
Staff Members
Institute of Tropical Meteorology, Poona,

India

ABSTRACT
A meso-meteorological network of autographic raingauges and microbarographs was established in every mile
square of 36 square miles centred round the Poona Observatory.
Spells of thunderstorms occurred only in association
with large scale disturbances observable on synoptic charts.
Rainfall :fro~ a single thunderstorm cloud was found to be
about 7 x 10 metric tons.
Monsoon rainfall showed significant variations both in time and space and was not made
up of steady and continuous rain as is often believed.
1•

INTRODUCTION

Poona (India) with latitude 18°32' and longitude 73°51' is
situated at an elevation of 560 m. above mean sea level to the east of
the Western Ghats.
The hottest period is the premonsoon season March,
April and May; of this during the seven weeks from third week of April
to the first week of June, Poona's weather is characterised by intense
convective activity.
Cumulonimbus develops on some of these days on
the afternoons and thunderstorms with squalls, heavy precipitation
and sometimes hail, occur.
The frequency of such thunderstorms increases often as the season advances from April to June.
These
thundershowers merge into the non-thunderstorm rain of the southwest
monsoon season by about June 10 on an average.
During the monsoon
season (June to September) the station remains highly cloudy with
frequent light rainfall.
The annual rainfall of Poona of 66 cm stands
in contrast to the 650 cm in the nearby hills or the 180 cm of the
coastal strip to the west.
The amount of precipitation given by the
premonsoon thunderstorms varies widely and conspicuously even over
the small area of the Poona city which covers approximately 50 square
miles - parts of the city experience heavy downpour when other parts
remain dry.
With a view to understand the premonsoon thundershower
activity and its eventual transformation into the monsoon rainfall a
meso-scale study of this typically tropical phenomenon was undertaken.
The facilities that were available were rather limited, and the
results of preliminary study are described in this contribution.
2.

OBSERVATIONAL NETWORK

A square of side 6 miles centred on the Poona observatory
was divided into 36 mile squares.
A syphon type self-recording raingauge was installed in each of these squares.
Sixteen barographs were
also placed along with the raingauges at selected stations.
Satisfactory exposure for the raingauges was ensured by choosing well
exposed terraces of buildings in the area locating them; barographs
were installed inside suitable rooms within the buildings.
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Continuous records of rainfall and atmospheric pressure
were obtained from this network for the period May 15 to June 17, 196J.
The network was also made to function during an active spell of
monsoon i.e. July 5 to July 12, 196J.
The locations of the various
observing stations are given in Figure 1.
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1

One square mile grid used in the study
covering J6 miles round the observatory.

• Raingauges

® Raingauges and Barographs

It was observed early in the study that large thunderstorm
cells covered areas considerably larger than J6 square miles and it
was considered useful to examine all the available rainfall data in
a larger area round Poona.
Over JO raingauge stations belonging to
the State Governments record daily rainfall in the area of JO miles
round Poona and a much larger number during the monsoon season.
All
the rainfall data as far as they became available from the stations
shown were collected for the Period May 1 to June 17, 196J for purposes of analysis.

J.

PREMONSOON THUNDERSHOWERS

(a)
Since the beginning of May 196J premonsoon thunderstorms occurred mainly in 4 spells - (i) from May 1 to 4, (ii) May 1J
to 18, (iii) May 22 and 2J, and (iv) June
to 7.
Arrangements for
observations in every square mile were made only by May 15 and hence
details of the spells prior to this date are incomplete.
The mean
rainfalls which occurred over an area JO miles round Poona ending at
OSJO hours I.S.T. of each day are indicated in the lower part of
Figure 2.
The pibal winds taken at 00 Z and 12 Z over Poona for
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various levels are also given.
The interesting features of two of
the well recorded spells are given below.
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Fig. 2

Winds and mean daily rainfall JO miles round Poona, May June 196J.
Dotted line represents upper air trough lines.
Thundershower spell May 22 and 23

Figure 2 shows that this spell resulted from disturbed flow
in the lower atmospheric levels over Poona and neighbourhood.
May 22
was an active thunderstorm day with three separate spurts of activity.
One spurt which gave 2 to J mm of rain. occurred in squares A6 and B6
between 1545 and 1610 hours and a third spurt in C5, D5 and F5 between 1910 and 1945 hours I.S.T.
The other spurt was most heavy; it
started at 15JO hours in the square E2 over a small area.
The western
edge of the rain area progressed westwards with a speed less than
5 mph.
The rainfall amounts also decreased as one proceeded west and
towards the western edge there was little or no rain.
The main
thunderstorm cell moved from northeast to southwest very slowly and at
the same t i me g r adually died out before reaching the western edge of
the area under study.
Thundershower spell June

to 7

Thunderstorm activity of variable magnitudes occurred within
the area of JO miles round Poona on different days.
The fluctuations
of the disturbance which caused this spell may be seen in Figure 2.
The activity on June 1, 2, J and 6 was more marked and affected the
experimental area.
June 2 was the most active thunderstorm day during this spell.
Showers occurred all over the grid as shown in Figure J.
The precipitation commenced fairly simultaneously at about 1545 I.S.T. at the
various- recording points :in the grid without any clear cut pattern of
movement of the thunderstorm cell.
A maximum rainfall of 7 cm was
recorded in C1 square near the northern boundary.
The heaviest fall
of 8 cm from this cell occurred 1t miles to the north of the grid
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ig. 3

Isohyets (mm) of 24-hour rainfall in and around the experimental area on 2-6-1963.
The outermost curve is the line
of zero rainfall which fell from one thunderstorm.

undary at the Military Engineering College.
The
tes shown in Figure 4 are well marked by the wide
ructure and timings at the various grid points.
corded intensity 8.4 ems per hour occurred at the
the grid.
The duration of rain spell decreased
the north to JO minutes in the south.

precipitation
variation in their
The heaviest
northern boundary
from 50 minutes

(b) Role of large scale disturbances in inducing convection
Study of synoptic charts for the period showed 'that all spells
thunderstorm activity occurred in association with large scale disrbances observable on a synoptic scale.
In all four spells easterto southeasterly winds appeared over Poona within the first two
lometres in association with the development of troughs over the
dian Peninsula and the resulting influx of moisture from the Arabian
a or Bay of Bengal.
On the other hand the dry periods occurring
tween the thunderstorm spells were mainly associated with westerly
northwesterly winds up to very high levels.
Thus synoptic
ale features appear crucial for tropical convection and control
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the

me~eorologically

Fig.

4

significant results of small scale phenomena.

Rate of rainfall - precipitation in 15 minute intervals
that fell on 2-6-1963.
Indicates incomplete records.

*

(c) Intensities of precipitation
An examination of the intensity of precipitation in the
different grid squares associated with the different thunderstorm
spells shows that as a rule the intensity of the shower rises to its
highest value and then falls, the rise and fall being almost equally
rapid.
The intensity maximum is reached at about the middle of the
duration of rainfall.
Analysis of the rainfall presented in the
Report of the Thunderstorm Project (1949) by Byers and Braham on the
other hand indicates that the intensity of a thunderstorm shower
generally reaches its maximum very soon after the shower starts but
falls off at a much slower rate.
The major part of the precipitation
in the latter case occurs in the early part of the shower.
The
significant difference in this precipitation feature between the 1949
U.S.A. project and the present study is a matter worth studying
further in detail.
(d) Amount of precipitation falling from a single thunderstorm
From the nil values of 24-hour rainfall reports received from
stations within a few miles of the boundary of the grid it has been
possible at least in one case to isolate the area covered by precipitation from a single thunderstorm cell.
Space and time continuity
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within the grid of the rainfall that occurred from a single thunderstorm cloud on June 2 could be extended in respect of rainfall in the
immediate neighbourhood also.
Although the reports from outside the
grid are not numerous, the line of zero rainfall could be drawn with
sufficient justification so as to isolate the lower limit of the area
covered by this thunderstorm.
The isohyets thus obtained were
planimetered.
A total rainfall of 7 x 106 metric tons was found to
have fallen over an area of 264 square kilometers, corresponding to
an average rainfall of 2.6 cm over this area.
The water yield of
this thunderstorm is equivalent to 4-6 air mass thunderstorms of the
midwest United States (Fujita 1962).
(e) Pressure variations accompanying thunderstorms
The network of 16 barographs used in the experiment gave
reasonably good records on the two most active thunderstorm days
namely May 22 and June 2 but lack of synchronisation of the clocks has
handicapped an exact appraisal of the time variation of pressure
changes and their association with the activity of the thunder cell.
The following observations seem, however, important.
On May 22 at most of the stations small initial pressure
fluctuations were followed by a fall in pressure.
Thereafter the
commencement of the shower roughly coincided with a rise in pressure.
The pressure rise continued for about half an hour and then the pressure fell and merged with the diurnal curve.
The isochrones of
pressure maximum practically coincided with the isochrones of maximum
intensity of rain.
The same characteristics were observed in respect
of the thunderstorm spell on June 2 except that the initial fall of
pressure was less marked.
The magnitude of the pressure rise, however,
does not appear to be proportional to either the precipitation intensity or the total precipitation that fell from the thunderstorm.
An
intensity of 4 mm of rain/5 min. and a total precipitation of 14.5 mm
on May 22 gave a pressure rise of 1.6 mb while 7 mm per 5 minutes with
a total of 70 mm of rain on June 2 gave practically the same pressure
rise i.e. 1.4 mb.
Active Monsoon spell
Autographic instruments were operated during June and during
an active monsoon spell that occurred from July 5 to July 11.
Once
the steady monsoon westerlies set in, significant daily precipitation
commenced over the western ghats, while before that the convective
showers were more over the plains to the east of the ghats.
The
spell from July 5 to July 8 was particularly heavy, July 7 being the
most active day.
Very heavy rain of the order of 20 to JO ems in
24 hours was reported on some of these days from over the ghats to the
west.
The rainfall over the grid on July 7 decreased from northwest
to southeast.
It varied over the grid from 43 to 68 mms on a strong
monsoon day (July 7) and from 10 to 25 mms on a relatively weaker day
(July 8).
Isohyets for July 7 are shown in Figure 5.
Figure 6 shows the hourly intensity curve of each observing
station in the grid for July 7.
The highest intensity was 15.8 mm
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rainfall in monsoon rain
on 7-7-1963.

Fig. 6

Hourly variation of rainfall.
X indicates records incomplete.
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one hour.
Heavy rainfall spells lasted for about an hour. The
tks of intensity at any particular observing site indicate that
ring cells of convective clouds are embedded on the monsoon clouds.
~ formation and movement of these convective cells in the monsoon
>Uds are aspects which merit detailed study.
It is proposed to
~anize a more detailed meso-scale study of rainfall over Poona with
!Ordings o.f wind, temperature and humidity as also of Radar echoes
,ing the next thunderstorm season.
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mment by S.N. Naqvi
I

should like to make two comments on this paper:

After the monsoon is established the paper shows a fairly
regular variation of rainfall over the area under study. This
variation might be due to the position of the Western Ghats
relative to the experimental area and would then be a rain
shadow effect.
During the pre-monsoon period of May-June thunderstorms
occurred at certain places and did not occur at other places.
It would be interesting to study the special meteorological
conditions and other peculiarities which made those spots
favourable for occurrence of thunderstorms in preference to
other spots.

DIURNAL VARIATION OF RAINFALL AMOUNT
ON TROPICAL PACIFIC ISLANDS
J. Finkelstein
New Zealand Meteorological Service

ABSTRACT
Graphs of diurnal variation of rainfall amount
are presented for Nandi, Suva, Apia; for stations on the
small islands of Rarotonga, Raoul and Norfolk; and for the
four atolls, Tarawa, Canton, Wake and Funafuti.
Only
Nandi shows a marked afternoon maximum throughout the year.
All the stations except Nandi, Suva, Apia and Norfolk have
more than half of their rain during the night hours of
20 to 08.
Seasonal differences are marked at Nandi and
Suva, which both show the greatest tendency to an afternoon
maximum in the wet season.
However, a seasonal difference
of a similar nature is found on Canton and Tarawa, which
both have an afternoon maximum only during "wet spells".
A possible explanation is given for the seasonal differences at these four stations.
INTRODUCTION

1•

Early studies of the diurnal variation of rainfall amount on
tropical islands included those of Braak (1925) for many stations in
Indonesia and Ray (1928) for San Juan, Puerto Rico.
In these studies
two main types of maxima were found:
(1)

An afternoon maximum, especially pronounced on the
lee side of large islands.

(2)

A maximum between midnight and dawn, found especially
at some stations on the windward side of islands.

Some stations in Indonesia show the afternoon maximum in one of the
two main seasons and the pre-dawn maximum in the other.
This difference is due to the complete reversal in the general surface wind flow
between the seasons - from northwesterly in January-February to southeasterly in July-September.
Occasionally two maxima, both quite
well marked, appear at the same station in the same season of the
year.
Results for smaller and lower islands have been obtained in
more recent studies, such as those of Jordan (1955) on Guam and Lavoie
(1963) on various atolls.
However, Lavoie's results refer mainly to
rainfall frequency whereas the present study is concerned with the
diurnal variation of rainfall amount.
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THE OBSERVATIONS AND THE STATIONS

2.

Hourly observations of rainfall amount were available for
ten Pacific Island stations.
Two of these, Nandi and Lauthala Bay
(Suva), are on the northwestern and southeastern coast respectively
of the fairly large volcanic island of Viti Levu, Fiji.
One station,
Apia, is on the north coast of the medium-sized volcanic island of
Upolu, Western Samoa.
Rarotonga, Raoul and Norfolk are quite small
volcanic islands.
The remaining four stations, Tarawa, Canton, Wake
and Funafuti, are on flat atolls.
All of the islands except Wake are in the South Pacific or
near the Equator.
Raoul and Norfolk are strictly in the sub-tropical
zone.
One of the atollsi Canton, is in the equatorial dry zone with
an average annual rainfall of only 31 in.
The monthly and annual
variability of rainfall are very high in this zone, Seelye (1950).
Tarawa is also in this zone but its average annual rainfall is 78 in.
and the rainfall is less variable than that of Canton.
Three of the
stations have rainfalls of over 100 in. - Funafuti (Ellice Islands),
Apia and Lauthala Bay.
For Funafuti, Apia, Rarotonga and the Fiji Stations the
year may be divided into two seasons, November-April (wet), and
May-October (dry).
For Funafuti the length of record available was
too short (2t years) to attempt a separation of results by seasons.
For the other four of these stations, with lengths of record ranging
from 19 to 14 years, separate calculations were made for each of the
two seasons of the year.
The wind flow in the lowest JOOO feet over the SamoaRarotonga-Fiji area is predominantly easterly all the year round.
There are, however, two differences in wind flow between the seasons:

(a)

The frequency of northerly to westerly winds is much
greater in the wet season;

(b)

the frequency of southerly and southeasterly winds is
correspondingly greater in the dry (trade wind) season.

For Canton and Tarawa a separation of a different nature was
made between "wetter months" and "drier months", depending on the
rainfall of individual months.
In this area the wet months usually
occur in spells, such as November 1957 - March 1958, which was studied
in some detail by Ichiye and Petersen (1963).

J.

DISCUSSION OF RESULTS

The results are shown in Figures 1 to 8.
It should be noted
that for each station the average hourly amounts are expressed as a
percentage of the 24-hourl, total; and the horizontal "line of no variation" drawn at 4.17% (= ~~) is the line which would result if there
were no diurnal variation.
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Fiji Stations (Figures 1 and 2)
With the prevailing flow as described above, Nandi has a
lee exposure in all seasons and Lauthala Bay a windward exposure in
all seasons.
Nandi has the most marked diurnal variation of all the
·ten stations, with a sharp afternoon maximum in both seasons, typical
of a lee exposure on a large island.
Lauthala Bay also has an
afternoon maximum in both seasons, but in the dry season it extends
into the early evening and is not as sharp as in the wet season; in
the dry season there is also a maximum just before midnight.
At
Lauthala Bay both the nature of the diurnal variation and its change
with season are very similar to those at San Juan, which has a windward exposure on the island of Puerto Rico, an island of about the
same ~ize as Viti Levu.
The seasonal difference in diurnal variation is similar at
Nandi and Lauthala Bay, with more afternoon rain in the wet season
an~ more night rain in the dry season.
This suggests that at these
stations the change in diurnal variation with the season is not related to the change in surface winds since this change would have
opposite effects on the two sides of the island.
Apia (Figure 3)
The main features of the diurnal variation at Apia is its
feebleness - i t has the least diurnal variation of all the ten
stations.
The diurnal variation shown is based on 14 years of data.
In the dry season it is very different from that quoted by Angenheister
(1924), based on about 4 years of data.
Such a period was evidently
too short to enable a representative sample to be obtained in this
season.
Rarotonga (Figure 4)
The main maximum is soon after midnight in both seasons.
at the Fiji stations, there is more night rain in the dry season.

As

Raoul and Norfolk Islands (Figure 5)
These two stations, both on small sub-tropical islands, show
a surprising lack of similarity.
Raoul has quite a sharp maximum
just before dawn; while Norfolk has its main maximum in the late morning.
The Atolls (Figures

6, 7 and 8)

Over the whole period of observation Tarawa, Canton and Wake
all show the main maximum between midnight and dawn; but Tarawa and
Canton also show subsidiary maxima in the afternoon and early evening.
Funafuti has a rather different diurnal variation, with the maximum
at mid-morning.

290

Hour
%0
_________
4________0~------'-2_______~16_________
2_0_________,.24

3

Apia
Fig. J

6

,, __

5

/

I

I
,,,,.,,..,,,,,.

I

/\

\
\

\:

V'

4
/

.......

3

Rarotonga '--,, //'....._ -/ ',/
v

Dr~ (Ma~ - Oct)- - -

Wet (Nov. - Apr.) -

Fig.

4

%----------------------------r---------r---------r----------,
/\

6

/

/

5

/

.,,,,,.,,,,

4

\

\

'

'

I

3 ,_./Raoul Island - -

Norfolk Island-- _______._________....._________
_________...__

z~
.
--------...1...

4

8

12
Fig. 5

16

~-------

20

24

291

4

0

8

12

16

20

24

l6

20

24

4
3

Tarawa - Can1on - - -

2

Woke ·· · · · ··

./'."-/
I.

\
\ I

v

Fig. 6

7
6

,\ \

1

/

Canton
Wetter months - -

/

1.,/ \

/\ Drier monfhs - - \/

5

\

\

4
3_

Fig. 7

%
7

Funafuti

6

5
4
3

20

20

4

8

12
Fig. 8

292

Separating the wetter months from the drier months at
Canton (Figure 7) shows a rather surprising effect - the wetter months
have their main maximum in the afternoon; while the drier months have
a correspondingly larger pre-dawn maximum.
A similar effect is
found at Tarawa.
However, at Wake separation by season or by wet
spells shows only minor differences, the general nature of the diurnal
variation being almost unchanged throughout wet and dry seasons and
wet and dry spells.

The fact that two atolls with very similar regimes show
similar differences between the diurnal variation in wet and dry spells
is some indication of the reality of these differences.
At Canton
the average percentages of total rainfall during the period 14-19 hours
were:
Drier periods
Wetter periods
The "t" test of significance
these two, taking account of
calculations showed that the
to chance was less than 1 in

was applied to the difference between
the standard deviations of each.
The
probability of the difference being due

50 (.02).

In order to obtain some further information on the nature
of the difference between the wet and dry spells for Canton, an analysis was carried out of the frequency of (a) all appreciable hourly
falls and (b) all hourly falls of at least .10 in., with the following
results:

(a) Frequency of all appreciable hourly
falls (at least 0.01 in.)
(b) Frequency of hourly falls of at
least .10 in.

% b/a

Wet Spells

Dry Spells

00-05 14-19

00-05 14-19

hrs

hrs

hrs

hrs

142

152

567

J09

51

66

145

BJ

J6

4J

26

26

There is some evidence here that during the wet spells intensities are
greater at the afternoon maximum than at the pre-dawn maximum; while
during the dry spells intensities are about the same at the two maxima.

4.

FINAL DISCUSSION AND CONCLUSIONS

If we de.fine "night rain" as rain during the hours 20-08,
then the percentages (night rain)/(total rain) for the year are as
follows:
Nandi JS, Suva 47, Apia 50, Rarotonga 54, Raoul 54, Norfolk
46, Tarawa 54, Canton 56, Wake 58, Funafuti 52.
The first three show increasing night rainfall, and all of
the remaining seven (small volcanic islands and atolls) except Norfolk
show higher values than Apia.
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This graduation is consistent with the existence of two
separate mechanisms, the relative importance of each varying with the
The first is convection due to daytime heating, with an
station.
afternoon maximum, of most importance on the lee side of a large
The second mechanism has an overnight maximum, most commonly
island.
pre-dawn, and is of most importance on atolls and small volcanic
islands.
Mechanism of night rain maximum
It has generally been assumed that the night maximum of (b)
is characteristic of rainfall over the open sea.
The mechanism has
generally been referred to rather vaguely as "cooling of the cloud
tops at night".
Attempts to work out a somewhat more detailed mechanism have been made recently by Lavoie (1963), Malkus (1963) and
Kraus (1963).
The figures obtained for atolls in this investigation could
be used to test Malkus' (1963) atmospheric tide-convection hypothesis,
but only if it were assumed that the diurnal variation over the open
sea is virtually identical with that over an atoll.
While it appears very likely that the main features (the
main maximum and main minimum) are very similar over an atoll and over
the open sea, it seems doubtful whether secondary features are the
same - and in any case there is appreciable variation in the diurnal
curves between the atolls.
Seasonal and similar effects
The most marked seasonal effect is the greater tendency for
an afternoon maximum at the two Fiji stations during the wet season;
but at the other end of the scale the wet spells at Canton Island and
Tarawa show an afternoon maximum which does not exist in the dry
spells.
A possible explanation for these two similar effects arises
from the work of Kraus (1963).
He shows that diurnal variation of
rainfall over the sea is related to the absorption of radiation.
This
causes the condensation rate to be appreciably lower during the day
than during the night, provided vertical velocities are small.
The
rain of the dry season in Fiji and of the dry spells of Canton and
Tarawa is certainly associated with comparatively small vertical
velocities and we might therefore expect a night maximum.
On the
other hand the rain of the wet season in Fiji and in the wet spells
is evidently associated with comparatively large vertical velocities.
In these circumstances there is thus little tendency for night rain,
and a corresponding greater tendency for an afternoon maximum.
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SYNOPTIC AND CLIMATOLOGICAL VIEWS ON RAINFALL IN
CENTRAL AMERICA (ESPECIALLY IN EL SALVADOR)
Helmut Lessmann
Servicio Meteorol6gico Nacional de El Salvador
(Central America)
ABSTRACT
Based on rain gauge measurements, rainfall recorder statistics and local weather analysis in San Salvador/
El Salvador, the characteristics, cloud systems and synoptic conditions of different rainfall types are discussed.
These compose the total rainfall amount on the Pacific side
of Central America.
A comparison is also made between
various average annual rainfall maps of El Salvador, demonstrating the grave mistakes which may occur if one has not
any data available from some areas, or if the existing few
data of short periods are not reduced to longer periods of
records.
1•

INTRODUCTION

Rainfall is perhaps the most important meteorological factor
in the Tropics, for both nature and human activities.
This importance is increased by the fact that tropical rainfalls possess a high
variation over space and time.
I would like to demonstrate here some synoptic and climatological views on rainfall in Central America.
Situated between J 0
and 18°N the country acts as the bridge between North and SouthAmerica,
being bordered in the East by the Caribbean Sea and in the West by the
Tropical East Pacific Ocean.
This is an area with a sparse and
unstable surface network which is completely insufficient, and a nearly
unknown free atmosphere.
In addition the area is bordered by the
unknown Tropical Eastern Pacific Ocean.
The nearest upper-air-stations
are in the North and to the East and South in Mexico; Merida
(Yucatan), Swan Island, San Andrew Island and Panama.
This means
that the synoptic analysis of the Central American Isthmus is extrapolated, and forecasting is a 2nd degree extrapolation often without
any ship observations from the Pacific where the maritime traffic
generally is relatively near the coast.
Climatological qata are
sparse too, especially those for long periods, and there are some larger areas without any observations because they are nearly unpopulated and without terrestrial communications.
The variation in
quality of the observations is an additional problem.
My paper is limited to the Pacific side of the isthmus which
has a savanna climate type of Koppen's "Aw" in the lowlands and midlands and of i'Cw" in the mountains and highlands, with one rainy season from May to October (in Costa Rica and Pamana from May to December)
and one dry season.
The average yearly rainfall oscillates between
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1000 mm (in some inner valleys) and 4000 to 5000 mm in the highe r
mountains above JOOO meters in Guatemala and Costa Rica.
In several
studies Portig (1), since 1956, has described synoptic and climatic
featu.r es of the Pacific Central America, using especially data from
El Salvador.
Griffiths and Henry (2) recently began a mesa-scal e
rainfall analysis in all Central America, and Crow and Cobb (J) have
studied Life Cycles of Tropical Cumulus in SW Panama by radar.
It is
my intention to compl e te these still sparse but important investigations of this part of the Tropics.
The material used stems from the Salvadorean Weather Service,
and comprises synoptic weather maps, pilot-balloon measurements at
Ilopango-Airport and some 100 rain.gauge stations.
This is the only
rainfall recording network in Central A~erica and now covers 20,000
square kilometres of El Salvador with 20 instruments at heights between
5 and 1700 meters.
The longest records are now of 12 years' duration.
2.

SYNOPTIC RAINFALL CONDITIONS

During a yearly average of 140 rainy days ( ~ 0. 1 mm) in El
Salvador about JOO distinct periods of rainfall are normally recorded,
or 2 rainfalls per rainy day.
Each rainfall period produces an
average of about 15 mm during a lapse of 1 hour 20 minutes (4,5).
Some 40% of the rainy days produce more than 10 mm and J% more than
50 mm.
Some 90% of all rainfalls occurs between 15 April and 15
November, which are the 6 months of the rainy season and the 1 month
of transition from and to the dry season.
How are these rainfalls
produced, by which atmospheric processes and what are their other
features?
(a) Easterly Waves
Most of the rainfall originates when the Easterlies pass
over Central America, which is the most frequent synoptic situation.
The embedded "Easterly Waves" or "Instability Waves" described by
Portig (1) for Central America are travelling, at least in many cases,
faster than the wind with a velocity of about 13 to 15 longitude degrees per day equal to about 60 to 70 km/h, causing first an upward
rainfall producing and then a downward fair-weather bringing wavelike
vertical motion of the troposphere.
This wave model has proved its
utility for analysis and forecasting in the Salvadorean Weather Service
since 1956.
During the dry season showers occasionally occur.
These
were supposed to originate from Easterly Waves but a more exhaustive
cnalysis showed that they were "induced waves" originated by a "polar
trough" in the westerlies in the upper troposphere as described by
Riehl (7) and La Seur (8).
{b) Rainfall friction in Northerly Flow
The phenomenon of rainfall friction originates in a northerly
flow in the higher or middle troposphere.
Such a flow predominated
over large parts of Central America during the whole of the first half
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of July 1959, (1).
It occurs when, similar to the "EquaTorial Drift"
model of Johnson and Marth (6), the flow is travelling southward in an
ageostrophic manner (decreasing Coriolis force) causing divergence and
downward vertical motion.
This weather situation causes the well
known interruption or reduction of rainfall activity.
As an average
rule during the rainy season you may say that in the Pacific Central
America two rainy days are followed by one dry day.
The synoptic situation normally shows relatively low pressure
over Cuba-Florida, sometimes combined with a trough over the eastern
United States cutting the Atlantic anticyclone in two parts.
One of
these parts lies over the Gulf of Mexico causing a dry north to northeasterly flow in the upper or middle troposphere and often a hot one
near the surface tow4ards Central America.
This flow obstructs the
Easterlies and causes downward motion, reduced cloudiness and more
sunshine during the day but often with frequent lightning and gusty
thunderstorms with relatively sparse local weak to moderate rainfalls
during the night.
In August 1958 the cut-off of the anticyclone was
originated by Hurricane Daisy.
(c) Advection from the Pacifi~ace
The instability zones coming from the Caribbean are often
strengthened by the advection of hot and humid tropical maritime air
from the neighbouring Pacific atmosphere.
The consequence is a considerable increase in cloudiness of convective and stratiform types,
with a high moist adiabatic instability up to layers far below o 0 c.
Thunderstorms and showers are often observed over the southern part of
the country in the early afternoon, and evening and night showers are
longer lasting. In its later stages this precipitation resembles a
warm-front rainfall of middle latitudes.
There are several atmospheric conditions which favour advection from the Pacific Ocean.
One is the presence of a heat-low over
the Pacific side of Central America, sometimes extending over the
neighbouring Pacific Ocean.
This often produces a trough to the west
of El Salvador with a high vertical instability over the country.
These processes may be strengthened by the presence of what were formerly polar cold fronts that have changed into mere instability zones
during their southeastward motion along the west coasts of the United
States and Mexico and their subsequent curvature towards the Central
American Isthmus.
Another strengthening effect results from the
relatively small high-level cyclones and anticyclones which normally
drift from the west and sometimes become quasi-stationary; frequently
they have a southward component.
An increase of convection occurs on
the southern flow side of these high-level disturbances.
(d) Pacific Weather Type "Atemporalado"
With the formation of a low pressure centre in the South of
Cuba and over Central America up to the high troposphere, the southern
flow becomes more organized.
The thickness charts indicate warming
in the lower troposphere, implying a warm-core low level cyclone, while
cooling predominates in the upper troposphere.
The easterlies break

298
down and are followed by a weather type we name "atemporalado" with
overcast
of nimbostratus and altostratus and persisting "warm front"
rainfalls.
These are generally of weak intensity but sometimes,when
containing embedded convective systems, they persist up to 20 hours
with little or no interruptions.
There is no electrical activity.
The highest rainfall amounts of up to 150 mm occur in the coastal
plains, in their neighbouring volcano chains and in the coastal or
Balsam Range to the South of the Capital.
(e) Pacific Weather Type "Temporal"
The last described weather type is a transition type towards
the strong "Temporales" which produce the worst weather situation on
the Pacific side of Central America. A " Temporal" is a tropical atmospheric perturbation without significant electric activity, which occurs
in Central America and neighbouring seas.
It is characterized by
persistent rainfall (average duration of 2 to J days) sometimes accompanied by strong to gale force winds (9).
The monthly frequency of
Temporals during the past 11 years in El Salvador indicates that in
nearly every year one occurs in September and another one in October,
and every two years one occurs in June.
The "Temporales" nearly
always seem to originate from the Intertropical Convergence Zone and
therefore they are warm-core low level cyclones.
Reconnaissance
flights made together with the Salvadorean Airforce since November 1960,
revealed that the ITCZ exists, especially during the months June to
October, in the South of our Pacific Coast and is characterised by a
long band of vertical instability with cumulonimbus, showers and thunderstorms which often are well observed from Ilopango Airport.
Its
geographical position varies between some 20 - 40 kms and JOO - 400 kms
off the shore.
Between 5 and 9 a.m., local time, it is closest to
the coast.
In September the ITCZ is normally located at about 12°N.
"Temporales" may be induced by a hurricane crossing the Weste:r
Caribbean.
This promotes a resonance depression over the West Coast
of Central America or the near Pacific Ocean which we name the "Temporal
cyclone.
This happened with hurricane Carla in September 1961 and may
also occur when a Caribbean Hurricane jumps over the Isthmus, as did
Hurricane Hattie in November 1961.
Hattie later became the Pacific
Hurricane Simone.
A temporal may originate directly from the ITC zone
and later on be transformed into an Eastern Pacific Hurricane like
Alma in June 1958 and Lillyan in September of this year.
Finally a
temporal or a situation of "atemporalado" may originate in the months
of October, November and even December (as in 1955) by the first norther
lies coming from the North American Continent. When the northerlies pass
over the Isthmus of Tehuantepec, Mexico, they may provoke an activation of the ITC Zone producing a Temporal over Central America
(October 1957).
Normally the Temporals travel slowly along the Pacific
Coast of Central America towards the northwest.
Sometimes, however,
they are quasi-stationary or may travel also in another direction as
demonstrated by Portig (10) referring to the Temporal of October 1957
in which the maximum of rainfall moved from the southwest to the
northeast.
Reconnaissance flights made in 1961 indicated that the
nimbostratus cloud had an upper height of 6,000 m above sea level
which agrees with Portig's results.
We also observed solitary embedded
turbulent convective cells.
Koteswaram (11) found that non-convective
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monsoon cloud systems are seldom higher than 12,000 feet.
Johnson
(6) states that the westerlies at low levels precede imminent widespread rain and stratified clouds up to 20,000 feet, which seems to
agree well with the results found in Central America.
This means
that the Temporal rain originates mostly from non-ice-phase clouds.
Sometimes, however, convective clouds and even Cb are embedded, as
Johnson found in Tropical Africa (6).
Rainfall records measured
continuous rainfall of up to 426 mm during 22 hours 40 minutes which
were only parts of the whole Temporal from 6 to 8 September 1961.
From consideration of the intensities of these rains, we can infer that
locally there were embedded some very strong convective systems.

J.

RAINFALL TYPES

Considering the results of analysis of rain by rainfall
recorder charts, we note the following rain types:
(a) Showers originated by Easterly (Instability) Waves

only:

Duration: 5 minutes to about 2 hours at moderate intensity,
producing up to 50 mm.
(b) Showers originated by Easterly (Instability) Waves with
advection of tropical maritime Pacific air mass (depression
over Central America or trough) sometimes strengthened by
another instability zone coming from the southwest:
Duration: up to 6 hours and even more with moderate to high
intensity (up to J or even nearly 4 mm per minute during the
first 5 minutes), producing up to more than 100 mm, to 150 or
even 180 mm.
NOTE.

( c)

After the typical shower, a steady but weak rainfall
known as the "post-rain of trough" follows without
interruption.

"At emporalado" rainfal 1:
extensive and persistent but normally only weak to moderate
rain (warm-front rain type of middle latitudes), especially in
the southern parts of the country:
Duration: up to 15 or 20 hours producing up to 150 mm with
locally some heavier falls.

(d) "Temporal"rainfall:
extensive and persistent weak to moderate rain (see type "c")
over nearly the whole country but with the highest rainfall in
the southern parts:
Duration: some JO to 70 hours, or 1t to J days and even more,
normally producing in the coastal plains and neigliliouring
mountains between 100 and JOO mm, but sometimes up to 500 or

JOO
600 mm and in exceptional cases up to 800 or 1000 mm .
Rainfalls of the latter kind are able to change river systems
including their beds.
This happened in June 1934 when a
Caribbean hurricane jumped over the Central American Isthmus
and was transformed into a very strong Temporal, which
destroyed several villages with the loss of more than 1000
lives.
We have seen that for the rainfall production on the Pacific
side of Central America the primary instability factor comes from the
Caribbean.
The intensity of the rain-falls then depends on the rate
of transport of hot and humid tropical maritime air from the Pacific
Ocean.
An old frontal zone proceeding from the northwest along the
coast sometimes raises the amount of rainfqll as a secondary instability factor.
When the flow from the Caribbean is blocked, local
Central American and Pacific rainfall producing parameters are not
sufficient to produce intensive rain showers or thunderstoims.
The
rainfalls are then more moderate but are of longer duration and occur
over a larger area.
Temporals however, by their normally long
duration of 2 to J days cause floods and considerable loss of life
and damage to property.

4.

RAINFALL MESO-SCALE SYSTEMS

By radar you see the rainfall or shower areas and even the
simple convective cells which form the shower.
Crow and Cobb (J)
showed this recently for the southwest of Panama and gave interesting
details of the meso-scale distribution of rain within the Tropics.
Griffiths and Henry (2) gave other examples of a meso-scale analysis
of rainfall, also from the southwest of Panama.
They established
that one or more meso-scale shower systems produces more than 25 mm.
A meso-scale system has a diameter of some 5 miles or 8 km and around
it lies a weak rain belt to some 6 miles or 9 kms of distance.
Each
meso-scale system consists of a cluster of convective cells for which
Crow and Cobb found an average lifetime of some 24 minutes.
Cells
with a longer lifetime have convective clouds extending above the
"freezing zone" (more than 20,000 feet or 6,000 meters) with temperature less than -1o 0 c.
Let me demonstrate an attempt made to analyze meso-scale
shower systems by the data of a dense network of raingauge and rainfall recorders, which existed during the year of 1956 around the
Capital, including inner valleys at 500 to 800 meters and mountains up
to nearly 2,000 m above sea level.
Over an area of some 20 km by
40 km 28 raingauges and 6 rainfall recorders were installed; 5 of
these recorders had separations from each other of between 2 and
11 km and only one had a separation of 24 km.
From the rainfall recorder data is was possible to split
the daily rainfall amounts into single rainfalls, and here are
the results:
(a) High daily rainfall amounts can be produced by a single
strong shower (June 8, 1956 : 98 mm in Santa Tecla and 85 mm
in Ilopango Airport); each of these two showers had a diameter
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of about 10 to 15 kms (defined by the 50 mm isohyet), and
they were separated by a less productive zone (minimum 35 mm)
and of about 7 km diameter.

(b) The records show the single showers as mesa-scale systems
including those which produced only small amounts.
An
analysis of two separated showers of 4 June 1956, led to
the estimated dimensions of 4 and 12 km wide, and 21 and
18 km long, respectively (followed the 25 mm isohyet proposed by Griffiths and Henry).Anothersingle shower which fell
on 15 March 1958 during the dry season and produced up to
113 mm within some 2 hours or less, had a width of some
20 kms and a length of 70 kms or even more.

( c) In some cases it was possible to distinguish single cells,
probably identical to those seen by Crow and Cobb with radar,
which composed the shower systems.
They were clearly
separated from the main showers and produced less than one
millimeter.
Following the results of Crow and Cobb, we may
estimate that the small rainfall producing cells primarily
had a short lifetime df some 10 minutes.
Perhaps they all
were produced by simple water cumuli without reaching the
freezing zone.
Another class with a lifetime between 32 and
44 minutes producing from 4 to 16 mm originated from an iced
cumulonimbus with a height of more than 20,000 feet or some
6 km (J).

( d) Most of the rain from the heavy showers (88% to 96%) of long
duration (on June 8, 1956, about 6 hours) was produced during
the first two hours.
This was followed by weak rain, without
shower activity ("post-rain of trough").

(e) Generally there was no clear horizontal motion of showers and
no orographic effect.
In some cases the shower system first
began to rain near the Volcano San Salvador and somewhat later
further rain occurred to the east over the free plains.
These latter rainfalls were on June 9, 1956, the same or
larger than the initial rains, while on June 4, 1956 they were
less or sometimes nothing.
On June 17 and 25, 1956 the
showers began firstly over the free plain and later on near
the mountai'i1.s.
The author observed and heard several times
from a high point some JOO m above the valley of the Capital,
that showers crossed the valley, and at his observation point
(distant some hundred meters), no rain fell.
Only in two of
the cases here considered were we able to note a horizontal
motion from east or northeast to west or southwest, of 40 to
50 km/hour.
Although there were no upper-wind data, the weather situations and surface wind records at Ilopango and San Salvador indicated
that probably the currents in the middle troposphere (500 mb) were only
of about 4o to 50 km/h.
My opinion is that the relatively slow current which drove the shower systems was covered up by the faster
advected instability parameter (Easterly Wave), causing an apparently
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unsystematic upward vertical motion and producing a disordered rainfall activity over a larger area.
Similar features we r e found by
Crow and Cobb, using radar.

5.

YEARLY AVERAGE RAINFALL

In the tropics, for well known reasons, although we urgently
need basic climatic maps of rainfall and other meteorological elements, their construction is made difficult by the lack of rainfall
data over a sufficiently long period.
We can only construct preliminary rainfall maps, in a statistical manner to obtain the best
possible approximation to a homogeneous long term average map.
This
map may be arrived at by reducing short-period data to long-period
ones wherever possible, and by avoiding pre-conceived ideas.
I would like to describe here four yearly average rainfall
maps of El Salvador, which are very different each from another.
The
map No.1 was constructed by W. Rudloff, National Weather Service, in
1955 (12), from the average data of only J4 stations maintained by
the two railway companies and some other ones from one or two coffee
plantations.
No information was available from the northeastern
half of the country.
The map No.2 was constructed in 1961 by the
National Hydrological Service (13).
Apparently, they used the rainfall data published by the Ministry of Agriculture in 1953 (14), which
contained mean values for 63 stations, located in the same Southwestern half of the country as those used for map No.1.
The data
contain many errors.
The map No.J was constructed by an expert in
agrometeorology (15).
We do not know exactly what method or concept
he used and it is also unknown what data source he had.
Ten years after the foundation of the National Weather
Service, there are now some 120 rainfall stations located in all parts
of the country.
This fact led to the decision to construct a new
rainfall map which is map No.4 (16) using also the r e cords from 1 to
8 years of the new stations, including those located in the northeastern part of the country.
You will understand that it was not
possible to use data from the same period of years -0r even a normal
JO years period (19J1-1960 or others).
We used averages calculated
from records of 15 years and more as "good" mean values (JS stations)
and we reduced stations with records less than 15 years to those of
more than 15 years of observation.
For the reduction we used the
"difference method" after having shown that it gave the same quality
of result as the "quotient method" (17, 5).
The reduced values from
stations having between 5 and 15 years of observations received a
higher weight than those of 5 years a n d less, which were mainly used
as indicators.
Especially in the eastern parts of the country the new map
brought a surprise.
The rainfall amounts in a large area of East
El Salvador disobeyed nearly all existing relations between rainfall
and height.
It is difficult to give an explanation for this fact.
We found that the semi-circular ~onseca Gulf with a radius of some
JO kms must be a genetic area of mesa-scale disturbances which may
later develop to synoptic-scale disturbances.
There are relatively
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dry areas near the Laguna de Guija with less than 1,400 mm in the
Northwest extending towards the Valley of Zapotitan with less than
1,600 mm.
They are a continuation of the well known arid zone of
the Rio MotaguaValley near Zacapa in Western Guatemala.
Remarkable
also are the relatively dry areas adjacent to the coast with only
1 ,600 mm or somewhat less.
Furthermore the few stations with shor~
periods of observation in the northeast of El Salvador indicate the
possible existence of maximum rainfall between 1000 and 1500 m above
sea level, and above this there occurs a certain reduction in rainfall amount, which is well known in other parts of the Tropics.
Perhaps the WMO expert had the same feature in mind, but he overestimated the amount of reduction.
We made finally a comparison of the three older maps with
our new map.
All three different charts demonstrate errors in the
northern and especially in the northeastern parts of the country, and
also in areas near the coast.
If we suppose that the errors still
contained in our newest preliminary map No.4 are within 200 mm then
in the northeast the rainfall amounts by the three former authors
were under estimated while in the ocastal plains they expected more
rainfall.
The resulting errors in the northeast were up to 200% of
the erroneous yearly rainfall amount; in the northwest up to 160% and
in the coastal plains and neighbouring mountain slopes up to 45%.

6.

CONCLUSIONS

This contribution should be considered only as a report
written in a practical weather service of the Tropics, where there is
no time for research work and not sufficient money for a better
observational n.etw-ork.
Perhaps this paper may strengthen somewhat
the relations between the research worker and the meteorologist in
the tropics.
It should be realized that while other colleagues
study the atmosphere by using satellites and computers their friends
in the Tropics often have no means to improve their networks or to
launch regularly pilot balloons to the free atmosphere.
It would be
a contribution to the welfare of science and mankind if we could
reduce these still increasing contrasts in world-wide Atmospheric
Sciences.
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OBSERVATIONAL AND FORECASTING ASPECTS OF THE
CONVECTION CYCLE AT DARWIN
P. Hyson, R.M. Leigh and R.L. Southern
Tropical Analysis Centre, Darwin, ~.T.
Bureau of Meteorology, Australia
ABSTRACT
The nature of the diurnal convection cycle at
Darwin, Northern Australia, is discussed briefly with particular reference to parameters observed during the occurrence of severe thunderstorms.
Aspects of the forecast problem are considered.
The estimation of cumulus cloud by an entrainment method
is investigated in relation to the prediction of thunderstorms.
Mean uppe·r soundings are presented for fine days
and thunderstorm days during the wet season.
It is concluded that the only significant difference between the
soundings is the mixing ratio above 950 mb.
This may be
of limited forecasting assistance.
1•

INTRODUCTION

In the Northern Territory north of latitude 15S a large land
mass protrudes into a tropical sea whose mean annual surface temperature exceeds 28°C and convection occurs seemingly at random.
The
problem is highlighted when the safety implications of forecasts are
high and very specific advice is required.
Such a situation exists
at Darwin International Airport.
A forecaster must have a thorough
understanding of the climatological characteristics of thunderstorms
for the preparation of terminal forecasts valid for up to eighteen
hours in advance for flight planning purposes.
But he searches for
a closer understanding of the micro and macroscale physical and synoptic processes involved.
Due to the generally flat nature of the
terrain, the region (Figure 1) is conducive to a study of convection
in its relation to geographic features freed from topographic effects.
2.

CLIMATE

Two seasons are experienced at Darwin, the "wet" and the
"dry".
The months May through September, which coincide with periods
of winter anticyclogenesis over the Australian continent, are practically without rainfall.
Table 1 sets out basic climate data for
Darwin.
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TABLE 1
Climatic data for Darwin (lat. 12°28 1 S, long. 130°51 'E) Height
above M. S. L. 97 feet.
Period of record JO years ( 1 9 ·1 1-1 940) .

Jan
Feb
Mar
Apr
May
.Jun
Jul
Aug
Sep
Oct
Nov
Dec

3.

Mean
Max.
(OF)

Extreme
Max.
(OF)

89.9
89.8
90.2
9 ·1. 9
90.9
87.5
86.6
88.5
91 . 0
92.6
93.2
92.0

100.0
100.9
102.0
184.o
102.3
98.6
98.0
98.0
102.0
104.o
103.3
102.0

Mean
Mean
a.m.
R/
fall
9
vapour
(in.)
press.
(in.)
0.925
0.920
0.912
0.800
0.652
0. 5 +.5
0.522
0.613
0.732
0.832
0.868
0.890
1

1 6. 18
12.37
11. 18
J.08
0.33
0.09
0.01
0.02
0.60
1. 93
4.32
8.57

Mean
Rain
Days

20
18
17
6
1
1
0

0
2
5
10
15

Mean
Mean
Cloud Days
Amount
of'
Lightning
7. 1
7.0
6.2
3.5
2. 1
1.6
1.4
1.3
2.0
J.2
l+. 8
6.o

16
16
14
6
1
0
0
0

1
8
17
17

OBSZRVATIONAL CHARACTERISTICS OF CONVECTION

The diurnal nature of convection in the Darwin area is
rev ea le d by Figure 2.
All occasions of thund er heard, of lightning
or any other indication or report of thunderstorms in the area were
processed.
Two pea.ks in both the occurrence of thunderstorms activity
and precipitation ar e evident, one in the early evening and th e oth 2 r
21

J08
before dawn.
Both coincide approximately with diurnal pressure
minima.
The early evening maximum follows significant daytime heating.
The early morning maximum is presumably produced at a period of
maximum instability, due to radiational cooling possibly aided by
local convergence effects along the heavily indented coastline or off
adjacent islands.
Figure 2 also shows that the period of maximum
HOUR
11

01 02 03 04 05 06 07 0809 10 11 12 1314 15 16 17 18 19 20 21 22 23 24
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Fig. 2 Percentage frequency of hourly occurrence of (a) precipitation
(b) thunderstorm activity during October - April, 1956 - 58 at
Darwin and (c) precipitation at Dili [Portuguese Timor] for all
months of 1955.

thunderstorm activity (assessed from the same period of record as the
occurrence of precipitation) occurs several hours later than the
precipitation maximum, indicating the continuation of convectional
development after dark, but possibly biased by lightning reports at
night.
For the period examineJ, in each month except February the
evening thunderstorm maxima predominate over the early morning
maxima.
The February distribution is almost certainly due to reduced
thunderstorm activity during thi.5 month of maximum monsoonal activity.
It is of interest to note that no secondary night-time maximum occurs on the other side of the Timar Sea at Dili on the north
coast of Portuguese Timar (Figure 2).
This suggests that there the
afternoon peak is mainly due to a pronounced topographic contribution
which ceases at night under a divergent katabatic wind regime.
Well developed cumulonimbus at Darwin may achieve heights in
excess of 50,000 feet and horizontal dimensions in excess of five
miles.
A gigantic cumulonimbus cloud appears almost daily during the
summer over Bathurst Island (area approximately 2,000 square miles),
fifty miles north of Darwin, and is responsible for a s e mi-permanent
rain echo on the radar screen.
The diurnal spatial distribution of occurrence of convectional activity has be e n studied through collation of rarep observations made at six hourly intervals by a 10 cm radar unit during the wet
season, October 1961 - April 1962.
The diurnal percentage frequency
oE occurrence of rareps in each octant is presented in Table 2.
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TABLE 2
Diurnal percentage · frequency of occurrence of rareps in denoted
octants at Darwin Radar for period October 1961 to April 1962
Octant

N

NE

E

SE

s

SW

w

NW

hrs
hrs
hrs
hrs

18
14
16
20

9
11
13
11

14
19
13
9

12
14
7
5

17
14
13
8

11
9
11
12

8
10
15
18

11
9
12
17

1500
2100
0300
0900

The data show an apparent shift in relative occurrence of
echoes from land to sea during the night and early morning (i.e. from
southern and eastern land areas to western sea quadrants).
This
shift cannot definitely be attributed to land or sea breeze effects as
on-shore surface wind components are nearly as frequent as those off
shore, but rather to the influence of light easterly winds in the vicinity of the steering level, (say 10,000 feet), which do slightly
predominate.
The shift can also be attributed to a reduced occurrence of echoes over the land not accompanied by a reduction over the
sea.
A proposed study of data for individual months should solve this
question.

4.

STATISTICS RELATING TO SEVERE THUNDERST.ORMS

122 severe thunderstorms affecting Darwin Airport were selected from all thunderstorm occurrences during the months October to
April for the five year period 1957-62.
The data were extracted from
a record of aerodrome weather observations made at intervals not
exceeding JO minutes.
Only thunderstorms accompanied by showers reducing visibility to 5 miles or less or with gusts of not less than 17
knots (20 m.p.h.) were sel e cted.
A brief discussion of the data tabulated (Table 3) follows.
In this investigation the terms severe thunderstorm and
period of sustained thunderstorm activity are synonymous.
The diurnal
£requency of severe storms is comparable with the occurrence of all
periods of thunderstorm activity and precipitation (See Figure 2).
Two periods of maximum activity occur, one in the evening and the s e cond
before dawn.
The frequency per hour during the period 06 to 14 hr is
only about half the frequency per hour during the remainder' of the day.
What activity does occur during the pre-noon period is probably larg2ly due to macroscale synoptic influ e nces as distinct from the thermal
regime.
The storm of longest duration, which extended from 0600 hr
to 1240 hr on 8 January,1959 occurr e d during a monsoonal disturbance
of this nature.
The highest degre e of cooling was obs e rv e d on 1 February,
1961, when the temperatur e f e ll e l e ven degre e s from J2°C to 21°c betwe en ·14 JO and 1500 hr accompanied by gusts of' J 1 knots.
Only ten points
of rain were recorded in this period at Darwin.
The g r e atest int e nsity
21*
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TABLE 3
Percentage frequency of occurrence of parameters during severe
thunderstorms at Darwin (visibility five miles or less or with
surface gusts 17 kt or higher), period October to April, 195762.
Number of cas e s 122 (unless otherwise stated).
Monthly Variation
Month
Frequency

Dec
25

Nov
16

Oct

(%)

4

Mar
10

Feb
20

Jan

19

Apr

6

Diurnal Variation
00- 02- 04- 06- 08- 10- 12- 14- 16- 18- 20- 2202 04 06 08
10
12
14
16
18 20 22 24

Hour
Frequency

(%)

8

9

6

11

4

6

6

10

12

9

11

8

Duration
Duration
Frequency

o-t

(%)

t-1

hr

41

34

hr

1-2 hr
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of precipitation for a five minute period occurr e d at 0030 hr on
25 November, 1962, when 84 points was registered.
This storm was
accompanied by gusts of 44 kn.ots from an east-south-east direction.
It will be noted that maximum gusts also occur most frequently from
the SE quadrant.
As the majority of storms are observed to travel
towards the north-west, this is in accord with normal observation.

5.

PREDICTION OF THUNDERSTORMS

Accurate prediction of thunderstorms is difficult at Darwin.
Early or late in the wet se a son it is sometimes possible to clearly
identify synoptic influences such as the passage of a trough in the
upper westerlies, appearance of definite isallobaric minima or convergence in the low level easterly flow, with strong convectional activity, but in general triggering mechanisms are well disguised.
During mid-summer, particularly, when the equatorial trough lies
diffusely over North Australia, a pressure gradient is ctL~l C).3t nonexistent, and the low and middle troposphere wind fields are weak,
meandering and non-indicative of moisture or temperature advection.
On occasions monsoonal depressions contribute to the formation of
definite zones of convergence, but generally thunderstorms appear to
occur spatially at random according to a rather rigid diurnal pattern.
During the mid-summer period, macroscale features best studied in the
field motion, such as large scale upper divergence, are often difficult
to ascertain as the mean position of the sub-tropical ridge at JOO and
200 mb and associated regions of outflow lie almost directly above the
latitude of Darwin.
Deductions as to the presence of upper divergence
are sometimes best made from cirrus observations.
For example it is
a local rule at Darwin that dense independent cirrus, denoting convergence in the upper troposphere, is indicative of reduced thunderstorm
activity.
While the existence of favourable macroscale features such
as substantial outflow aloft provide an indication of the general level
of thunderstorm activity over a substantial area, it appears that it is
the influence of low level effects, sea and land breezes, and possibly
other mesa-scale features difficult to assess, which play a dominant
role in determining the intensity of local convection.

6.

ESTIMATION OF CUMULUS GROWTH

Instability indices provide little assistance in the prognostication of thunderstorms in the nearly always conditionally unstable
tropical atmosphere.
A small sample of twelve fine and twelve thunderstorm days at Darwin selected during the months November to January
(Table 4) is sufficient to indicate this point.
Definition 1.

2.

A fine day is defined as one on which no precipitation occurred at or near the station and no
distant showers or thunderstorms were observed.
On several fine days distant lightning was
reported during the evening.
A thunderstorm (TS) day is defined as a day on
which a thunderstorm or moderate or heavy showers
occurred at or near the station.
Days with continued precipitation from middl2 level cloud \Vere
excluded.
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TABLE 4
Showalter and Lifted Indices evaluated from a sample of twelve
fine and twelve thunderstorm days during November 1962 to
January 1963.

Showalter Index

Mean
Standard Deviation

Lifted Index

Thunderstorm
days

Fine
days

+ 0.33

+ 0. 13

2. 15

2.88

Thunderstorm
days

-

Fine
days

1.57

- 1.58

2.85

3.84

The failure of the Showalter Index and other conventional
Index methods to differentiate between thunderstorm and fine days in
Darwin suggests the following possibilities:
(a)

These methods are not sensitive enough to indicate the
much smaller variation in stability and moisture between
thunderstorm and fine days.

(b)

There is no significant difference between the upper air
soundings for TS and fine days and only differing dynamics
or micro physical features determine whether a TS will
occur on a particular day.

Each of these possibilities has been investigated in the
following short study.
Estimated cumulus cloud depth by an entrainment method was
taken as a more sensitive measure of convection than the usual indices.
Entrainment of environmental air at the rate of 100 per cent per
400 mb was allowed.
Using this method analysis of the temperature
soundings for 15 fine and 15 TS days in each of the months from
October to March was carried out, approximately five days being chosen
from each month in each of the years 1959-61.
The mean cloud top heights and their standard deviations for
fine and TS days are shown in Table 5 and again, graphically, in
Figure 3.
It is evident, that on the average, TS days have higher estimated cloud tops than fine days.
With a few exceptions heights of
18,000 feet or more were TS days and days with heights of 12,000 feet
or less were fine.
Heights between these two limits did not appear
to be of particular significance.
This would be expected from the
overlapping of the standard deviations.
These results suggest that, in the mean, a difference between
the soundings for fine and TS days does not exist.
To confirm this
and to establish its nature, mean soundings of fine and of TS days were
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Fig. 3 Estimated mean height and standard deviation
of cloud tops for 15 dry and 15 thunderstorm
days selected during months October to March.

TABLE 5
Mean estimated cloud tops by the entrainment method for 15
fine days and 15 thunderstorm days in each month October to
March, from the period 1959-1961.
FINE

Oct
Nov
Dec
Jan
Feb
Mar

TS

Mean Height

Std.Deviation

Mean Height

Std.Deviation

'000 ft

'000 ft

'000 ft

'000 ft

2.8
3.4
2.8
2.5
3.6
3.0

16.7
19.3
18.2
19.2
18.6
15.3

2.7
2.4
1. 4
3.8
3.6
1. 3

11 . 8
12.2
13.2
13.3
13.4
10.5

constructed for these months.
The mean soundings were constructed by averaging the values
of temperature and mixing ratio for standard pressure levels.
A
similar (but not the same) selection of fifteen days, as above, was
used and soundings were constructed for each month.
For cohveni e nce
of presentation the six-monthly means were combined into two gro u ps
(October, November, December and January, February, March) but tb.e
results were similar for each of the individual months.
The mean soundings for the two periods are reproduced in
Table 6 and again in Figures 4 and 5.
To indicate the variatio n
encountered, means and standard d e viation (of mixing ratio) for 7 00 mb
in November and February are given in Tabl e 7.
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Fig. 5 Mean temperature and moisture soundings for fine days and

Fig. 4 Mean temperature and moisture soundings for fine days and

thunderstorm days, months January - March.

thunderstorm days, months October - December.

TABLE 6
Mean soundings of Temperatures and Mixing Ratio for periods
(a) October to December, (b) January to March.
Pressure
Height
(mb)

Oct.
Temperature
.oc
Fine

SFC
900
850
800
700
600
500
400
JOO
200

28.7
21. 6
20.0
16.J
8.6
1. 5
- 6.4
-16.2
-J 1. 5
-54. 1

Nov.

Jan. Feb. Mar.

Dec.

Mixing Ratio

Mixing Ratio
-1
gm.kg

Temperature
oc

TS

Fine

TS

Fine

TS

Fine

TS

28.0
21. 6
19.J
16.0
8.J
1.J
- 6.6
-16.J
-31. 0
-5J.8

18.6
11•8
8.6
6.J
l-t-. 1
2. 1

1 8. 1
1J.O
10.8
9.0

27.6
21. 8
19.J
1 6. 1
8.8
2.J
- 5.3
-15.4
-J0.7
-53-5

26.7
21 . 8
19.0
15.8
8.7
2.0
- 5.7
-15.4
-J0.8
-5J.6

18.J
12.6
9.9
7.4
5.2
J.O
1•6
0.8

1 8. 1
1J.8
11 . 6
9.9
6.8
4.J
2.6
1. J

1.0

o.h

-

6.o

J.6
2.0
o.6

-

gm.kg-1

-

-

-
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TABLE 7
Means and standard deviations of mixing ratio gm kg
at 700 mb.
November
.F'ine
Mean
4.3

February
TS

SD
2.0

-1

Fine

Mean

SD

6. 1

1 . l+

Mean
5.8

TS
SD
1. 7

Mean
7.6

SD
1. 6

Some notable features of the soundings are:-

7.

1.

There is no significant difference between the soundings of
temperature.
Fine days tend to be a little warmer at the
surface due, probably, to greater cloudiness and precipitation on the TS days.
Elsewhere the values of temperature
differ only slightly.

2.

A stable layer is apparent from 900 to 850 mb for the
October-December sounding (particularly on fine days) but is
absent in the January-March period.
This layer was most
evident in the October sounding which indicates that it
arises f'rom the trade wind inversion, a prominent feature of
the dry season.
Its effect would be expected to disappear in
the later months.

3.

The mixing ratio is higher on TS days at all levels except
near the surface.
In the layer 800-600 mb this difference
reaches an average of about 2 gm kg-1.
CONCLUSIONS AND SUMMARY

It is concluded that the entrainment method of estimating
cumulus cloud growth does show some correlation with the occurrence of
thunderstorms at Darwin.
It is suggested from the mean soundings
that the difference in the cloud top heights is due to changes in
middle level moisture rather than to changes in stability.
Mixing
ratio values between 800 and 600 mb would appear to be the best
criteria to use as a guide in thunderstorm forecasting as the changes
in mixing ratio are largest in the layer.
Due to the large standard
deviations encountered, only the extreme days in each category could
be forecast with any confidence.
The majority of days would require
the consideration of other factors as well.
This is in keeping with
the results of other studies (Malkus and Ronne 1960) which indicate
that large scale dynamics and micro cloud physics may be as important
as upper air soundings in deciding the occurrence of thunderstorms.
REFERENCE
Malkus, J.S. and Ronne, C., 1960: Cloud distribution over the tropical oceans in relation to large scale flow patterns. Physics
of Precipitation, 45-60, Geophys. Monog.Series, Amer. Geophys.
Union.

CHAIRMAN'S SUMMARY : SESSION J

J. S. Malkus
The survey paper attempted to provide a background of convective dynamics against which the various papers presented in the
session could be more readily appreciated.
In this connection it was
emphasized that the modelling of individual convection elements is at
present confronted by great difficulties arising from the phenomenon
of turbulent entrainment.
However it may be possible to by-pass
these difficulties by concentrating more on tractable problems in the
frontier areas of cloud patterning, diurnal cycles of convection and
experiments in cloud modification.
In this area it is important to
study the oceanic diurnal cycles in convective activity and review
their possible causation by cycles in radiation and air-sea exchange
processes or by convergence in the cloud layer associated with atmospheric tides.
Papers by Pisharoty and Ananthakrishnan gave observational
data on the different aspects of convection and allowed some insight
into the basic mechanisms involved.
Of much interest too was the
paper by Finkelstein giving a detailed analysis of the diurnal rainfall characteristics of numerous Pacific Island rainfall stations.
It
would seem that results from the larger islands are significantly
affected by island-induced circulations and even for atolls a better
understanding of the effects of lagoons on the variations of temperature and rainfall regimes is necessary.
Further details of thunderstorm and convective processes were given by Southern for the Darwin
area.
The session also aroused thoughtful comment and discussion.
Thus, in regard to the orientation of trade-wind cloud streets,
Hubert pointed out that the vertical shear within the convective
layer normally acts to orientate the main street apis, while the
orientation of smaller features may be due to shear through the
top of the cloud~
With regard to the diurnal variation of cloudiness and rainfall over the open ocean, Bryson mentioned that
observations taken east of the Mariana Islands from October 1944 October 1945, when only periods of bright moonlight at night were
used, showed essentially no diurnal variation in the form of the
cumulus cloud.
This suggested that diurnal variations in
precipitation might be caused by a varying number of convective
cells with essentially constant intensities.
On the whole the session emphasized both the usefulness of
the recent progress in convection dynamics and pointed out that further impetus can be expected from current and forthcoming studies of
diurnal cycles in convective cloudiness and rainfall.
These should
both contribute to and be aided by existing and future satellite data.
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INTRODUCTION

A review of this subject cannot produce an entirely satisfying result.
In the literature one encounters suc h diverse opinions and interpretations, often of essentially the same data, plus
considerable speculation and unwarranted generalization or extrapolation of concepts and results of limited validity, that the
resulting impression is one of disquieting confusion.
Perhaps the
most useful objective of such a survey is an attempt to place in
perspective the reasons for this unsatisfactory state of affairs so
that the present encouraging developments in Tropical Synoptic
Meteorology may profit from the mistakes as well as the achievements
of the past.
In any review of Tropical Synoptic Meteorology i t is
natural to follow the pattern set by Palmer (J) in his now classical
review of Tropical Meteorology.
In that survey he divided the
schools of thought which have dominated Tropical Meteorology into (1)
the climatological school, (2) the airmass-frontal school, and (J)
the perturbation school.
The climatological school made valuable
contributions to the description of large-scale tropical systems
such as the trades, monsoons, subtropical anticyclones and the
equatorial trough.
However, the contributions of that school to
tropical synoptic models was very limited; indeed if one adopts
the usual concept of synoptic-scale systems as those with a lifetime of a few days and a size of a few hundred miles, the extreme
climatological point of view denied the existence of tropical synoptic systems.
In that extreme view the tropical atmospher e
consisted of such large-scale systems as those mentioned above,
subject only to seasonal, diurnal and local variations which could be
explained by associated variations in heating, plus the effects of
orography.
An outstanding and embarrassing exception were tropical
cyclones, the most intense synoptic scale disturbances of the
atmosphere.
To the members of the airmass-frontal school must go the
credit for reviving interest in the study of synoptic scale systems
in the tropics as a r e sult of their attempts to extend the fruitful
airmass and frontal concepts discovered in higher latitudes.
Against the we ll deserved cr e dit for this revival, however, one must
weigh the conceptional and semantic problems arising from the introduction of fronts into the tropics, many of which plague us yet
today.
Dissatisfaction with concepts and results of the previous
work, plus the inability to produce useful forecasts based on them,
and th e opportunity to analyze improved data in certain portions of

319

J20

the low latitudes led to the development of the perturbation school.
In most instances this latter group has taken advantage of the valid
results produced by the former while discarding those which proved
to be untenable.
When combined with the revival and application of
fundamental techniques of analysis, especially to the field of motion,
some important and encouraging results have emerged.
If routine
data networks can be further improved and supplemented by special
data-gatherihg programs where needed, there is reason to be optimistic that the present unsatisfactory state of understanding and
description of tropical synoptic systems can by significantly improved.
2.

THE GENERAL ROLE AND SCOPE OF SYNOPTIC MODELS

In general, scientific knowledge advances through the continual interplay of empirical and experimental work with theoretical
investigations.
In the field-science of Synoptic Meteorology we
may regard synoptic models produced by empirical investigation as
ana logous to the experimental results in the laboratory sciences,
although the same degree of precision is seldom obtained.
However,
one significant flaw in the analogy should be noted, namely, that
no synoptic system to my knowledge has ever been preqicted by theoretical work and later verified by empirical investigations. It has
not been possible in the past, nor does it appear possible at the
present time, to deduce the characteristics of atmospheric synoptic
systems solely from theoretical consideration.
Empirical work
must first discover and describe the kind of synoptic systems which
occur in the upper atmosphere followed by attempts to understand
these with the aid of theory.
In general, synoptic models represent an attempt to condense the general results of extensive empirical investigations in a
manner which retains description of the essential kinematic, dynamic,
and thermodynamic aspects of a particular type of atmospheric system.
Although the structure of individual systems of one type may vary in
detail, such variations should not represent fundamental differences
from the model.
All realistic and successful synoptic models must
be derived from the study of many individual cases within a dense
network of observations which permits the construction of unique
analyses of the data and reliable computations from these analyses.
When such investigations of a large number of individual cases
reveal the same fundamental structure, the synoptician is justified
in formulating these characteristics in the form of a model.
When
supplemented by theoretical investigations of the physical processes
which account for the observed structure and behavior, the complete
model should present descriptions of the field of motion, pressure,
temperature and weather distribution together with information as to
the kinematic,dynamic, and thermodynamic processes important in this
particular type of system.
In the sense that such a model is
derived from a study of a large sample of cases it can be considered
as a kind of statistical concept.
But it must be emphasized that
only in the rare circumstance of steady state conditions could the
model be derived from direct study of average data.
Furthermore,
it cannot be assumed a priori that models derived from study of
conditions in one area may be assumed to be valid for application in
other areas.
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It is enlightening to compare the development of synoptic
models in the tropics and in extra tropical regions.
In middle
latitudes synoptic scale variations dominate the distributions of
pressure, temperature or wind at any time when compared to both
larger-scale or smaller-scale systems.
As a result it was inevitable that from the beginning attention was focussed on synoptic
systems in higher latitudes.
In the tropics on the other hand
synoptic-scale systems are typically small in size and amplitude
when compared with the semi-permanent large scale systems.
In
further contrast to higher latitudes, the variation in the tropics
of most meteorological parameters from values characteristic of the
season and location in relation to the large-scale systems is small,
often smaller than variations due to diurnal and local influences.
When compounded by the typical inadequacies of tropical data, the
less satisfying progress in development of tropical synoptic models
as compared with the extra-tropical results is more understandable.

CLASSIFICATION OF TROPICAL SYNOPTIC SYSTEMS

3.

Synoptic-scale systems of low-latitudes have been classified in many ways: on the basis of geographical location, intensity,
geometrical form, and others.
Tropical systems tend to be more
symmetri~al in form, but in general appearance do not differ radically from extra-tropical systems.
The true differences are more
subtle; involving such aspects as energy sources and the relative
importance of various physical processes in development and maintenance.
In this survey they will be divided into three broad groups
on the basis of general appearance: (a) wave-like oscillations
superimposed on a large-scale flow, (b) vortices, and (c) linear
systems in which length greatly exceeds width.
It should be noted
that most of the models portray combinations of disturbance and
basic flow, a point not always fully appreciated.
These general
groups are not mutually exclusive from a physical point-of-view.
Some disturbances, governed by the same physical processes, evolve
from one shape to another during their life history.
Conversely
others of similar appearance may be controlled by fundamentally
different physical processes.
Within each broad category some
attempt will be made to subdivide systems on the basis of the dominant physical mechanisms involved.
With a few exceptions the discussion will not treat synoptic-scale variations in position or
intensity of such large-scale systems as sub-tropical anticyclones
and trade-wind or monsoonal currents, although this exclusion is
not meant to imply such variations are unimportant.

(a)

Waves

Two types of wave disturbances in the tropical easterlies
have been the subject of considerable study:
the easterly wave of
the Caribbean, described by Riehl (7), and the equatorial wave of
the Pacific, described by Palmer (5).
For these, rather detailed
models have been presented and considerable insight into the
physical processes responsible for their structure has been gained~
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There is reason to believe that they are not basically different
phenomena, but are different manifestations of the same fundamental
wave-like disturbance of the easterlies, whose differences catl be
accounted for in terms of the differences in latitude and the characteristics of the basic 1low which they perturb.
Historically, the Caribbean easterly wave was studied first.
The new model was developed by intensive study of new data obtained
from the improved networks established in the area during World War
II.
The new data consisted primarily of winds aloft observations
which were used to extend and clarify the results of Dunn (1), which
had been obtained mostly from surface data.
Analysis of the upper
winds revealed that the surface isallobaric centers previously found
by Dunn were accompanied by a westward moving wave-like oscillation
of the easterly current.
The average speed of movement was in the
range of 10 to 15 knots and the average wave-length about 15 degrees
of longitude.
Ahead of the wave, lower level divergence and higher
level convergence were accompanied by subsidence and supressed
convection; behind the wave, lower convergence, upper divergence and
upward motion were associated with increased convective showers and
some thunderstorms.
This distribution of divergence and vertical
motion is consistent with results derived from the application of
the potential vorticity theorem to a wave in the easterlies which
moves slower than the basic current in the low levels and faster
than the basic current in the upper layers.
The development of the equatorial wave model also came as
a result of the study of new data from improved networks, in this
case from the Marshall Island area during periods of atomic weapons
tests.
Comparison of the equatorial wave with the easterly wave
reveals both similarities and differences.
The average speed and
wave length are essentially the same, but the lateral extent of the
equatorial wave tends to be smaller.
The distributio~ of low-level
convergence and divergence differs in detail; instead of isolated
areas of convergence confined to the region behind the wave axis, one
finds isolated areas of divergence in the region ahead of the wave
axis.
It is suggested that this difference is primarily to be attributed to differences in the basic flow rather than the disturbances.
The equatorial wave is embedded in the easterlies of the equatorial
trough which are convergent in the mean; in contrast, the Caribbean
easterly wave is embedded in the trades which are divergent in the
mean.
In the former case the sum of perturbation and basic fields
of divergence results in isolated areas of positive divergence
surrounded by convergence; the reverse is true in the latter case.
Note that although the two types of waves are not fundamentally
different, the weather distribution associated with each will be
significantly different from a practical point-of-view.
Other
differences between the two waves in the easterlies result from the
difference in latitude.
At the higher latitude of the easterly
wave the winds are more nearly gradient which accounts for the fact
that these disturbances are more easily recognized in the pressure
field and are associated with well-defined 24-hour isallobaric
centers.
The perturbation in the pressure fieJd associated with
the equatorial wave usually is too small to be detected reliably
with the available data.

323
Another type of wave disturbance is the induced wave.
This is a wave-like perturbation in the low tropospheric easterlies
induced by the presence of upper tropospheric disturbances.
One
example occurs when an upper-tropospheric cyclone does not extend to
low levels as a vortex, but its presence aloft is indicated by a
cyclonic wave disturbance in the lower easterlies.
This type is
most frequent in the summer hemisphere.
A similar phenomenon frequently occurs in the winter hemisphere beneath troughs in the upper
tropospheric westerlies which overlie the lower easterlies.
The
name "polar trough" has been suggested for the latter type (7).
These induced waves in the easterlies bear some resemblence to
easterly waves in dimension and weather patterns.
The most striking difference is to be found in their motion which, in contrast
to the steady westward progression of the easterly wave, is irregular.
They move in response to the motion of the high-level cyclone or
westerly trough which may be slowly westward, quasi-stationary or
slowly eastward.
The latter case is puzzling if only low level
data are available..
Less frequently an upper-level anticyclone or
ridge is associated with an induced anticyclonic perturbation of the
lower easterlies.
(b)

Vortices

These may be cyclonic or anticyclonic
Here the term
"tropical cyclone" will be used in a general sense to denote any
cyclonic vortex in the tropical troposphere.
The study of some
types of tropical cyclones has a long history and was responsible
for the introduction into meteorology of the concept of a cyclone
as a synoptic entity as well as for the origin of the word "cyclone".
Much of the earlier sub-classification of tropical cyclones has been
on the basis of intensity, usually measured by the maximum wind
speed.
A different approach is used here, which attempts separation on the basis of physical processes and structure.
From this
point-of-view one can distinguish two main classes: those whose
intensity is greatest near the surface, decreasing upward; and those
whose intensity is greatest in the upper troposphere, decreasing
downward.
The former are warm-core and the latter cold-core systems insofar as can be determined from the data.
Each class exhibits
a wide range of sizes and intensities.
Palmer (6) has suggested
the somewhat biological terminology of "proximal" and "distal"
cyclones respectively for these two types, but the more prosaic and
descriptive terms of "low-level" and "high-level" cyclones are more
commonly used.
The low-level cyclones range in intensity from barely
detectable, to the most severe hurricanes or typhoons.
They originate mostly from intensification of synoptic disturbances in the
equatorial trough, but may also form as a result of the transformation of previously cold-core systems.
In either case the release
of latent heat of condensation, primarily on a convective-scale, is
the primary physical process in their formation and maintenance.
Their movement within the tropics is predominantly westward with a
lesser poleward component.
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The high-level cyclones also vary in intensity, to an
extent that they are sometimes sub-divided into different types.
Some appear to be of mid-latitude origin, their formation due to
differential subsidence of cold air of high-latitude origin as
described by Palm~n (2).
Others have been shown to form entirely
in the upper troposhpere of low-latitudes (4, 8).
They frequently do not extend as a vortex below 20,000 to 25,000 feet, instead
a weak wave-like perturbation of the low tropospheric easterlies
will be found beneath them.
At this stage they may be associated
with extensive areas of middle and high clouds and a slight increase
in convective activity.
Further intensification and downward
growth may result in the appearance of a vortex at the surface, a
stage accompanied by large increases in convection.
In the ultimate stage of development, probably through the effects of convection,
they may acquire warm-core structure and occasionally develop into
hurricanes.
The physical processes respons.ible for their formation,
intensification and maintenance (before convection becomes of possible importance) largely remain a mystery, but probably are to be
sought in the baroclinic structure (available potential energy) or
kinetic energy of the atmosphere.
Their movement is irregular and
usually slow; they may remain quasi-stationary for several days and
in the winter hemisphere movement is eastward more often than westward.
A poleward component is more common than an equatorward
motion.
Simpson (11) in a study of these systems in the vicinity
of Hawaii suggests "sub-tropical" CY.clone as an appropriate name.
Occasionally a cyclonic vortex will appear which seems to
agree with neither of the above descriptions in that it appears as
a vortex only in the middle troposphere.
This structure is usually
due to variations in the basic current with elevation rather than a
reversal in intensity of the vortex with height.
For example, a
cyclonic disturbance embedded in lower easterlies and upper westerlies frequently appears as a wave-like perturbation at low and high
levels and as a vortex in the mid-tr~posphere where the basic flow
reverses.
Only by computing the vorticity at several levels can
the true vertical variation of disturbance intensity be determined.
Aside from the subtropical highs, which will be considered
here as features of the basic flow subject only to synoptic-scale
variations in position and intensity, anticyclonic vortices are less
well known in low latitudes.
Since synoptic-scale anticyclonic
relative vorticity rarely exceeds the value of the Coriolis parameter, anticyclonic disturbances are of small intensity in low latitudes.
Again it appears possible to divide them into two main
classes: those which reach greatest intensity in the upper troposphere, and those which are best developed in low levels, disappearing upward.
The high level anticyclones occur more frequently in the
summer hemisphere and seldom can be found below about 15,000 to
20,000 feet.
They are definitely of warm-core structure, but this
thermal characteristic appears to be due to two different processes.
In most high-level anticyclones the warm-core results from subsidence and those are usually referred to as dynamic anticyclones.
It is now clear that some warm-core high-level anticyclones result
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from the release of latent heat, again primarily on a convective
scale (10).
These two sub-classes can be distinguished by their
associated weather distribution; the dynamic type is acco~panied by
little o.r no middle and high cloudiness and suppressed convection,
the "thermal" type by enhanced convection and dependent layers of
middle and high clouds formed from the convective clouds.
Low-level anticyclones occur mostly in regions and seasons
when the equatorial trough is displaced more than about ten degrees
of latitude from t~e equator.
Definite evidence of their existence
has been found in the western North Pacific Ocean in the summer
(5, 8).
There is also evidence of their occurrence in the tropical
North Atlantic and over western Africa.
They usually disappear with
height below an elevation of 20,000 feet and move pred6minantly
westward.
Because of their proximity to the equator, where the term
"anti-cyclonic" reverses in meaning, they are sometimes called
"clockwise" eddies (in the Northern Hemisphere).
They are typically
associated with above average convection and cloudiness, particularly
in their poleward sectors.
(c)

Linear disturbances

Grouped in this category are the several types of synoptic
systems in which vorticity or divergence, or both, tend to be concentrated along a line or zone whose length is much larger than the
width.
There is a strong tendency for cyclonic vorticity to be
associated with convergence, and anticyclonic vorticity to be associated with divergence in such zones, but the correlation is not
perfect.
One must always be careful to consider the contribution
of shear to vorticity in addition to the curvature effects, and to
include the contribution of changes in speed along the streamlines
to divergence in addition to the effects of fluence.
It should
also be remembered that certain characteristics of these disturbances depend upon the scale of the analysis and average spacing of
the reports; this is especially true with regard to assumptions
about the existence or degree of discontinuities in various elements.
The term shearline is applied to lines along which shear
of the horizontal wind is concentrated; in practice it is applied
exclusively to zones of cyclonic shear.
The shear may be due
mostly to variations in wind direction, as in cases when two currents
of nearly opposite direction lie on either side of a line parallel
to the flow, or primarily to variations in wind speed across a current of nearly constant directions.
Shearlines of the first type
occur frequently in the upper troposphere in summer between warm
anti6yclones.
Such shearlines are typically colder than the surroundings, probably as a result of ascending motion.
They may be
associated with extensive areas of middle and high cloudiness and
sometimes also above average convection (9).
Similar shearlines
in the lower troposphere may be drawn in the vicinity of the equatorial trough when it is displaced far from the equator.
Equatorward of such shearlines the so-called low-level "equatorial
westerlies" are found.
This analytical interpretation usually is
found in regions of widely spaced reports; when detailed data is
available such shearlines are found to contain a series of small
22•
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cyclonic vortices (5).
Thus i t may not be justifiable to assume
that the wind field has a zero-order discontinuity at such lines if
only sparse data are available.
This is one of the synoptic entities to which the name "equatorial front" has been applied, though
convincing evidence of a density discontinuity is seldom presented.
Such zones are typically accompanied by extensive convection, especially if they are quasi-stationary or moving poleward.
Asymptotes may be defined simply as certain streamlines
in the wind field toward which neighbouring streamlines converge,
or away from which neighbouring streamlines diverge.
The former is
called an asymptote of confluence or sometimes a negative asymptote,
and the latter an asymptote of diffluence or positive asymptote.
In
theory the streamlines of a continuous wind field do not actually
touch except at singular points, but on the scale of synoptic analysis it is common practice to merge streamlines along the asymptotes.
Although asymptotes have recently been emphasized by
Palmer (5) as a result of the application of isogon-isotach methods
of wind analysis in the tropical Pacific, they are neither a new
concept nor peculiar to the tropics.
They were described four
decades ago in connection with the development of the isogon-isotach
techniques, and discovered and described in extra-tropical regions
in some of the early invest1gations of the polar front.
In fact,
it is easy to show that almost all extra-tropical fronts are associated with asymptotes.
But the converse is not true; asymptotes
may exist without any associated front.
In this sense the
asymptote can be considered a more fundamental feature of the atmosphere than the front.
In the tropics asymptotes are found on both a synoptic and
climatological scale, the distinction between these must be kept in
mind.
Only in the case of a steady state will they be the same.
On a synoptic-scale, asymptotes of confluence are associated with
most low-level cyclonic vortices, and asymptotes of diffluence with
most low-level anti-cyclonic vortices.
Instances of the opposite
association occur occasionally.
Both types of asymptotes may also
occur in easterly waves and equatorial waves.
Unless speed divergence compensates for the confluence along the negative asymptotes
in the low-levels, they will be accompanied by long lines, or narrow
zones, of cumulus congestus and cumulonimbus clouds with many
showers.
These are another synoptic entity to which the term
"equatorial front" has been applied when they occur in or near the
equatorial trough.
Another synoptic system frequently associated with an
asymptote of confluence is the remnant of extra-tropical cold fronts
as they move into tropical regions.
Due to the frontolytical
effects of subsidence and non-adiabatic heat transfer from the
surface, the temperature contrast diminishes rapidly.
However, the
system can often be traced to quite low latitudes as an asymptote of
confluence in the winds, which is also frequently marked by moderate
to strong cyclonic shear.
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One asymptote which occurs on a climatological scale
deserves mention because it has been used frequently as a synoptic
model.
This is the mean asymptote of the confluence found on maps
of average winds in a position which coincides closely with the mean
position of the equatorial trough.
The term "equatorial front" has
also been applied to this climatological asymptote.
On synoptic
charts an asymptote of confluence may not exist in the region of the
equatorial trough; when it does there is usually little resemblance
to the mean pattern.

4.

SUMMARY AND CONCLUSION

Aside from waves in the easterlies and the mature tropical
cyclone, then, the picture of tropical synoptic models which emerge
is one of incomplete description and understanding.
It is somewhat
surprising that the better models have been derived in largely
oceanic areas.
The main factor which accounts for this is the
better data obtained in limited areas in response to military requirements and as a result of aircraft reconnaissance of hurricanes and
typhoons.
Large areas of the tropical oceans still remain without
data networks, however.
Over tropical continental areas, South and
Central America offer little pr no opportunity for meaningful work
at the present time.
But in two other areas, Africa and Southeast
Asia, there are promising signs of new work on synoptic systems
which have already yielded valuable results.
Much of this material
will be discussed by the authors in this meeting, for which reason
it has been deliberately avoided in this survey.
It is to be hoped that improvement in data networks and
renewed interest in tropical synoptic meteorology will continue and
expand.
If this materializes and we avoid the mistakes of the past,
rapid progress should result in tropical synoptic meteorology once
again assuming the important place it held in the earliest days of
scientific meteorology.
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FIVE YEARS OF PRESSURE ANALYSIS OVER TROPICAL AFRICA
H.T. M5rth
East African Meteorological Department,
Nairobi, Kenya
ABSTRACT
The results of preliminary work in this field,
presented by Johnson and Marth, (1959) and the associated
terminology are shortly recalled.
Although some principal
variations from the basic models have been added later, the
great majority of synoptic situations in equatorial Africa
can still be embraced by four basic models and three principal variations.
The performance of upper air pressure
analyses extending between moderate latitudes of both
hemispheres across the equator has benefited forecasting
in the East African Meteorological Service in several ways
resulting in
(a)

a better understanding of the weather-wind-pressure
relation;

(b)

an explanation for climatic features which had hitherto been obscure;

(c)

an improvement in upper wind forecasts for areas
with sparse observational data;

(d)

a better understanding of the interaction between
moderate and low latitudes through uniform analysis;

(e)

a better understanding of the general circulation in
low latitudes which is necessary for the forecasting
of pressure changes.

A small selection of results which have been accumulated
during five years practical work with these analyses is presented in this paper.
1•

INTRODUCTION

The delineation of air flow patterns by streamline analysis
is in many tropical meteorological services the principal chart
analysis method.
It has, over the years, reached a certain perfection as to its technique, but most forecasters will agree that serious
limitations exist as to its usefulness in forecasting tropical weather.
History shows that pressure analysis ideas were, from the
beginning, brought to the tropics by meteorologists who had been
trained in moderate latitudes.
However, these ideas were invariably
soon frustrated by the apparent invalidity of geostrophic and gradient
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wind relations near the surface where sufficient information was on
hand.
At that time, aerological data were insufficient to investigate
the degree of validity for these approximations in the friction free
upper air.
Thus, pressure analysis was dropped and windflow analysis
adopted, not because the latter enabled good forecasting but for lack
of a better alternative.
Later, especially during the last decade,
the aerological network in the tropics developed to an extent which
allowed, at least in certain areas, to test the validity of the geostrophic approximation for quasi-geostrophic flow cases.
However, by
this time most services had long adopted and developed streamline
analysis in routine work, and had extended it to higher levels as data
became available.
Little attention was giv e n to results of special
research which pointed clearly to the possibility that the geostrophic
relation may, at least for climatological means, be fulfilled in
lowest latitudes.
East African meteorologists had for many years derived very
little help from streamline analysis for the forecasting of the rapid
changes and development over the African continent.
This may help to
explain why just in this area an alternative upper air analysis method
was looked hard for and adopted in 1958, as soon as low latitude
pressure-wind relations became apparent with the excellent data coverage during the IGY.
2.

PRIMARY MODELS

For all equatorial pressure-wind models under this heading
it can be assumed that the air is subjected to the pressure gradient
force and the coriolis force only, and that particle dynamics can be
used for the derivation of air trajectories.
These models have been
extensively dealt with in other papers (1), (2), (J).
Their principal characteristics are again illustrated in Figure 1.
In these models steady conditions have been assumed for the
pressure and wind fields.
However, the subtropical high cells which
bring about the duct situations fluctuate with the passage of prominent pressure features in the polar westerlies and changes in the
cross-equatorial meridional pressure gradients ensue.
Serious deterioriations in the equatorial weather - due to low l e vel conve.rg e nce are observed when isallobaric rises occur simultaneously at the same
longitude in the subtropics of both hemispheres near the surface,
Figure 2.

J.

SECONDARY MODELS

Air trajectories for these models cannot be derived from
simple particle dynamics computations.
Flow lines are no more parallel and the wind shear and exchange of momentum must be taken into
account.
Nevertheless, once the dynamics underlying the duct, bridge
and drift are understood, the effect of these secondary forces can be
visualized and estimated.
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1.

The Diamond

The characteristic pressure and windflow patterns of this
model are observed when a duct and a bridge occur simultaneously in
longitudinal sequenc e , Figure 3.
The naming of this model has been
prompted by the arrangement of the flowlines near the equator between
the duct and bridge entrances.
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Pressure and Wind Pattern of the Primary Models
A relatively high persistence of this pattern is often
observed at lower medium levels near the East African coast.
With
high cells forming a duct over the inland area, deep slanting troughs
extend from subtropical low pressure areas in both hemispheres over
the adjacent ocean, Figure 4.
This situation may persist several
days.
In this steady state, slight winds and negligible amounts of
divergence are found in the diamond centre, Figure Sa.
A deterioration in the equatorial weather, from fair weather to violent storms
within a few hours, is then observed when the duct-forming high cells
of this diamond build eastward simultaneously, Figure Sb.
Once the
windflow becomes adjusted to the new pressure pattern, the weather
relaxes but much cloud and relatively moist air is still advected
through the duct.
2.

The Displaced Duct

Over land areas, where solar heating creates zonally extended depressions in surface-near layers, a gradual displacement of the
'equatorial trough' towards the summer solstice latitude can be

332

\
\

H

"

~,
~"

// .

/
PRESSURE RISING

"'"'

·,

·•..

..

'·•• ~

......

··~

ISOBAR

7<
.·""-·. -- ·.:.:._ __;·-<" /"" ··-........ , _____ ~
·... •·•·•..
········.\ ············~
..

'·
..

·.··.
•••••

ISALLOBAR

·::.a

+

••

.:('

.a

•••

·········-~

--- •••.

···· ........:1

....,:l.

~~--~~~~~~~~~~~~~~~~~~~EQUATOR

.......11
.'
•'

,."'1
..1' ..... ··· ..."/I

. . . /......

~··--

'

7/

...."
•••-:r
... ··•· .•. ":'f ••.•••• •• ::r

·+ --. · """. .

--::.·:"'"'-

-~·.

PRESSURE RISING

/'/

..... ..

.. ~ "

..... ···~

'

'\ " '

/

\

H

ISOBAR

'\

ISALLOBAR

Fig. 2
Effect of Pressure Changes on the Windfield of the Duct

.....

H

'·

·•......

L

:

;
.•

,·

···~····" .....·

.....~··· ...

::.

/,;:.........~
.
..

·.

EQUATOR
~

··.•.
··..

:1/

··.'-...........·..

J

..

............······

....
---CONTOUR

......·-·>-··" FLOWLINE

H
..··
..···

fo
Fig. 3
Pressure and Windflow Pattern of the Diamond

333

AFRICA

~\

..

... ··

EQUATOR

~ ...

INDIAN OCEAN

H
Fig.

4

700 mb level pressure distribution typical for Diamond flow

DURING PRESSURE CHANGE

BEFORE PRESSURE CHANGE

H

H
~--- -~~·.~: .... ··
-(;........

~·····-···-

e::: .· ~ ~

41.: ••• .··

L

I::/
~

. ~...:::·

~--

..

...... ·-)

,

.,.:.

~-

..

~

·.

L

~

......... ;>

·.

H
No

fo

.

lsallobar1c Forces

f

0

-~f

\

f 0 -~f

f.o

lsal I obartc Highs Flanking Duct Entrance.
( b)

(a}

Fig. 5
Effect of Pressure Changes on the Windfield of the Diamond

JJ4
<---

~----

"----

~----

~----

~----

~----

~----

~----

-E.--- -

~----

~----

E--~~~~~~~~~~~~~--

~-

- --

~-----

~-

-- --

4°5--------~~~~------------~
4111[- -

-

~----

-

--

~----

e0 s----------------~-------------

20°N----~~~~~~~~~~~~~

~----

~----

16°N----~--~--~~~----------~

~----

41i:- - - -

20°N--~._~----------~~--~---~-~--~----_--_-_-

~----

~--

160N----~..--='""""'--------~~--~-----------..~.-..-------

--

12°N--~--~~~~~~~--~--~~

g•N -

z-----=::.. -

~

~:::_

1'

1

6°N--+-~------------------,--~-----

1'

1\'-

\

4°N----~,--~~~~--~~~~.....-----

"' \

~ \

it'\. \

E--~~,~~------~'~,--~~~. . . . . .---

'

ft:-

\

\

4•N1 -----,----,-~~--_._...,--..._,

_ _ _ __ . _ , - - . . . . . - , - -

'

'

'

E--~-----------------~--------~

''
Fig. 6

Windfield of a Zonal Trough gradually displaced from the Equator

•

40°

20°
12400

N

N

s

s
20°

- - - - Contour.
---)
.. Flowline.

40°

eo·

Fig. 7
High Level Shear Drift,

200 mb Contour Chart,

10 February 1959

335
observed.
Figure 6 sketches the observed modifications in the windfield for successive stages of latitudinal displacement.
As displacements of this magnitude ar e characteristic for the lowest atmospheric layer, frictional forces will contribute to the curvature of
the flowlines.
Precipitation and aircraft reports suggest that the
greatest amounts of vertical updraft occur with trough positions
between 7°and 12°1atitude, which is in good agreement with convergence estimates from inspection of Figure 6.
Over North Africa this displacement is gradual and can easily
be followed on the charts.
The embarrassment is great for the analyst
the moment the trough reaches a latitude where winds attain westerly
components.
For, although he knows the feature to be physically the
same as before, he must - according to definition - stop calling it
the ITGZ.
The name 'equatorial trough' for a depression along 23°N
also creates discomfort.
A revision of these terms to meet tropical
continental conditions is indicated.
3.

The Shear Drift

Very seldom is the meridional pressure gradient of a drift
constant over a sufficient latitudinal distance to allow the idealtype recurvature into westerlies.
Especially at higher tropospheric
levels do polar westerlies extend into low latitudes and turn any crossequatorial drift flow sharply eastward through exchange of momentum,
Figure 7.
These shear drifts are generally a consequence of the large
scale high-level pressure distribution between both hemispheres.
Here
it is a clear indication that the upper flow divergence above equatorial latitudes is determined by the subtropical and moderate latitude
situation.
As significant positive divergence occurs in the shear
drift near the equator, the resultant vertical air motion could theoretically be downward from above the shear drift level, or upward from
below it, or both.
Weather studies in such situations suggest that
the upward motion from below the shear drift level is the most significant.
Since the corresponding convergence may accumulate over a
considerable depth through medium and low levels, Figure 8, it would
not be detectable in the windfield of any one level.
This vertical
motion creating mechanism allows to account for situations where heavy
convective development follows a stable period without a conspicuous
change in the low level divergence field.

4.

The Zonal Gradient Drift

So far, only purely meridional pressure gradients have been
allowed for in drift type situations.
Statistical investigation into
observed patterns in equatorial Africa r e veals that zonal gradients
are frequently super-imposed.
The low level pressure and wind fields
over the north-western Indian Ocean in summer are typical for this kind
of pattern, Figure 9.
The recurvature into westerlies takes place
much earlier than in the pure drift becaus e of the additional eastward
pressure gradient acceleration, and winds exhibit westerly components
before they cross the equator.
Weather observations for this case
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suggest that positive divergence prevails upwind of the point of
recurvature, while slight convergence exists from there on downwind
until the flow joins t~e stronger convergent cyclonic circulation
over India.

337

5.

The Step

Under strict classification, this model comes under this
heading because of the exchange of momentum along the equator, but it
has been described before (1).

4.

PRACTICAL ASPECTS

The time and space distribution of aerological soundings in
low latitudes are poor, even in continental areas.
This limits the
scope of the analyses to a large scale treatment, the linear extent of
the smallest pressure features being of the order of 100 miles.
These
analyses can therefore not be used to describe the forecast local
weather phenomena on a smaller scale unless they are orographic effe~
cts in consequence of the laTge-scale situation.
For the analysis of upper air charts in the East African
analysis centre it is assumed that the upper winds are steady in
consequence of a steady pressure distribution.
The possibility of
isallobaric changes at the time of observation will only be considered
if the windfield does not fit any steady-state model. Wind observations
are assumed to be correct and binding unless a particular report contradicts a great number of uniform reports around it.
Upper air
temperature and height reports from Africa exhibit systematic discrepancies which result from various makes of instruments, times of
release and methods of corrrection.
Moreover, in the continental
airmass, correctly measured temperatures are not considered representative for more than a few miles radius around the point of release.
Thus, geopotential height reports from the African continent are considered binding only to within 15 gpm at levels up to 700 mb.
The
deviations above this level increase with height and are therefore in
excess of the true height differences between stations.
It follows,
that for medium and high levels a tropical pressure analysis based on
geopotential height reports is out of the question.
Instead the following approach is taken:
(a)

to accept the wind reports as correct and draw (or visualize)
the streamline field,

(b)

to recognize the applicable model,

(c)

to construct a pressure pattern in such a way that the pressure-wind relation of the envisaged model is satisfied both
with respect to wind direction and wind speed,

(d)

to anchor this contour pattern in absolute height values by
satisfying those height reports which are considered most
representative.

The greatest embarrassment for newcomers to this method is the deprecating attitude they are asked to adopt towards geopotential height
values.
After all, a scientifically measured and computed figure is
discarded in favour of a hypothetical assumption (pressure-wind model).
But the scruples disappear quickly when useful results are seen to
emerge from this analysis method.
After all, the primary purpose is
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not to meet scientific truth but to forecast weather, and the value
of any method must be measured on the success in achieving the latter.
Soon after the introduction of upper air pressure analyses
in the East African Meteorological Department it became apparent that
good results can be achieved as long as a uniform analysis technique
is employed.
The emphasis is on uniform.
Different analysts may
have varying individual interpretations of a particular set of data.
It is therefore important that rigid analysis rules are laid down and
that the practical work is co-ordinated among all analysts in
seminars.
The upper air pressure analysis for low latitudes has been
found very useful for the interpretation and explanation of climatic
features on the African continent.
Its basic ideas have been used
in a major climatic chart analysis for Africa (4).
It is remarkable
that the upper temperature and geopotential height values become
representative for large areas when meaned over longer periods.
Only
the systematic radiosonde deviations remain and, with a set of corrections applied, analyses can be based on the geopotential mean height
values.
It is a great encouragement to find the hypothetical
pressure-wind relations satisfied at the same time.

5.

CONCLUSION

An upper air pressure analysis technique, based on hypothetical pressure-wind relations in equatorial laritudes, was introduced
by East African analysts in 1958.
These analyses have proved to be
valuable for the explanation and forecasting of weather in Africa and
have been carried on as routine during five years.
Practical work
with these analyses and special studies on the accumulated chart
material has led to new hypothetical concepts regarding the characteristics and dynamics and lately also regarding the temperature and
pressure control in the tropical atmosphere (5), (6).
It is most
desirable that these hypotheses be critically checked and their
implications investigated.
Much guesswork could be avoided and a
certain amount 0£ clarification expected if the upper air sounding
programme in Africa could at least be implemented at the level recommended by WMO.
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WEATHER SYSTEMS OF WEST AND CENTRAL AFRICA
D. H. Johnson
Meteorological Office, United Kingdom
ABSTRACT
Synoptic-scale weather systems identified by
meteorologists working in West and Central Africa are discussed.
They include the intertropical front, the
disturbance line, westward-moving waves and related monsoon
rain, eastward-moving thundery disturbances of the equatorial zone, surges in the Harmattan and thundery outbreaks
associated with waves in the upper subtropical westerlies.
An illustration of an eastward-propagating Congo disturbance is given:
whatever the trigger, such systems appear
to be self-propagating and do not simply move with the
"monsoon" air.
1•

INTRODUCTION

In his survey paper "Tropical Synoptic Models" (1963) La Seur
has avoided detailed reference to recent African work.
Marth (1963)
and elsewhere Johnson and M~rth (1963) have described a classification
of synoptic types which has proved to be of value in East African
analysis and forecasting.
The present paper draws attention to studies made in West and Central Africa which, if suitably followed up,
could result in the formulation of "complete models" to the exacting
specification laid down by La Seur.
2.

INTERTROPICAL FRONT, INTERTROPICAL CONVERGENCE ZONE AND
EQUATORIAL AFRICAN FRONT

Charts of the mean sea-level pressure distribution over
Africa, recently published by Weickmann (1963), afford interesting comparison with some earlier diagrams of Tschirhart (1959) which show
schematically the seasonal locations of the I.T.F. and of the F.E.A.
(Front Equatorial Africain).
The practice of reducing station-level
pressures over the high ground of Africa to sea level could obviously
throw up spurious patterns, but mention is restricted here to those
which are known from synoptic experience to be real features at the
surface, 850 mb or 700 mb levels, as appropriate.
It should be noted
that the boundary between the hot, dry easterly or northeas•terly flow
on the southern side of the North African subtropical high pressure
and the cooler, moist equatorial air to the south, together with the
associated pressure trough, moves equatorward from July to January,
but it does not follow the sun into the southern hemisphere.
Tschirhart calls the boundary "Le Fit Nord".
(Fit= Front Intertropical).
Even in July, there is a separate trough to the south of the
Congo:
this coincides with Tschirhart's "Le Fit Sud" which marks the
southern limit of the humid westerlies and divides them from the drier
easterlies of the Kalahari Desert region.
The southern hemisphere
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trough intensifies and moves south during July - January but according
to Tschirhart (1959) "Le Fit Sud" becomes progressively more feeble
during this period and he does not include it in his scheme for the
southern summer.
It can be stated from synoptic experience that the
structure of the southern summer Angola - Madagascar trough is entirely different from the structure of the North Africa I.T.F.
The
I.T.F. is marked at the surface by a clear-cut air mass boundary and
the trough with which it is associated is displaced equatorwards with
height, normally (though not invariably) reaching the equator by 700
mb, so that the low-level westerlies are overlain by easterlies from
700 mb upwards.
On the other hand the air flow at low levels in the
Angola - Madagascar trough is generally humid, there being no sharp
air mass boundary, although there may be an asymptote of convergence;
the trough frequently extends vertically upwards from its surface
position to 700 or 500 mb.
Rain may fall, according to the synoptic
situation, anywhere along the length of the southern trough during the
southern summer, when, like its oceanic counterpart, it might aptly be
termed an intertropical convergence zone.
The northern I.T.F., however, is a region of mainly fair or fine weather, the associated rain
areas lying some JOO or 400 km equatorward of the surface boundary.

From Weickmann's charts it is clear that in the Congo sector.
the equator is a region of relatively high pressure throughout the
year and the concept of a single "equatorial trough" which migrates
seasonally between the hemispheres is applicable only in longitudes
east of about J0°E.
The term "Front Equatorial Africain" is used by Tschirhart
to denote the eastern limit, often lying roughly north-south over the
Congo Basin, of the moist, very low-level, equatorial westerlies.
Other meteorologists have recognised the importance of' this feature,
which is not always very well-defined, and have described it as the
"Boundary of Congo Air" or "Boundary of the Monsoon".

J.

DEVELOPMENTS ASSOCIATED WITH WAVES IN THE UPPE.R
SUBTROPICAL WESTERLIES

The passage across northern Africa of intense baroclinic
waves is most likely during those winter periods when the temperatelatitude westerlies are blocked over Europe, and on _such occasibns the
upper troughs extend far into the tropical zone.
Matthews (1961) has
shown how,during Christmas 1960, one such development was associated
with a rapid displacement of the I.T.F.
On that occasion a surface
depression developed over the Sahara, to the north of Nigeria, on the
forward side of a deep 500 mb trough, and ran north.eastwards.
As
the upper trough axis approached and passed over Nigeria during 24-26
December, the I.T.F. shifted several hundred kilometres northwards of
its average seasonal position, and unseasonable thunderstorms broke
out over a large part of Nigeria and also over the Sahara.
As the
depression moved into the Mediterranean area, surface pressure built
up rapidly to the rear of the cold trough, re-establishing an easterly
gradient to the north of the I.T.F., which was driven southwards again
to clear the Nigerian coast during 28-29 December.
A development
which similarly broke down the normal structure of the I.T.F. when
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the dry Harmattan east~rlies were replaced by moister west e rly air
from the Atlantic, and equatorial air at 850 mb flowed far northwards
over the Sahara, has been described by Johnson (196Ja).
Matthews writes that the increase of thundery activity over
Nigeria with the passage of troughs in the upper westerlies to the
north is a fairly frequent occurrence during the winter months.
The
Christmas 1960 case was unusually intense however.
Often the surface
subtropical high pressure is we'akened as the upper trough approaches,
but it is not broken down, and the 500 mb westerlies do not penetrate
south of 20°N.
The higher-latitude progressions are still important
for tropical West African weather however.
The intensification of
the subtropical high on the rear side of the cold trough often results
in the onset of Harmattan haze over Tchad and northern Nigeria
(Gilchrist, 1960).
Burns (1961) has shown that the surface pressure
gradient across the southern Sahara is critical for the raising of
dust.
No doubt developments of the kind just described are responsible at times for surges in the tradewind and monsoon flows experienced in several regions of the tropics.

4.

WESTWARD-MOVING DISTURBANCES

The westward-moving Disturbance Lines are probably the bestknown of the weather systems which contribute to the rainy zone
equatorwards of the I.T.F.
They consist of a line of thunderstorms
oriented roughly north-south moving westwards against the low-level
southwesterlies and have been discussed by a number of writers including Hamilton and Archbold (1945), Dhonneur (1957), Eldridge (1957) and
Tschirhart (1958-69).
Significant features are that slight rain may
continue to fall for several hours from medium cloud, after the initial
period of heavy rain is over (during this time the wind direction near
ground often remains easterly), and that the speeds of movement of
disturbance lines are remarkably uniform, being of order 25 kt.
Their
rate of westward propagation is generally higher than the speed of the
winds in the lower or middle troposphere.
A larger-scale system which often embodies a disturbance
line has recently been shown to occur frequently over West Africa by
Gilchrist and Matthews (1961).
It takes the form at 850 mb of a
westward-moving low with a well-defined cyclonic circulation.
It is
not easy to trace in the surface pressure pattern except in intense
cases.
The closed 850 mb circulations are overlain at high.er levels
by an open wave pattern in both contours and streamlines, the amplitude of the wave decreasing with height until at JOO mb it is difficult
to detect.
This structure requires a weak cold pool in the lowest
1-2 km to be surmounted aloft by a warm core.
Erickson (1963) found
evidence of this from the Dakar radiosonde ascent in the case of one
relatively intense system which developed into a hurricane as it moved
out over the Atlantic.
According to Gilchrist and Matthews the lows
are accompanied by enhanced thunderstorm activity and are frequently
preceded by a disturbance line.
Dhonneur (1957) has also published
a diagram which relates disturbance line to upper low.
While these
systems are associated with a wave in the easterlies at 700 mb, they
23*
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differ from the classical easterly or equatorial wave in moving more
quickly than the air of the lower and middle troposphere; it is
essential to the easterly wave model that the low-level easterlies
blow through the wave pattern.
With the passage of the 850 mb lows the moist southwesterly
current ove r southern parts of West Africa deepens, and deepening of
the westerlies, as discussed by Gilchrist (1960), is accompanied by
outbr e aks known locally as "monsoon rain".
The morning monsoon rain
is notable for its steadiness and non-convective character; it falls
from widespread layered cloud usually reported as nimbostratus or
altocumulus / altostratus.
A correlation between the zonal component
of the tropospheric wind has been reported for several parts of the
tropics as discussed by Flohn (1960) and others.

5.

EASTWARD-MOVING DISTURBANC8S

Reference was made in section 2 to a feature which has been
variously termed "Le Front Equatorial Africain", the "Boundary of the
Monsoon", or the "Boundary of Congo Air".
In each of these terms
there is the implication - of the existence of an air mass boundary.
Jeandidier and Rainteau (1958) have given some details of thundery
systems which develop near this boundary and they were later more fully
described by Tschirhart (1959).
Figure 1 shows the evolution of a thundery disturbance which
crossed the Congo region during 21-23 March 1960.
Comparing especially the three 1200Z charts, i t can be seen that during 21-22 March
an isallobaric low, as indicated by the dotted 24-hour isallobars
drawn at intervals of 1 mb/24 hr, developed to the east of the trough
which lay over the western Congo at the beginning of the sequence.
At
the same time an incipient isallobaric high appeared to the rear of
the trough, the whole system being mobile.
At 1200Z the isallobaric
low was a region of fair weather and high temperatures but to the rear
of the trough thunderstorms had developed, the associated low noon
temperatures being typical for widespread storms.
The thundery outbreak spread eastwards quickly, the st6rms leavlng in their wake overcast skies of layered cloud from which slight rain fell (illustrated
best at 0600Z on 23 March).
It seems reasonable to suppose that
developments of this kind are responsible for the eastward-moving
Congo rainfall patterns first described by Bultot (1952).
Between 1200Z 22 March and 1200Z 23 March thunderstorms
spread eastwards at a rate of 10-15 m/sec.
It is significant that
westerly winds of that speed were not reported at any of the standard
upper levels; in fact winds aloft in the vicinity of the disturbance
were easterly except in a band south of the equator at 850 mb, as
indicated in Figure 2.
The upper flows were similar as regards their
broad directions on 23 March to those shown in Figure 2 for 22 March.
The low pressure in the northwest of the Congo area and the high in
the east at 850 mb are normal seasonal features, varying in intensity,
but not much in their general location.
Evidently the thund e rstorms
were not simply carried along in an eastward-moving air mass, but
rather a perturbation propagated through the air itself.
The involvment in the thundery system on 23 March of air which during 22 March
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was travelling westwards in the region of fair weather was probably
important for the maintenance of the vigour of the disturbance, since
conditional instability in such air is normally high, whereas the
aftermath of an intense thundery outbreak is a more stable, saturated
troposphere with lapse-rates near moist adiabatic and skies of dull,
layered aspect, screening insolation.
The mechanism by which such
systems are initiated and propagated awaits detailed case-history
study, but it seems likely that once a relatively small thundery outbreak has been ,t riggered, it spreads of its own volition in favourable circumstances at a speed related to the intensity of the cold
outflow from peripheral storms or to the surface pressure gradients
created by the build up of a low-level cold pool in the thundery area.
Tschirhart (1959) discusses most of these points very
clearly, but it is difficult to regard the process illustrated as an
eastward displacement of a westerly "monsoon air mass" (Johnson,1963b).
If any air mass is important, it is the local, low-level and relatively short-lived one continuously created in the region of storms.
As
often happens, it is not easy to locate precisely the boundary of the
surface westerlies on every chart of Figure 8.
Jeandidier and
Rainteau remark that this is best done by reference to winds at a few
hundred metres above the surface.
However, north of the equator it
probably coincides with the trough lines at 1200Z on 22 and 23 March.
Examination of synoptic situations of the kind just described suggests
that the "F.E.A." is better regarded not as a :front, but simply as a
boundary of westerly winds, a kinematic feature which may be translated
relative to the air itself.
Analysts do in fact generally locate it
by wind direction rather than by air mass property.
While the eastward-moving thundery disturbances differ in
scale and direction of movement from the West African westward-moving
Disturbance Lines, there are suggestive similarities in their structures and behaviour.
The coincidence of their speeds of propagation
is particularly suggestive.
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SYNOPTIC WEATHER ANALYSIS IN INDONESIA
Iskahar Mangunredjo
Meteorological and Geophysical Service,
Indonesia
INTRODUCTION

1,

Since the year 1935 synoptic meteorologists in Indonesia,
as well as those in other countries, have applied concepts derived
from the Norwegian School of Meteorology.
As in other tropical areas,
it is felt by Indonesian field meteorologists that many difficulties
arise in the use of middle latitude synoptic models in tropical regions.
A.l though handicapped by lack of adequate synoptic data some
progress has been made with tropical synoptic models in Indonesia,
especially since 1950 when the ideas of Palmer and the perturbation
school were introduced.
In this paper various synoptic models are examined with a
view to determining their applicability for the Indonesian region.
SYNOPTIC MODELS

2.

Here the following synoptic models will be discussed:
(1) Air masses and fronts
(2) Waves

(J) Vortices
(4) Equatorial trough and convergence zone
(1)

Air masses and fronts

The fronts which occasionally occur on the synoptic charts of
Indonesia are remnants of the air-mass frontal conception.
It is
therefore of interest to determine whether air-mass frontology and
front-like systems are realistic in the Indonesian area or not.
Concerning the existence of air-masses in Indonesia there is unanimity of
opinion:
that is, there exists no real horizontal gradient in any
fundamental air-mass property such as density or temperature.
However
the vertical gradient of air-mass property is very important, especially the vertical distribution of moisture.
In this connection radiosonde and rawinsonde data have clearly
shown that the East monsoon over Java blows for more than five months
with moist air in the lower part.
The boundary between the moist air
below and the air at higher levels can frequently be seen distinctly.
Furthermore it has been shown that tropical air is not necessarily
unstable especially in the East monsoon periods.
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At Singapore, according to Watts, and in the Djakarta aerological observations for the month of October it is very difficult to
distinguish different air-masses.
However, occasionally one can
determine air-mass boundaries from streamline analysis.
Such a boundary between two air masses often appears as an asymptote of convergence that causes weather activity especially in the south of Sumatra
and Java.
This asymptote appears as a continuation of a polar trough
and we indicate it as an air stream boundary.
These asymptotes of convergence seem to be mainly kinematic
phenomena.
Moreover at many coastal meteorological stations there
are two peaks in the rainfall variation curve.
One such peak appears
immediately after sunrise and is caused by asymptotes of convergence
that appear in the morning as a result of the thermal difference between land and ocean.
On the synoptic chart this front-like system is undetectable.
Although we have not made detailed studies of this phenomena the main
macrophysical feature of this morning rainfall peak is a coastal convergence line or coastal front-like system.
(2)

Waves

Waves that we will discuss are Riehl's type, discovered in the
Caribbean Sea, and the Equatoria~ type ~iscussed by Palmer.
On Indonesian synoptic charts the Riehl wave has not yet been
detected.
This might be due to the fact that Indonesian territory
does not extend more than 15 degr~es from north to south.
However during June until October in southern Java wave-like
patterns can occasionally be seen.
These waves occur in an extended
polar or induced trough associated with a polar front originating in
the southern Indian Ocean.
This system moves from west to east and
occasionally penetrates Indonesian territory as an asymptote of convergence.
In the southern part of Indonesia we cannot detect wavelike systems.
This implies that other wave models, including those
which usually move under the influence of the upper polar trough, are
also undetectable in Indonesia.
This is probably due to scarcity of
data.
For the same reason, in the northern ocean of West Irian the
existence of the Equatorial wave in the Equatorial Trough region is
also undetectable. This is true also in the doldrum region although
very often the existence of the Equatorial Trough (Inter-tropical
Convergence Zone) is well defined.

(J)

Vortices

By vortex we mean the whole rotary system including radial wind
components.
The rotation can be cyclonic or anticyclonic.
The f'ollowing facts refer to vortex models with large horizontal dimensions
and to vortices with small dimensions (sometimes called "micro-vortices"~
Tropical cyclones in general develop in the equatorial trough
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region.
Generally the energy for their formation and maintenance is
the released latent heat of condensation.
According to climatological statistics, a region subject to tropical cyclones must be
sufficiently far from the Equator.
This means that Indonesia is free
from tropical cyclones.
Nevertheless tropical cyclones are important
for Indonesia because the existence of a cyclone, in the developing
stage or in the mature stage, will have an influence on the wind-field
pattern over Kalimantan/Borneo and Java.
This modifies considerably
the asymptote of convergence and some of the other models.
It also
changes the associated distribution of cloudiness and precipitation.
As a rule it can be said that the occurrence of a tropical
cyclone in the neighbourhood of the Philippines will influence the
amount of rainfall in Kalimantan/Borneo and Java.
Thus, the influence
of a tropical cyclone on the Indonesian weather is indirect.
So
called cyclonic micro-vortices appear mostly on an asymptote of convergence.
Ho~ever such micro-vortices also develop along the equatorial
trough zone and are associated with a minimum isovel and a minimum
pressure.
Sometimes such micro-vortices can develop outside the above
mentioned zones of convergence.
Cyclonic micro-vortices form an important macrophysical factor
for the development of the cloudiness and precipitation.
Such vortices
usually move westwards or, if meteorological conditions are favourable,
sometimes develop to a tropical storm.
As a rule cyclonic vortices of all types are more frequent than
anticyclonic ones.
In Indonesia there are two monsoon currents.
The
monsoon which moves over Indonesia is actually a branch of the Indian
monsoon and is conveying air from a cold atmosphere to a warm atmosphere across the equator.
However the movement of the monsoon through
Indonesia is normally accomplished by the agency of kinematic systems
called eddies.
Eddies are normally found in January and July over North
Sumatra, Kalimantan/Borneo and to the north of West Irian.

(4)

Equatorial Trough and Equatorial Convergence Zone

The equatorial trough can be diffuse or narrow.
It is generally diffuse if the equatorial trough is near the equator and narrow
if it is far from the equator.
The air masses from both hemispheres
converge at the equatorial trough.
In winter the cold air-mass from
the northern hemisphere flows toward the trough with a cyclonic
trajectory that causes the air mass to become unstable and moist up
to 15,000 feet.
This means that the equatorial trough produces the
largest part of the annual rain.
Thus, for Indonesia, the equatorial trough appears as the most important synoptic model.
On the synoptic chart the equatorial trough is drawn as a
zone and is not represented with southern and northern boundaries.
The
position of the equatorial trough usually lags behind the position of
the sun at that time.
It is difficult to determine the general relation between sun and trough because this relation appears to differ
from year to year.
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As a generalization we can say that the difference in phase
between the movement of the sun and the equatorial trough is between
1t and J months.
The slope of the equatorial trough does not clearly appear.
The equatorial trough weather system is very difficult to generalise.
As a common guide we know that in the-month of January the equatorial
trough is located between OS S - 10 S.
In the months February March it is located in the extreme south due to the depression over
northern Australia.
In the months March - April the equatorial
trough starts moving to the north.
In the months August - September
the equatorial trough is located in the extreme north of Indonesia.
Zones of convergence between airstreams from different sources
also appear as important synoptic entities.
In these zones of convergence micro vortices also sometimes develop.
We also have a kind
of convergence zone produced by thermal differences between water and
land.
This convergence, locally called a coastal front, can produce
a second peak of maximum rainfall in the morning at coastal stations.
This happens if the air over the area is unstable in a deep moist
layer.
For example double peaks of maximum rainfall can be seen at
Djakarta in the months of February and March 1963.

J.

SYNOPTIC WEATHER ANALYSIS

In the above discussion it is shown that most synoptic models
are strongly associated with definite airstream patterns.
These airstream patterns are, however, difficult to derive from isobaric
patterns.
That is why it is necessary to have a technical analysis
which directly portrays the air stream pattern.
For this purpose
streamline analysis is a good tool.
The technique used in practice
is the streamline-isotach method, without using isogon analysis.
Isogon analysis does not appear suitable for routine synoptic
practice, but is useful for research purposes.
In using direct streamline analysis the properties of the relevant synoptic model, especially
its structural pattern, and the techniques for determining its singularities must be known.
Furthermore, we must be guided by the general
wind-field pattern for the relevant month or season.
Suitable levels are the five thousand and seven thousand
feet levels while the three thousand feet level seems to be useful for
the analysis of local effects.
For the higher levels we use analyses
of aerological charts at the seven hundred, five hundredj three hundred
and two hundred millibars levels.
On these charts we analyse streamlines for the tropical belt and contours for the remaining part.

4.

SUMMARY AND CONCLUSION

(1)
The main problem of synoptic weather
is that of finding suitable synoptic models.
conceptions should be used with caution.
The
models are the vortex, zone of convergence and

analysis in Indonesia
In analysis mid-latitude
most useful synoptic
equatorial trough.
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(2) In the equatorial regions the principles of air mass
analysis have to be partially discarded because air currents from
different sources have lost their separate identities.

(J) The occurrence of a wave as a synoptic model cannot be seen
distinctly, possibly due to the scarcity of synoptic data.
The
equatorial trough is the most important model in Indonesia.
Tropical
depressions generally occur outside Indonesian territory, but as a
synoptic model it has an important relation to the configuration of
other models.
(4) Of the modified mid-latitude models only the polar trough
and induced trough seem to be important.
(5) In Western Sumatra and Kalimantan there exists a clockwise
eddy in the South-West monsoon period and an anticlockwise eddy in
January.
(6) To find synoptic models, streamline analysis appears to be
the best method.
Suitable levels are the 5000 feet and the 7000 feet,
while the JOOO feet level seems to be useful for the analysis of local
effects.
(7) For further research into Indonesian weather there should
be an improvement in the observational net-work, especially in regard
to aerological data.
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THE WEATHER IN LOWER LATITUDES OF THE SOUTHWEST PACIFIC
ASSOCIATED WITH THE PASSAGE OF DISTURBANCES IN THE
MIDDLE LATITUDE WESTERLIES
H. W. Hill
New Zealand Meteorological Service
ABSTRACT
Often, especially in the winter months when the
sub-tropical jet stream is strong and in relatively low
latitudes, disturbances moving eastwards in the middle
latitude westerlies are accompanied by the development of
extensive belts of middle cloud and areas of steady rain in
the southwest Pacific tropical areas.
Soundings frequently show a steep slope of the isentropic surfaces with
front-like characteristics under the jet stream downwards
into low latitudes.
It would appear that with the passage
of isotach maxima, especially downstream from a trough in
the westerlies, there is an upslope accelerating movement
of air from low latitudes giving rise to extensive middle
cloud sheets and rain.
In the lower isentropic surfaces
there is a downslope motion showing itself in subsidence
inversions and often quite low humidities well into the
tropics.
1•

INTRODUCTION

In the lower latitudes of the southwest Pacific, especially
between about 15° and 25° South, there are occasions, not infrequent,
when there are extensive sheets of middle cloud with outbreaks of steady rain.
This is especially so in the southern hemisphere winter.
The upper level charts for these occasions usually show the eastward
moveme nt of a d eep trough in the middl e latitud e westerlies.
The
sea level synoptic charts usually show the progression of a cold front
into low latitudes - often accompanying cyclogenesis at sea level in
middle latitudes, downstream from the upper trough.
The sea-level
cold front lying in the barocline zone often appears however to be
relatively remote from much of the middle cloud and rain - which
extends far equatorward of the surface front.
The advance of cold
fronts into lower latitudes has been dealt with by Riehl (1945) at a
time however before there were adequate upper wind data, especially
winds, to the higher levels.
The present study was begun by examining situations where, on the surface maps, cold fronts were shown
moving into low latitudes and attempting to account for the distribution and extent of the middle cloud sheets, the precipitation and
the low dewpoints (relative to the sea-surface temperature) found in
quite low latitudes.
The radiosonde observations frequently show
dry air at some height above the ground - say at the 850 mb level,
prior to the appearance of the low dew points at sea-level.
It soon
became apparent that the three dimensional structure of the atmosphere
would have to be considered, and that the weather in the tropical latitudes was related to the deep upper level flow pattern and its
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accompanying vertical motions, the surface cold front itself being a
relatively minor aspect of this three dimensional system.
2.

THE LARGE SCALE UPPER WIND FIELD

Over the Australia - South Pacific region shown in Figure 1,
the latitude band 20 - 35 South is occupied during the winter months
by the subtropical jet stream.
This is evident in the mean crosssections of Hutchings (1950) with a core of over 100 kts at about the
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200 mb level near 29° South.
This is frequently a very powerful jet,
as Riehl (1962) points out, and often extends into quite low latitudes.
Soundings across this jet-stream frequently show an organised
series of temperature discontinuities extending downward to lower
latitudes often with a front-like appearance; Radok and Clarke (1958).
A good but not uncommon example of this is shown in Figure 9.
In
this and other vertical aerological sections the following conventions
are used:
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Solid lines
Dashed lines

isopleths of potential temperature
isopleths of wet bulb potential
temperature

Zones of concentration of gradient of potential temperature
are shaded - excluding the tropopause which is self evident
Observed winds are shown as follows:
Northerlies
Westerlies
Single barbs
Triangular barbs

arrow pointing vertically upwards
arrow pointing left to right - and so on
10 kt.
50 kt

Data above each observing station are in the order:
Temperature

0

C;

Potential temperature °K;

wet bulb potential
temperature 0 c.

Migratory disturbances in the southern hemisphere westerlies,
often of appreciable amplitude. are quite common, the middle latitude
westerlies being by no means a simple zonal flow; Radok and Grant
(1957).
It is within this framework of the larger scale flow pattern
that the problem is considered.

J.
(i)

CASE STUDIES
Cases for study were selected by one of three means:
(a) By inspection of the sea-level charts for outbreaks of
significant weather
i.e.
altostratus rain - in low
latitudes.
(b) By inspection of the upper level maps e.g. JOO mb maps
for cases with appreciable disturbances in the flow
especially when the jet stream is strong.
(c) By examination of the sea level maps for cases of a cold
front moving into low latitudes.

(ii)

Aerological cross sections were drawn.

(iii) Isentropic charts were drawn at two levels; one in a potential
temperature surface lying in the sloping front-like gradient
of the isentropes and one at a lower potential temperature in
the region of the relatively low humidities.
In these charts
continuous lines are isobars in the given surface and dashed
lines are stream-lines drawn from the observed winds (shown
with speed in knots) and with some guidance from the relevant
constant pressure map nearest the required heights.
Mixing
ratios in grams/kg are plotted at the radiosonde stations where
available.
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Case I.

1962 -

June 28-July 1

The sea level charts for this period are shown in Figure 2.
On June 28th a depression lies over northern New Zealand and an associated frontal trough extends over the North Tasman Sea.
The
depression is moving eastwards as an anticyclone in about the same
latitude moves onto the western Tasman Sea.
The sea level cold front
passes east of Raoul Island about 0900 G~T 29th June.
On the 28th
June skies are already overcast over the Coral Sea with middle cloud
reported as far east as New Caledonia with similar sky conditions
reported by an aircraft south of Solomon Islands.
By 29th June overmst skies cover New Caledonia, New Hebrides and the western parts of
Fiji and aircraft at widely differing heights in the area south of
Fiji report flying between cloud layers.
By the JOth June the middle
cloud sheet covers all Fiji and much of Tonga with some rain in this
area.
When by 1st July 0000 GMT the middle cloud and some rain are
reported well north of the main islands of Fiji, on sea-level dew
point considerations the surface front appears still likely to lie
south of Fiji.
The flow in the higher levels
Figure 3 shows the JOO mb fields for 28th and JOth June 1962
at 0000 GMT with a fairly sharp trough moving eastwards over the area.
The map for 28th June shows a large acceleration downstream from the
trough axis with winds of the order of 20 kt on the upstream side and
70-90 kt downstream.
The 500 mb flow was similar.
A considerable
entrainment of air into the maximum wind zone from lower latitudes
might be expected.
The temperature field in the vertical
A vertical section for 0000 GMT 28 June 1962 along a line from
Lord Howe Island to Leone Airport, Samoa is shown in Figure 4.
It
shows the relatively steep slope of the isentropic surfaces downward
into low latitudes.
In the lower atmosphere between the isopleths
J00° and J10° there is also a conspicuous stable layer more or less
along the axis of lowest humidity, presumably a subsidence inversion
extending well into low latitudes.
Figure 5 shows two further vertical sections on a nearly North South line, Auckland to Nandi (Fiji)
for 0000 GMT 29 and JO June.
These have similar characteristics to
that of 28 June.
In each of these the cloud distribution as gathered
from relevant aircraft reports is depicted by the dashed horizontal
shading.
From these sections it will be obvious that the major
front-like isentropic concentration does not belong to the front on
the sea level maps which at 0000 GMT 29 June had still not reached
Raoul Island and probably lies over Auckland between the 290°K and
J00°K isopleths.
Both of these sections (Figure 5) indicate the
extent of the thick upper level cloud sheet equatorward of the sea
level position of the front.
Maps of the streamlines in two isentropic surfac<!~, J00°K and
J25°K for the four days 28 June - 1 July are~ shown in Figure 6.
The
J00°K surface is near the zone of lowest humidity.
IL wJll be seen
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325 K

Streamlines in ~sentropic surfaces JOO K and
325 K for 28 June to 1 July 1962
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that in the J00°K surface (left hand set of maps) there is a south to
southeast flow throughout the period in latitudes south of 20° - 25°
South, this flow gradually extending eastwards as the sea-level depression moves east.
There is a downward movement from about 650 mb
in latitude J5°S to 800 mb in latitudes 20° - 25° South.
The dryness
of this current is seen in the low mixing ratios at Raoul Island,
Norfolk Island, viz 1g/kg as compared with over 10g/kg at Nandi, Fiji.
By 2 July this dry air appears at sea level with dew points at
Nukualofa, Tonga of 11°c and Ono-i-lau, Fiji of 1J°C.
It is presumed
that this dry air has been brought to sea level from the temperature
inversion level by turbulence.
The flow in the higher surface, 9 = J25°K, has a considerable
ascending meridional component on 28 June over the Coral Sea and on
29 June over the New Hebrides - New Caledonia, this effect spreading
to the Fiji-Tonga area on JO June and 1 July as the upper trough moves
eastwards.
This example supports the idea of a large scale meridional movement of air ascending the sloping isentropic surfaces in midtroposphere into the jet maximum and in doing so producing the
extensive middle and upper cloud sheet, while below there is a descending flow with large equatorward component showing itself in the
subsidence inversion in the lower atmosphere with low humidities into
low latitudes.
Case II.

1963 - June 21

a~d

22

Sea-level maps for these days are shown in Figure 7.
A
depression lies east of New Zealand and the cold front at sea level
has passed ~orfolk Island and ~ew Caledonia by 0000 GMT on 21 June.
By this time there is a wide area of overcast skies with rain between
Queensland and the New Caledonia - New Hebrides area.
Similar
weather prevails on 22 June.
The JOO mb maps for 21 and 22 June 196J
are shown in Figure 8.
These show a strong jet downstream from a
significant trough; the belt of the maximum wind covers the area from
Queensland over the northern Tasman.
A vertical cross section for
22 June 196J from Williamtown to Nandi is given in Figure 9.
It
shows a well defined fro;.it-like isentropic concentration especially
between the 315 K and J30 K isopleths with another stable layer nearer
the ground between 290 K and JOO K.
The streamlines for 21 and 22
June both at JOO K and J15 K are given in Figure 10.
In the lower
surface
the descending equatorward flow on the 21st is well confirmed by the very low surface dew points over eastern Australia
(Figure 7) far into low latitudes.
On the higher surface the flow
from the northwest on both days appears to be a broad ascending current and is in evidence in the extensive cloud sheet and rain in the
lower latitudes over the Coral Sea, New Caledonia and the northern
Tasman Sea.
This case is of further interest in that it demonstrates
a process of cyclogenesis in low latitudes.
It seems likely that the
vertical motion process here demonstrated is sufficient to result in
falling surface pressures and the development of a circulation.
The
small depression in Figure 7, 22 June, south of the Solomon Islands
continued to deepen while moving slowly southeastwards and eventually
reached the vicinity of New Zealand.
This type of relation between
the jet stream and cyclogenesis is supported by statistics given by
nadok and Clarke (1958).
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4.

CONCLUSION

The above cases and others also examined suggest a three
dimensional model for the interaction between disturbances in the
middle latitude westerlies and the weather in low latitudes.
An
outline of this model is shown in Figure 11.
A trough in the deep
disturbed westerly flow of middle latitudes is moving eastwards.
There is an isotach maximum in the more or less straight part of the
flow down-stream from the trough axis and this may imply a very large
acceleration of the winds with consequP-nt entrainment of air from low
latitudes up the relatively steep isentropic surfaces with accompanying extensive middle cloud development with rain.
At the same time
there is a downward flow from middle latitudes in the lower troposphere resulting in a subsidence inversion and relatively low humidities,
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these conditions often extending into quite low latitudes.
Such a
model appears to be a useful forecasting tool, more by the tracing of
the isotach maxima in say the JOO mb flow than by consideration of the
cold front advancing into low latitudes on the sea level maps.
It is
probably however an important model chiefly in regions such as the
southwest Pacific, where the sub-tropical jet extends oftan in the
winter half of the year into quite low latitudes.

Vertical

section

Maximum
Mid and upper tropospheric flow

Sea level flow

Fig.

11

Flow in isent ropic surfaces
Solid lines: upper surface & streamlines
Dashed lines: lower surface & streamlines.

Three dimensional synoptic model
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THE ANALYSIS OF SMALL-SCALE TROPICAL SYSTEMS
Major Thomas B. Gray, Jr., USAF

1•

SUMMARY

The preparation of operational short range weather forecasts for tropical land areas requires the specification of small scale weather patterns.
These patterns, which should have roots in the
diurnal and orographic influences and the land-sea interactions, will
be imposed on the large scale, long period synoptic features referred
to as the "synoptic environment".
Methods of analysis, based on
experience in Southeast Asia, are outlined and examples of several
recurring patterns and their associated weather are described.
2.

INTRODUCTION

The military meteorologist, in providing support to tactical
air and ground operations, must attempt forecasts in considerable
detail over time periods of 6 to 12 hours.
These forecasts require
a high degree of spatial resolution and considerable attention to the
specification of cloud amounts and heights, visibilities, distribution
of winds and the like.
Consequently, techniques of data display and
data analysis must concentrate on the identification of short period
and small scale synoptic systems.
In addition, they must identify
longer period trends upon which the short period changes are imposed.
It is well established that large scale long period phenomena exist in the tropics.
The monsoon with its annual cycle and vast
scale, monsoon surges of smaller scale and a period of about one week,
the slow moving divergence and convergence patterns of the upper
troposphere such as the tropical tro~gh (1), the westward moving
vorticity maxima such as the waves in the easterlies are all well
documented features of this type.
To the forecaster p~eparing a six
hour forecast, the effects of such systems are essentially constant
and they may be thought of as the "synoptic environment" within which
the small scale variations occur.
It is by no means well established
that phenomena of this scale can be revealed by routine analysis
methods.
The success of a number of attempts along this line does
offer considerable encouragement.
The work of Malkus (2) on modification of the trades by a large island, the paper by Glenn (J) on
topographic convergence in the western Pacific and the discussion of
the influence of sea surface temperature distribution relative to
the low level winds on formation of the "crachin" of south China by
Ramage (4) are but a few examples.
Any convential analysis which might delineate features of
this type must be based on a relatively dense network of frequ.ently
reporting stations.
In Southeast Asia these requirements are met by
surface observations, and the surface wind reports would appear to be
the most logical parameter upon which the analysis could be based.
However, one item about which the literature on tropical analysis
appears quite unanimous is that surface wind reports are unrepresentative.
A close examination of this statement reveals that these
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reports are unrepresentative of the flow associated with the larger
scale features of the circulation due to the magnitude of the local
effects upon the wind reports.
In the short range forecast problem it is these very local
effects and the pattern of their influence upon the synoptic environment that are of prime concern.
For this reason, a detailed analysis
of surface wind reports should be effective in producing analytic
models with which definite patterns of weather could be associated.
This paper is a description of some of the analytic models and their
associated weather found in Southeast Asia during the cool season as
revealed by an analysis of surface wind data using the continuous
streamline technique.

J.

COMMENTS ON THE ANALYSIS METHOD

The base chart selected for this series was on a scale of
1:J,750,000.
In Southeast Asia this gives approximately one and a
half map inches between adjacent reporting points and provides ample
space for noting pilot reports, remarks and the like.
Continuous
streamlines were drawn for surface wind reports which were carefully
plotted using a protractor to insure proper alignment of the wind
flags.
The streamlines were drawn "through" mountains as though the
terrain were flat, and the approach was to define an analytic model
(in contrast to a true synoptic model) of the winds with which patterns of other weather phenomena could be associated.
The emphasis
was on a careful diagnosis of existing conditions with the forecasts based on an extrapolation of changes in the patterns which
would be produced by diurnal influences.
For such analytic models
to be useful they must recur, have reasonable continuity in time and
must provide the basis for an explanation of the weather associated
with them.
A continuous record of surface reports for each major reporting station in the area of interest was also maintained.
These d~ta
were displayed on the standard checkerboard; reports for successive
days from an individual station were plotted one under the other so
that, by scanning a single checkerboard, the normal diurnal pattern
of change at a station could be easily recognized as well as the more
slowly changing trends.
Conventional streamline analyses of the
standard pressure levels were also available to provide an assessment
of the state of the synoptic environment.

4.

DISCUSSION OF SOME EXAMPLES

During January and February of 1961 several cases of what
appeared to be "corner eddie.3!' were observed down stream from the
mountains around Dalat, Republic of Viet Nam.
In the Dalat area,
mountains nearly 7000 feet high form the southernmoat extension
of the Annamese range which is situated along the eastern coast of
Southeast Asia.
These eddies appeared as both clockwise and counterclockwise eddies with slight indraft.
Figure 1 is an example of the
clockwise eddy and its associated weather at 0000 GMT which is near
0700 local sun time.
Note that in this exqmple the Saigon area is
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free of morning stratus or fog while the area to the west along the
coast, where moist air from the ocean is being brought over the cooler land areas, experiences stratus with a few light showers.
In
Figure 2 the counterclockwise eddy is illustrated.
In this example
the area to the west of Saigon is now clear while the Saigon area is
experiencing stratus conditions apparently associated with the influx
of ocean modified air over the cooler land.
The pattern of weather
associated with these eddies was revealed in both the surface reports
and pilot reports and confirmed in subsequent occurrences of this
type of system.
While it was not possible to predict a day in advance
the occurrence or non-occurrence of these eddies, once the analysis
revealed their presence, it was a simple matter to describe the
pattern of clouds and weather that could be expected.
It was noted
that a pattern could be expected to appear on successive days, which
implies some connection with the strength of the northeast monsoon
flow.
The eddies would normally break down by early afternoon although one case of the counterclockwise eddy persisted through the day,
gradually moving closer to the Dalat area during the afternoon and
being found well established in its preferred location west of Saigon
the next morning.
The next example shows conditions during periods of weak but
definite northeasterly monsoon flow over Southeast Asia.
As shown
in Figure 3, conditions are fairly simple during both the day and
night with a smooth pattern of northeasterlies over the area and only
a slight disturbance of the flow in the lee of the east coastal range.
Under these conditions it is common for an onshore component to establish itself along the Cambodian coast during the afternoon with this
area subject to considerable shower and occasional thundershower
activity during these periods.
The northeast coast experiences
typical crachin conditions of fog and drizzle with the mountainous
areas cloudy throughout the day.
A surge in the northeast monsoon is often preceded by a
sharp rise of pressure in the Hanoi area and the intrusion of cool air
from South China into the Gulf of Tonkin.
The conditions approximately five days after the intrusion of cold air are illustrated by
Figure 4.
The most outstanding feature of this situation is the well
defined offshore convergence line.
There are marked differences in
the character of the weather between this and the weak monsoon cases.
During situations of this type all stations along the coast normally
show an offshore component of the wind, the clouds extend well over
the water and the mountains themselves are often free of cumulus and
stratocumulus, although higher layers are reported.
The rainfall is
in the form of heavier showers or intermittent rain but visibilities
remain good, except in the showers, and ceiling heights are near
3500 feet with only scattered fracto-type clouds reported below this
value during most of the day.
Streamlines drawn at the gradient
level indicate a flow pattern quite similar to that found on the surface during the weak monsoon case.
Wind speeds at the gradient
level are near 25 knots in the Da Nang area.
This pattern normally
persists throughout the day so that it is difficult to explain as a
simple land breeze phenomena.
The pattern of winds shown at the
surface is less than 3000 feet deep, and it is therefore unlikely that
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it is a purely frontal phenomenon.
cross-section is shown in Figure 5.

A northeast-southwest orientated
Temperatures in the shallow
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circulation cell are observed to be two to four degrees Celsius cooler than the northeasterly flow over the ocean, and it is suggested
that this differential is maintained by precipitation cooling.
Since
there is a persistent movement of the air in this cell southward
along the coast there must be a continual exchange between the air in
the cell and monsoonal flow.
This pattern is a common one.
Two
excellent examples have been studied in some detail.
One case was
the period 14 through 23 January 1962, another is the period 7 through
15 April 1963.
As an indication of the frequency with which the
offshore convergence may be expected during January through April, Hue,
which is a coastal station located not far to the north of Da Nang,
has surface winds of west through northwest an average of 35 per cent
of the time at 0700 hours local (44 per cent of the reports at this
hour are of calm winds).
Thus, an offshore component at this station,
which was selected as repres e ntative of data along the coast north of
latitude 15 degrees, is quite a common occurrence.
Surface wind
summaries, which consider season~l values of all reports •taken at all
hours, show a bimodal distribution with winds reported from west through northwest as frequently as from east-northeast through northnortheast. (5).
While many of the reported offshore winds will be
associated with the land-sea breeze regime, the observation that the
offshore convergence line is most common during periods of moderate
and strong northeasterly flow and that, under these conditions, it
persists through the day indicate that the simple structure of the
land breeze regime is inadequate to describe its structure.

5•

CONCLUSIONS
The analysis of small scale features,

25

revealed by a stream-
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line analysis of surface wind reports, has proved to be of value in
the preparation of short range forecasts in Southeast Asia.
It has
proved particularly effective in describing the manner of the lands ea interactions and the effects of orography.
It is recognized that
these features are imbedded in or are imposed on the larger scale
circulation.
However, a knowledge of both the larger scale circulation patterns, here called the synoptic environment, and of the
smaller scale features are essential in the preparation of accurate
short range forecasts.
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MONSOON PULSES
P.R. Pisharoty
Institute of Tropical Meteorology, Poona, India
ABSTRACT
The total rainfall over the plains of India on an
active monsoon day in July can be as high as 25,000 million
metric tons, corresponding to an average fall of about 1.7
cm over an area of 1.5 million sq. km.
Such spells of rain
lasting three to four days at a time, occasionally occur,
without monsoon depressions and storms.
0

0

Based on the data of Gan Island, 1 S 73 E the
influx of water vapour into the Arabian Sea across the equator on any day in July has been estimated to be 10,000
million metric tons.
The flux of water vapour across the
west coast of India, on the other hand, has been estimated
to be 75,000 million tons.
Apparently the bulk of the
monsoon moisture is produced by a large evaporation from the
Arabian Sea, through mechanical evaporation resulting from
the formation of foam and spray, which in turn are produced
by the action of surface winds in excess of the Kelvin
critical velocity of 7 m/sec.
The mechanism for rainfall on such occasions appears to be a second order upglide motion along isentropic
surfaces sloping up towards the equator.
This second order
motion at right angles to the principal flow is a consequence
of hydrodynamic inertial instability occurring when there is
a downwind deceleration of the primary flow.
The systematic
slope of the isentropic surfaces
often manifests itself as
strong easterlies at high levels (150-100 mb.).
The latent
heat produced by the precipitation alters the slope of the
isentropic surfaces to suppress further rain.
1•

INTRODUCTION

The word monsoon (Arabic,Mausim) originally meant simply
'seasont and by transference the very marked seasonal winds of the Arabian Sea.
It is now generally applied to quasi-stationary disturbances of the average zonal circulation particularly over the tropics,
arising from the seasonal movement of the sun across the~ equator and
the consequent temperature and humidity differences between the
continental and oceanic areas and the northern and the southern hemispheres.
These quasi-stationary perturbations in the zonal flow
pattern are most prominently developed over southeast Asia, during the
northern summer.
Through his extensive correlation studies Sir
Gilbert Walker concluded that the activity of the Indian monsoon has
closer connection with later events elsewhere than with earlier events.
This suggests that the Indian monsoon is a source of energy which
exerts a significant influence on the general circulation
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of the atmosphere and through it on the subsequent meteorological
events elsewhere.
Over the land areas of southeast Asia, the term monsoon by
itself nearly always implies the rains of the season.
Contrary to a
general belief, the rains during the summer monsoon over India, which
sets in early in June
along southwest India and lower Burma and
spreads all over India by the beginning of July, is not a period of
steady uniform precipitation.
Instead there is a considerable amount
of space and time variation in the occurrence and intensity of rainfall.
Many of these variations are associated with low pressure
areas (depression) or cyclonic vortices which move westwards across
upper Burma, the north Bay of Bengal and the Gangetic valley.
However,
there are also spells each lasting J-4 days when abundant rain occurs
over extensive parts of India, unassociated with such eastern disturbances.
A possible mechanism for the release of precipitation in such
cases is outlined in this paper.
2.

DESCRIPTION OF THE SYNOPTIC SITUATION

Figure 1 is an example showing the activity of the monsoon
over India on a particular day in July.
The latitu~inal extent of the
rain area is about 15° (or 1600 km), the longitudinal extent being
nearly the same and with no depression or cyclonic storm over the area
10•
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in question.
The total volume of water precipitated per day over the
land area of India on such a day is of the order of 25, OOO million metri
tons, corresponding to an average rainfall of about 1.7 ems, over an
area of 1.5 million sq. km.
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Such a major rainfall situation requires an abundant influx
of moisture into the monsoon field as well as a mechanism for the
release of precipitation.
AN EXAMINATION OF THE INFLUX OF WATER VAPOUR

3.

Following Sir George Simpson, many workers have felt and
stated that the moisture supply for the monsoon field is generally
produced in the southeasterly trades of the Indian Ocean and transported across the equator into the Indian monsoon area.
During the
height of the monsoon - July, the depth of the moist layer over India
north of latitude 15°N, is considerable, almost 5 km (16000 ft.),
while south of this the depth of the moist layer decreases considerably, being less than 1.5 km at the Colombo latitude.
Recent observations at Gan Island, 73°E 0.5°S,well in the southeast trades or
deflected trades show that the moist layer is hardly 1 km thick, and
even this has only a relative humidity of about 80%.
Mean and
individual tephigrams for July for ·equatorial and Indian stations are
presented in Figures 2-4.
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While there is an average mass transport of air across the
equator into the Arabian Sea in July (Rao, 1960, 1961} up to 900 mb
corresponding to about 1800 metric tons per cm per day, the amount of
water vapour transported is small, (about JO metric tons per cm per
day} as inferred from the Gan Island tephigrams.
On the other hand
computations of the flux of humidity eastwards across the west coast,
across Bhuj-Trivandrum sector is 280 metric tons per cm per day.
Taking the width Gan Island to the African coast as J0° longitude,
the total flux of water vapour into the Arabian Sea on a day of active
monsoon in July would be 10,000 million metric tons per day, while the
flux eastwards across the west coast of India between Bhuj and
Trivandrum is about 75,000 million metric tons per day.
In other words
the amount of water vapour provided by the excess of evaporation over
the Arabian Sea per day is about six times what enters it via the
southeast trades crossing the equator.
Apparently this evaporation
takes place only when the winds are those which prevail on a strong
monsoon day over the Arabian Sea.
Apparently this large evaporation over the Arabian Sea is
caused through the breaking of gravity waves generated by the action
of winds on the ocean surface.
The pressure gradient forces serve to
produce the necessary winds.
Evaporation from a surface is generally
taken as proportional to the first or second power of wind.
A four
fold increase is deduced, when the surface becomes hydrodynamically
rough.
However, when there is a mechanical evaporation through the
formation of spray and foam, when numerous "white horses" appear on
the ocean surface with the wind force increasing to Beaufort 4 and
abo¥e (12-16 knots and above}, the magnitude of evaporation may
increase manyfold.
Work in USSR has shown that the evaporation under
such circumstances may increase an hundred fold.
It is well known
from Kelvin's work that 7 metres per second is a critical speed, above
which ripple like waves form on the water surface.
Apparently a very
thin layer of water moves with the wind, folds up and breaks on the
crests of bigger waves, whenever the acceleration of the water particles exceed the value of gravity.
It is stated that even the sea gulls take to a different
soaring pattern when the wind speeds are above 7 metres per second.
Above 7 metres per second, the sea gulls soar against the wind; keeping themselves within a narrow vertical plane which lies parallel to
the wind.
(Russel and Macmillan, 1952).
It is known that over the
Arabian Sea, monsoon clouds on an active monsovn day appear as long
eastwest bands separated by clear space in-between.
Hence a steepening of the pressure gradient in the Arabian
Sea such that the wind speed at the surface of the water exceeds the
critical limit of 7 metres per second can be taken as a precedent to
the increase in the evaporation.
Such a steepening of the pressure
gradient over the Arabian Sea is best brought about by the deepening
of the thermal low over west Pakistan and Persia.
Such a deepening
can be the result of the eastward movement of a trough in the westerlies across the northern latitudes.
Since the days of Eliot it
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has been felt that the strengthening of the winds over the Arabian
Sea occur whenever the high uver the Mauritius area over the south
Indian Ocean intensifies.
Blanford had earlier hinted against such
an inference.
A detailed study subsequently conducted by Sir Gilbert
Walker showed that Blanford was right.

4.

A MECHANISM FOR THE RELEASE OF PRECIPITATION

The "monsoon pulses" are revealed to the meteorologist,
through the abundant (often twice the normal) precipitation occurring
over a major part of the country, mainly over the area over which the
Arabian Sea branch of the monsoon flows.
On nearly half of such
occasions there are well marked low pressure systems (shown on the
sea-level charts and associated with cyclonic vortices at the higher
levels) moving westwards or westnorthwestwards across the north Bay of
Bengal and the Gangetic valley.
However, on an equally large number
of occasions such marked low pressure systems are not noticeable.
Isentropic upgliding appears to be a mechanism capable of explaining
the occurrence of precipitation on such occasions.
Helmholtz had derived the condition for the development of
instability in a horizontal rectilinear flow as the absolute vorticity
f

being negative.
Although the value of f, the coriolis parameter, is
small at low latitudes (5 x 10-5 at 20°Lat.), the transverse horizontal
shear of the westerly stream is feebly cyclonic over the precipitation
areas.
The shear becomes anticyclonic only at levels well above the
600 mb level, and even there, it becomes significantly large only near
the jet stream level.
Even at this level, the instances of the absolute vorticity becoming zero, let alone negative, are small.
As shown by Kleinschmidt the buoyancy forces acting on air
parcels flowing horizontally in the atmosphere, move transversely, up
or down the isentropic surfaces.
He showed that the transverse vorticity should be measured along the isentropic surface ~
, instead of
along the horizontal surface.
The corresponding antlcylonic shear
may then be represented by -au~~
Bjerknes has examined the
case when there is a longitudinal shear of the geostrophic wind au,/ax
as well as a local time variation of the geostrophic wind au,/at
He has shown that the limiting transverse perturbation velocity v ,
along the isentropic surface, is given by

v

+

=
f

aug

at

au
alz,

The transverse motion would be an upglide or downglide along the
isentropic surface.
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During the monsoon over India, the temperatures are high
over the southern edge of the Himalayan massif and, level for level,
steadily decrease southward at least up to Ceylon.
This horizontal
temperature gradient towards the south produces a thermal wind leading to a steady decrease of the peninsular wes t erlies with height; by
the 600 mb level, they have all become easterlies.
As the horizontal t .e mperature gradient continues to be in the same sense up to
200 mb or so, the easterlies continue to increase with height, culminating in a broad easterly jet over the peninsular India.
The
consequences of such a temperature gradient are therefore (a) an upward slope of the isentropic surfaces towards the south at all levels
up to the 200 mb or so, throughout latitudinal extent of India and
(b) a well developed - but rather broad jet stream.
As the magnitude of the temperature gradient does not remain constant in space or
in time, the upward slope of the isentropic surfaces towards the south,
as well as the rate of increase with height of the easterly component
of the wind, vary with space and time.
The table below for 7th July 1961 illustrates the heights of
the low level isentropic surfaces at the different stations of India
on a typical occasion of a strong "monsoon".
Potential
Temperature

Heights in metres of the potential
temperature surface at
Allahabad
Lat.25° SN

305°A
310°A
315°A
320°A

Nagpur
Lat.21° 2N
1600
2590
3440
4340

700
1650
2550

JJOO

Bangalore
Lat.13° N
1520
2700
4340
5500

Hence at all these levels, there would be a steady upgliding
on all the isentropic surfaces, as a result of the steady perturbation
transverse velocity,if
u au 9

ax

+

aug

at

is negative (winds blowing towards the east being reckoned as positive)
even when ( f - 8u/a71 ) is positive.
Whenever a westerly wind decreases downstream or in time, a steady but small southward component
would develop in the zonal flow and there would be a second order upglide motion and a third order vertical velocity at all levels up to
200 mb.
Air which is nearly saturated, would soon become saturated
as a consequence of this upward component.
Whenever or wherever the
air is conditionally unstable (lapse rate more than the moist adiabatic .
the upglide motion resulting in saturation, would set off a convective
development,the isentropic surfaces would become almost vertical locally and the rainfall would get localised in space and time, and be
relatively beavy.
Each such cell would warm up the immediate neighbourhood, producing local changes in the heights of the isentropic
surfaces aggravating the upglide motions to the south and east of each
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convective cell.
Once such a mechanism operates for a couple of days the
temperatures at the 850, 700 and even 500 mbs over the central parts
of the country rise, and the isentropic surfaces lower.
Even if the
various factors maintain the transverse perturbation velocity the
same, the slopes of isentropic surfaces would decrease and even get
reversed, resulting in a much smaller upgliding motion or even a
downglide motion.
Thereby the precipitation mechanism produces
eventually a situation less favourable for further precipitation, all
other external factors remaining the same.
A precipitation spell
lasting two to three days, apparently provides the necessary heating
for bringing about such a change.
In the kinematic analysis of charts, cyclonic and anticyclonic flow patterns reveal themselves as well as the regions of
isotach maxima.
Downstream of west wind isotach maxima are potential
areas where negative perturbation transverse velocities can develop,
even when there is difluence of stream lines.
The flow patterns
revealed by kinematic analysis, should be regarded as projections of
the spacial patterns on horizontal surfaces; the areas of upglide and
downglide motions and their consequences need to be deduced from an
examination of the isentropic surfaces ·as they determine the sign and
magnitude of the feeble but important vertical velocities.
The early
discontinuance of isentropic analysis was, in my opinion, an unfortunate step.
The primary winds apparently carry the isentropic surfaces
with them; perhaps it is only for the perturbation velocities that the
isentropic surfaces remain quasi-perman~nt.
This is a hypothesis
which needs examination.
Note:

0

The dropsonde data for 1st July 1963 for position o .4N,
45°.3E obtained by U.S. Research Aircraft show that the
air there is as dry as that over Gan Island.
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COMPUTER ANALYSIS AND FORECASTING IN THE TROPICS
Lt. Col. Harold A. Bedient, U. S. Air Force
and
Joseph Vederman, U. S. Weather Bureau
ABSTRACT
Computer analyses of the upper-air wind field are
being made for several levels for the tropical Pacific
Ocean area of both the northern and southern hemispheres.
Computer analyses compare favorably with conventional analyses.
The availability and accuracy of wind reports from
aircraft are discussed.
Some details of the IBM 704 tropical analysis program are pointed out.
Computer analyses are used in a statistical wind
forecasting teclmique for the tropics.
Verification shows
that the statistical forecasts are about as good as those
prepared by conventional methods.
Experiments aimed at objectively deriving a stream
function from observed winds are described and the results
discussed.
1.

INTRODUCTION

For the past four months, July to October 1963, inclusive,
daily objective analyses have been prepared for the 700 mb, 500 mb and
JOO mb wind fields for the tropical Pacific Ocean area.
These analyses are being made with a high-speed electronic computer (IBM 704) by
a U.S. Air Force, Navy and Weather Bureau group in Honolulu, Hawaii.
The area analyzed includes both the northern and southern hemisphere
tropics of the Pacific.
This is the first time computed tropical
analyses have been prepared routinely for so long a period and for so
large an area.
The objectively analyzed winds have been used to prepare
barotropic forecasts and are being used as one parameter in a statistical wind forecasting method.
The purpose of this paper is to discuss the procedures used,
show some examples of tropical computer analyses and point out some of
the problems encountered.
One point should be made at the outset.
The day has gone
when tropical meteorologists could point to the small amount of upper
air data available to them as compared with the much larger amount in
middle latitudes.
The fact is that extra-tropical meteorologists
are becoming envious of the large number of upper air reports of winds,
temperatures, and weather available in the tropical Pacific.
The area covered by our computer analysis extends from 115°w
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westward, across the Pacific Ocean, to 100°E and from J7°N to 24°s.
The distance between grid-points is 5° longitude at the equator
(JOO nautical miles).
2.

TECHNIQUE OF ANALYSIS

Most computer wind-analysis schemes now in use take into
account both the observed heights and winds of appropriate constantpressure surfaces.
However, it is generally considered that height
gradients are poorly related to winds in the tropics (1).
For that
reason our analysis method makes no use of the reported heights of
constant-pressure surfaces whether obtained from radiosondes or aircraft; it uses winds only.
Reed (2) and others have recently raised some doubts about
the alleged failure of the geostrophic relation in the tropics.
Should
further study reveal that the geostrophic approximation is not as poor
as now thought, an attempt will be made to use the heights of constantpressure surfaces as well as the winds in the analysis program.
The observed winds are from three sources: pibals, rawins
and aircraft.
Perhaps a word ~hould be said about the aircraft reports.
For years many forecasters have been sc.eptical about the
accuracy of aircraft wind reports.
We do not share that scepticism.
Our experience in the Pacific has been that wind reports from aircraft
are of excellent quality, even if occasionally in error.
The introduction of Doppler wind measuring equipment in some commercial aircraft
has further increased our confidence in the reported winds.
Following Bergthorsson and D~~s (J) and Cressman (4) the
tropical wind analysis begins with a first approximation to the wind at
each grid point.
A 24-hour forecast derived from the statistical
forecasting method of Lavoie and Weideranders (5) is used for the first
approximation.
Their forecasting equations are
=

v F --

(1 -

r

u

)

u

c

+ r u
up

( 1)

(1 - r v ) v c + r v v p

where u and v are the west and south wind components, respectively, F
refers to forecasted value, c to climatology, p to persistence and
r to the lag correlation coefficient.
The first approximation winds at the grid-points are then
corrected by making use of the observe4 wind reports. The correction
formula is
Cu

= -W(u.1

Cv

=

- u)

(2)
-W(v.1 - v)

where C is the correction computed for a nearby grid-point, u and v
are the observed wind components and ui and vi are the interpolated
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Fig.

1

Objective and subjective analyses of the JOO mb chart,
1200 GMT 20 September 1963.
Streamlines are from the
subjective analysis; winds at uniformly spaced intervals
are the objective analysis.

Fig. 2

Objective and subjective analyses of the 500 mb chart,
1200 GMT 20 September 1963.
Streamlines are from the
subjective analysie; winds at uniformly spaced intervals
are the objective analysis.

JSJ
values of the i-th approximation at the location of the observation.
The weighting factor, W, is defined by

w=

(J)

where d is the distance between the grid-point and the observation
point and N is the distance at which the weight is zero.
In the iterative process of correcting the first approximation, the computer examines, or "scans", the data 4 times.
On the
first scan N is taken to be 4.7 grid-lengths and it decreases to 1.5
grid-lengths on the fourth scan.
This has the effect of initially
adjusting the first approximation for the large-scale features of the
circulation and then for smaller and smaller features on successive
scans.
The analysis program has a simple error detection test.
Wind observations differing by more than 50 knots from the first approximation are rejected on the first and second scans, more than
40 knots are rejected on the third scan, more than JO knots on the
fourth scan.
However, the monitoring analyst may re-insert rejected
data.

J.

EXAMPLES OF COMPUTER TROPICAL WIND ANALYSIS

A comparison of subjective wind analyses prepared for forecasters in Honolulu with objective analyses prepared by the IBM 704
computer is presented in Figures 1, 2 and J.
The JOO mb chart for 1200 GMT 20 September 1963, Figure 1,
shows good agreement over Japan among the observed winds, the subjective analysis and the objective analysis.
A closed low has been
indicated by the analyst near 20°N 165°E whereas the objective analysis
suggests a trough and the same remark applies to the low near
21°N 162°w drawn by the analyst.
The objective analysis indicates an
anticyclonic center near J0°N 175°w as does the subjective.
Turning
next to the southern hemisphere we find that both analyses agree on
the location of the anticyclone near 8°s 160°w as well as on the
associated ridge line.
The 500 mb analysis for 1200 GMT 20 September 196J, Figure 2,
shows again the good agreement over Japan noted on the JOO mb chart.
The analyzed closed lows near 200N 1650E and 21°N 160°w appear in the
objective analysis as troughs.
The analyzed anticyclonic circulation
near J20N 1800 is not in good agreement with the computed wind in that
area.
There seems to be fair agreement on the location of the subtropical ridge line in the southern hemisphere.
Figure J enables us to compare the subjective and objective
analyses at 700 mb.
Both analyses agree on an anticyclonic circulation near J20N 1750E but the ridge line extending to the east is

J84

AVERAGE
ERROR
(KNOTS)

A

.f \. ••• •• PERS -

24-

CLIM

·····:f \-HtL
~

\

20-

..
..
.....
\

1

16-

\ 300mb
...
•·····

~-

700mb

,t
'

Fig.

4

I

I

I

I

• •

•

I

I

I

I

J M M J S N

J MM J S N

1962

1963

A comparison of errors in 24-hour wind forecasts for
several tropical Pacific stations made by Honolulu
forecasters with those derived from equation (1).
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farther north in the objective analysis.
The objective analysis
does not indicate the anticyclonic circulation shown by the analyst
to be near 34°N 132°w.
The objective analysis does not indicate the
trough shown in the vicinity of Wake Island (19°N 167°E). The objective analysis does indicate the southern hemisphere ridge drawn near
latitude 12°s.
The objective analysis cannot, of course, show the
small scale features that the analyst has tried to portray.
It is probably fair to estimate that, for the cases shown
here, the subjective and objective analyses are in good agreement.
Which is "better" is difficult to say.
If forecasts derived from
one type of analysis were better than those derived from another type
we would say the former were "better".
But tests of this kind have
not been made.

4.

WIND FORECASTS IN THE TROPICS

Tests by Lavoie and Weideranders (5) have shown the subjective forecaster is hard pressed to improve on their persistenceclimatology forecasts derived from equation (1).
In 1961, for
example, neither the Air Force nor Weather Bureau forecasters consistently made better forecasts for Guam than those derived from equation
(1).
Similar results were obtained for other tropical Pacific
stations.
We have, therefore, determined the lag correlation coefficients for each grid-point in our area and the computer is routinely
preparing wind forecasts for the tropical Pacific based on equation
(1).
The meteorologist is, of course, free to adjust the computer
forecasts if he so desires.
That this procedure will lead to improved
forecasts is quite likely.
During the past 2 years we have been
computing the persistence-climatology forecasts by hand for several
Pacific stations and Figure 4 shows the results.
It is interesting to observe that in 1961 the persistenceclimatology wind forecasts were the better ones but in 1962 and 1963
the subjective forecasts were better.
The reason seems to be that
the forecaster has become aware that equation (1) is a good starting
point - it puts a "floor" under his score - and he deviates from it
only in those cases where he is most confident of the outcome.
To
put it another way, the persistence-climatology scheme by giving an
acceptable initial forecast enables the forecaster to spend more time
on those features of the synoptic situation to which equation (1) may
not apply - typhoons, for example.
In October 1963 about 1,500 flight plans were prepared with
the aid of the computer.
These were for four different altitudes
from ten thousand to forty thousand feet and for various routes from
Honolulu to the west coast of North America and to points in Asia
and the southern hemisphere.
It is planned to put out the forecasts
as winds at grid-points.
At present the IBM 704 computer prints out
route wind forecasts including information on temperature, wind, true
air speed, ground speed, wind factors etc., for several altitudes.
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Manual analysis for 1200 GMT 19 May 1963. Machine analyzed
winds are plotted at grid point locations.
Machine analysis
first approximation was 70% persistence and JO% climatology.
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5.

STREAM-FUNCTION ANALYSIS

In several proposed forecast models nearly non-divergent
wind fields are implied.
In order to accomplish this a stream function has been used to represent the winds.
Endlich (6) found a stream
function by using an irregular grid located at fixed observation
points.
It is difficult to see how to use this technique on aircraft
reports where the grid would have to vary from level to level and day
to day.
Rosenthal (7) hand-analyzed a wind field so as to subjectively minimise the divergence.
Brown and Neilan (8) used the same
methods as are described here but only discussed their results in areas
of reasonably dense data in North America.
The stream function(~ ) was analyzed as follows:
take an
arbitrary value of "/r for one point on the edge.
Calculate the
boundary values of the stream function by integrating along the boundary
line ai.y
where s
n
is measured along the boundary and

as

normal to the boundary.
Distribute the difference between the startpoint value of ~
and the ending point value (two values at the same
point) uniformly around the edge.
Solve the equation

av

= ax

au

ay

= F(x,y)

on the interior (Fis a known function of x and y).
When the daily stream-function fields were calculated divergence errors showed up in a rather strong way.
Figure 5 shows the
hand-analyzed 500 mb streamline chart for 1200 GMT 19 May 1963.
Plotted
at the location of the grid points are the machine-analyzed winds for
that day.
An inspection of the wind shows that a fairly good objective analysis was made.
The amplitude of the westerly troughs and
ridges at the northern boundary was not represented well because it was
not reflected in the few observations along the edge and no attempt
was made at manual intervention.
Figure 6 shows the same case with
the stream function superimposed on the computer analyzed winds.
Note
that the stream function as analyzed bears little relation to the wind
on the right half of the map.
In fact when the vector difference
between the wind derived from the stream function and the input winds
are analyzed some areas of JO knot difference are observed.
The difficulty seems to lie in an observation (apparently a
good one) located south of Tahiti.
This shows a trough of the southern hemisphere westerlies located to the west of Tahiti. · This is
shown by a light southwest wind at Nandi in the Fiji Islands and a
50 knot northwest wind at a station south of Tahiti.
The machine
analysis gets too large a region of outflow (though not with excessive
speeds) and insufficient region of inflow and thus the stream function
code has to seek for the required inflow so to speak.
Thus the
solution that results in Figure 6 is the solution we seek with a
superp~sed point outflow region with a mean inflow all round the
boundary.
Several experiments were conducted to try to correct this
but at the suggestion of Mr E.J. Manning of the U.S. Weather Bureau
26

J88

('

v.

?·

. ..., .

I

""'< ~ \-

II'

"

j,,(-r

>.,A'~

<<,

~ "~ < r

Fig. 6

"'

Stream function using normal boundary conditions is the
machine analyzed charts corresponding to Figure 5.

v(7 .
.r

"

.... ·'

~

,.

I

Fig. 7

Machine analyzed winds and normal boundary conditions
stream function for 1200 GMT 19 May 1963.
First
approximation was climatology.
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an attempt was made to experiment with the boundary condition used in
getting the stream function.
The calculation of the boundary streamfunction values from the normal component of the wind is simple and
straightforward.
Since the line integral of the tangential winds
around the boundary must equal the integral of the vorticity over the
interior area the wind field could also be specified by specifying
the tangential component.
An attempt was made to do this by successively adjusting the edge values of the stream function but this took
an impractical number of scans to relax.
Another suggestion for
solving this was found in Southwell (9).
By the principle of superposition of solutions the solution of

av
ax

=

a"Y

=

an

au

ay

(in the interior)

(on the boundary)

Vs

should be the same as the sum of the solutions

av
v 2"'1 = ax
~1

=

0

v2 ~2 =

0

au

ay

(in the interior)

(on the boundary)

and

a-+2

anOr

"'1
from the

=

(in the interior)
Vs

~1

an

(on the boundary)

'h

+
=
""'2
can be a result of any arbitrary boundary values of

""

~1

taken

previous day's solution and "Y2 will be the corrective to be
added nece·ssary to satisfy the boundary conditions.
The advantage
of the "f 2 field is that it is analytic on the interior.
Therefore
i t has a complex conjugate

</)

such that

M...
ax
Thus,

=

Vs -

~1

an

around the boundary and

= 0 in the interior

The boundary values of ~ can be found directly and the
by relaxation in the conventional way.
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Machine analyzed winds and tangential boundary conditions
stream function for 1200 GMT 19 May 1963. First approximation was climatology.
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Fig. 9

Machine analyzed winds and tangential boundary conditions
stream function for 1200 GMT 19 May 1963.
First approximation was climatology.
The stream function code has
been used between analysis scans to adjust the analysis
approximation to be non-divergent.
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Figure 7 is a slightly different analysis of the same case.
The differences arise from the use of climatology for a first approximation instead of the continuity.
Figure 7 shows the new analysis
and the stream function derived by using the normal component of the
wind in the boundary conditions.
Examination of the vector difference between the stream winds and the analyzed winds shows that the
largest errors to be found on the boundary are tangential to the
boundary, indicating that the normal wind has been fitted.
Small
difference winds are uncertain on the boundary because of the use
of uncentered differences.
Figure 8 shows the same analysis with the stream function
derived by fitting the tangential component of the boundary winds.
Note that the westerlies in the vicinity of the Hawaiian Islands have
reappeared on the chart.
All significant differences on the boundary are now normal to the edge and the internal differences have
dropped in magnitude by 10 to 15 knots.
The experiments described so far did not change the wind
analysis, only the stream function.
Experience with the method of
analysis shows that it is very responsive to side conditions by adjustment of the analysis between relaxation passes.
One way to get a
reduction of the spurious divergence would be to require the intermediate solution to be non-divergent.
After the first analysis pass
with the largest area of influence the stream function was derived
and the analyzed winds were all replaced by the winds derived from
the stream function.
This procedure was repeated three times with
decreasing scan radii.
Figure 9 shows the resulting analysis.
This technique is referred to as analysis with "feedback" from the
stream-function solution.
This method reduced the vector differences to trivia except near a small low off California which was not
too well represented.
This is not to say that this analysis is perfect.
If
Figure 9 is compared with Figure 5 it can be seen that there is too
much flow across the equator from 150°w to 180.
This is not derived
from any data but is in response to the outflow near 20°s 160°w. The
manual analyst put in more inflow from the south near 20°s 180°to
make the analysis depict the southern hemisphere westerly troughs
which we expect to find.
The reality of the procedure will no doubt
be improved by satellite observations.
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THE USE OF VERTICAL VORTICITY OF 24-HOUR WIND CHANGES
FOR WEATHER FORECASTING
K. Buajitti
Meteorological Department, Bangkok, Thailand

ABSTRACT
From a study of the streamline analysis of
24-hour wind changes at various levels over south-east Asia
during the south-west monsoon season (May-October) for a
period of over five years, it is found that the streamlines
of 24-hour w·i nd changes at 5000 feet bear a good correlation with the precipitation pattern of the next 24 hours.
For practical purposes Bellamy's method has been used for
computing vertical component of vorticity of wind changes
for various triangular upper-wind observation areas.
It
reveals that for a triangular area with each side of about
200-300 km, there is a good possibility of rain when the
vertical component of vorticity of wind changes at 5000
feet is larger than+ 5 x 10-5 sec-1 day-1.
The study also shows that the method is of material help in the prognosis of synoptic conditions 24 hours
in advance for larger areas.
1•

INTRODUCTION

A knowledge of expected rainfall is important to many activities : aviation, because of safety in take off, in flight and landing; agricultural operation; hydrology, to name only a few.
The problem of forecasting the surface precipitation pattern
has long been a difficult one.
Even today, in Europe and NorthAmerica,
with the transmission of the surface prognostic charts on the facsimile circuits, the forecaster still relies on the classic Norwegian
models or other methods in forecasting.
A number of investigations
have indicated the lack of success of forecasting clouds, visibility
and precipitation from so-called ideal sea level pressure patterns.
Klein (4) therefore studied the upper level charts and statistically
related winter precipitation to the 700 mb circulation.
Starrett (8)
quantitatively examined the relationship of precipitation tiistribution and the bands of strong westerly currents and found that
there was a tendency for a strong concentration of precipitation in
the vicinity of jet streams.
Cressman (2) and Riehl, Yeh and La Seur
(7) showed the interaction of the mean zonal motion from one latitude
to another and its effect on the upper air patterns.
These interactions have a measurable influence on the associated precipitation
pattern.
McElmurry (5) introduced a semi-objective method for forecasting rain by using the proper interpretation of data at the 700 mb
level, especially its wind and moisture fields.
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These methods work reasonably well for precipitation forecasting in middle latitudes.
However, in low latitudes, where weak
pressure gradients generally prevail, these methods are not practicable.
This paper will present a new method for forecasting of
precipitation during the southwest monsoon period (May-October) with
the aid of the 24-hour vectorial wind changes.
For precipitation forecasting purposes, Thailand has b~en
divided into 15 regions as shown in Figure 1.
The vertical vorticity
of 24-hour wind changes in each region has been studied at various
levels up to the 18,000 feet level.
2.

FORMULATION OF THE EQUATIONS

After ignoring friction and the small terms involving the
earth!s curvature, the first two equations of motion can be written in
the following manner :
du
dt
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fu
dt +
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Where u and v are the horizontal components of the wind, f is
the Coriolis parameter and p renresents density of the air.
The above
equations may be written as follows
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Assuming f' is constant and differentiating the above equations with respect to time, one obtains :
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The first terms on the right hand side of the above equations
show that the wind change at a station at a particular level is related
to the isallobaric gradient and is tangential to the isallobars at
that level.
It can also be easily seen that the circulation of the
wind change will be cyclonic in an area where there is an isallobaric
low and anti-cyclonic where there is an isallobaric high.
Therefore,
a study of the flow pattern of wind changes in the higher levels
enables us to locate the isallobaric lows and highs there.
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If we write :~ =
and :~ =
which represent horizontal
components of the wind change, the equations become :
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Upon differentiating the first equation partially withrespect
to x and the second with respect to y and subtracting the resulting
equations one obtains

av

au.

ax

ay

This equation shows that the vorticity of wind changes is
related to the Laplacian of the pressure tendency which wi,\-l be positive with the cyclonic circulation of wind changes and, vice versa,
negative for anticyclonic circulation.
The last terms on the right
hand side also have some influence in increasing or decreasing the
value of vorticity.
From experience gained after using the 24-hour
wind changes for a period of over 5 years, it appears that the area of
precipitation is coincident with the area where large positive vertical vorticity of 24-hour wind-changes occurs.

J.

METHOD OF COMPUTING VORTICITY

There are a number of methods for computing the vertical
component of vorticity, such as described by Watts (9), Poulter (6),
Bellamy (1) and Graham (J).
However, for practical use it seems that
Bellamy's method is quite simple.
When three adjacent observation
points, say A, B, and C, are used to define the triangular volume,
essentially nothing is known of the wind distribution between these
points.
A convenient assumption for this distribution is that the
wind field is a linear function of space between the points.
This
assumption a.llows us to treat each wind observation separate .l y.
The
vertical component of the vorticity ( is defined as the line integral
of the tangential component of the wind around a horizontal area
divided by that area.
For tabular vorticity computation one uses :
v

(
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=-11
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(/3BC- o:)

where (A is the partial vertical component of the vorticity
and positive values are counter-clockwise, ha, f3 BC, v and C( represent distance from A .perpendicular to BC, azimuth of BC, wind speed and
wind direction respectively.
The vertical component of vorticity is
obtained from the sum
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4.

DIVISION OF FORECASTING AREA

There are eleven upper wind observation stations in Thailand.
The map of this area has then been divided into fixed triangular
areas according to these stations as indicated in Figure 1.
The graphs for computing vertical components of vorticity
of the wind-changes have been calculated for each of these triangular
locations using the method described above.
Moreover the triangular
areas Hong Kong - Saigon - Chiangmai, Chiangmai - Bangkok - Saigon
etc., have also been prepared in a similar manner.
A sample set of
graphs for computation of vorticity at Nakhon Ratchasima - Udon ThaniUbon Ratchathani is shown in Figures 2, 3 and 4.
The 24-hour wind changes at each station at 2,000, 5,000,
10,000 and 18,000 feet have been compute~ on a routine basis since
1957.
The results then were used for ·c omputing the vertical vorticity of each triangular area.

5.

DISCUSSION

From the study of the streamline analysis of 24-hour wind
changes at various levels over South-East Asia during the southwest
monsoon season for a period of over 5 years, it is found that the
streamlines of 24-hour wind changes at 5,000 feet bear a good correlation with the precipitation pattern of the next 24 hours.
Figures
5 and 6 show the streamline analysis of 24-hour (0700 L.S.T. 16 July 0700 L.S.T. 17 July 1962) wind changes at 5,000 ft and 24-hour (0700
L.S.T. 17 July - 0700 L.S.T. 18 July 1962) rainfall distribution over
Thailand respectively.
It can be seen from these figures that the
centre of cyclonic circulation which is located within the area
bounded by Nakhon Ratchasima, Udon Thani and Ubon Ratchathani shows a
maximum amount of rainfall in the next 24 hours.
If one looks at the
streamline analysis of the upper wind at various levels at 0700 L.S.T.
17 July 1962 it will be seen that these charts do not show any sign
of bad weather over Thailand.
Thus, study of wind changes at
5,000 ft provides a quite satisfactory clue for forecasting of rainfall in the next 24 hours.
However, it is not too often that
well-defined cyclonic or anticyclonic circulations of wind changes,
which obviously indicate large positive or negative vorticity changes,
occur.
Thus in order to be able to know the amount of vorticity
changes in the interesting area, a set of graphs for that area is used.
For example in this case the 24-hour wind changes at Nakhon Ratchasima,
Udon Thani and Ubon Ratchathani are 300° 13 knots, 070° 10 knots and
170°9 knots respectively.
Using the graphs in Figures 2, 3, 4 one
obtains !lle va~ye of _yertical component of vorticity change equal to
1.2 X 10
sec
day
•
This value is quite reasonable for an area
of well-defined cyclonic circulation.
For practical purposes of rainfall forecasting, the following table has been prepared from the study of wind changes at 5,000 feet during the southwest monsoon season.
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TABLE 1

'

Weather

> + 8 x 10-5

Rain

> 2 x 10-~ < 6 x 10- 5

50

<- 8 x 10-5

No rain

-

60% rain

The above table works reasonably well particularly for a
triangle which has sides of about 200 - JOO km.
For a triangular
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area with large sides such as Chiangmai-Bangkok-Saigon, the value of
vorticity would be much smaller.
Therefore one should use this
method with caution for a large or elongated triangle since our assumption that the wind field is a linear function of space between the
angular points of the triangle may not hold true.
Nevertheless,
experience gained during the study shows that this method could provide fair information for prognosis of general weather conditions in
the large triangular areas, i.e., Hong Kong-Saigon-Chiangmai,
Chiangmai-Bangkok-Saigon, Hong Kong-Saigon-Manila etc., where only
a few upper wind observations exist.

6.

CONCLUSION

The study of streamline analysis of 24-hour wind changes at
various levels during the southwest monsoon season show that the field
of wind changes at crucial level, i.e. 5,000 feet level, bears good
correlation with precipitation patterns of the next 24 hours.
It is
not too often that well-defined cyclonic or anticyclonic circulations
of wind changes, which obviously indicate large positive or negative
vorticity changes, occur.
For such a case Bellamy's method has been
used for computing vertical component of vorticity of wind changes
for various triangular upper wind observation areas.
It is found
that for a triangular area with each side of about 200 - JOO km.,
there is a good possibility of rain when the vertical component of
vorticity change is larger than+ 5 X 10-5 sec-1
day-1.
For larger triangular areas the value of vorticity would be
smaller.
Use of this method for such an area should be with caution
since the value of vorticity will vary with the area of the triangle.
However, from the experience gained the study shows that the method is
also of material help in the prognosis of synoptic conditions twenty
four hours in advance in large areas such as Hong Kong-Saigon-Manila.
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SOME PRELIMINARY RESEARCH RESULTS FROM
THE INTERNATIONAL METEOROLOGICAL CENTRE
C.S. Ramage
International Indian Ocean Expedition,
Colaba Observatory, Bombay, India

1•

INTRODUCTION

Two important segments of the IMC research, on the circulation climatology of the Indian Ocean troposphere and air-sea interactions over the Arabian Sea are reported elsewhere in this Symposium.
Besides these, detailed studies are in hand on the Indian
sea breeze and its relation to theoretical models, on an Arabian Sea
tropical cyclone reconnoitred by the U.S. Weather Bureau's Research
Flight Facility and photographed by TIROS VI, on pre-monsoon thunderstorms and onset of monsoon rains over India.
Preliminary results
were reported at a seminar held in Bombay on 1 August.
My office will
be distributing the proceedings of this seminar later in November.
So far, most of our research attention at IMC has been concentrated on the northern Indian Ocean because radio reception of
synoptic data from the south Indian Ocean is often seriously disturbed.
However, with back plotting of ·hard copy" now in hand and rectified
TIROS photographs being received we are starting to investigate equatorial and Southern Hemisphere problems.
For the remainder of this presentation I shall discuss a
small facet of a large and complex problem - the summer monsoon rains
of south Asia.
As long ago as 1887 Dallas (1) posed a conundrum which has
yet to be solved.
He said ''in the month of June, the equator is passed
and with a sudden burst the atmospheric circulation of the Northern is
linked to that of the Southern Hemisphere, and the real monsoon current
is established.
No sooner, however, is this result produced than the
causes which led to it commence their decadence.
With the appearance
of a cool rain-bearing current over India temperature falls, and through the condensation of vapour and consequent liberation of latent
heat suffice to prolong the existence of the indraught towards India,
the monsoon surrent has a fractionally less force in August and a
considerably less force in September, than it has in July."
Conversely
we might say that the huge heat low circulation established over south
Asia in early summer is a necessary but not a sufficient condition for
subsequent monsoon rains.
These fall in association with depression
systems which are not directly linked with the heat lows but which do
not develop until after the heat-low circulation has been established.
Indian meteorologists have made detailed studies of monsoon
rain depressions, chiefly over the northern Bay of Bengal and the
Indo-Gangetic Plain but have been handicapped by lack of data from
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over the sea.
Consideration of their findings and those I report on
below have led me to conclude that at least two distinct types of
monsoon rain depression can be identified.
The first, which is apparently more common over the north Bay of Bengal appears to be warm
cored with a vigorous surface circulation and to resemble a tropical
storm.
The second, more usually found over the northeast Arabian
Sea resembles the subtropical cyclone of the Eastern Pacific in being
intense in the middle troposphere and relatively weak at the surface.
It is this second type which has been extensively probed by research
aircraft and which I shall discuss briefly.
2.

DESCRIPTION

On 1 and 2 June 1963 the two DC-6 1 s and the W-26 aircraft of
the RFF flew a scientific reconnaissance of an active Bay of Bengal
monsoon situation at 0.5 km, 2 km, 700 mb and 500 mb.
Fortunately,
although the reconnaissance was spread over a period of 36 hours the
situation did not change appreciably during that time and thus I felt
justified in compositing all the aircraft data and all ship observations for the 2-day period with upper air observations made at land
stations for 00 GMT 2 June.
The composited charts for 0.5 km and
500 mb have been analysed using the isogon/streamline/isotach technique and are shown in Figures 1 and 2.
The weather distribution as
observed by the aircraft, ships, and TIROS, is as follows:
Between 8°N and 18°N and east of 90°to 91°E skies were
overcast with many layers of nimbostratus extending from 0.3 km above
the surface to 7.5 or 10 km.
Precipitation was more or less continuous although variability in the radarscope on the research aircraft
indicated the presence of convectional cells within the nimbostratus
decks.
During the 1st and 2nd, stations in the Andamans and along
the Burma coast recorded 5 to 10 cm of rain.
At the western edge of
the nimbostratus layers, towering cumulus and cumulonimbus clouds with
roots close to the surface were observed from the research aircraft
on both the 1st and 2nd.
On the 2nd, both aircraft located a cyclonic
circulation centre, approximately 50 km in diameter, near 11°N, 95°E.
The DC-6 aircraft flying at 500 mb made 8 dropsoundings, only one of
which was in the rain area proper.
Figure 3 compares this sounding
with a sounding made just west of the rain area.
It can be seen that
the rain sounding is 1°to J°C colder than the other below about
650 mb and about the same amount warmer above 650 mb.
Figures 1 and 2 show a well-defined cyclonic c .irculation at
500 mb but no corresponding circulation at the surface.
The 200 mb
charts, not reproduced here, show general easterly flow above the
500 mb centre.
Thus, we have a circulation system which weakens both
downward and upward from the middle troposphere.
Figure 3 provides
confirmation of this since it indicates that the cyclone is warmcored with respect to the environment above 650 mb and cold-cored with
respect to the environment below 650 mb.
Thus the system markedly
resembles the subtropical cyclone of the Pacific (2).
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J.

MODEL

Utilising the subtropical cyclone model, additional data
obtained by the RFF over the Arabian Sea, and the data presented here,
I have constructed a tentative model for the western sector of this
particular system (Figure 4).
Subsequent investigation may show the
eastern sector to be markedly different.
Maximum pressure gradients
and horizontal convergence are found at around 600 mb.
Compensating
vertical motion is upward above 600 mb and downward below 600 mb.
The air in the upper branch being warmer than the environment possesses positive buoyancy.
Precipitation clouds for this branch are
predominantly cumuliform ( a fact confirmed by the persistent turbulence experienced by the RFF flying at 500 mb).
Precipitation from
these clouds falls through the descending air beneath 600 mb and
saturates it through evaporation.
The descending air warming at the
moist adiabatic lapse rate (see Figure 4) is cooler level for level
than the non-saturated (although descending) environmental air.
Thus
the lower branch of the system also possesses positive buoyancy.
So
far the model very closely resembles the subtropical cyclone.
However, in the case of the Bay system no subsidence inversion is found
near the 850 mb level and one must conclude therefore, that the descending air reaches the surface.
Considerations of continuity then
demand that compensating divergence must occur in the lowest layers
and there is some evidence of this in Figure 1.
One result of this
low level divergence is to create on the periphery of the nimbostratus rain area a zone of low level ccnvergence between the outflowing
air and the undisturbed environment.
This possibly accounts for the
lines of towering cumulus and cumulonimbus observed in that area.
This admittedly crude model may explain the observed distribution of monsoon rain and cloud and the apparent anomaly of variable
precipitation falling from what seems to be a uniform layer of nimbo~
stratus.
In addition, monsoon rain would appear to be associated
with low level divergence whereas the shower type precipitation typical
of fair weather regimes within the monsoon may be associated with low
level convergence.
The monsoon cyclone model depicts a direct circulation system, which when once established, should persist for some
time.
However, it is unlikely to possess the extreme persistence of
subtropical cyclones which are largely insulated from the effects of
surface friction.
Many Indian investigators have studied monsoon depressions
but have been handicapped by lack of aerological data from over the
sea.
Desai (J) discusses a July 1947 depression over the north Bay
of Bengal.
The circulation appeared to be most vigorous between
700 and 500 mb, while the air in the circulation was colder than the
environment at least from the surface to above 700 mb.
Desai points
out that monsoon depression circulations are usually observed first
between 2 and 4 km and only later at the surface.
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A MODEL EXPERIMENT ON SPIRAL RAIN BANDS A DISH PAN EXPERIMENT
H. Arakawa, Meteorological Research Institute, Tokyo
and
D. Manabe, University of Kyushu, Fukuoka
ABSTRACT
The structure of a typhoon is extremely flat, for
its altitude is very small in comparison with the scale of
the stormy area.
When we consider hydrodynamically the
distribution of the meteorological elements within typhoons
we can find a close relation between this distribution and
phenomena that can be seen in water of small depth.
Weather radar photographs, as well as the photographs taken
from U-2 aircraft and the Tiros weather satellites show
similar features to the wave patterns arising on the surface
of a shallow layer of water.
Both theoretical analysis
and experimental studies have been made by the authors, applying the techniques of the rotating dish pan.
1•

EXPERIMENTAL TECHNIQUES

It is rather easy to carry out experiments using a hydrodynamical model in a thin layer of water, and the resulting wave patterns resemble quite well those revealed by artificial satellites or by
radar.
Two kinds of small rotating shallow water tank were designed
for this investigation..
One was developed in the Meteorological
Research Institute (Figures 1, 2) and the other in the University of
Kyushu (Figures J, 4).
They were planned independently but completed
at almost the same time, and are quite similar in principle.
A
brief account of their construction follows.
The former has a cylindrical casing cast from bronze with a
diameter of JO cm and a depth of 20 cm.
A translucent plastic screen
rotates close to the surface of the water, and a window in the bottom
allows light to be transmitted upwards to form a sharp image of the
waves on the screen.
A small cylindrical model representing the eye
of a typhoon may be attached at different points on the screen and
produces waves when the screen assembly is rotated.
Ini,tially rotation was made by hand since we could not find any small synchronous
motor with a slow speed of rotation.
Although this method appears
primitive, it is nevertheless simple and practical.
The latter is a square wooden tank with sides of 100 cm.
A
disc made from good quality tracing paper is attached to a central axis
and rotates near the surface of the water.
Although recently we have
found a continuous speed converter more effective, the inertia of the
system allows us to obtain any desired constant speed of rotation by
hand for sufficient time to take a photograph.

409

+-

-i.

0

Upper part of tank

rototlno truck

tank

plostlc screen
water
(olumlnlum powder)

camera

Mirror, lighting lamp,
and camera

window
lamp

Fig.

1

Shallow water tank in the Meteorological Research Institute.
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Photographs of Experimental devices in
Meteorological Research Institute.
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Sha llow water tank in the University
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In both cases, photographs may be taken from above to show
the image of the wave pattern made on the rotating disc by the
parallel light entering at the bottom of the tank.
This method represents an improvement over that of Dr E.V. Laitone (University of
California) in that it is easy to obtain clear photographs when a
small cylinder corresponding to a moving point source is rotating in
still water far from the centre.
However, when the liquid is rotating at high speed near the centre and remains still near the edges,
the surface waves cannot be observed as there is almost no reflection
of the parallel light from the wave due to its small height and inclination.
In this case we use the following method:
Aluminium powder, previously soaked in oil is scattered over
the surface of the water, where it reflects the light rays back through
the bottom of the tank.
After reflection from the mirror, which is
inclined at 45° and thus inverts the ray, the image is again photographed.
The use of the metallic powder has considerable advantages
in that we can utilise the whole width of the tank as the instruments
and the supports of the model are above water and thus out of sight.
This improvement is clearly of value in our experiments where the rotation centre is of importance.
Some of the photographs obtained are shown in Figures

5-8.

When the cylinder corresponding to the eye of the typhoon is
placed at the axis of rotation, the wave system is hard to see as the
small surface friction on the walls of the cylinder is the only force
producing rotational motion.
Indeed, no wave could be produced in
an ideal fluid because of the absence of viscous drag on the rotating
cylinder.
In order to produce waves more effectively under these
conditions, a projecting vane was attached to one side of the
cylinder.
Meteorological observations show that the air in the outer
parts of a typhoon flows in towards the centre, and to obtain the
corresponding effects in our model, water could be removed from the
centre with the aid of a syphon.
2.

CONCLUSIONS

So far we have considered experimentally the spiral cloud
patterns formed along the eye-ridge of a typhoon.
The problem of how
closely this model experiment corresponds to natural phenomena is left
for later consideration.
In order to create a vortex type cloud it
appears that the typhoon centre should have a precession motion and
that the kernel (which consists of intense phenomena such as the
atmospheric condensation occurring near the eye wall) should move with
it.
If h is the thickness of this cloud layer, and C the speed of
rotation of the wave pattern, we obtain from hydrodynamic principles
the following conditions for the creation of a wave pattern:

c / c g h >Y2

>

1

( 1)

Lg.
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travelling cylinder

414

h=1.0cm

h

1.5cm

h=2.0cm
Fig. 7

20.5°c

20.5°c

20.5°c

109.1 r.p.m.

129.0 r.p.m.

105.3 r.p.m.

Photographs taken by tank (B)
(with aluminium powder)

h=0.5cm

20.5°c

15 r.p.m.

h

1.0cm

20.5°c

15 r.p.m.

h

1.5cm

20.5°c

15 r.p.m.

Fig. 8 Photographs taken by tank (B)
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2
If we now consider the special case c
= gh, C must be of the
same order as the maximum wind speed near the eye of the typhoon and
taking C = 50 m/ sec, g = 10 m/sec 2 we obtain h = 250 m.
On the basis
of this calculation we might expect the spiral cloud pattern to have
a thickness of the order of only several hundred meters.
One of the important results of these experiments is that the
frontal structure of cyclones may be illustrated by the technique of
the rotating dish pan.
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FORMATION AND FORECASTING OF SEVERE THUNDERSQUALLS
(NORWESTERS) OVER EAST PAKISTAN
K. U. Siddiqi
Pakistan Meteorological Department
ABSTRACT
The forecasting of severe thundersqualls (Norwesters) which
occur in East Pakistan during the pre-monsoon season has been engaging the attention of meteorologists for a considerable time.
With
the advance in aviation and the development of river navigation, the
need for forecasts and warnings sufficiently before occurrence has
increased.
The study suggests a kinematic method of forecasting.
It
is shown that westerly upper air low pressure waves in the north
Arabian Sea or even further west can be used as a tool in anticipating
the formation of Norwesters in East Pakistan well in advance.

WEATHER IN RELATION TO EAST AFRICAN SYNOPTIC SITUATIONS
Do H. Johnson
Meteorological Office, United Kingdom
ABSTRACT
Representative East African synoptic situations are discussed.
A type of classification is applied to the broadscale 700 mb
wind and contour patterns between about 4o 0 N and 4o 0 s in longitudes
near J0°E, during November 1958 to April 1959 and November 1959 to
April 1960.
Mean East African rainfall patterns are derived for each
type.
The use of contour charts in predicting changes in the upper
equatorial wind fields is demonstratedo
This paper was based upon work discussed in the following
papers; to avoid duplication, it is not reproduced here.
Johnson, D.ll. 1961 : "Methods of Analysis, Part 2: Contour
Analysis" and "Forecasting weather in East Africa".
Proceedings of the WMO/ICAO 1961 Seminars on Forecasting for Turbine-Engined Aircraft Operations. WMO
Technical Notes (In press).
Johnson, D.H., and Marth, H.T. 1963 : "Some Synoptic Models
for East Africa".
To be published.
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FORMATION AND STRUCTURE OF THE INDIAN
MONSOON DEPRESSION
P. Koteswaram
Meteorological Department, India
ABSTRACT
Tropical depressions formihg during the Indian Southwest
Monsoon have an important bearing on the distribution of rainfall
over the Indian sub-continent.
The formation and structure of three
depressions is discussed with reference to mechanisms postulated in
recent years.
It is pointed out that thermal advection plays an
important part in the intensification and movement of these systems
as in the case of their extra-tropical counterparts.

"THE DOUBLE JET

A PROPOSED SYNOPTIC MODEL FOR THE TROPICS"
W. L. Kelly

International Antarctic Analysis Centre
Melbourne, Australia
ABSTRACT
This paper proposed a synoptic model for the tropics for
use where the main analytical system is constant level wind analysis.
Streamline and isotach analysis over Central Africa reveals
jet like isotach patterns between synoptic disturbance centres.
Under the assumption that these are associated with solenoidal fields
the existence of vertical circulations is postulated.
Studies made
confirm this and indicate that they are thermally direct, with cloud
and weather being suppressed in descending areas and intensified in
ascending areas.
To obtain optimal correlation, it has been found
necessary to break down the jet zone into a double jet, each with a
solenoidal field and transverse vertical circulation.
If the synoptic disturbance is warm cored then the interior of the jet zone is
cold and an area of descent.
The reverse is true for cold cored
synoptic disturbances.
By applying this isotach pattern in the
windfield analysis and integrating with available radiosonde and
surface weather data, it is possible to effectively map weather distribution in a synoptic disturbance, and assess short period development.
Synoptic examples are given.
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TROIS ANNEES DE RADIOSONDAGE A NOUMEA (1960-63)
R. Ebstein
Service Meteorologique de la Nouvelle-Caledonie
ABSTRACT
Cet ouvrage presente une etude des renseignements obtenus
aux niveaux standards et au niveau interm~diaire 150 mb.
Ces
renseignements seront d'une grande utilit~ pour tous les meteorologistes qui travaillent dans les tropiques, car ils leur permettront
de trac~r leur cartes en altitude avec une meilleure approximation
dans la zone comprise entre 15 et 25 degres Sud et 160 et 172 Est.
'
/
I
• /
La brochure complete
a ete
publiee
par le Service
Meteorologique de la Nouvelle-Caledonie ~ Noumea en 1963.
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CHAIRMAN'S SUMMARY : SESSION 4
N. E. La Seur
The session on tropical synoptic models verified, in my
opinion, the present unsatisfactory state of our description and
understanding of tropical weather systems.
Perhaps the highest
degree of success in these objectives has been reached in the case
of mature tropical cyclones, which are now recognized as the ultimate
stage in development of a variety of different antecedent synoptic
disturbances.
Other models range from tentative new descriptions
of certain monsoon perturbations to the classical models of waves in
the easterlies.
Some new evidence suggests that the latter have
been applied in instances where their validity is open to question.
But the session also revealed considerable basis for optimism that the future will bring significant progress.
Intensive
study of slowly improving data has already produced encouraging results in several areas of the tropics.
Furthermore, these new studies
reveal that tropical synopticians have largely freed themselves from
past misconceptions and are approaching the new data from basic
fundamentals.
One important aspect which has been recognized is the
interaction between connective - scale motions and the synoptic scale patterns in which they are embedded.
It appears necessary to discuss briefly one disturbing aspect
which seems to divide tropical synopticians, namely, the question of
pressure versus wind analysis.
Although limitations of time, personnel and data may force a choice of one technique to the exclusion of
the other for operational use, it must be emphasized that should not
prejudice their mutual use in synoptic research.
Our research goals
must be the complete description and understanding of the kinematics,
dynamics and thermodynamics of tropical systems.
This requires the
analysis of the distribution and inter-relation of all atmospheric
variables.
The lack of quantity and quality in one type of data
should spur our efforts to improve it rather than to reject it as not
being a meaningful parameter.
It is clear that lack of adequate data remains our greatest
problem.
Since it is unlikely that adequate data network will soon
be established throughout the tropics, it appears that the best hope
for continued progress lies in intensive data collection programmes
within restricted areas for limited periods of time.
Effort should
be made to pursue such programmes which merit international support.
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1•

INTRODUCTION

The employment of radar as an observational tool in tropical meteorology is approaching the end of its second decade.
Maynard (1945) reported the first radar photography of a hurricane
eye in September, 1944.
During subsequent years radar was used in
the tropics primarily by forecasters as a powerful tool for the
recognition and tracking of tropical storms.
The investigation of
hurricane structure by Wexler (1947) is notable among the very few
radar studies of tropical disturbances completed before 1955.
In 1954, ten years after the first radar photography of a
hurricane eye, Hurricane Edna visited the northeast coast of the
United States.
A comprehensive analysis of Edna by Kessler and Atlas
(1956), using the conventional plan-view (PPI)* radar photographs as
well as vertical sections (RHI)*, introduced the height co-ordinate
as a new dimension in hurricane research by radar.
The eye of Edna
passed over the radar site, permitting the first detailed study of
the vertical structure of the echo in the vicinity of the eye
(Kessler, 1958).
Figure 1 shows a plan view and vertical section
when the eye was only 15 miles from the radars.
Edna and her sisters Carol and Hazel caused severe, widespread damage, and awakened public support for an accelerated pace
of hurricane research.
The National Hurricane Research Project,
organized by the U.S. Weather Bureau in 1955, has conducted intensive analyses of hurricanes and other tropical storms, using airborne
and ground-based radar observations co-ordinated with other research
tools.
Powerful new radars have been installed in vulnerable
coastal areas by the U.S. Weather Bureau (Wells, 1961; Bigler et al,

1962).
The countries of the western Pacific are also alert to the
dangers of tropical storms.
Japan is heavily exposed to ~yphoons.
An intensive program of research in radar meteorology has been under

*The PPI, or plan position indicator, presents a plan view of the
echoes swept out by a radar beam rotating in a horizontal plane.
The RHI, or range-height indicator, presents a vertical section
through the echoes at a particular azimuth.
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Figure 1. The PPI picture at the left shows the rain area of Hurricane Edna 20 minutes
after the occurrence of calm and minimum pressure at the radar site, noted in the chart.
Range marker interval is 10 nautical miles.
The eye is located 15 miles northeast
of the radar.
Echoes to south and west are from Cape Cod.
The RHI picture at right,
directed toward the eye at an azimuth of 040°, was photographed four minutes after the
PPI picture.
Range marker interval here is 5 nautical miles, and elevation angle
markers are at o0 , 5°, 10°, and 19°.
Echo top is at 40,000 ft.
The eye is indicated
by the "V" in the echo.
(From Kessler and Atlas, 1956)
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development in Japan since 1954, and a dense network of typhoontracking radars has been built up (Imai, 1957a, b; Doi, 1960; Ohta
and Shinohara, 1963).
Almost concurrently, the Australian Bureau
of Meteorology initiated a growing network of radars for tracking
tropical cyclones (Brann, Hennessy and Ryan, 1956; Brann, 1961).
Most of the radar research in tropical meteorology made
possible by the recent rapid expansion in radar facilities has dealt
with hurricanes or typhoons.
Studies of such intense storms are
necessary, of course, since they exert a major influence on the
safety and economy of large numbers of people.
Moreoever, the
researcher is fascinated by severe tropical storms because they
represent an anomaly of the thermodynamic organization occurring in
a convenient scale of space and time.
In accordance with this
priority of interest, the primary concern of the present paper will
be recent radar studies of hurricanes.
2.

RADAR CONTRIBUTIONS TO HURRICANE RESEARCH

Rockney (1956) constructed a composite model of the echo
patterns of hurricanes located in the vicinity of J5°N latitude and
near or over a coast.
Th~s pioneer effort was based on observations of four hurricanes by U.S. Weather Bureau radar, and on the few
other research results available at the time.
Rockney believed his
model to be representative of the general precipitation distributions near the time of recurvature.
In lower latitudes a tropical
storm would be more symmetrical; and in the final stages of its
lifetime, in high latitudes, a hurricane would exhibit a high degree
of asymmetry with a diffuse, poorly defined eye.
The three main structural features listed by Rockney are
the outer "precursor" bands, the main rain shield or bands, and the
eye defined by an intense echo wall.
The outer bands may occur as
far as 400-500 miles from the eye, separated widely from each other
and from the main rain shield.
The elements of the outer bands
are convective showers.
The main rain shield usually exhibits a
bright band, indicative of stratiform precipitation.
These
bands have a spi~al structure, curving toward the eye in the cyclonic
direction.
The eye observed by radar is believed to coincide very
nearly with the pressure minimum except in the dissipating period
when the circulation becomes disorganized.
At the latitude of the
recurvature the eye is usually located behind most of the main rain
shield.
Rockney also discussed some of the changes that take place
during the lifetime of a hurricane, such as fine-scale oscillations
of the path of the eye, tilt and filling of the eye when it passes
over land, and a cyclonic turn in the path of the eye as it passes
over a coast.
Recent studies affirm the general validity of this
composite picture, though extending it and elucidating the mechanisms which give rise to the observed precipitation patterns and
motions.
(a) Description of Bands
Ligda (1955a, b)

studied echo motions in the bands of a
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Florida hurricane.
The small echoes in the bands moved around the
eye with speeds up to twice the surface wind on land.
Ligda noted
a qualitative distinction between convective-type echoes in the
outer bands and more continuous, stratiform rain in the inner bands.
He showed two minor dips in pressure associated with the passage of
two outer bands and recalled a similar situation described by Wexler
(1947).
Ligda felt that the outer bands have some characteristics
similar to temperate-latitude squall lines.
Thunderstorms, severe
gusty winds, and even tornadoes may occur during the passage of an
outer hurricane band.
Kessler and Atlas (1956) studied the precipitation bands of
Hurricane Edna in great detail, using RHI data for the first time.
Their observations were taken from latitude 42°N, while the hurricane
was in its final stages as a tropical storm.
Their report is still
the most thoroughly-documented and fully-analyzed description of a
hurricane moving through temperate latitudes.
A composite PPI display taken at three different times at
the same location, and displaced according to the hurricane motion
(Fig.2), shows the entire banded structure.
The outermost bands,
450 miles in advance of the e y e, consisted of small convective warm
showers which formed at temperatures above o 0 c.
Toward the eye,
the banded echoes become even more stratiform in appearance, though
a few convective cells were observed at the upwind end of the bands,
even near the eye.
The stratiform nature of the inner spiral bands
was demonstrated conclusively by RHI photographs which showed an
echo intensification, or bright band, just below the o0 c isotherm.
This characteristic radar pattern, illustrated in Fig.J, occurs
during the melting of falling snow.
The more intense inner bands
showed considerable growth in particle size taking place in and
below the melting layer.
The most prominent bands of Edna were oriented along or
midway between the surface winds and isobars.
Small showers in the
outer bands showed a movement almost perpendicular to the band
orientation, and in good agreement with winds between JOOO and 9000
feet.
Near the eye, echo elements moved very nearly along the
bands.
The speed of echo motions showed a maximum at a distance
of 125 miles from the eye.
Kessler (1957) also studied the outer bands of another
hurricane (Ione) moving into middle latitudes.
The Ione outer
bands, like those of Edna, were composed of small, warm showers which
developed near an altitude of 6000 feet, rarely extended above
17,000 feet, and moved with the low-level winds at their generation
level.
However, the Ione bands had a strong propagational component
directed at right angles to the individual cell motions, suggestive
of a frontal zone.
The spiral shape of the rain bands was recognized by
Wexler in 1947.
Senn and Hiser (1957 and various technical reports)
studied the nature of the spiral in several hurricanes and concluded that the bands could be well represented by a logarithmic spiral
centered at the eye, with crossing angles between the spiral and a
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Figure 2.
Composite PPI display of Hurricane Edna, constructed by
piecing together three PPI photographs taken at South Truro, separated
by 6 hours in time and separated by a distance corresponding to storm
velocity.
Note band structure changing from convective in outermost
region to predominantly stratiform near the eye.
(From Kessler and
At l as, 1956)

1054 - 220°

1009 - 240°

Figure J.
Contrasting RHI photographs of the bright band in Hurricane
Edna .
Time (EST) and azimuth are indicated below the pictures.
Radar
used here was 10-cm FPS-6 with 10-mile range marker interval and a
height line at 17,500 ft.
Receiver gain reduced to show detail in and
below melting level at 14,000 ft.; this eliminated weak echoes from
snow above bright band.
Picture on right shows intense echoes below
bright band, as 1Vell as in it, denoting considerable growth of raindrops just below melting layer.
A more conventional bright band is
illustrated in the left hand picture, with echo intensities reduced
after melting.
(From Kessler and Atlas, 1956)
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concentric circle of 10°, 15°, or 20°.
Figure 4 is an excellent
demonstration of the coincidence of a band with a 15° spiral.
The
spiral overlays developed by Senn and Hiser have proved their value
in estimating eye location, when the eye is too distant to be detected by radar.
The accuracy is best, of course, when a band subtending an arc of more than 180° appears on the scope.
Jordan (196J)
evaluated the accuracy of this technique and found a median error of
about 20-25 miles between the eye positions estimated by spiral
overlay and the official storm tracks published in the Monthly Weather Review.
These were cases in which the
eye did not appear on
the scope and hence presented band arcs considerably less than the
recommended 180°.
Nevertheless, Jordan felt the spiral overlay
technique to be more accurate than position estimates presently
attainable from satellite observations, and therefore useful when
the eye is not observed directly.
A simple logarithmic spiral provides a good general description of the shape of hurricane bands, but the band details may
be extremely complex.
A good example of this is given by the mesoanalysis Fujita (1958) attempted in a band which was partially over
land.
As the hurricane eye filled over land, he found two centers
of echo rotation on either side of the "undisturbed" pressure center
(which was obtained by removing obvious filling effects from the
pressure-time curves).
Analysis of the radial compo_nent of discrete
echo features in a band showed the upwind portion (still over water)
to be shrinking toward the eye, while downwind the band was expanding;
that is, echoes were moving away from the eye.
Many hundreds of discrete echoes, with average lifetime of
J2 minutes in a select group of echoes lasting more than 10 minutes,
were tracked relative to the hurricane center by Senn and Hiser
(1960), using radar data from seven hurricanes.*
Echo speed as a
function of range from storm center is given in Fig. 5, upper part,
for selected storms.
The lower part of Fig.5 classifies the echo
speeds of all storms (relative to the center) by quadrants.
Within
100 miles from center, much higher speeds were found in the left
quadrants.
In the mean, the echo speeds were greatest at a range
of JO miles from the center, with little decrease out to 60 miles,
but the individual hurricanes exhibited a wide variation in this
respect.
Figure 6 presents the mean date, separated by storm quadrants, of the echo crossing angle Xe.
This angle is defined as
arctan of the ratio of the inward radial component to tangential
component of echo velocity.
The average value in all storms, all
quadrants was +4.5°, but near the storm center the echo crossing
angles were negative, indicating outward motion by the echoes.
In
fact, at all ranges within JOO miles from the center the echo
crossing ang l es are less than the mean band crossing angle of 17°,
with the exception of the right forward quadrant between 20 to 70

*The validity of echo cell velocities will be discussed in Section

5.
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Figure 4.
Examples of the fit of a logarithmic spiral overlay with
hurricane rain bands, indicating good accuracy in location of storm
center.
Both pictures were taken on U.S. Weather Bureau SP-1 radar
at Cape Hatteras, North Carolina.
At left, Hurricane Connie at
1446 EST, Aug. 12, 1955.
Spiral overlay of crossing angle 15° gives
near-perfect fit with a major band and locates storm with great
accuracy.
At right, Hurricane Ione at 1033 EST, Sept. 19, 1955. A
squall line, somewhat masked by other precipitation, is moving eastward through the nearly stationary hurricane.
(From Senn and Hiser,
1957)
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Figure 5.
Echo speed related to distance from storm center.
ABOVE: for individual hurricanes .
BELOW: average of all
storms, for quadrant location. (From Senn and Hiser, 1960)

I

J
T

lI

I

I

- '->--~~-

T

'-

--+--

>---

"

~~~
~-- -

.

I-

j....-

--

~

ii

j -~

~

I -

~'

~-

lo...
1

'~

l

,

.

.

'

•

; -1
h '

~

~~

I

•
~ ~ 1 ~"

I

'

./

•

-: L

'

~-;

•
_,.....

•

'•

'

'

'

. . .~

~
,

'\7

.{

"":<
... I

1 -,

•

'
.

•

~--

·

-·

,., ... -

.. ..._

......

,,

•

1_...,..

1~

,

~

RJ'---RR
lJl - • LIP
·-

• ..
I

-----

11

l

r

',

11

11,

'

1
'

'

•

,,
·

I

,_ -

,1f~· .-t-+-+-<._.
11 .i

.

J

•

~

I

'

'

r•

•

..

•"

~~~t=t4=+=+=+=~=t:=tt~'±=tl=±=t:I:C1=±1=fjt1J:~=t=t:t:~~-f-=t=f=~~=++=~=t=t:t:t=i=t=t±=t'1-=±J•
'· - . tJ=t::t=ttttJ~ct::tti±±tH+tHJ-t++t=R=t+t=R++~t+:ttt=1jttoj±±J

ki
.....~ i..· u•·'
...
'
- -

I ·

,,.,

r... :Oi~

.._.:---

-~ _,

••

/1
I

I
,

i....

-t:r=tnr'ttttt:±±n±±:JH--t
1t--rH-++-++~=++=~+P=t!l=ttt1=tti±ij
+
.
11
•
l
'

:"""...

1
~ ~ i-I ·- ~~,J~o~1~
~~~H~~H1~K+~4+H++P~~~+n~rn~t~~
~
"i.

\ '

I
I/

I

I

'

•

t- ~=ttttij±f"i±8=-±ttiH-+++-H-l-++=R=+++=H=+t:t=t11tttt:±±tJLJ
,

........

'

.,

'

t-

'

I

,

'

.

lo

r

~~::~+~jljt~=tl[jtt=t±ttttttii+t1-JH+++-1H++~P++:t=lj!tttjitd
1

l

'

"
I\

l

ALL \

..

i,•

Ii

'\

1..

•

II

'

1,....

'

\

~

\

,

•

,

·-~ ~"""

•

-

LI

I

'

, I

'\

I " "

. ; li·~~ -

(DEGREES)

•

/
I-

\

'

•
;

- -

7\ ~- ~
, ,

•J
I

;1

0

•

I

+ III

c-r 11

.......

\

,

L -

'

I

~

-

IJ

;J i -

'I

10

{

\
1

'--

::~· !

-10

-

'
'
ffiffiEd±Him+t~i#ttti=filffiffiffi±B±ftttm+f®+mttfil±±ffilEfilITI
~-~L-. _

-

~

~

I

~ -t t-' -H m;·±±m=t=t+=H~+=H=ttmtt=m±tmnm±tm=ttm=tt=t=t=t++rntttti±±t±fffmEa
•
'-'--

20

J

t-t--t-t-+-+-1---~'~·f-+-4--l-'
...

30

f -

~

I

,,

J

!

"' ...

",

_.__ 4+ ~ 16·

~~'-- '--'/11-t -emmR+H=Hmm'mi:ttB:UEIBffittEB:E±Hmmm~mmmraEttB
•
+.i-+-- ~~

:~~

- r;

-20

I

~
•

~• ~.-+:

.. ,·

•
-

;-+ -1'
+ ~ --

i

I

-

t

i~

~

I

1
._. -~1-+--+'.-_ttf
L,___Ri~+++t+tt+=H=t+tttttm±i±t±±ttE
rHHEFRi=tt+ttt++++++t++~=Pilttlli:Eilffi+-+-t
: .i : +
.
··i-:::, ,+-i r f-f ._ _ --'- - ~ -=_-= r =r-+
l -~~ -+--± n
t·~
, ,
f-'+ j - ~ .
-+:
- ~, ~-i ;-r
~

~-

t ;

···- -

I

-L

I

-30

T

I

I

i

I

I

I

0

DO

100

l.DO

100
RAJICD

no•

1150
m'ORll

oaTJ:a

SOO

' . .

i

'

- -:- 1 '---ti
......... u
I

seo

1-

•

I

._,.

,00

Figure 6.
Echo crossing angle Xe related to distance from storm
center for each quadrant of all storms combined.
(From Senn and
Hiser, 1959.

- I

I

1 I

I
I

T

'80

..p1....J
~

432
miles and a smaller part of the right rear quadrant.
In general
then, echoes do not move simply down-band; they also have a component
which takes them from the inner to the outer part of the band.
Echo
motion is consistently away from the center (negative Xe) in the
left rear quadrant.
The right quadrants have the greatest inward
radial echo speed, the greatest tangential echo speeds, and the
greatest population of long-lived spiral bands.
There is a suggestion- here of some ventilation of the hurricane by the large-scale
northeasterly circulation.
(b)

Theories of Band Formation

During the past few years a number of radar meteorologists
have attempted t:q.e development of a theoretical model of hurricane
precipitation bands through detailed study of the banded echoes.
Ligda (1955a) attributed the inner bandedness to selective growth
of widespread continuous rain originating at high levels, as it falls
through a spiral pattern of stratocumulus roll clouds.
Kessler and
Atlas (1956), however, noted the existence of a banded pattern in the
snow aloft, though their observation of ' small-scale "bands within
bands'' suggested confirmation of Ligda's idea as applied to these
filamentary structures.
Kessler and Atlas further observed a banded pattern in areas where the vertical echo structure clearly showed little or no growth at low altitudes.
They concluded that the
precipitation, both inner and outer, occurs in bands because of a
banded structure of horizontal convergence.
Tepper (1958) proposed a model in which a disturbance in
the flow around an inner ring of convergence surrounding the hurricane eye is propagated outward as a gravity wave beneath an inversion
surface.
The disturbance has an expanding circular shape, but if
the hurricane has appreciable forward motion the bands will appear
as spirals.
This feature is consistent with the observation by
Senn and Hiser of an increase in band crossing angle with higher
latitude, wherein greater translational speeds of the hurricane
center are obse.rved.
Senn and Hiser (1958, 1959) studied bands and their finescale structure in several hurricanes, and proposed a model, with
the various components illustrated in Fig.7.
The pre-hurricane
squall lines are evidently more convective than the rain shield or
spiral bands.
The former appear to be similar to mature outer
bands.
It is not clear to what extent the rain shield is ~anded;
because of its location nearest the radar in Fig. 7, its detailed
structure may be masked by saturated response of the radar for both
weak and strong echoes.
Senn and Hiser concentrated their attention on the more
prominent spiral bands located between the rain shield and wall
cloud.
One of the more surprising features of these bands is
their short lifetime.
Senn and Hiser found very few bands which
could be consistently recognized and measured for longer than
20 minutes.
Two exceptional bands were measured for over two
hours and four hours, respectively.
Some of the short-lived bands
lost their identity in the rain shield.
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Airborne radarscope photograph of hurricane Daisy

1946z 27 Aug. 1958 - 50 mi. rng. circles (courtesy USWB NHRP)
(From Senn and Hiser, 1959)
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In the two long-lived bands, the motion of the band
relative to the center was almost always and everywhere outward.
They also remained in the same quadrant in which they formed, except
for some cyclonic rotation of the part of the band nearest the eye
wall.
In fact, the wall cloud in many cases appears to be the
inner part of a generating spiral band, as evidenced by sequences
of radar photographs of certain hurricanes.
Senn and Hiser conclude by suggesting a "strong vertical
upthrust" at the wall cloud as a mechanism for the formation of spiral bands near the eye.
In order to give the bands a spiral, not a
circular shape, they visualize an essentially point disturbance
moving around the eye, active during its rotation through one or
two quadrants.
A spiral would then propagate outward as a gravity
wave and/or in response to the upper level wind flow of the hurricane.
An observation of Hurricane Daisy on four successive days,
discussed by Colon et al (1961), included composite radar echo
tracings during a rapidly developing stage of the hurricane and
during its fully mature stage two days later.
Band development
took place, but in such a manner as to preserve the asymmetric concentration of prominent echoes in the right rear quadrant.
Malkus, Ronne, and Chaffee (1961) noted the remarkable
persistence in the asymmetry of the cloud pattern of Daisy, through
their detailed examination of both radar echoes and cloud photographs.
Certain echo bands observed on the later day, for example,
corresponded rather well in relative position and orientation with
a band observed two days earlier.
The cloud photographs showed
these bands to be persistent rows of cumulonimbus.
The observations suggested a kind of stable interaction taking place between
convective and hurricane-scale motions in such a manner that cloud
regeneration occurs in a few favoured locations.
This pattern
apparently persists over much longer time periods than the lifetime of individual spiral band echoes and their elements noted by
Senn and Hiser (1959).
Tatehira (1961) made an intensive radar and synoptic
analysis of one band in a typhoon which passed over a comparatively
dense network of observing stations near Tokyo.
The band was
observed to move outward from the eye, in the same direction as the
eye movement, at a speed relative to the eye of 15 km/hr, over a
period of nearly three hours.
During one hour it was possible to
track individual cells of the echo band, and this procedure showed
new cells appearing on the upwind end of the band and old ones
dissipating at the downwind end, at a phenomenal rate of about
100 km/hr along the band.
The cells were moving around the eye
with negligible radial component (in Senn and Hiser notation, Xe = 0)
but the band orientation followed an inward spiral with a crossing
angle of about 10°.
All the observing stations showed a small
pressure dip and a momentary disturbance in wind with passage of the
rain band, indicating a mesoscale zone of low pressure and convergence accompanying the leading edge of the band.
Tatehira does not
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speculate on the gen·erative mechanism of the convergence zone, but
his analysis indicates a band location in the region of the eye
initially, and propagation radially outward in the same direction
as the eye is moving.
The most rec e nt hypothesis on spiral band formation was
given by Atlas et al (1963).
They used calibrated receiver gain
reductions in a 10-cm RHI radar, in a program of vertical slices at
successive intervals of 5° and 16° azimuth angle.
They studied the
band structure of Hurricane Esther (1961) as it approached their
temperate-latitude (42° N) radar site.
They also took full-gain
time lapse pictures of the scope of a PPI search radar.
In this
manner they obtained the vertical and horizontal distribution of the
reflectivity of the bands.
The analysis by Atlas and his co-workers demonstrates that
a precipitation band is essentially a plume of growing stratiform
precipitation, released from a convective source cloud at the head
of the band.
As the precipitation particles of the plume are
carried downward and fall, they grow in middle and lower levels and
also establish a spiral line of low-level convergence along the
advancing edge of the band, which enhances further growth.
The
convergent zone is very likely initiated by destabilization of the
lower layers through cooling at middle levels by evaporation and
melting of the falling snow.
The evidence of this mechanism of band formation is given
in Figs. 8 through 11.
Figure 8, a typical PPI photograph, shows
that the major bands are almost entirely diffuse with sharp-edged
echoes of convective type appearing only at their upwind (ESE) ends.
The bands also broaden downwind, indicative of sorting of particles
having a spectrum of fall speeds by shear between the velocity of
the point source and the winds through which the particles fall.
Downwind, along the leading (north) edge of the band, a new convective-type echo may appear and give rise to a second band.
The PPI
time-lapse movies show that the bands travel with the same velocity
as their convective point sources, and some bands show new convective cells developing on their upwind ends.
The band motion, toward
030°, was 14° to the right of the eye velocity and 5 to 10 knots
greater in speed.
Figure 9 shows plan views of the echo boundary of a band at
four constant altitudes.
These were synthesized from the RHI vertical slices taken at maximum gain.
These vertical slices are displayed in Fig. 10, with the internal structure of reflectivity
portrayed in each slice.
Figure 10 is a four-dimensional representation of band structure observed during a ten-minute period, showing
echo configuration in range, azimuth, height, and reflectivity.
Figure 11 shows reflectivity and height detail of a vertical slice
of the band synthesized for spiral path shown in Fig. 9.
These figures reveal many pertinent facts about the band
structure.
At the upwind side, the nearly coincident height
contours of Fig. 9 and the high turret-iike tops of 34,000 feet are
29
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Figure 8.
PPI photograph of Hurricane Esther, OOJO EST, September
21, 1961 taken with PS-7 radar at North Truro on Cape Cod, Massachusetts.
Range marker interval is 10 nautical miles.
North is at top.
At
right, patterns of major bands and convective sources at their upwind
ends are emphasized.
(From Atlas, Hardy, Wexler, and Boucher, 1963)
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HURRICANE ESTHER
Sept. 21, 1961
0251-0301 EST
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Figure 10. RHI vertical sections at 5°
intervals of azimuth from 155° to 240°.
Note the echo tops sloping down markedly down-band (toward increasing azimuth
angle) and downward from the advancing
edge (left side of diagram) of the band.
The vertical cellular-like structure
down-band first occurs at or just below
the melting level.
(From Atlas et, al,

1963)
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characteristic of a growing convective storm.
The echo tops progressively lower toward the downwind end.
The maximum rain core
is displaced downwind from the maximum tops by a distance consistent
with movement in the hurricane wind field during fall of snow from
the convective echo top.
Also, a well-defined bright band occurs
just below the o 0 c height in the downwind portion of the band, conclusively demonstrating that precipitation growth there is stratiform.
The reflectivity in the region of the bright band increases
very rapidly downwards in the 4000 feet layer above the 0°C level,
indicating rapid growth of snow in this layer.
At lower altitudes,
there is a suggestion of additional growth in rain below 7000 feet.
0

The nearest radiosonde observation showed an isothermal o c
melting layer from 14,000 feet down to 12,000 feet, indicating substantial cooling in the region of melting snow.
Also, minor convective-type echoes first appeared in or just below the melting level
toward the downwirid end of the band.
It seems very likely, therefore, that a zone of low-level instability developed alon g the band
below the o 0 c level, maintained by the cooling from melting snow,
and possibly supported by evaporative cooling of snow well above the
o0 c level.
In this unstable atmosphere low convective clouds such
as stratocumulus could easily develop at the advancing edge of the
band and supply the necessary cloud droplets for rapid growth of the
precipitation near and below the melting layer.
The essential feature of the mechanism of Atlas et al is a
convective source cloud propagating with the components both upwind
and radially outward from the eye, releasing a plume of ice crystals
into the tangential wind field of the hurricane.
The band position
is simply the resultant trajectory of the plume, but the plume is
active in promoting conditions for its own maintenance and rapid
growth of precipitation downstream from the convective source, in a
manner analogous to tbe behavior of a squall line.
Atlas and his colleagues recognize that the theory of
hurricane bands is far from complete.
Almost nothing is known about
the processes which initiate and maintain the convective source
clouds, about their orderly arrangement in time and space, and their
propagation at velocities so different from the wind field.
It is possible that a variety of cloud growth situations
could occur within an outward-propagating field of disturbance,
depending on the local stability and shear environment.
The nearly
simultaneous appearance of convective cells in successive lines in
the outer bands of Hurricane Edna (Kessler and Atlas), the more
steady but still rapid appearance of new discrete cells at the upwind
end of a band of Typhoon Helen (Tatehira), the overall movement of
continuous rain bands of Hurricane Connie and Diane (Senn and 3iser),
and the continuously-propagating convective source clouds at the
upwind end of the otherwise stratiform band of Hurricane Esther
(Atlas et al), all have something in common.
In each case the
essential but unexplained feature is a disturbance capable of generating n e w clouds, propagating outward in an approximately radial
direction with respect to the hurricane eye.
A detailed d e scription
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of the effects of this mechanism, and a search for its source in the
relationship between eye and wall, would seem to be very promising
areas for future research.
(c)

Eye Structure

The vertical structure of the radar echoes in and around
a hurricane eye was first observed by Kessler and Atlas (1956).
Kessler (1958) studied this structure in combination with dropsonde
data.
Figure 1, left, shows the plan view of the inner bands and
wall cloud 20 minutes after the time of minimum pressure and calm
wind at the radar site.
The eye in this photograph is located
about 15 miles toward an azimuth of 060°, between the heavy solid
echoes on its northeast and southwest sides.
Figure 1, right,
taken five minutes after the plan view, shows the vertical structure of the echoes in the general direction of the eye from the radar.
Figure 12, which includes the right part of Fig. 1, portrays the
three-dimensional echo pattern all around the radar, in vertical
sections spaced 10° apart, when the eye was within 20 miles.
Several interesting features are apparent on Fig. 12.
One
is the open echo-free "V", most prominent at azimuths 040° and 050°.
Its position corresponds to the best estimate of the center of calm.
The echo returned from the region under the "V" is very likely from
drizzle, which was observed at the radar site during the calm.
Northeast of the "V" a wall cloud sloping sharply, also toward the
northeast, is topped by a dense anvil which sweeps back toward the
southwest and lies over the eye region.
The anvil has protuberances on its lower side, indicating precipitation falling into the eye
and evaporating.
Kessler discussed the importance of this precipitation in supplying the moisture observed at 700 mb in the rainfree eye air, which apparently subsided from higher altitudes in
view of a potential temperature greater than any observed at the
surface.
Malkus (1958), in her theoretical study of hurricane eye
structure, considered precipitation injection from clouds above the
eye and evaporation at middle and lower levels as a brake on eye
warmth and central pressure.
Kessler also used radar measurements of the height of the
bright band (melting level for stratiform precipitation) to study
horizontal temperature gradients.
The center of the bright band
ascended from 12,700 feet at distances of over 170 miles from the
eye, ' to 17,000 - 18,000 feet at the eye boundary, with the greatest
temperature gradients concentrated near the eye.
A comparison of
surface winds and echo velocities (Kessler and Atlas, 1956) shows
winds decreasing with height within the radius of maximum surface
winds.
The gradients of winds and temperature in the eye region,
deduced from radar measurements, are consistent with a warm core
structure.
Jordan and U.S. Navy colleagues have provided a wealth of
observations of the echoes about the eye of two recent hurricanes.
The vertical structure of the wall cloud echoes in the mature stage
of Hurricane Daisy, 1958, was studied by Jordan, Hurt, and Lowrey
(1960).
They made extensive use of airborne RHI radar, as well as

Figure 12.
Vertical structure of echoes around the eye of Hurricane
(From Kessler, 1958)
Edna, 1954.

++_.i.
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the more familiar PPI search radar.
On the day of the reconnaissance, the eye of Daisy was small and unusually symmetrical, and the
intense wind speeds at all observed heights were limited to an
extremely small area about the center.
Figure 13 shows the small, well-defined eye and some of the
inner bands during the morning penetration.
The eye wall was most
prominent in its southeastern side.
Four hours later, as the
aircraft was penetrating the eye wall, the eye was still very small
and encircled by a narrow ring of echo (Fig.14), which again had its
greatest width toward the southeast.
Wind measurements taken by
other aircraft during this period show a narrow concentric ring of
maximum wind located within the wall cloud, with highest speeds in
the more prominent southeastern sector.
Most of the temperature
increase was located within 20 miles from the center (Fig. 15).
Traverses in four different directions at 240 mb showed an unusual
degree of thermal symmetry, also.
A vertical section of echoes through the center of the eye
is given by Fig. 16.
This RHI picture was taken from the arrow
position shown in Fig. 14.
The photograph is not in sharp focus,
but is clearly shows a wall cloud only two to three miles wide,
extending up in a symmetrical configuration to heights above the
tropopause.
The far side of the wall appears to be weaker because
of attenuation of the 3-cm radiation used in the RHI radar.
The
diameter of the echo-free eye was remarkably constant at 12 miles
below the altitude of 50,000 feet, opening up to a diameter of
15 miles at the top.
The eye was essentially vertical; Fig. 16
shows some tilt, but if corrections are made for the slant range
presentation on the RHI scope, the wall cloud would be very nearly
vertical.
The maximum height of the wall echo was nearly 70,000 feet,
though at times it was 15,000 feet lower.
Jordan's best estimate
of maximum cloud top was 65,000 feet, assuming that the 1° vertical
beam of the radar had a resolution of 5000 feet at a range of
50 miles.
Actually, errors in echo tops depend as much or more on
the distribution of reflectivity in the upper part of the cloud as
they do on the radar beam width and range (Donaldson and Tear,1963).
However, Jordan's estimate is probably accurate within 5000 feet.
There is a suggestion of organized descent of air just
outside the wall cloud.
A zone of weak echo at the periphery of the
intense ring of wall echo appeared on most of the RHI pictures; see
Fig. 16, range just beyond 40 miles.
Another tentative conclusion
is a qualitative estimate that the precipitation within the wall
cloud of Daisy is much greater than in the spiral bands.
No quantitative measurements of reflectivity were made, bu£ the receiver
gain was reduced to prevent scope saturation when the aircraft came
near a strong echo.
At the time of Fig. 14, for example, the
aircraft was in the wall, the gain was reduced, and the opposite
side of the wall appears much brighter than any of the bands at
comparable ranges.
This may be a special feature of very small,
intense tropical cyclones.
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Figure 13.
A photograph of the APS-20E PPI scope taken at 1511 GCT
27 August 1958 from a position about 45 mi west-northwest of the
center of the eye of hurricane Daisy.
The aircraft was at an altitude of approximately 8500 ft and was on a heading toward the northnortheast.
The distance scale given on this figure, and all succeeding figures, is in nautical miles.
(From Jordan, Hurt, and
Lowrey, 1960)

+::+::+::-

Figure 14. A photograph of the APS-20E PPI scope at 1914 GCT
27 August 1958 as the aircraft was penetrating the eye wall of
Hurricane Daisy at an altitude of 19,000 ft,
(From Jordan et
al, 1960)
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Figure 15.
Mean radial profiles of wind speed and temperature
for hurricane Daisy on 27 August obtained by avera~ing data
from all available traverses of the storm core.
The 620 mb
profiles are dashed, and the 240 mb profiles are solid.
The
temperature profiles are plotted as departures from the warmest
temperatures observed in the eye.
The mean temperatures at the
two levels at the 70-mi-rad are shown at the right of the temperature curves.
(From Jordan et el, 1960)

Figure 16.
Vertical section of Hurricane Daisy core, about 1845 GCT
27 August 1958, using APS-45 RHI scope. Aircraft altitude 19,000 ft
(From Jordan et al, 1960)
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Jordan (1960) also measured the motion of small echo
features in the eye wall of Hurricane Daisy.
These features were
protuberances or notches on the inside and outside of the wall,
tracked for periods of three to ten minutes, mostly within a range
of 20 miles.
Figure 17 shows the motion of two of these features
during a period of 90 seconds.
The aircraft was flying at 19,000
feet and the radar antenna, with a 6° vertical beam, was tilted up
4°.
The echo features, therefore, represent return integrated
from precipitation mostly within the height interval of 20,000 to
J0,000 feet, although the echo speeds do not necessarily reflect the
wind at this altitude.
The echo motion was nearly circular; radial
components were very small.
Considering the various sources of
error, the speeds agreed reasonably well with winds measured earlier
at 1J,OOO feet by another aircraft with a Doppler navigation system,
and Jordan recommended the technique for acquiring additional wind
data in hurricanes.
One of the more interesting results in Jordan's study was
the observation of moderate deceleration of two echo features as
they moved from the northeast to northwest quadrants.
The speed
reduction was about 15 per cent.
Although more than one hour elapsed between measurements of the two echoes, they had nearly identical
speeds in corresponding quadrants.
Wind data observed in the same
general period also show a moderate asymmetry in the isotach pattern
at both higher and lower altitudes, with a crescent-shaped maximum
on the right or eastern side (Colon et al, 1961).
A spectacular "double eye" of Hurricane Donna, 1960, was
reported by Jordan and Schatzle (1961) and later discussed in more
detail by Jordan, Schatzle, and Cronise (1961).
Figure 18, a
photograph of the PPI scope taken from an aircraft altitude of
1500 feet, shows the two concentric echo-free areas.
Even with the
wide 6° vertical beam of the search radar, and a range of 100 miles,
the "bull's-eye" configuration was clearly visible, indicating great
vertical extent of the pattern without appreciable shear.
The
clear space in the outer ring was widest in the north at the time of
this photograph, but was found to be widest toward the south about
two hours later.
Figure 19 shows a photograph of a vertical section through
the eye, taken about JO minutes after Fig. 18 with the J-cm RHI
radar.
The inner eye is well defined, but owing to attenuation the
outer wall to the NNE is only visible near 18,000 - 19,000 feet (the
height of the o0 isotherm).
This is the "bright band" and gives
evidence of melting snow rather than strong convection.
The outer
wall echo appeared to be stratiform in character (i.e. uniformly
diffuse echo in Fig. 18) and had a fuzzy top above J0,000 feet, but
the inner wall echo reached a maximum height of 45,000 feet and
appeared more convective in character.
The inner eye was nearly
vertical with diameter increasing upward from 10 to 1J miles.
Visual observations of clouds showed a difference in the two echofree areas; although both areas had low stratocumulus, the innermost
clear area had no clouds above the stratocumulus but the outer area
was capped by upper clouds with 25,000 feet base.
The outer echo-
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Figure 17.
Radar photographs of the core of Hurricane Daisy; taken
about 90 seconds apart at approximately 1955 GCT 27 August 1958.
The numbered features are typical of those used in the SPAWIND
computations.
(From Jordan, 1960)
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Figure 18.
PPI photograph of Hurricane Donna, 2037
GCT 6 September 1960, using APS-20E radar.
Aircraft
altitude was 1500 ft.
Some of the echoes to the
south and southwest of the aircraft at a range of
75-150 miles were from the mountains of Hispaniola.
The symmetrical spiralling pattern of light lines
was due to interference from other electronic equipment.
"X" marks the location from which the RHI
photograph of Fig. 19 was taken.
(From Jordan, Schatzle, and Cronise, 1961)

Figure 19. Vertical section through center of eye of
Hurricane Donna, photographed about JO minutes after Fig.1
with RHI scope of APS-45 radar.
Aircraft position is give
by "X" on Fig. 18; aircraft altitude was 1500 ft.
(From
Jordan et al, 1961)
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free ring of Donna appears to be similar to, but much larger in size
than the narrow ring of low reflectivity observed just outside the
wall echo of Hurricane Daisy.
Further observations of Hurricane Donna on a later day,
when the outer clear area had filled in, revealed more characteristics of the echo structure near the eye.
Because of great attenuation, suffered by the 3-cm RHI radar in the unusually heavy rain,
the melting level bright band was frequently observed.
Figure 20
shows this feature, indicative of stratiform precipitation, even in
the wall echo opposite the eye.
Therefore it should not be assumed
-that the eye wall is everywhere convective in character.
Certainly,
strong vertical motions are required to account for the intense echo
and great height of the wall cloud.
However, these vertical
motions may occur in a restricted part of the circle as in the case
of Edna (Kessler and Atlas, 1956) and may vary with time, thus permitting the observation of stratiform features.
See also the later
discussion of the CAPPI presentation of Bigler and Hexter.
The many bright band observations in the spiral bands outside the wall gives support to the thesis of Atlas et al (1963) that
the precipitation in hurricane rain bands is predominantly stratiform
in character.
This is in accord with the observations of Malkus et
al (1961) that less than 4 per cent of the rain area of Hurricane
Daisy, 1958 was comprised of "hot" convective towers.
Further evidence of stratiform precipitation in most of the spiral bands is given
in Fig. 21, in which the RHI radar with its narrow 1° vertical beam
was rotated in PPI scan.
At a tilt of 5° above the horizon (lower
picture) many of the bands end at a fairly uniform range of 20 miles.
At this range the center of the beam is at a height of 11,000 feet
above the radar, or 19,000 feet above the surface.
Attenuation
undoubtedly permits only a very weak return from the snow above.
Some of the bands, including the wall, appear as strong echoes at
greater ranges than 20 miles, probably indicating some convective
activity up to 30,000 feet or higher.
At another time the antenna was tilted below the horizontal
when the aircraft was at the edge of the eye, and very small, celllike echoes were obtained from stratocumulus in the eye.
These may
be similar to the one-mile wide, 9000 feet high convective echoes in
the eye of Donna photographed by ground-based WSR-57 radar at Key
West, Florida, ten hours later (Bigler et al, 1962); see Fig. 22.
The process of the filling of the eye of a tropical cyclone
upon landfall has been examined in detail in a recent study by Imai
(1963).
Earlier, Rockney (1956) and Colon (1959) described the
filling of the eye of Hurricane Betsy, 1956, in passing over mountainous terrain in Puerto Rico.
The eye tilted as the lower part was
retarded by surface friction, and the circulation weakened.
As
the eye left the mountains behind and passed over water again the
circulation recovered and the eye became better defined.
Some of
the filling was apparent, owing to tilting, as described by Rockney;
but Colon's study of the weather indicated some filling due to disturbance in the circulation.
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Figure 20.
An APS-45 RHI photograph across eye of Hurricane
Donna, 1840 GCT 9 September 1960, from southwest of eye at
9500 ft. altitude.
(From Jordan et al, 1961)

Figure 21.
APS-45 PPI photographs of Donna at 2239 GCT
Antenna tilt 0° (upper),
9 September 1960, from 8000 ft.
+ 5° (lower picture).
(From Jordan et al, 1961)
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Figure 22.
Vertical section across eye of Hurricane Donna photographed
by Key West, Florida, WSR-57 radar at 0540 GCT 10 September 1960.
(From Bigler, Hexter, and Wells, 1962)
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Imai investigated the filling process in six typhoons
that crossed the Japanese coast.
The most detailed study was made
of Typhoon Thelma, 1962, in which the three-dimensional nature of
the filling was observed by RHI photographs and PPI pictures made at
various elevation angles.
Figure 23 shows the filling taking place
during the hour of landfall.
Figure 24 shows that the eye diameter
slowly decreased during at least two hours before landfall, coincident with the beginning of a pronounced rise in central pressure.
The circulation outside the eye, however, was not seriously affected
until after landfall, when the radar-observed eye had closed, as
indicated by the diameters of the 980 mb and 990 mb isobars.
The
radar eye turned rather sharply to the left upon landing, as noted
previously by Dunn et al (1955) in Atlantic hurricanes, and explained
by them in terms of a frictional differential between the landed and
over-water parts of the hurricane circulation.
The vertical echo structure of the eye showed that filling
occurred first in the lowest portion and then extended upward.
Above a height of J km the eye filled some 20 to 25 minutes later
than the part nearest the surface.
The filling process is generally not axially symmetric . . In
some typhoons a pre-existing part of the eye wall intrudes into the
eye, and sometimes a new echo of unusual intensity is produced on the
inside of the eye wall and develops into a spiral or hook echo inside
the eye.
Occasionally small scattered echoes, not connected with
the wall, appear inside the eye and grow.
Imai believes this latter
case to indicate generation of orographic convective showers as the
eye moves over mountainous terrain.
(d)

Movement of Tropical Cyclones

Eye positions determined by radar have revealed oscillations in the path, and even looped paths, in some hurricanes.
Jordan
and Stowell (1955) studied the multiple loops in the radar estimates
of eye position of Hurricane Ione, 1955, when it spent the latter
part of a day on land.
They found that the pressure and wind
changes recorded at a number of stations near the hurricane path were
entirely consistent with the erratic behavior in the movement of Ione
given by radar.
In the densely-observed Hurricane Donna of 1960, Conover
(1961) evaluated the determinations of eye position by six land-based
radars and by aircraft reconnaissance, during the period when the
eye was observed by four or more radars.
After exhaustive search
for and correction of errors in the various radar presentations, a
"best fit" track was determined.
This track followed the locus of
minimum central pressure, with the exception of several minor
oscillations of about three to four miles amplitude as the eye
approached within 100 miles of land.
Senn (1961) examined the fine-scale detail of the eye
motion of four hurricanes, including Ione and Donna.
In all four
hurricanes he found that variations in both forward speed and
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Figure 23.
Pictures showing the filling of the eye of Typhoon 6214
(Thelma) as observed by Nagoya radar.
Range markers are 50 km
apart each.
(From Imai, 1963)
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direction, often occurring within five minutes, were the rule.
The
relative variations were greatest and most random in the storms over
land and approaching land.
Senn suggested that a part of the path
variations may arise because of changes in the precipitation pattern
at the eye wall, not necessarily reflecting erratic motion of the
larger features of the hurricane.
Foster and his associates (1963) prepared composite timelapse movies of the echoes of Hurricane Carla, 1961, using data from
17 WSR-57 land-based radars over a period of 156 hours.
It was
first detected by the composite radar network soon after reaching
hurricane force, followed through the Gulf of Mexico and its devastating landfall on the Texas coast, until it finally became an extratropical storm in the central United States.
Foster found pronounced cycloidal deviations of the eye trajectory, with a period of
about 9 hours, as the hurricane approached the Texas coast.
The
most marked deviation was a small loop while the eye was still 50
miles at sea.
During the looping period, the speed of small echo
details showed a marked decrease, followed by an increase to unusually high values when the storm resumed its normal trajectory.
Foster's results are particularly interesting in showing a clear
correlation between hurricane circulation and motion.
Another interesting study of hurricane motion was made by
Neuman and Boyd (1962) who attempted to relate the direction of
movement with the location of the highest reflectivity in the wall
cloud.
They suggested that an area of maximum reflectivity indicates a region of greatest ascending motion and low-level mass
convergence.
This may also be the region of maximum influx of
angular momentum.
They propose that hurricane movement would be
directed toward such a region, as suggested by studies on a larger
scale of the dynamics of cyclone motion.
Neuman and Boyd studied radar photographs of both Donna
and Carla (discussed above), estimating the most intense echo
position qualitatively.
They found a reasonably good relationship
in both storms, considering the limitations imposed by the absence
of systematic gain control during radar photography.
Changes in
direction of eye motion were especially well correlated with similar
deviations in sector of the most intense spot in the wall cloud.
One fascinating result was the observation of a wall cloud equally
intense in all sectors at the cusps of the cycloid movement of
Hurricane Carla.
The work of Neuman and Boyd is preliminary, but it directs
attention to the need and suggests a possibility, for the refinement
of the quantitative relationship between the convective dynamics of
the wall cloud and the overall circulation of the hurricane.
It
also offers promise for improved forecasting of hurricane movement,
because the location of the highest reflectivity may be the earliest
detectable sign of a direction change.
The technique would be
particularly useful if investigation should reveal characteristic
differences in the wall reflectivity structure between minor path
variations and recurvature.
This is an important area for further
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research, and future radar observations of the wall cloud should
incorporate the quantitative measurement of its total reflectivity
structure.
No systematic study has been made of changes, if any, in
the echo pattern of tropical cyclones that are related specifically
to recurvature.
Sadowski (1961) noted a change in eye shape from
circular to elliptical in several hurricanes during their recurvature over land, but such changes may have been caused entirely by the
filling process; c.f. Imai (1963).
(e)

Observation of a Hurricane Life Cycle

The process of the genesis of a hurricane from an easterly
wave and its subsequent development, landfall, and decay was documented in a remarkable set of radar photographs presented by Schatzle
and Cronise (1960), covering a twelve-day period of aerial reconnaissance of Hurricane Gracie, 1959, and the antecedent easterly wave~
Once formed, the eye rapidly deteriorated.
The hurricane circulation at this time was centred under a small 200 mb anticyclone.
After more than four days of northward drifting with no eye and
weakened circulation, a new eye developed and many spiral bands appeared.
The minimum central pressure and maximum surface winds
were attained during the two days between re-development of the eye
and landfall.
The last photograph of the reconnaissance showed the
eye filling in 120 miles inland, when surface winds were diminishing
below hurricane force.
During its initial development the eye formed at the
forward (western) edge of the echo mass of the easterly wave precipitation, just south and west of a protruding echo which later
became the wall.
For two hours after the initial detection of the
eye, the surrounding echo pattern appeared strikingly similar to a
breaking wave.
A nearly identical radar photograph of the developing
Hurricane Abby, 1960 was published by Dunn (1961), as typical of the
asymmetrical precipitation pattern in the early formative stage at
low latitudes.
(f)

Quantitative Radar Measurements of Hurricane Structure

The authors are aware of only two completed studies involving
determinations of the radar reflectivity and height structure of
hurricanes.
One was the investigation, discussed previously, of
the spiral bands of Hurricane Esther, 1961, by Atlas, Hardy, Wexler,
and Boucher (1963).
The other was a convincing demonstration by
Bigler and Hexter (1960) of the applicability to hurricanes of
well-known radar techniques for measurement of rainfall intensities,
and for presentation of echo patterns at several constant altitudes.
Bigler and Hexter used radar data obtained in Hurricane
Debra, 1959, during its movement from the Gulf of Mexico into Texas.
The PPI photographs were taken in a program of systematic and
periodic changes in receiver gain and antenna elevation angle.
This program provided a means for quantitative measurement of reflectivity and estimate of rainfall intensity, because the radar

50 mi

0

LEGEND
Contours of rainfall rate in inches /hour.
Outline of echoes on PP! shown by heavy line.
Range arcs show distance from radar.
Arrow shows direction of movement of Debra.
North f
Coastline •••••.

Figure 25.
Rainfall rates in Hurricane Debra measured
by CPS-9 radar, 2100C, 24 July 1959. (From Bigler and
Hexter, 1960)
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receiver was calibrated.
Kessler and Atlas (1956) demonstrated
the validity in hurricane rain of the Marshall and Palmer (1948)
relationship between radar reflectivity and rainfall rate.
This
relationship was used by Bigler and Hexter in their computation of
the rainfall rates at a particular time at the centers of the squares
of a 5 x 5 mile grid.
Isopleths of rainfall rate, based upon the
grid values, are shown in Fig. 25.
There is undoubtedly appreciable
error because of the coarseness of the grid and the large attenuation by heavy rain at the J-cm wavelength of the radar.
Nevertheless,
the spiral banded pattern within 50 miles of the eye stands out in
contrast with the more cellular pattern at greater distances from
the eye.
rainfall
even the
have the
study of

There is an urgent need for measurements of hurricane
by radar, using a 10-cm wavelength for which attenuation of
heaviest rains is negligible.
Such measurements not only
obvious hydrological application, but they are vital to any
the hurricane water budget.

Bigler and Hexter also prepared constant-altitude plan
views of the echo pattern of Debra, after its landing in Texas.
They
used a scissors-and-paste version of the "CAPPI 11 technique proposed
by Marshall (1957) and developed under his direction.
The first
constant-altitude echo display of a hurricane is illustrated in
Fig. 26.
The general echo patterns are seen to be similar from the
lowest observable altitude (o 0 elevation) up to 20,000 feet, though
some parts of the bands do not extend as high as this.
At J0,000
feet only a few of the tallest portions of the bands appear, along
with the northeast sector of the eye wall.
Between 10,000 feet and
20,000 feet the eye and a band southwest of it both slope toward the
southwest.
On close examination, Fig. 26 reveals a striking feature
of the wall cloud.
The most intense part of the wall at a height
of 20,000 feet is located southeast of the eye.
At J0,000 feet,
however, there is scarcely any wall echo in this same area, but the
intense wall echo is now located northeast of the eye, with very
diffuse extensions.
Going back to 20,000 feet, the diffuse area
of the wall extends from the intense part of the southeast in a
nearly complete circle, broken only on the southwest.
At 10,000
feet and lower the wall appears to be quite intense all round,
except for a break or two on the western side.
In the absence of reflective measurements in the wall and
a finer scale of height resolution, and in view of the errors
introduced into the pattern by attenuation, a detailed analysis of
the wall cloud is not warranted.
However, it does not seem unreasonable to make a few general comments;
(1)
The patchy wall echoes demonstrate the inhomogeneity
of the convective structure of the wall cloud, as suggested previously by Jordan's (1961) observations of Hurricane Donna, (1960).
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Figure 26.
Standard PPI and constant altitude (CAPPI) photographs of Hurricane Debra
at 0605C, 25 July 1959.
Eye at surface is located at 136°, 110 miles from radar.
CPS-9 radar was in sector scan, so photographs show only a sector of 120°.
(From
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(2)
The principal axis of convection, which must lie in
close proximity to the core of greatest reflectivity aloft, is
displaced cyclonically with height, in a helical configuration.

(J) The diffuse band in the northern semicircle at 20,000
feet appears to have a connection with the more intense echo upwind.
Also, the band lowers downwind.

(4) The stronger intensity of the band at 10,000 feet indicates that considerable growth in its precipitation particles has taken
place throughout an altitude increment which includes the melting
layer.
These observations of wall cloud structure strongly suggest
a consistency between the precipitation mechanism of the wall cloud
and that proposed by A ~ las et al (1963) for the intermediate spiral
bands.
In the absence of wind data in the wall one can only
speculate on the reason for the peculiar helical shape of the convective column indicated by Fig. 26.
If th~ convective generator
is effectively rooted in the right half of the wall cloud, in response
to an organized asymmetry in the low-level field of convergence there,
it seems quite likely that the particles produced in the updraft
would tend to follow the winds.
On this basis the upward cyclonic
t i l t of the convective column and descent of the diffuse plume in
the same direction would be understandable.
A further complexity in
the case of Debra, however, is the fact that the eye had been ashore
for five hours when the patterns in Fig. 26 were photographed.
The
circulation very likely was disturbed at lower altitudes, so a
variation with height of wind speed in the wall might have been a
contributing factor in the indicated helical trajectory of precipitation.
At the very least, these observations should inspire a
systematic search for a detailed description of the spatial distribution of reflectivity in the precipitation of the wall cloud and its
variation with time, followed by an attempt to relate these to the
circu1ation of thermal field in the eye region of a tropical cyclone.

J.

RADAR OBSERVATIONS IN THE TROPICS (OTHER THAN TROPICAL
CYCLONES)

The use of radar in tropical research has been highly
biased toward hurricanes and typhoons.
This is understandable in
view of the hazardous nature of tropical cyclones in comparison with
other tropical disturbances, and the relatively great expense of a
first-class radar.
The same sort of situation prevailed in temperate latitudes, where much of the early radar meteorological research
was concentrated on severe thunderstorms and intense extra-tropical
cy~lones.

Radar research in tropical meteorology has contributed to
knowledge of three scales of precipitation process:
individual
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showers, organized groups of showers, and large-scale circulations
such as the monsoon.
Such diversity precludes an organized
discussion; however, mention of some of the principal contributions
may be of benefit in indicating the scope of the problems that have
been studied by radar.
The basic study of the occurrence of precipitation in warm
tropical cumuli was made by Byers and Hall (1955) near Puerto Rico,
using radar as a simple indicator of droplets large enough to
precipitate.
Their findings, and the further interpretation of
Ackerman (1956) and Battan and Braham (1956), established a relationship between precipitation occurrence and cloud top height, diameter,
and buoyancy, as well as the environmental parameters of vertical
wind shear and depth of the moist layer.
Soane and Miles (1955) made one of the earliest radar
studies of the organization of tropical precipitation.
They observed that tropical showers in Southern Rhodesia rarely occur in a
random pattern, but tend to form in an organized group or progression
which often propagates in a direction different from the shower
movement.
Recently Crow (1961) observed the same sort of organized
shower grouping in association with the sea breeze in Panama.
Moore (1963) found good agreement of the summer convective activity
observed by radar in Florida with the sea breeze models of Estoque

(1962).
Severe thunderstorms in the tropical e.nvironment are
associated with destructive winds and intense rain, but (in contrast
with temperate-latitude storms) they rarely produce large hail.
Ludlam (1963) discussed this anomaly.
He explained it in terms of
a typical reversal with height of low-latitude wind shear.
Therefore the anvil in a tropical thunderstorm typically trails
behind; and small hailstones, once produced, do not have the opportunity to fall into the updraft again and grow into large stones.
Also, the height of convective storm tops is lower in the tropics
than in the temperate zone.
Hiser and Adt (1961) found the mean
height of convective echoes in southern Florida to be a rather low
21,000 feet, with less than one per cent exceeding 50,000 feet.
Hiser (1958) noted the low echo tops of severe convective storms in
this subtropical area:
frequently they fail to reach 25,000 feet.
Mitra and Kulshrestha (1961) described the radar echoes
from "tropical dustorms", which are simply convective storms occurring in northwest India over extremely dry surface layers.
The
precipitation in a given group of showers may require hours to work
its way to the ground after initial formation.
During this time
squally winds develop and raise the dust.
An example of the slow
downward development of a system of showers is illustrated in
Fig. 27.
Many reports of research and observations in radar
meteorology in India have appeared in recent years.
A comprehensive
bibliography and outline of current research was given in the
Proceedings of the Ninth Weather Radar Conference, pp. 396-403.
Studies of drop size-distributions in tropical rains and the relation

%

"' 30
Q

- :s= -

FI

·-

I l\ 1\.71 I

~ I

%
-4 20

""
0
0

Hll J ' H NW II It:

\ ll

r ft

JI U 1111:1 'ea . l

.w I I' 'I

W \\

I S /iR£&1.1N.-_
10 LLV£&..

0
~

-4

~

0941

1002

1155

1202

1340

1545

TIME l.S.T,

TIME SECTION Of ECHO GROWTH (RHI) ON 17 APRIL 1959
Figure 27.
Slow vertical development of the general precipitation pattern
of a squall line formation of dustorms in northwest India. (From Mitra
and Kulshrestha, 1961)
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of tropical rainfall intensity to radar reflectivity by Kelkar
(1960) and Sivaramakrishnan (1961) provide the most accurate means
for interpretation of reflectivity measurements in these regions.
A report in a continuing series of radar studies of monsoon rain by
Mani and Venkiteshwaran (1961) showed the orographic effect on
precipitation processes active in the monsoon circulation, with warm
orographic showers occurring on the windward side of a topographic
ridge, and stratiform precipitation (indicated by invariable
appearance of the bright band) on the lee side.
It should be noted that there can be no basic differences
in the physical processes of clouds and precipitation in the tropics
from those observed in more temperate latitudes during the summer.
The major variations which are to be expected are the more frequent
occurrence of coalescence-type or "warm" showers and the manner in
which the storms react to differences in the wind field.
Thus, many
of the mid-latitude radar studies of convective storms are directly
applicable to tropical regions.
A comprehensive review of this
subject is given by Atlas (1963).

4.

SFERICS DETECTION OF TROPICAL CYCLONES

Sferics and radar are often regarded as
categorically
related techniques of atmospheric observation.
Both methods involve
detection and study of electromagnetic radiation propagated from
particular features of the meteorological environment.
There is a
fundamental difference, however, in the excitation of the radiation.
A radar echo is a back-scattered response of a target to transmitted
radiation external to the target, but sferics energy is radiated by
an active atmospheric source.
The relation of sferics to tropical cyclone activity offers
attractive possibilities to tropical forecasters, because of detection ranges of thousands of miles and the low expense of the equipment compared with alternative methods for gathering data.
However,
sferics detection of cyclonic activity suffers from a lack of
precision in the locating and estimation of the intensity of a
circulation center.
Rockney (1956) related earlier observations by
Kimpara of maximum sferics activity 400 km from the eye of a typhoon
with the thought that the regions of principal sferics production
are the convective outer bands.
This limitation is generally
recognized.
Further research by Kimpara (1958) confirms the wide
variety of locations relative to the eye in which tropical cyclones
emit sferics.
Nevertheless, sferics techniques have found extensive use
in the Pacific Ocean, where vast infrequently-travelled regions have
no observing stations.
They serve as a "mass detection" method and
are regarded as a vital tool by Australian forecasters (Brann, 1961).
Phillips (1959) has associated changes in sferics activity over the
ocean with the formation and decay of tropical storms.
The Brisbane
report of tropical cyclones in the northeastern Australian region,
1961-62 season*, shows that sferics provided timely warnings of
*Australian Met. Mag., No.JS, 4J-60 (1962)
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cyclone development and accompanied filling in two out of three
cases.
The distance of the sferics fixes from the circulation
centers was generally 150 to JOO miles.
It is possible that interpretation of sferics associated
with tropical cyclones might be refined by consideration of the
sferics frequency spectrum.
Sanford (1963) found reasonably good
correlation in five thunderstorms between radar reflectivity at a
high altitude (a good indicator of intense convective activity) and
a sferics frequency index which is a function of the amplitudes and
rate of occurrence of sferics received at 10, 50, 100 and 150 kc/s.
Tropical cyclones should be investigated in a similar manner, to
determine whether the convective activity at the circulation center
has a characteristic signature in the sferics frequency spectrum.
The sharp contrast in the meteorological environments of outer
convective showers and convective towers in the wall cloud provide
some hope of discovery of a corresponding difference in the model
frequencies of the respective sferics sources.
If this proves to
be the case, the resolving power of sferics detection of tropical
cyclones would improve in both space and time.

5.

DIRECTIONS OF FUTURE RESEARCH

Radar as a research tool has provided a significant series
of contributions to the study of hurricanes with each extension of
the dimension in which it is employed.
The first radar photographs
were two-dimensional snapshots, and they showed the general arrangement of spiral bands around the eye.
The first investigation of the
movements of bands, by Wexler (1947), was made possible by a systematic attempt to incorporate the time dimension in the observations.
The first radar study making use of vertical structure, by Kessler
and Atlas (1956), resulted in a notable increase in understanding of
the various precipitation meclfanisms of a hurricane.
Earlier
discussion of the demonstration of precipitation measurement by
Bigler and Hexter (1960), and the spiral band hypothesis of Atlas et
al (1963), should have indicated the possibilities of significant
new research in the dimension of reflectivity, which can relate
directly to the water budget and indirectly to the heat budget of
tropical cyclones.
Since it is well accepted th0t latent heat is
the vital driving force of the hurricane, one cannot overemphasize
the importance of studying the detailed arrangement of clouds and
precipitation.
At the present time, the only practicable means of
estimating the intensity and distribution of significant heat
sources and sinks over the vast domain of the hurricane is the
measurement of reflectivity structure in three dimensions and deduction from these measurements of the rates of growth, evaporation,
and melting of precipitation.
Direct thermal mapping of the
hurricane by aircraft is much more accurate but is severely limited
in the volume that can be covered.
Of course, the most complete
description of the heat budget would require employment of both
direct and indirect methods in complement with one another.
Measurements of hurricane reflectivity structure have
practical applications, also, which have not yet been fully exploited.
The integration in time of low-altitude reflectivity can give
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a good estimate of total rainfall,and provide a sound basis for
warning of flooding conditions.
The U.S. Weather Bureau hydrologists have been developing techniques for achieving this integration
accurately and conveniently.
Recent progress was summarized by
Flanders (1963).
Leber, Merritt, and Robertson (1961) achieved
great accuracy in total rainfall averages over a watershed during
flooding conditions; the average difference between radar and raingauge totals at 23 stations was 1.6 per cent.
The measurement of the vertical structure of maximum
reflectivity has provided a useful technique for identification and
warning of severe thunderstorms in temperate latitudes (Donaldson,
1961).
Tornadoes and large hail occurred most frequently in
thunderstorms having excessively high reflectivity at an altitude
of 30,000 feet and maximum reflectivity in the entire storm extending above 15,000 feet.
Since tornadoes are not uncommon in the
convective parts of hurricane rain bands, an investigation is required of the applicability of Donaldson's techniques to the identification of dangerous convective elements in hurricanes.
Instrumentation has been developed for the convenient
acquisition, processing, and display of reflectivity structure in
three dimensions.
The STRADAP (STorm RAdar Processor) presents
this data in digital form, covering a radius of 120 miles and a
choice of pre-selected constant altitudes.
It also presents digits
indicating maximum echo top.
Figure 28, prepared by Atlas, Sweeney,
and Landry (1963), illustrates a digital display of high echo intensity and height in a tornadic thunderstorm.
This automatic processor is of particular value in a number of respects:
(1) it permits
rainfall rates and amounts to be determined with negligible delay;
(2) the immediate presentation of reflectivity and storm topography
permits the meteorologist to monitor the storm development in real
time; (3) an automatic alarm can alert the meteorologist to especially severe regions; and (4) the data may be transmitted to anywhere
by conventional communications in a matter of 15 seconds (as opposed
to 2-3 minutes for conventional facsimile methods) thus making it
possible to synthesize the entire hurricane structure at a central
location when individual radgrS display only small sections thereof.
Techniques for presenting reflectivity structure in shades
of grey have also been under intensive development, at McGill
University.
The most recent improvement in the CAPPI system incorporates a facsimile output which presents four contrasting levels of
brightness, corresponding to four thresholds of reflectivity (Wein,
1963).
An example of this technique is given in Fig. 29, comparing
original CAPPI photographs with photographs of the echoes converted
to facsimile scan.
Another crucial area in which radar needs to be exploited
is in the Doppler mapping of the three-dimensional velocity field
using the precipitation elements as tracers.
For example, a
Doppler pointed vertically upward acquires information on the nature
and growth or decay of precipitation and the associated updrafts and
downdrafts.
In stratiform precipitation, where vertical air currents
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Figure 29.
On the left CAPPI photographs of 5, 10, 15 and
20 Kft top to bottom taken at 1650 EST, 20 August 1962. On
the right corresponding pictures after scan conversion.
Scale is approximately 60 miles inch- 1 •
(From Wein, 1963)
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are small in comparison with particle fall speeds, Lhermitte and
Atlas (1963) have displayed time-height variations of vertical
speed.
Battan (1963) showed a similar time-height measurement, but
in a small convective shower (Fig. JO).
Here the concurrent recording of reflectivity helped to separate the observed vertical speeds
into particle fall speeds and vertical air motion.
Of course, in
convective storms the field of vertical motion provides one of the
last missing links needed to adequately explain their dynamics.
These two analyses serve only as a demonstration of the research
potential of a Doppler radar in specifying the details of the precipitation process.
Techniques have been developed for the convenient measurement by Doppler radar of horizontal winds and their variation with
height.
As yet Doppler radar has been applied only on one occasion
to the observation of hurricanes*, the results have not yet been
published.
However, the wind mapping methods of Lhermitte and
Atlas (1961), Lhermitte (1962), and Caton (1963) hold great promise
in this direction.
While a single Doppler radar can provide only
the component of the wind along the direction of the beam, one may
expect that the absolute velocity can be mapped either by constructing the most reasonable velocity field as one scans across an entire
spiral band, by making an assumption of the wind direction with
respect to the spiral band, or by fixing the wind direction at one
point by conventional wind measurements.
Of course, the simultaneous use of two separated Doppler radars would obviate the need for
any such assumptions.
In any case, the need for means of mapping the hurricane
wind field rapidly both for operational purposes of tracking and
intensity determinations, and for research, demands that Doppler
radar techniques be applied with the least possible delay.
The use
of the velocities of Small Precipitation Areas (SPAWINDS) is of
considerable value (Ligda, 1955a; Senn, 1963) as an interim research
tool, but this method is subject to a number of questions since small
precipitation areas must move with the velocities of their generating elements, and it is often impossible to determine the level at
which generation is occurring or indeed, whether or not the generating
cloud is moving with the environmental wind.
Furthermore, SPAWINDS
are available only after the radar films are processed and studied
at high speeds.
On the other hand, the only assumption involved in
the use of Doppler radar is that the precipitation elements move
with the wind, a point which has been adequately confirmed by
Lhermitte and Atlas (1961) and Caton (1963).
Only when we have comprehensive measurements of the hurricane wind field in conjunction with simultaneous observations of the

*R.M. Lhermitte of the Air Force Cambridge Research Laboratories,
Bedford, Massachusetts reports the measurement of winds in the
outer and intermediate regions of Hurricane Esther, 1962, in a
private communication.
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precipitation field should we be able to make an adequate start
toward a closed solution of the problem of the storm's dynamics; for
motion, water, and heat are inextricably intertwined.
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USE OF RADAR FOR TYPHOON OBSERVATION IN JAPAN
Ichiro Imai
Meteorological Research Institute, Tokyo
ABSTRACT
Since the first weather radar was installed in
Japan in 1954, not only has the number of radar increased
to twelve, but also substantial developments have been made
on the instrumental side.
The primary use of this weather
radar network is tracking and forecasting typhoons.
Now
the Japan Meteorological Agency is constructing a new high
power 10-cm radar at the top of Mount Fuji (J,7'76 m above
MSL), in order to detect typhoons that approach Japan directly from the south.
This paper describes the radar network in Japan,
its instrumentation, its use for typhoon forecasting and
the activities of typhoon research in Japan using radar
observational data.
1•

INTRODUCTION

In Japan extensive damages are caused almost every year by
typhoons which attack the Japanese Islands from the south, so the
improvement of typhoon forecast has long been one of the most .i mportproblems in the Japanese weather services.
Since the first introduction of weather radar in 1954, radars have been making valuable
contribution to the tracking and forecasting of typhoons, as well as
to the detailed studies of the structure of typhoons.
This paper deals briefly with the weather radar network in
Japan, its instrumentation, its use in typhoon forecasting and the
review of the activities in radar meteorological researches related to
typhoons.
2.

RADAR NETWORK FOR TYPHOON TRACKING IN JAPAN

Late in the spring of 1954, the first Japanese weather radar
of J.2 cm wavelength was installed at the Meteorological Research
Institute, Tokyo.
In the summer through autumn of that year, typhoons
5405 (Grace) and 5414 (Lorna) passed through the vicinity of Tokyo,
and their eyes were observed to the south of the radar site.
In the autumn of that year, the first weather radar for
routine use was installed at the Osaka District Meteorological Observatory.
But as its wavelength is also J.2 cm, it has not been suitable for the typhoon detection.
In 1955, the Japan Meteorological Agency adopted the C-band
as the new wavelength of the weather radars which would be installed
in Japan, and in the fall of that year, two 5.66 cm radars were
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installed at Tokyo and Fukuoka.
Since then, the number of C-band
radars in Japan (including Ryukyu) has been increased to eleven.
It is obvious that, for typhoon tracking, S-band is more
suitable than C-band and X-band, so the first S-band (10.95 cill) radar
was manufactured in 1960 and was installed at the Murotomisaki weather
station, which is located on the Pacific coast of southern Japan.
It
was especially useful for the tracking of typhoons 5916, 6016 and
6118 (Nancy) .
The second S-band radar is now under construction at the top
of Mount Fuji (J,776 m above MSL), which will start operating by the
autu.mn of 1964.
A radome of 9 m in diameter is planned in order to
protect the radar from strong wind and severe icing.
The locations of the weather radar stations belonging to the
JMA and the Ryukyu Meteorological Observatory are shown in Figure 1,
and the characteristics of the radars are given in Table 1.
TABLE 1. Characteristics of Japanese weather radars
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Japanese radar manufacturers have exported so far four
3.2 cm radars to India and Indonesia and three 5.7 cm radars to Pakistan and the Philippines, and one 10 cm radar for Australia is now
being manufactured.

3.

DEVELOPMENTS IN INSTRUMENTATION OF THE WEATHER RADAR

The recent development in the instrumental side of the weather radar in Japan is also remarkable.
The parametric R.F. amplifier was first adopted in the Murotomisaki radar in 1960, and is now
employed in all the radar sets since madeo
The iso-echo contouring device for measuring rainfall by
radar has been developed at the Meteorological Research Institute (1),
and most of the radars manufactured since 1960 are equipped with this
device.
The problem of radar data transmission is very important
in Japan because of the complicated topography of the Japanese Islands.
In order to attain a wider range of observation, it is more advantageous to install a radar at the top of a high mountain, but from the
viewpoint of usage, it is highly desirable that the echo patterns can
be continually watched at the forecast center.
This is the reason
for the requirement for radar data transmission system.
The first microwave relay system using 6880 me carrier wave
was applied to the Fukuoka radar in 1955 (2)o
The radar was installed on a hill-top (960 m above MSL) near Mt. Sefuru.
The video
signals together with the angle information and voice signals are
transmitted to the Fukuoka Observatory about 17 km north of the radar
site, and the radar echoes are represented on the PPI scope there.
The same method of data transmission is also applied to the Niigata
radar which was installed in 1962.
On the other hand, T-V system transmission of radar picture
was adopted in the Mt. Hakodate radar, a storage-tube scan converter
being used for display on the home T-V set at the downtown station of
Hakodate.
As regards the Mt. Fuji radar, a two-way microwave system
will be built to control all the operations completely from Tokyo,
about 100 km away from the radar site.
The data, including video
information, receiver sensitivity, isoecho contoured signal and elevation angle, are transmitted to Tokyo and presented on the remote
display systems.
The hourly weather data are also transmitted to
Tokyo through the microwave link and recorded by the teletypewriter
serving as an automatic weather station.

4.

RADAR STUDIES OF TYPHOONS IN JAPAN

Radar studies of typhoons in Japan started concurrently with
the installation of the MRI radar in 1954.
In the summer through
autumn of that year, as mentioned before, typhoons Grace and Lorna
passed through the vicinity of Tokyo and their eyes were observed.
In
the case of Lorna, the discrepancy between the location of the radar
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eye and that of the pressure minimum was significant.
The fact was
explained by Hatakeyama, Imai and Masuda (J), using the normal cyclone
model presented by Sir Napj0r Shaw.

With the increase in number of radars in Japan, this discrepancy was discerned in various typhoons such as 5821, 5907, 5915
and 6213.
In some cases, however, invasion of cold air into the
central part of a typhoon might have given rise to a tilt of eye, thus
causing the discrepancy between the barometric center and the radar
eye.
As regards the typhoon rainbands, two types were observed in
the case of Grace.
One was the ordinary squall-line type outer-bands,
and the other was of a stationary nature.
Bands of the latter type
usually occur in the eastern sector of a typhoon and stay at the same
location for more than ten hours.
They seem to be of some topographic origin.
Continuous generation of new cells and their subsequent
move.ment with the surrounding air stream may be the cause of their
formation.
Detailed studies of such stationary bands in several
typhoons were made by Yanagisawa (4).
Imai (5) found that at the passage of a pre-typhoon squall
line, a pressure rise, a temperature fall, a cyclonic wind shift and
gusts were observed at surface stations.
All of these features are
characteristic of ordinary shower storms.
Similar features of the
outer rainbands of typhoons have also been studied by Ushijima (6)
and Tatehira (8) (Figure 2).
Tatehira (7,8) made detailed analyses of rainbands of
typhoons Helen, 1958 and Georgia, 1959.
He showed that a rainband
is accompanied by a mesoscale zone of low pressure along its front
edge, and also by a strong convergence zone (Figure J).
He supposed
that this feature may be found not only at the surface but also up to
a certain upper level.
He concluded that a pressure rise and a temperature fall which were found behind the mesoscale low pressure zone
in the case of 5907 would be produced by the cooling of air due to
rainfall and be restricted to a shallow surface layer alone.
As regards the behaviour of the spiral rainbands as observed
by radar, studies have been made by several authors.
Tatehira (7)
found that one of the most significant rainbands of typhoon 5821
(Helen) was initially generated near the eye.
His analyses of the
novement of individual cells constituting the rainband showed that new
~ells appeared at the windward (southeast) end of the band, while old
ones dissipated at the leeward end (Figure 4).
This phenomenon
might be the cause of an apparent divergence of the rainband from the
eye.
Oeda and Maeda (9) made a detailed analysis of cell echoes
constituting the rainbands of typhoon 6016 (Della).
He showed that
only scattered echoes were found in the outermost region of the
typhoon, one to four outer bands were found in the intermediate region
and the inner bands constitute its inmost region.
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Between these three regions, echoless zones of 100 to
150 km wide were found.
He found also that the cells constituting
each rainband were generated at its farthest end from the storm center
and dissipated at its nearest end, just the same phenomenon as was
described by Tatehira (8).
Attempts were made to fix ru. typhoon center by fitting a
suitable logarithmic spiral to a rainband.
However, the crossing
angle of the spiral was found to vary from 10 to 40° according to
typhoons and also to rainbands (10).
The measurements of SPAWINDS in the typhoon area were also
made by several authors.
As mentioned before, Hatakeyama et al (J)
showed that the circulation center of SPAWINDS in typhoon 5405 (Grace)
was situated to the left of the barometric center, but if the travel
velocity of the typhoon was subtracted from the SPAWINDS, their circulation center moved to the right. The same result was obtained in
the case of 5821 by Tatehira (7) (Figure 5).
The maximum of SPAWINDS
was at a distance of about 100 km from the center in the case of 5405
(Grace) and at about 130 km in the case of 5821 (Helen).
In the
latter case, the surface winds were stronger than the SPAWINDS within
the 100 km of the center.
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Fig. 5 {a) Composite of the cell velocities
at positions relative to the pressure center
of typhoon 5821.
(b) the cell velocities
relative to the movement of the pressure
center.
(After Tatehira)
The steering level of SPAWINDS may depend upon the stage of
the development of the cell echoes.
Watanabe (11) has presented a
model concerning this problem.
Some studies were made for locating the center of a typhoon

481

Fig. 6 Picture showing the e11iptica1 eye of
typhoon Nancy (6118) rotating at an angular
velocity of J60°min, taken by Naha radar. Range
markers are 50 km apart each.

Fig. 7 Pictures showing the filling of the eye of typhoon
Thelma (6214) as observed by Nagoya radar.
Range markers
are 50 km apart each.
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by the use of SPAWINDS.
As a SPAWIND is considered to be a resultant
of the gradient wind at 700 mb level and the travel velocity of the
typhoon, the location and the travel velocity of a typhoon can be
obtained graphically from the movement vectors of four cells.
This
method was developed by Okamura (12).
The increasing number of radars in Japan and Ryukyu in
recent years have made it possible to utilize composite radar maps for
tracking typhoons or studying the structure of a typhoon for a long
period in its life.
On the other hand, discrepancies in the centerfixes made by various radar stations have become an important problem.
At the MRI a project was started by Watanabe in 1959 to
study the structure of typhoons by making composite radar pictures. In
the cases of typhoons 5916 (Amy) and (Della) the formation of a squall
line in the southeastern quadrant was confirmed as they were being
transformed into extratropical cyclones (13).
Typhoon 6118 (Nancy) took a course so closely similar to
that of the "Muroto" typhoon of 1934, that it was named "Second Muroto
typhoon.
Its eye was first detected by the Naha radar at 16 h on
September 14th and could be tracked continuously for about 47 hours,
until it filled up at 15 h on September 16th in the neighbourhood of
Kanazawa (14).
Remarkable features of this typhoon are that it had a double
eye and that its inner eyewall was e .l liptical, o:f which the axes were
rotating counterclockwise with an almost constant period of about
130 min. from the first detection to the landfall (Figure 6).
Another
interesting feature of the eye of this typhoon was that some small
echoes separated from the eyewall, moved into the eye and disappeared
after JO to 40 min. (15).
A detailed analysis of the behaviour o:f a typhoon eye was
made by the use of the Tanegashima radar films o:f 6213 (Sarah), showin
a discontinuous track of the eye center according to the change in wal
clouds ( 16).
The filling of the radar eye due to landfall was investigate
by Imai (17) for several typhoons.
In general, the eye began to
shrink about two hours before it reached the coastline.
Upon enterin
the coastal region, complete lilling occurred within an hour or so.
The filling seemed to occur from the bottom of the eye and to extend
gradually to its top.
Some pictures showing the process of filling
of the eye of 6214 (Thelma) are given in Figure 7.
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THE RADAR SPIRAL BANDS AND THE TYPHOON STRUCTURE
Kazuo Watanabe
Meteorological Research Institute, Tokyo
ABSTRACT
Radar spiral bands of a typhoon change the pattern and the spatial density from day to day.
As a radar
spiral band is the product of low level convergence and the
resultant updrafts, the total area of the bands enlarges to
some extent with the enlargement in the scale of the storm.
The radar spiral bands also get the influence of
cold air advection and westerly trough as the typhoon comes
into the middle .latitudes.
When a weak typhoon approaches
cold air, it will easily take the cold air in the circulation and will form a squall line (or so-called 'carrot') to
the south of the center.
In case of a strong typhoon,
intrusion of the cold air is not so easy as in the case of
a weak one, and usually it develops a large rain band at
the left side border of a warm tropical air which embeds
the central area.
1•

INTRODUCTION

One phase of the operational use of
typhoon watch is the positioning and tracking
is to obtain information about the intensity,
ucture of it.
In this paper we will discuss
latter phase.

radar network in the
of a typhoon, and another
the status, and the strsome problems in the

Rockney (1956) gave a composite model of the echo patterns
of hurricanes located in the vicinity of 35°1atitude.
The radar weather model of a hurricane and its characteristics were gi ven by Senn
and Hiser (1959).

Since 1959 our Typhoon Research Laboratory has conducted a
radar observation project for typhoons approaching Japan, and a survey
how to use these data for our operational purposes is still in progress .
This report shows a part of the results obtained during the past four
years.
2.

INTENSITY OF A TYPHOON AND THE PRECIPITATION

To study the relation between the intensity of a typhoon
and the total amount of precipitation, we have mainly used the hourly
rainfall data observed at land stations, and radar data have been used
to aid the analysis.
To obtain the precise amount of precipitation caused by the
vorticity field of a typhoon, we have to eliminate the effects of mountain barriers and fronts on the precipitation amounts.
To minimise
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TABLE 1.
Name
I

Nancy( 1961)

Total precipitation in a typhoon

tp(min)

p(current)

Total rainfall

Liberated energy

890 mb

904-912 mb

1.21x10 9 ton/hr

2.99x10

II

II

II

911-919

1.55

II

3.83

II

II

III

II

919-923

2.31

II

5.71

II

II

IV

II

925-940

1.50

II

3.70

"

Vera(1959)

895

920

2. 19

II

5.41

"

Sarah(1959)

905

905

1.74

"

4.30

II

Tess (1953)

900

915-975

2.34

"

5.77

"

Alice(1958)

925

970-980

1.27

"

3. 13

"

Della(1960)

967

970

1. 19

"

2.93

II

E1len(1959)

965

970

0.91

II

2.25

II

Flossie(1958)

970

970-980

1. 08

II

2.67

II

Amy( 1959)

980

980

o.47

II

1. 17

II

R.W.Long1ey(1949)

0.79

II

L.A.Hughes(1952)

1 . 82

II

B.I.Miller (1958)

2.51

II

32*

25 erg/hr

486
these effects we used the data from island and coastal stations only.
The technique of transforming the time change of rainfa .1 1 intensity to
the space change was used to supplement the sparsity in data, and
errors in this transformation were checked by comparing the transformed data with the radar data at the time and by analysing the transformed pressure pattern.
Composite radar echo pattern was used to
aid the analysis of isohyets.
The results are shown in Table 1.
A top class typhoon (around 900 mb) brings 1.2 - 2 billion
tons of water in one hour.
A middle class typhoon (around 970 940 mbl brings about 1 billion tons of water, and a weak one (1000 980 mb will bring only a half billion tons of water.
Thus the
Table 1 shows the definite tendency of more rainfall to be expected
in a stronger typhoon when other conditions are the same.
Of course
the actual rainfall we experience in the middle latitudes will be
doubled or tripled by the effects of the terrain and the front.
The amount of latent heat liberated by these rainfalls is
of the same order as those obtained by Longley (1949), Hughes (1952),
and Miller (1958), as shown in Table 1.

J.

TYPHOON DENSITY AND THE PATTERN OF SPIRAL RAIN BANDS

The .spiral rain bands change their characteristic pattern
by the intensity of the typhoon.
A very weak typhoon or a tropical
storm (1000 - 900 mb) such as Typhoon Vera in 1963 (Figure 1) shows
usually one or at most two very small spiral bands corresponding to
the very small storm wind area.
Though it has a closed circulation
at 900 mb level (near cloud base height), the cyclonic vortex
disappears at 700 - 500 mb height and is replaced by an open-wave
type stream pattern, and by an anticyclonic divergence field above
400 mb level.
Therefore a convective cloud which is formed in the
southeast sector of the typhoon is apt to disintegrate into layers in
the NE and E sectors caused by the directional wind shear.
Concentration of low cloud (overcast)in the central area and a stretch of
high cloud (overcast) with a few low clouds were shown by the
nephanalysis.
Because the wind field with divergence above the
400 mb level is not favorable for the vertical growth of convective
cloud, the expected rainfall intensity is at most J - 7 mm/hr and
hardly exceeds 10 mm/hr.
As the vortex is very shallow it usually
shows no warm core.

A typhoon of moderate intensity (970 - 940 mb) such as
Typhoon Thelma in 1962 (Figure 2) has a fairly large storm area, and
a closed high wind circulation would be seen even at 400 mb level.
Therefore, most of the dead cloud bodies which were formed by convective activities in a spiral rain band will remain near the center as
upper, middle, and lower clouds.
It provides very favorable condition :
for the growth of precipitating particles.
As a cyclonic circulation extends well above 400 mb level, the convective cloud which is
developed in the circulation will get the effect of a wind shear in
speed only, which in turn will contribute to the development of a
cloud lane.
Thus, these moderate typhoons usually give most typical
spiral bands which make rather big crossing angles with concentric
circles and have fairly large extension in length.
The eye wall is
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usually seen at the central area and a warm core exists over the area.
An intense typhoon (930 mb and deeper) such as Typhoon
Nancy in 1961 (Figure J) has a very large storm area, and the cyclonic
circulation extends to the top of the troposphere.
The crossing
angle of the spiral rain bands is very small because the circulation
is very strong even at JOO - 400 km distance from the center.
The
shape of the echo is more of a concentric circle than a spiral.
Low,
middle, and high clouds as dead cloud bodies embed the central area
and new convection cells will grow up through the thick cloud layers.
Thus, though the precipitation from these intense typhoons is very
strong (max. JO - 40 mm/hr), less solid echoes with diffusive and
rather uniform appearance surround the center.

4.

TYPHOON INTENSITY AND ITS EFFECT ON THE COLD AIR ADVECTION

When a typhoon approaches cold air, a certain change occurs
in the movement and in the structure of it.
These changes are very
important for our weather services because many disastrous phenomena
occur in the meso-scale closely related with these changes.
When cold air advects into a weak typhoon it easily reaches
the cBntral part and destroys the cyclonic circulation of warm air
because the high wind circulation is restricted to very small area
near the center.
A broad warm air current which has steered and
breeded the typhoon thus loses its way toward the center and flows
out following the broader scale warm current.
At this time several
squall lines develop in the broad warm current (Figure 4).
Observation of this type of squall line indicates that the typhoon has
changed to a wave cyclone.

TY"400N NCl . ., (!'MM)

AT NOV.It, . . .

Fig.

4

Rain
Left
side
line

TYPHOON NO. 8118 ( NANCY)

0900 4T., II lln. IHI

bands when cold air is advected into a typhoon.
side is the case of a very weak typhoon, and right
is the case of an intense typhoon.
The squall
is indicated by an arrow.

491
When a cold air mass advects into an intense typhoon, its
approach to the center is hampered by the high wind in the warm air
which covers a fairly large area near the center.
A markedly large
echo band develops in the NW sector of the typhoon.
There is of
course a marked difference in air-mass properties of the currents on
both sides, and usually a dam~ging wind storm accompanies this type
of rain bands.
Therefore the area where this type of rain band will
pass should be warned against a destructive wind storm.

5.

CONCLUSION

From the echo patterns of a typhoon which is conceived in a
synoptic scale we can get useful informations to aid the typhoon
warning service and also various suggestions about the structure of a
typhoon.
We have given a part of our results in this paper and hope
to give others on another occasion.
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SOME ASSOCIATIONS OF ATMOSPHERICS AND EQUIVALENT RADAR
REFLECTIVITIES OF CENTRAL TEXAS THUNDERSTORMS*
Tom E. Sanford
Texas A&M University
College Station, Texas
ABSTRACT
Measurements have been obtained of radar reflecti vi ties and atmospherics of five Texas thunderstorms and
comparisons made between them to determine a possible
relationship and thereby infer an association between atmospherics and storm intensity.
A single radar, the
J.2 cm 250 kw AN/CPS-9, and a Melpar Sferics Spectrwn
Analyzer were employed for collection of radar echoes and
atmospherics.
The spectrum analyzer observed sferics on
four fixed narrow band channels centered at 10, 50, 100,
and 150 kc, with relative amplitudes being displayed on an
oscilloscope.
An index was devised so that these observations could be compared.
Results obtained provide
additional evidence of relationships between atmospherics
and thunderstorm intensity and further suggest that atmospherics may be used to infer relative changes in storm
activity.
1•

INTRODUCTION

Most investigations of atmospherics related to thunderstorm
activity have been concerned chiefly with the delineation of tornadic
and non-tornadic storms.
Many of these studies, especially the most
recent ones (8), have dealt with a single channel medium and high
frequency observations.
The present study is devoted to associating
the frequency spectrum of 10, 50, 100, and 150 kc/s sferics signals
with time changes of thunderstorm reflectivity as measured by AN/CPS-9
radar.
The individual life cycles of five storms were observed.
Each of the five storms studied may be broadly classified as "moderate"
or "weak" storms, since no reports of large hail, severe winds, nor
tornadoes associated with the storms were received from cooperative
observers and the maximum equivalent reflectivity was not exceptionally
high.
2.

DATA COLLECTION

The radar employed was the AN/CPS-9 at Texas A&M University.
The technique for radar data collection was that employed by Inmann(7);
profiles were taken continuously during the time sferics observations
were being collected.
The major errors in the observational technique
have been discussed by Donaldson (5, 6) and Inman (7).
*Support for this study was provided by the Geophysics Research Directorate, Air Force Research Division, under Contract No.AF 19(604)- 2182.
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Sferics
The instrument employed was the Melpar Sferics Spectrum
Analyzer, a device which samples a sferics burst over a period of
100 microsec, the integration being initiated by the leading edge of
the burst.
The sampling gate was closed after 100 microsec and remained closed while the pulses were processed and displayed on an
oscilloscope.
The maximum rate at which sferics could be recorded
with the spectrum analyzer was set by the operation time of the two
series 1/4-sec multi-vibrators in the timer unit;
therefore, the
maximum rate at which the input information was accepted by the analyzer was h\To pulses per second.
The physical limitations of the 0-15
cameras employed was another limiting factor which increased the time
required for an observation.
Frequently sferics bursts were received
from more than one direction simultaneously.
This interference
prevented accurate determination of amplitudes and direction of sferics
from a particular storm, thereby rendering many observations useless.
Data were selected for analysis if sferics observations were
continuous for at least JO min with no breaks exceeding 5 min and if
the storm was well separated from adjacent storms.
The sferics azimuth
read-out accuracy was estimated to be three degrees, so azimuths within
three degrees of the lateral boundaries of the radar echo on maximum
receiver gain were considered associated with the storm.
To insure
against acceptance of interfering data from other storms, azimuths
falling outside three degrees were rejected, as were azimuths falling
within five degrees of adjacent boundaries of nearby storms.

3.

COMPUTATIONAL PROCEDURES
Equivalent Radar Reflectivity and Echo Heights

Computations of the equivalent radar reflectivity factor Z
were made by the equation (J),
e

Z

e

2
=Pr
/cK.
r

The heights of the center of the beam H were determined by the equation (4),
H (ft) = 5280 r

sin <X.

2
+ (r /2)

cos

2

d..

+ h

where Pr is the average returned power in milliwatts, r is the range in
statute miles, K is the dielectric factor for water taken as 0.93, ais
the antenna elevation angle in degrees, h is the height of the radar
antenna above the ground in feet, and C is the characteristic radar
constant assumed to be 4.0 x 10-7 for the CPS-9 (2).
Calibration of
the receiver gain settings was accomplished periodically by measuring
the minimum detectable signal from a standard signal generator in the
manner described by Atlas (1).
A single generator was used for all

calibrations to insure consistency in measuring relative power.
Modi:fied Frequency Index S
S:ferics parameters were expressed by the relation

s

=
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At

(

L
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A 100

I AtL A10 )

where the band width :factor B is given by

B~At

= ( 1/

2nAm)
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( ~ A 1 0 + ~~t A 0 +
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E
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1 00 +

L: A 150 - Am ) ·'
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R is the rate at which s:ferics strokes are received and displayed by
the spectrum analyzer; n is the total number o:f sferics recorded during
the time interval At ; A 10 , A
, A 100 , and A
are the amplitudes o:f
150
50
10, 50, 100, and 150 kc/s s:ferics, respectively, and Amis the largest
o:f these amplitudes (9).
A ten-minute time interval was selected :for
computing mean values o:f the s:ferics parameters.
This time interval
appeared most compatible with the radar observations.
The large
sampling interval smoothed considerably the individual amplitudes,
which were quite erratic.
Additional smoothing was required to reveal
the principal features o:f the s:ferics pro:files, so a smoothing :function
was applied to the computed ten-minute means.

4.

RESULTS

Each storm was treated individually, since the -storms occurre<
at various ranges extending :from 40 to 185 miles.
Three o:f the storms
had records which satis:fied the data acceptability criteria :for more
than an hour; two o:f the storms had only minimum records.
All o:f the
records contained a time skewness due to the period required to complet(
a run o:f radar height and re:flectivity observations.
No attempt was
made to recti:fy this skewness.
As one would expect, amplitudes o:f the
s:ferics varied with storm range, the larger amplitudes being associated
with nearer storms.
Since the s:ferics amplitudes were not range
normalized, no valid quantitative amplitude comparisons could be made
between the storms.
Figures 1 through 5 show the association between the modi:fied
:frequency index and the equivalent radar reflectivity.
The logarithm
o:f the equivalent radar re:flectivity factor at constant height was
plotted throughout the period o:f usable s:ferics.
A height o:f 35,000
:feet was selected where values at that level could be obtained throughout the sampling period.
For Storms 4 and 5 the levels picked were
25,000 and 20,000 :feet, respectively, since the maximum heights of
these storms in their latter stages were below 35,000 :feet.
As high
a level as practicable was selected, since the radar data appeared to
be more comparable in range at the greater heights.
A reasonably good
agreement was found between the equivalent radar reflectivity :factor
and the modi:fied index.
The phase relations between changes in the
modi:fied index and changes in Ze were generally in agreement, index
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maxima corresponding to reflectivity peaks.
Agreement of this type
was very apparent in Storm 2 with maxima in both parameters appearing
near 1822 CST and 1844 CST and a minimum near 1836 CST.
Similar
agreement can be obtained from the profiles of the other storms,
Storm 1 showing the poorest agreement.
The time relation between
maxima (minima) of the frequency index and Ze is not consistent. Storm
3 shows maxima (minima) in the frequency index generally preceeding
those for Ze, Storm 5 shows them occurring almost simultaneously, while
the other three storms show some leading and some trailing.
Figures 6 through 10 show the association of the relative
magnitudes of the modified index and the equivalent radar reflectivity.
These figures reveal that the two parameters were linearly
correlated as a first approximation.
The other storm analyses indicate a similar relationship, but the association is not so good.
Storm 3 had a very little range for the modified index and for Ze•
There was little or no relationship between the two parameters at
35,000 feet for this storm; however, a fair relationship was found at
25,000 feet.
Storm 3 had a correlation coefficient of 0.51.
A least
square line was obtained for this storm; however, it is not indicated
on Figure 8 since the data points appeared to lie in almost a circular pattern; therefore, it was doubtful that the line was representative.
The slope of this line was near that for Storm 1.
Results
for Storm 1 were apparently affected by the time skewness of the radar
observations, as there was a 7 or 8 min lag.
It is probable also
that interference strokes were occurring in storms on the same azimuth
beyond the radar range, since the storm was located near the maximum
useful observational range of the CPS-9.
To minimise interference
from storms at great range, the amplifiers for each frequency channel
were attenuated to the maximwn value of 60 db with an antenna input
attenuation level of 10 db.
This also appeared to be the best level
of operation for eliminating local electrical interference; however
interference from adjacent storms was frequently encountered.
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500-KC SFERICS STUDIES OF THUNDERSTORMS
Douglas A. Kohl
Applied Science Division, Litton Systems, Inc.
Minnesota, USA
ABSTRACT
Detecting sferics at a monitor frequency of
500 kilocycles per second (kc) has proven to be a useful
analytical tool in the study of temperate zone continental
thunderstorms as well as in the analysis of typical Florida
cumulonimbus activity.
At this frequency, the fair weather "background" is zero and the maximum range is limited to
200 miles.
Sferics amplitude distribution studies have
shown the presence of weak signals produced within warm,
thick cumulus clouds at certain times as well as frequent
sferics pulses unrelated in time to the lightning process.
High sferics count rates are associated with the rapid
growth phase of building cumuliform clouds.
Sferics activity ceases prior to the dissipation of visual and radar
cloud evidence.
The greatest rate of increase in sferics
count rate occurs during the transition of the initial convective consolidation into a storm with large-scale circulation processes.
1•

INTRODUCTION

It is now generally accepted that cumuliform clouds produce
a variety of electrical phenomena including electromagnetic radiation
detectable over a broad range of frequencies.
Radiation noise arises
from several basically different causes including ionic conduction,
charged droplet interaction, lightning, and lightning-like electrical
path discharges.
Malan (1958) observed radiation pulses detectable
in a 1.5- to 12-megacycle range which were time-wise unrelated to the
lightning discharge or its components.
Horner (1958) concluded from
a statistical study of sferics pulse amplitude azimuth distribution
that there was no correlation between very-low-frequency sferics
either in time or origin.
Attempts through the years to derive meteorologically significant parameters from sferics monitoring have been generally acknowledged as unrewarding.
Kohl (1959) pointed out, however, that 400-kc
to 6-mc monitoring provided useful meteorological data.
The choice
of 500 kc for narrow-band sferics monitoring represents an empirically
derived solution to a medium-range analysis technique providing high
sensitivity to convective cloud dynamics.

2.

CHARACTERISTICS OF 500-KC MONITORING

An extensive instrumented study by Kohl and Miller (1963a)
established the following general characteristics of the technique:
499
33

500
(a) very high pulse count rates occur arising from both lightning and
non-lightning related discharges;
(b) count rate is zero during fair
weather; (c) no diurnal effect is apparent in detection characteristics; (d) no instance of "local storm" related severe weather has
occurred without sferics activity and as many as 21 million pulses
have been measured during a period of severe weather; and (e) weather
radar and sferics data are generally unrelated with respect to storm
dynamics.
Convective storm situations over the plains states of the
U.S. identified by weather radar have about 42% of the echo area actively producing sferics (Kohl and Miller, 1963a).
The sferics
active proportion of all radar returns was found to be 10% during the
summer months in Florida due to the rapidity of the convectivecondensation process resulting in many cloud precipitation "residues"
still visible by radar as noted by Byers and Hall (1955).
Sferics,
on the other hand, are produced only during the vertical growth
stages of some of these clouds and the total number of sferic pulses
produced appears to be proportional to the radar area developed
(Kohl and Miller 1963b).
Although much is now known concerning the
inter-relation between sferics and convective dynamics, the origins
of 500-kc sferics remain unknown.
Instrumentation used to detect sferics at this frequency is
small,compact, and lightweight.
The principal sensor is a ferritecore, resonant antenna which is shock-excited by the sferics radiation.
This antenna provides near-perfect, loop-antenna directional characteristics so that sferics count rates and amplitude distributions are
obtained on an azimuth sector basis.

J.

MEASUREMENTS OF CONVECTIVELY ACTIVE CLOUDS

It has been firmly established that sferics activity detection presents a duality of response to both early phases of· the convective process as well as later stages of thunderstorm "organization".
In the temperature zone, the process of vertical growth is occasionally
prolonged and early electrification effects persist for many minutes.
The formation and duration of a thunderstorm, similarly, show much
slower dynamics than do sub-tropic and tropic storms.
a.

Weak Discharges

An example of prolonged weak sferic pulse activity is shown in
Figure 1.
The photographic cloud profile progression at the bottom
of the figure shows the cloud position for each time mark relative to
the detection station location, S.
The strip chart recording consists of smal~, uniform pen deflections for pulses detected at 455 kc
only, uniform deflections twice as large for detection of coincident
pulses at both 455 and 1950 kc, and deflections four times as large
for detection of triply coincident pulses at 455, 1950, and 5800 kc.
Although the response of the recorder did not fully resolve the
three levels, it is apparent that the radiation energy of these weak
pulses decreases rapidly at higher frequencies as implied by the range
effect on detection.
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CLOSEST APPROACH

Figure 1.

Coincidence detection of sferics activity
from a cloud without lightning at 455,
1950, and 5800 kc.

All of the pulses in Figure 1 must be considered nonlightning related as there was no lightning observed visually or with
electric field equipment.*
In the Florida area, the production of
sferics during cloud turret growth may be frequently observed.
It is
identical to the phenomenon reported earlier by Kohl and Miller
(1963c) in Oklahoma.
The recording in Figure 2 obtained in Minnesota,

Figure 2.

Complete 500-kc sferics record obtained
during the vertical growth phase of a
single, isolated, towering cumulus.

* In these situations, negligible ground electric field distortions
exist which rule out the possibility of corona discharges from surface
objects generating sferic-like pulses.
33*
1
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is of the same effect and gives the complete time distribution history
of sferics pulses which were produced only during the vertical ascendency of the cloud.
The most frequent interval of pulse spacing is
4.5 sec and suggests some sort of relaxation discharge mechanism.
The azimuthal spread of the sferics sources within the
cloud mass for the growth phase of isolated turrets is very small in
contrast to a much wider dispersion within mature thunderstorms.
As
Saunders (1961) observed, convective vertical growth is accompanied
by lateral growth of the cloud mass; however, this increase in
"turbulent volume" does not widen the sferics source and because the
altitude of the source is unknown, one can only speculate that the
sferics source may ascend with the cloud.
Figure 3 shows a typical sea breeze development just inland
from the Florida coastline.
The rate of growth of these clouds is
impressive.
The vertical development of most clouds in this situation stops abruptly without evidence of shear.
In those developments
which produce sferics, it may be that the cessation of sferics
activity marks the transition of the cloud top into the negative
buoyancy altitude.
In every instance, no sferics were detected during
the dissipation of towering cumulus clouds which did not consolidate
into cumulonimbus.
Those towering cumulus which do evolve into
thunderstorms show no cessation of sferics activity as the initial
turrets reach the mean cloud top altitude in the area but rather show
an ever increasing count rate.
As Hiser (1958) has documented, welldeveloped storms can form without attaining appreciable heights;
however, it was found that the overall sferics maximum occurred prior
to attainment of maximum cloud tops in those storms with greater
altitude penetrations.
The occurrence of sferics during initial vertical growth of
cumulus formations is related to instability situations associated
with meso-scale, or larger, area weather perturbations.
An instance
of the progression of sferics-active towering cumulus developments
along 200 miles of a wet-dry line discontinuity in Oklahoma (Kohl and
Miller, 1963b) showed that it is possible for the cloud-sferics cycle,
as in Figure 3, to occur without any radar evidence appearing.
Battan and Braham (1956), in an earlier cloud census study, showed
that relatively few clouds in the same region with tops to 20,000
feet gave radar echoes.
This supports the finding that sferics
activity generally precedes the radar evidence in those instances when
sferics occur.
In a WSR-57 radar-sferics study (Kohl, Miller, and Ward,
1963), 93% of those instances in which sferics preceded radar evidence
were found in areas where existing sferics-active radar cloud areas
were increasing.
See Figure 4.
The lead time is greatly reduced
in the sub-tropics due to the rapid dynamics.
b.

Sustained Convective Activity

The sferics count rate from towering cumulus which become
cumulonimbus increases by several orders of magnitude during the transition.
A typical sub-tropical situation is shown in Figure 5 where
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large numbers of separate convective cloud cycles occur.
Only the
coastline map detail is visible so that all darkened patches represent weather radar returns.
The sferics count rate in polar form
is shown by the length of the darkened sectors.
Only two sfericsactive cloud formations identified by S were indicated and later
photographically verified as, Cb with anvils.
Just as Saunders ( l 961) observed that c .oincident turrets
arising on the flank of a single cloud mass may have different rates
of rise, different sferics count rates are measured from different
locations within the cloud boundary.
When sustained activity exists
it is usually impossible to measure the weak sferics associated with
small turrets; however, the general area of "hard building" of a
thunderstorm cons~stentiy provides high sferics count rates.
The sferics puls~ time distribution recording of Figure 6,
taken from the dissipating phase of a thunderstorm, shows both the
non-lightning related pulses and those occurring during the lightning
discharge. This recorded transcription of magnetic tape data does
not resolve the large number of 500-ke pulses produced during the
lightning process but the numbers printed above the bars indicate the
quantity.
The ratio of lightning-related to non-lightning-related
pulses is a variable related to s~orm development stages.
Total
count rates from large storm complexes may reach 200,000 counts per
minute.

4.

CUMULONIMBUS DYNAMICS
The typical sub-tropic thunderstorm history shown in Figure

7 shows both the rapid buildup to maximum cloud height and corresponding sferics activity increase.
This storm developed an anvil which
sustained the cloud height record but its active building phase was
over by 1300 EST.
Except for the short span of major sferics activity, the count rate history is similar to plains states storms that
last for five or six hours.
The "organization" of a cumulonimbus undoubtedly results
from the interaction of closely spaced updrafts along with the establishment of sustained downdraft circulation.
In large storm formation, the sferics activity characteristically achieves an initial
count rate plateau which, although very much greater than the type of
activity shown in Figure 2 and slowly increasing, is still far less
than the storm maximum (Kohl and Miller, 196Ja).
During this time,
hard radar echoes develop, the storm area increases, and lightning is
observed.
Severe weather usually occurs just after the plateau ends
and the count rate rapidly ascends.
Most of the thunderstorms in
Florida do not show such a separation of phases; however, the storm
maxima for severe storms in that environment produce as many pulses
per minute as do the severe thunderstorms of the plains states.
Storm period sferics maxima generally precede the maxima of
radar defined storm area and mark the beginning of storm dissipation.
84% of wind, hail, and tornado events occur prior to the maxima so
that it probably indicates the beginning of the predominance of
downdrafts throughout the storm complex.
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Simultaneous short-term changes in widely scattered thWlderstorm sferics activity have been observed by Kohl and Miller
(1963a) as well as coincident outbreaks of sferics activity over a
large area (Kohl and Miller, 1963b).
This evidence tends to support
the view held by Malkus (1960) that cumulonimbus formation is not
random but in direct response to synoptic disturbances, and further,
that rapidly propagated energy in the form of pressure-gravity waves
may play a predominant part in thWlderstorm genesis.

5.

CONCLUSIONS

Sferics monitoring at 500 kc is a new technique which is
intimately related to convective cloud activity.
Although not
specifically applied to tropical meteorological problems as yet, it
appears that the application of medium-frequency sferics detection
to further assess the important role cumulus convection plays in the
energy distribution processes of tropical circulations would be a
worthwhile effort.
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SOME PRELIMINARY RESULTS FROM RADIATION
SONDE ASCENTS OVER INDIA
Reid A. Bryson
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ABSTRACT
A programme of radiation sounding of the Indian
atmosphere was initiated in April 1963 as a joint effort of
the University of Wisconsin and the Indian Meteorological
Department.
Results to date contribute to the elucidation of two problems, both concerned with non-gaseous radiators.
(1) Over a very large area of south Asia during
at least the pre-monsoon season there exists a deep, dense
layer of haze.
Visual observations indicate that it may
be in excess of 30,000 feet deep.
The Suomi-Kulm radiation-sonde observations suggest that the emission from the
dust is comparable in importance to that of carbon dioxide
and a significant fraction of that due to water vapour.
(2) Scattered observations over the past two decades suggest a high frequency of occurrence of a tenuous Cirrus
layer near the tropopause over large parts of the tropics.
Rather clear evidence of this Cirrus sheet was obtained
on some soundings.
1•

INTRODUCTION

A programme of radiation sounding of the Indian atmosphere
was initiated in April 1963 as a joint effort of the University of
Wisconsin and the India Meteorological Department.
The immediate
purpose of this programme was the indirect investigation of the deep,
dense haze layer which lies over northern India in the pre-monsoon
period.
The haze reduces visibility so greatly and is so deep that
it seemed reasonable to assume that its effect on the infra-red radiation £lux distribution would be measurable.
Attenuation of the short-wave solar radiation has been studied by Mani and Chacko (1962), but for information on the haze structure a balloon-borne system was necessary.
The light, simple SuomiKuhn radiometer attached to the 72 me U.S.type frequency modulated
radiosonde provided an ideal instrument of sufficient accuracy to
yield the desired data (Suomi and Kulm, 1958).
Data were obtained
not only pertinent to the haze problem but showing unusual radiative
features at the tropopause as well.
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2.

THE PRE-MONSOON HAZE LAYER
Haze observations

The presence of a dense haze layer over northern India has
been noted briefly by Garbell (1947), Kendrew (1953) and Trewartha
(1961).
The maximum concentration appears to be in .the March to
June period over central, western and northern India, coinciding with
the presence of unstable, hot continental tropical air and clear skies
(Mani and Chacko, 1962).
During April of 1962, one of the authors (R. A. B.) observed the dense haze extending from Libya to Burma as an almost unbroken
layer.
E~stward into Thailand and southward along the Kra Isthmus
the haze thinned, disappearing near t he border of Malaya.
The top
of the haze was at or above 5000 m altitude above sea level for
essentially the entire distance.
In April of 1963, the haze was
present over the Makran coast but did not extend inland far into
Baluchistan.
From here the haze extended southward past Bombay and
across the north of India, lapping like a great brown sea against the
Himalayas.
Again the haze thinned eastward across Burma and Thailand.
The top of the haze ranged from 10 km altitude over the Rajasthan
desert to 5 km between Delhi and Calcutta.
Throughout visibility was
reduced by the haze, occasionally diminishing to 2 km or less.
Aircraft observations showed that the haze varied from day
to day in density, depth,and spatial distribution.
On some April days
the haze was layered, on others it seemed quite uniform to about 10 km.
A similarly variable radiation distribution was observed.
The estimation of infra-red emission due to particulates
In the Suomi-Kulm radiation sonde system the radiometer data
for computing the upward and downward infra-red fluxes are programmed
into the normal radiosonde sequence by a clock driven commutator.
Data are thus provided on upward and downward radiative fluxes, temperature, humidity, and pressure.
From the pressure, temperature, and humidity data, one may
calculate the upward flux of infra-red radiation from the transfer
equation as given by Kulm (1963) which employs the measured water
vapor distribution, assumes a uniform carbon dioxide distribution, and
neglects ozone as unimportant below the tropopause.
Excellent agree·ment between the calculated flux due to these gaseous constituents
and that measured by the Suomi-Kuhn radiometer has been obtained in
the case of the very clean, clear, winter air of the northern United
States.
For the pre-monsoon haze situation in India, the calculated
and observed fluxes differ markedly, the differences being due to the
suspended particulates, in this case dust particles in the otherwise
clear air.
The calculated upward flux (Fe t ) at height h due to water
vapor and carbon dioxide is given symbolically by
Fe '

= L:iEg

+ (1 -

L Ag)

O' Ti f c

( 1)
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where Eg is the total emission from the gaseous radiators (carbon
dioxide and water vapor) in an elemental layer below height h, Ag is
the attenuation of ground radiation by the gaseous absorbers in that
layer, ~ is the Stefan-Boltzman constant, and Tsfc is the interface
temperature at the ground.
The summation is taken over all elemental
layers below the height h.
The observed upward flux (Fof ) at height h, in the presence
of particulates, is given by
Fo

t

=

s f.. a T 4 + ( 1 -

t

s) E Eg + ( 1 - s) ( 1 - I: Ag) a

1~ f c

( 2)

where S equals the number of particles per cm3 times their effective
cross sectional area times the depth h, T is the mean temperature of
the air below h, and higher order terms are omitted.
This expression
also assumes, for the sake of a rough estimate, that the particles are
concentrated at an average position half way up the column.
Assuming that the particles (dust in this case) act as black
bodies, we may subtract equation (1) from equation (2) and obtain the
somewhat simpler equation
Fo t - Fe

1

= S E. <J T4

t

+

S

L Eg

(J)

- S Fcf

from which S may be computed from observed and calculable quantities.
In turn the mean number of particles of an assumed size and the effective flux emission due to dust may be obtained.
The upward flux
through the 700 mb surface due to the emission of radiation by water
vapor, carbon dioxide and dust are given in Table 1.
Similar values
may be obtained for the downward fluxes.
Junge (1962) assumed that essentially all particles in the
atmosphere over Hyderabad in the pre-monsoon season were smaller than
0.1./" radius on the basis of the general size distribution of atmospheric aerosols with a modal radius near O.OJ_µ..
Moderate convection
could easily support dust particles much larger than this in the
lowest J km, however, so as a first estimate of particle number we
shall assume that we are dealing with dust particles in the diameter
range 0.25 to 1.00 micron, (Table 2).
Radiation divergence and diabatic cooling in the pre-monsoon
situation
If the net radiative flux into the bottom of a layer is less
than the net radiative flux out the top, diabatic cooling of the layer
must result (Sabatini, 1962).
Since the dust affects the radiation
fluxes, the stratification of the dust must play a role in the distribution of radiation divergence and the diabatic cooling and warming
rates according to

aT
at

=

g

Cp

aF
a

net
P

(4)
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TABLE 1
Preliminary estimates of upward infra-red emission
by gaseous and particulate radiators in the layer between
the surface and 700 mb over northern India, April 1963.
Clear skies.

Place

Date

Poona

15
16
17
19
15
16
17
20
15
16
17

Delhi

Ahmedabad

Emission* ly/min
carbon
Water
dust
dioxide
vapor
.299
.333
.315
.307
.316
.337
.266
.269
.332
.320
.305

. 11 0
.130
. 124
• 121
.127
• 135
. 125
. 116
. 126
. 127
. 122

Ratio of
dust to
carbon dioxide

• 144
.038
• 149
.033
.089
• 144
• 169
• 185
.210
• 114
.090

1. 31
0.29
1 . 20
0.27
0.70
1.07
1.35
1. 59
1. 67
0.90
0.74
1 . 01 mean

* integrated flux passing upward through 700 mb surface
due to radiators below that level.

TABLE 2
Number of dust particles per cubic centimeter in
the lower atmosphere over India, as deduced from the observed distribution of infra-red radiation flux, April
1963. Assumed diameters.
Particles per cm3
Surface to
Lowest
100 mb
700 mb
Place

Date

Poona

15
16
17
19
15
16
17
20
15
16
17

Delhi

Ahmedabad

0. 25.)A-

1µ

0.25_µ.

1,;AA-

2128
496
2288
528
1216
1840
2336
2896
2752
1424
1200

133
31
143
33
76
115
146
181
172
89
75

4256
3920
4112

266
245
257

2272
3920
4384
4560
7024
3376
2896

-

142
245
274
285
439
211
181

Note:
Particle densities in the range indicated above are
in good accord with the visibility ranges encountered on
those days, and in range of particle numbers measured by
Junge (1962).

511
where T = Temperature, t = time, g = acceleration of gravity, Cp
isobaric specific heat, Fnet = net radiation and p = pressure.

=

Calculating the upward flux from the surface and the downward flux from the highest layer of measurable water vapor, the net
radiation distribution that would prevail in the absence of particulate absorbers may be obtained.
Comparison may then be made between
the radiation divergence that would prevail in the absence of particulates and that actually occurring.
The differences are striking.
Consider, for example, the sounding made at Ahmedabad on
19 April 1963.
Three-eighths stratocumulus and five-eighths altostratus were reported.
In the case of generally upward net radiation
the base of a particulate layer warms diabatically while the top cools
more strongly than in the absence of the layer (Figure 1).
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Figure 1.
Distribution of Net Radiation and Radiative
Cooling Rates over Ahmedabad, 19 April, 1963.
The two cloud layers reported show very clearly in the pattern of
diabatic heating and cooling, but were not at all evident in the
normal temperature lapse rates.
Stratified dust layers are similarly reflected in the distribution of radiative cooling.
Especially strong effects are found
in the surface layers, where dust is typically concentrated.
The
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data here bear out the usual greenhouse concept, for the observed
cooling rates in the lowest 50 mb are lower than calculated for clean
air (Table 3).
An excellent example of this effect may be seen in the late
evening sounding data for Poona, 16 April 1963.
No significant high
level haze was reported in the vicinity the next morning, and the
observed radiative cooling rate agrees well with the calculated throughout much of the sounding (Figure 2).
Dust near the surface
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Figure 2.
Distribution of Net Radiation and Radiative
Cooling Rates over Poona, 16 April 1963
and in the deep stable layer around 1500 m altitude, however, produced significant departures of the actual cooling rate, in the
expected sense.
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TABLE 3
Radiative cooling rates in the lowest 50 mb
in °c/day

(+
Place
Poona

Ahmedabad

Delhi

-

= cooling
= warming)
Date
Observed Calculated

15 Apr. 1963
16
17
19
15
16
17
19
15
16
17
20
Mean

+4.o
-5.9
+ 1. 8
+3.2
+2. 1
+0.7
+3. 1
+0.9
+2.4
+3.0
+0.7
+3. 1
+ 1. 59

+ 1. 2
-1.1
+1 . 5
+J.2
+0.7
+1 . 9
+2.5
+2. 1
+3.5
+3.5
+ 1. 9
+2.5
+1.95

Clear
Clear
Clear
Clear
Clear
Clear
Clear
Ptly Cldy
Clear
Clear
Clear
Clear

Conclusions
Computed and observed radiation fluxes in clear, dust-free
air with excellent visibility agree very closely (Kuhn, 1963).
Under the hazy pre-monsoon conditions in India, the difference of
the observed and computed values is pronounced.
From this difference, rough estimates of the radiative effect of the dust, and the
dust quantity may be made.
It is hoped that the development of
suitable iterative calculations considerable detail and precision
in the estimation of dust content may be achieved using the radiation
sonde as the basic instrument.

3.

TROPOPAUSE CIRRUS
The indications

Over the past twenty or more years scattered observations
have been made which suggest the presence of an extremely tenuous
cirrus layer at or just below the tropopause in the tropics.
In
1945 one of the authors (R. A. B.) made numerous measurements of the
height of the layer by observing the time at which the twilight arch
passed the zenith, and found it invariably near the tropopause.
Apparently the cirrus layer, if that is what it is, is so tenuous
that it can only be observed visually with slant illumination.
Thus
some hourly cirrus statistics in deep oceanic situations show dawn and
dusk peaks of cirrus frequency when synoptic and climatic experience
suggest that essentially no diurnal variation should be observed
(Figure 3).
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Mean Hourly Frequency of Cirrus Observed over
Guam, M. I. in May 1952
Few references to this layer are to be found in the literature, for though several people have noticed it in many tropical
locales, there was essentially nothing that could be said about it
other than that it appeared to be present.
The radiation sonde, with
its precision and capacity for measuring the radiation divergence,
provides a tool for investigating the phenomenon.
Some evidence
On the night of 15 April 1963 no clouds were observed by the
scientists assembled to launch a radiation sonde flight at Poona. Yet
it was apparent as the balloon approached the tropopause that some
absorbing layer was present.
This is shown clearly in the record of
the upward flux of radiation (Figure 4).
The upward flux diminished
regularly and smoothly in the interval 800 mb to 160 mb. Then the
balloon entered an absorbing medium and the upward flux was reduced
by one-eighth in the space of 20 mb.
This could not have been due to
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Poona, 15 April 1963 Midnight.
the sharp discontinuity of the tropopause for that was reached later
at 130 mb.
Above 100 mb in the stratosphere the upward flux once
again slowly increased as more and more relatively warm stratospheric
air appeared beneath the down-looking radiometer surface.
Apparently the radiation sonde had detected a layer invisible to the eye,
and of such radiative importance that no assumptions of water vapor
distribution may be adduced to explain it.
Radiative warming rates
of greater than 30°c/day were computed for the base of this layer.
Here then is evidence of the presence of "tropopause cirrus".

4.

SUMMARY

The joint University of Wisconsin - India Meteorological
Department radiation sonde flight program has produced new information
on the radiative significance of the pre-monsoon haze over northern
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India, and evidence of non-visible infra-red absorbing layers near
the tropopause.
There is hope that the preliminary rough estimates
of dust quantity deduced from the soundings and presented here may be
made more precise.
The authors wish to express their appreciation of the superb
cooperation accorded them by the India Meteorological Department staff,
especially Dr P.R. Krishna Rao, Director General of Observatories,
and Miss A. Mani, Director (Instruments).
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DYNAMICS OF THE SEVERE CYCLONIC STORM IN THE BAY OF BENGAL
IN MAY 196J AS INDICATED BY MICROSEISMS*
Sibte Nabi Naqvi
Pakistan Meteorological Department
ABSTRACT
A severe cyclonic storm of small extent affected
East Pakistan in the last week of May 196J causing extensive damage to life and property.
The microseisms associated with the above storm
recorded at the Geophysical Institute, Quetta have been
examined.
As expected, the increase in the amplitude of
the microseisms generally agrees with the intensity of the
storm estimated from the synoptic date, but the amplitudes
show surprising fluctuations even at the stage when highest microseisms were recorded.
The rise and fall in the
amplitude of microseisms has been correlated with the rise
and fall in the transfer of energy to the ocean bed. This
has been interpreted in terms of the dynamics of the
cyclonic circulation of the storm and conversion of the
released latent heat of vaporisation into kinetic energy,
which has been found to be discontinuous and occurring
after distinct periods of updrafts of moist air.
1•

THE SEVERE CYCLONIC STORM OF MAY,

196J

The cyclonic storm of May 196J originated from an easterly
low pressure wave which entered the Bay of Bengal on May 22.
A shallow low formed at OJ hrs GMT on May 2J near 6°N, 91°E and, moving
towards the northwest, turned into a depression at 9-t 0 N, 88°E by
12 hrs GMT on the following day.
The subsequent motion was firstly
towards the ngrtheast and at OJ hrs GMT on the 25th it was centred
near 12°N, 88 E.
It continued to deepen and was declared a deep depression at 00 hrs on May 26, a cyclonic storm of small extent at OJ hrs
on May 27, and a severe cyclonic storm twenty-four hours later.
On
May 29, in the early hours of the morning, it crossed the coast near
Mirsarai in East Pakistan, causing severe loss of life and damage to
property along the Chittagong coast and on the off-shore islands
from Cox's Bayar to Mirsarai and Feni.
2.

OBSERVATIONS OF MICROSEISMS

Microseisms associated with the storm were first recorded
at 09 hrs GMT on May 25, while it was still at the "depression" stage,
and situated near 12°N, 88°E.
At Quetta, microseisms with a period
of 5.0 sec. were recorded on all three components by a J.ong period
Sprengnather seismograph with a magnification of JOOO, at Chittagong
* A summary
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a period of 2.4 sec was recorded using a short period Sprengnather
seismograph with magnification 5,400, and at Lahore a period of 5.0
sec was recorded by a long period Sprengnather instrument with a
magnification of 750.
At 10 hrs GMT on May 28 when the storm was at
its height, the distances of its centre from Quetta, Lahore and
Chittagong were approximately 3000 km, 2000 km and 200 km respectively.
Hourly readings of the amplitude of the vertical component
at Quetta have been plotted in Figure 1 from the time when the storm
first became noticeable, and a detailed analysis of the recordings
from each station at 15 minute intervals has been made from figures
supplied by Khan and Farooq]
The various stages in the development
of the storm from a depression to a severe cyclonic storm are reflected in the amplitudes of the microseisms shown in Figure 1, although
the warnings issued by the forecast office may have been influenced
by the changes in amplitude observed at Chittagong.
It will be
seen from Figure 1 that although large fluctuations in amplitude of
the microseisms may occur, the upper and lower envelopes of the curve
behave with more regularity and are more reliable in estimating the
intensity of the storm.
The fluctuations on either side of the peak
at 1015 hrs GMT on May 28 are quite marked and it is thought that they
may be due to local noise.
Although the difference in phase between
the peaks observed at Chittagong and at Quetta is comparable with the
time required for the waves to travel the extra distance, it is not
clear why the phase was the same at both Chittergong and Lahore.
A comparison of the period and peak amplitude of the microseisms observed at each station (Table 1) shows that as the distance
TABLE 1
Periods and Peak Amplitudes at each Station
Period

Amplitude

Distance

Chittagong

2.4 sec

Lahore

5.0

1. 15

2000

Quetta

5.0

1.13

3000

10.50,.M-

250 km

from the storm increased, waves with longer periods were recorded with
correspondingly smaller amplitudes.
This behaviour was as to be
expected and taking into consideration the fact that the waves have
been recorded at much larger distances than for previous measurements
in the Atlantic and Pacific Oceans, it would appear that the Indo Gangetric Plain and the eastern fringe of the Iranian Plateau are free
from structural anomalies.
The microseisms produced by tropical
cyclones can therefore be used quite effectively as an independent
forecasting aid.
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J.

ENERGY TRANSFER MECHANISMS

The amplitude of the microseisms recorded when the storm
approached closest to Cox's Bazar and Chittagong changed from 0.57)A'
to 0.4J,.M. respectively, although autographic records of wind and
pressure from these stations showed that the storm intensity was nearly the same.
In general, these comparatively large fluctuations
in microseism amplitude can not be accounted for by changes in the
storm intensity, and in this case it is difficult to believe that the
energy of the system was fluctuating violently without corresponding
changes in the barometric depth or the strength of the circulating
winds.
Normally depressions deepen gradually or rapidly until they
reach the storm stage and then the intensity decreases rapidly on
crossing the coast, or in some cases over the sea.
Gherzi has suggested 'pumping' of the air pressure at the
storm centre as a source of microseisms, and this theory has been
partially supported by Gutenberg and other workers.
It is seldom
however that the intensity fluctuates so often and so much as would
appear from the microseism recordings.
As the increase in barometric depth shown in Figure 1 corresponds closely with the upper and
lower envelopes, it is evident that in synoptic terms the storm intensity was not changing, but there was a change in the energy transferred to the sea bed.
Various mechanisms for the transfer of storm energy to the
sea bed have been suggested:
(a)

standing sea waves induce pressure fluctuations on the
sea floor as a second order effect;

(b)

impulsive modifications of the sea waves by wind gusts
initiate compressional waves in the ocean;

(c)

striking of surf on steep coasts;

(d)

pumping of atmospheric pressure at the storm centre.

None of these theories is in complete agreement with the
observed facts, or at present acceptable.
In section 2 it has been
shown that the fluctuations in amplitude of the microseisms accompanying the storm of May 1963 were not due to anomalous underground
structure.
It is also evident that the fluctuations were not due to
the striking of the swell on the coast, as the microseism amplitude
decreased when the storm was passing close to Chittagong.
We are
therefore left with two alternative transfer mechanisms for consideration:
1.

impulsive modification of the sea waves by wind gusts;

2.

a 'pumping' effect (not necessarily of atmospheric
pressure) at the storm centre.
We have seen that a part of the energy transferred to the
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sea bed increases as the storm intensifies and that another part
fluctuates violently at all times.
The energy derived from the
pressure deficiency at the centre and the gradient around it is much
more stable than that derived from the strong winds around the centre.
The rise in sea level at the storm centre is directly proportional to
the pressure deficiency and the gradient around it, corresponding to
a standing wave moving with the speed of the storm.
This is apparently the stable source of microseism energy, and would be located at
the centre or centres of the storm.
The energy transferred to this
wave would increase as the storm deepened, and the corresponding
increase in energy transferred to the sea floor is shown by the envelopes to the microseism recordings.
The variable component is shown
by the fluctuations between the upper and lower envelopes (Figure 1).
It is well known that the rise in sea level at the centre is determined not only by the pressure deficiency, but also the wind strength
in the storm field and the coefficients of viscosity.
The height of
the piled up water is continuously changing due to the storm travelling over different depths of water, to different sea bed configurations on the continental shelf and, even over the open sea, to
'heaving' or YpumpingY of the standing wave moving forward with the
storm centre at varying speeds.
The pile-up of the water at the
centre is also influenced by high or low levels of the tidal wave and
the ocean currents.
Besides this 'pumping' of the piled up water at the centre
we have to consider the action of updrafts of moist air, and downdrafts of colder and/or drier air in distinct parcels over the whole
storm field.
It is quite conceivable that during periods of ascent
of moist air, the transfer of energy to the sea bed may be less than
when the latent heat of vapourisation released by the rising air has
been fully converted into kinetic energy of the circulating air.
This implies that the energy transferred to the sea bed is
controlled as much by the pumping of piled-up water at the centre as
by the effects of the large amounts of heat released discontinuously
from condensing vapour.
The combined effect of all these factors is
seen in the rise and fall in the amplitude of the microseisms, which
originate not only at the storm centre, but anywhere in the storm
field, as has occasionally been observed in the past.

4.

FUTURE STUDY

The persistence of the fluctuations for 6 to 12 hours noted
in this present study strongly suggests the need for fresh analysis
of previous data in order to test the validity of the suggestions put
forward in this paper.
We have started a project for these studies
at the Geophysical Institute Quetta, but the subject is vast and it
would be profitable if other groups could also undertake this work.
For the future collection of data we propose to supplement
our present equipment at Quetta, Karachi and Chittagong with long period Milne Shaw Seismographs having low magnifications and to add
two more stations with similar equipment in East Pakistan to establish
a triangulation network at the head of the Bay of Bengal.
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5.

CONCLUSIONS

Study of the microseisms associated with the Bay of Bengal
storm of May 1963 has revealed the following facts:
(1)

The microseisms started before the tropical storm was
fully developed and were clearly in evidence at distances
greater than 3000 km.

(2)

Close to the storm, with a pressure deficiency of about
40 mb and winds gusting to 120 mph, the period and
amplitude at Chittagong (at a distance of 250 km) were
2.4 sec and 10.5,,.u. .
The period increased to 5.0 sec
and the amplitude fell to about 1.15µ at Lahore and
Quetta, 2000 to 3000 km away.

It has been found that microseisms recorded at Lahore,
Quetta and other stations in the Inda-Pakistan sub-continent can serve
as a significant aid in forecasting disturbances in the Bay of Bengal,
as there are no marked anomalous underground structures in the IndoGangetic basin or the eastern fringe of the Iranian Plateau.
Microseisms draw their energy from two types of sources:
(a) More stable features, assruned to be due to the rise in sea
level at the storm centre.
This causes the substratism of
the microseisms to increase as the storm deepens.
(b) The variable component is well marked and depends upon
(i)
'heaving' or prunping of the piled up water at the centre
with its natural period, the speed of the storm centre, the
tidal wave, the ocean currents and the configuration of the
ocean bed below the storm centre.
(ii)
Updrafts and downdrafts of distinct air parcels, with
conversion of the latent heat of condensation into kinetic
energy of the circulation.
This may take place anywhere
in the storm field, and when it predominates the microseisms
may originate at places other than the storm centre.
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CHAIRMAN'S SUMMARY : SESSION 5
R. J. Donaldson
Four types of observational tools were discussed : radar,
sferics, radiation sondes and microseismic recording.
Recent radar
studies of tropical storms have involved measurements of reflectivity
and their careful analysis with the aim of distinguishing between
regions of convective activity and stratiform precipitation.
Hurricane (or typhoon) spiral bands have been investigated in Japan
and the United States using these techniques.
The eye also has been the subject of recent research.
Radar
observations were made of the filling of typhoon eyes during landfall
and the rotation of a remarkable elliptical eye.
The possibilities of using Doppler radar in tropical meteorological research aroused considerable interest.
Despite the relatively high cost of such an instrument, the initial investment is
worthwhile because a Doppler radar can provide information on spectra
of precipitation sizes, vertical motions in convective cells, horizontal winds, and the extent of regions of extreme turbulence.
Modern sferics techniques are utilizing higher frequencies
than previous studies (up to 500 Kc/s) and the relative amplitudes of
several frequencies.
Empirical relationships have been found between
both the amplitude and rate of occurrence of these higher frequencies
and various indices of convective activity in thunderstorms.
The
discussion brought to our attention the development (by Prof. S.
Rossby) of a sferics receiver for a satellite, which will achieve a
relatively small acceptance angle by employment of a frequency which
cannot penetrate the ionosphere except in a narrow cone about the
zenith.
A paper by Bryson in this session dealt with radiation-sonde
measurements over India.
It demonstrated the significant role of the
deep pre-monsoon haze layer in the tropospheric radiation balance, and
confirmed the frequent existence of a tenuous cirrus layer near the
tropopause.
These observations stimulated extensive discussion of
the importance of radiation measurements in a variety of atmospheric
problems (e.g. volcanic dust in the stratosphere, solar absorption in
low-level haze layers), and also touched on the possible importance
of the deep haze layer in the initiation of the rainy phase of the
monsoon circulation.
Clearly more measurements are highly desirable.
Naqvi presented a case study showing general agreement of the
amplitude of microseisms with the intensity of a severe tropical
cyclone and demonstrating the utility of this method in particularly
favourable locations.
However, the relative importance of the
variations in convective activity of the storm and the configuration
of the sea floor aroused some controversy.
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1•

INTRODUCTION

The Space Age of Meteorology is now nearly five years old
and it is fitting that we should review the development of this lusty
child, the meteorological satellite, at this International Symposium
on Tropical Meteorology.
It is particularly appropriate because
tropical meteorology may well be the field that obtains the most
benefits from the meteorological satellite.
The purpose of this review is to survey the current "state
of the art".
For that reason emphasis will be placed on methods of
utilization of satellite data and some characteristics that make these
data unique.
Consequently this cannot be an exhaustive list of
research results.
Some very impressive results have already been achieved,
but a discussion of methods and characteristics will, I hope, stimulate discussion and suggestions for further research.
Sensors were flown on the early Explorer series in 1959
to measure a broad spectrum of radiation from the earth and its
atmosphere.
An experiment to obtain a crude pictorial representation of the earth and its cloud cover was flown on Vanguard II
satellite (Feb. 1959).
On the First of April 1960, TIROS I was
launched and you are all aware of the success of this series.
The
actual use of satellite data in tropical meteorology started with
the TIROS observations.
There are some obvious uses of the information, such as
location and tracking of tropical disturbances.
It was soon
apparent, however, that the meteorological satellite can tell us much
more, but it speaks a foreign tongue!
A large and important task is
learning to understand that new language!
Expressed less figuratively, these new data need interpretation based on the knowledge of
atmospheric characteristics which are either unknown or known very
imperfectly.
For that reason much research effort has been devoted
to interpreting the effects revealed by satellite data in terms of
the more routine atmospheric parameters.
2.

OPERATIONAL USE

Operational use has not been made of the infrared data,
largely because the instrumentation has been experimental and
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Figure 1.
Upper level vortex photographed by TIROS V,
JO Jan 1963. Ships passing through this area observed a
marked ITC between SSE and NE winds at 8°N but no vortical
circulation at the surface.
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developmental.
As a result the work up to this time has been
concerned with the verification of the data in order to interpret
the measurement in terms of calibration, sensor deterioration, etc.
Operational use of satellite data therefore has been
confined to use of pictures and largely limited to detection and
location of incipient storms.
Vast areas of tropical oceans contain undetected disturbances that are the nucleus of dangerous storms.
Even weak vortices
are apparent on satellite picture and the large number pictured
suggests that vortices in the high troposphere array clouds into
spiral patterns while the low troposphere is hardly perturbed.
Figure 1 shows such an upper level pattern superimposed on the cloudiness of the ITC which is at about 8°N.
Usually a nephanalysis is sent by facsimile and encoded
for teletype transmission for each picture sequence.
Whenever a
tropical vortex is seen by the first quick inspection of a sequence,
a special message is sent from our readout station to the analysis
center in Washington which in turn addresses a message to the
Meteorological Service likely to be affected if the storm develops.
Many circulations of the high troposphere produce pronounced spiral
cloud systems (Fig.1) and these are also noted in these special messages.
Sometimes they never produce a circulation at the surface,
but each one is potentially dangerous, so the warning enables the
forecaster to watch a particular area for subtle signs of development
that he might otherwise discount.
The changing appearance of cloud system from day to day is
a clue to the changing intensity, but at this time no determination
of intensity can be made from the pictures by themselves.
For that
reason no hurricane can be absolutely identified initially without
supporting data such as from reconnaissance aircraft.
Scores of hurricane and typhoon pictures have shown however,
that the fully developed storm has some easily identified characteristics.
Figure 2 is the first example of a single sequence covering
two hurricanes.
(This has since been achieved with Pacific typhoons).
The features that are common to fully developed storms are
the bright sharp-edged cirrus and middle cloud patterns with the
trailing curved outflow "tail".
When a larger sample is available, there is hope that the
fully developed storm can be distinguished from the upper level
vortex and the weaker tropical depression, so that a firm hurricane
identification can be made from satellite data alone.
The pictures and the nephanalyses also provide some supplemental aid to the analyst in non-storm situations and we are
confident that this potential will be increasingly exploited, for
research is proceeding along this line.
An example of another operational use of satellite data is
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"DEBBIE"
31° N, 47° W

"ESTHER"
15° N, 38°W

TIROS III
1830 GMT

Orbit 881
Sept 11, 1961

Figure 2.
Composite of picture sequence showing two
hurricanes and the nephanalysis transmitted to forecast
centers.
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found at the Weather Bureau Office of Idlewild International Airport,
New York City, from which aircraft depart for flights across the
tropical Atlantic over data-poor regions.
The nephanalyses have
been included in the pilot briefing kits to indicate the existence
and location of major cloud areas.
Reaction of the pilots has been
very favorable because these charts sometimes provide the only
available weather data.

J.

RESEARCH USE OF RADIATION DATA

TIROS II, III, IV, and VII all carried radiometers to
measure both the visible and the long-wave radiation from the earth.
Five portions of the spectrum are measured and recorded simultaneously
on magnetic tape for transmission to the ground control station on a
subsequent pass.
The radiation bands measured are: *
Channel
2 -

-

J - - - -

4 -

5

-

6-6.5 microns
8-12 microns
0.2-5.0 microns
7-30 microns
-55-.75 microns

A straightforward use of the water vapor window (the 8 to
12 micron band) has been to estimate height of cloud tops.
A paper
by Rao and Winston (12) and Fritz and Winston (5) explored this application over the United States where a good density of surface, upperair and aircraft observations enabled them to compare with independent
data the cloud heights estimated from the TIROS Radiometer.
Large-scale features such as frontal cloudiness and clear
areas of anticyclones were clearly revealed.
Some cloud heights
were accurately derived while others seemed to be overestimated.
The
discrepancies are thought to be due to both instrumental and atmospheric characteristics which are unresolved.
The changes of radiation from place to place are certainly
very good representations of the real variations of energy reaching
the satellite.
Differences from satellite to satellite as well as
differences over long time periods measured by the same instrument
are somewhat questionable because of calibration and deterioration of
the sensors.
A preliminary evaluation of the data from TIROS II by M5ller

(9) discussed some of these matters and subsequent work by Nordberg
et. al., (10) and discussion of their paper by Kern (7) also treats
the problem.
Some uncertainty is due to lack of knowledge concerning the
effect of water vapor absorption, especially in the wings of the water

*TIROS I V omitted Channel 4 and on VII a 15? band was substituted
in Channel 1.
35
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vapor "window" region.
Gradients of radiation sensed by the
"window" channel are very good indications of the gradients of largescale flux of outgoing radiation due largely to change of cloudiness,
and it is these features that can be used while the questions of
absolute radiation are being solved.
Let us review the variables that affect radiation reaching
the satellite as it affects estimates of cloud height.
The question
of calibration is not settled, but it will be resolved for future
satellites so let us assume that we can transform the signal from
the satellite to representation of radiant energy reaching the satellite.
Now, due to the nature of the filter, the energy affecting
the sensor is not sharply cut off at 8 and 12 microns.
In addition,
even within the water vapor "window", water vapor radiates some
energy so a fraction of the radiation comes from the higher, cooler,
water vapor situated above the main radiating surface, e.g., the
earth's surface or a low cloud top.
Ozone radiates to a small extent
in this region also (at 9.6 microns).
Wark et. al., (14) discuss
these problems and derive the various corrections that must be applied
to the data.
Many cloud layers are not completely opaque to radiation in
the 8 to 12 micron region.
For example, moderately thin cirrus can
be penetrated by radiation from below although the cirrus will emit
some radiation at its own temperature and, of course, correspondingly
absorb a portion of the radiation coming from the warmer cloud below.
In the same category is the effect of dust and other high level
material.
Resolution of the radiometers* is such that each measurement is the average over a minimum of some 700 sq.mi., making the
interpretation of any given effective radiating temperature very
difficult if the area is covered with a non-homogenous cloud deck.
In sunm1ary, variables not easily deducable from satellite
data alone which influence the energy received at the satellite in
the 8 to 12 micron band are:

(1)

Radiation from water vapor in the wings and throughout the
8 to 12 micron band.

(2)

Radiation from the ozone layer.

(3)

The vertical distribution of water vapor and other aerosols.

(4)

Density of the high level clouds and aerosols.

(5)

The horizontal distribution of clouds at different altitudes.

*See discussion of resolution in the following section.
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Presuming the matters just discussed can be disposed of,
there still remains the transformation of effective black body
radiating temperature to cloud height.
This is done by matching
height to temperature by use of a radiosonde or if none is available,
to a mean sounding for the area and season.
In general, this step
does not introduce uncertainties any larger than those mentioned
above.
The greatest difficulty occurs if clouds are in a stable
layer of the atmosphere where a small temperature uncertainty
produces a large height uncertainty.
In addition, large inversions
can also be a source of ambiguity.
For the reasons just discussed it is clear that the data
may give very good height estimates in some situations and quite
uncertain results in others.
Relative temperatures and the nature
of the gradients at the edges of cold areas are by far the more
dependable types of information.
Therefore it is frequently better
to display the data in terms of black body temperature rather than
making an exact transformation to cloud height contours.
Figure 3 is a display of portions of 6 days of radiation
patterns (over a period of 8 days) following the high cloud pattern
of the disturbance that became Hurricane Anna, 1961*.
Examination
of the isopleths that have been labelled in black body radiating
temperature, shows large variability from day to day.
Most of the
variability from one day to the next is thought to be due to the many
effects already discussed, especially measurements made at different
zenith angles (thus different areal averages).
Some of the time changes may have been due to real changes
in cloud height or density, but others do not seem reasonable if
assigned to real causes.
For example, according to the data on
figure 3 the cloud temperatures increased significantly from the 19
to 20 July, 1961, just during the period when the storm was changing
from tropical storm to hurricane intensity.
If interpreted as a
lowering of cloud tops (disappearance of cirrus!) it is a questionable
result.
Despite these uncertainties the figure illustrates the value
of these data in tracking tropical circulations both day and night.
In addition, the sharp gradients at the edge of the extensive radiation minima can be interpreted as the sharp edge of dense cloud mass
--- a good indication of a tropical disturbance.
Whenever television pictures are available it is possible
to transpose these isopleths of temperature onto the pictures.
In
that way the high clouds and low clouds are nicely differentiated.
Gray wisps of clouds which could not be identified from the pictures
alone, are revealed as patches of cold cirrus.
So far this technique requires painstaking hand reduction of the data and has been
*Taken from work by L. Whitney, Meteorological Satellite Laboratory,
presented at the Tropical Workshop for Satellite Meteorology, FSU,
Tallahassee, Fla., March 1963.
35*

\Jl

w

~

"

65"

55•

60"

45•

!!()'

20 "

20 '.

25•

30"

35•

40"

iO "

20 ·

I
I

I
I

HURRICANE ANNA JULY 14-21, 1961
Doily Radiation Patterns
Channel 2 TIROS III
Tee Isopleths in •c
Reconnaissance Positions

I

I
I

20-

0

I

I
I

0

I

15°

15"

~~~'j
-10(.J

~

01

/@
l
July 21. 1961
Orbit 133 R/O 132
1545 GMT
75•

-,

July 20, 1961
Orbit 118 RIO 117
1438 GMT

\

70"'---'\,/ ~~,

()"

C"'

......_..,..

u._ _/ss· ,/,.

L,

I

l

July 19, 1961
Orbit 104 R/O 103
1514 GMT

i.
60"

'-....J-

,._

_r,-..::,

10"

5·

July 18, 1961
Orbit 90 R/O 89
1552 GMT

./

' -rv"

55•

:

.

July 17, 1961
Missing Doto

July 16, 1961
Orbit 61 R/O 60
1514 GMT

July 14, 1961
Orbit 32 R/O 31
1455 GMT

July 15, 1961
Missing Doto

\.

\[
50"

45•

40-

35•

30"

25"

20"

.... _

o·

Figure J. Black body temperatures derived from 8-13 micron radiation,
TIROS III during the development and early life of Hurricane Anna 1961.

()"

§

5J5
carried out for a few cases by Dr Fujita at the University of
Chicago.**
TIROS Channel 4 radiometer responds to the interval 7 to
JO microns approximately, measuring thereby a large part of the total
infrared radiation from the earth and atmosphere.
The total
radiation is greatly influenced by radiation in the water vapor
window as can be seen from the following.
0

Figure 4 shows the infrared radiation intensity (for o
zenith angle) computed for a model tropical atmosphere with overcast
conditions (taken from (14».
The pressure-temperature and dew-point
curves appear on the left.
The thin curves are Planck function
intensities for various temperatures, and the heavy step curve is the
computed outgoing radiation.
The area under the curve is proportional to the radiation intensity.
The abscissa is labelled in terms
of wave number rather than wave length.
1
Channel 4 covers the interval roughly JOO to 1400 cmand
1
the water vapor window Tanges from 700 to 1400 cm- so the radiation
from cloud tops or earth surface is proportional to the area within
these limits.
It is clear that the largest part of the radiation
measured by channel 4 is emitted in the "window".
Thus radiation
patterns derived from channel 4 can also be interpreted as cloud
patterns subject to some modification by high level water vapor.***
Figure 5 shows a map of channel 4 data for 1 to 2 January
1961, for most of the earth between 55°N, 55°S.**** The concentration of clouds in the ITC over the Atlantic and the western Pacific
The ITC in the eastern Pacific is conspicuous by its
can be seen.
absence.

**An example of Dr Fujita's work is contained in reference (6)
pages J57-J87.

*** Differences between the radiation measured by channel 4 and
channel 2, (the water vapor window) is due largely to the water vapor
radiating in the interval 1J to JO microns.
Some investigation to
determine moisture content of the air by comparison of these channels
has been done and a mean humidity of the atmosphere derived (10).

**** To be published in the Wexler Memorial Issue of the Monthly
Weather Review, October 196J by Rao and Winston.
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Figure 6* is a graph of the zonal average of channel 4
data for two seasons.
The world-wide mean position of the ITC in
July is 8°N while the November-December mean position is not so
clearly marked and apparently has a double structure. * *
The
asymmetry of the ITC relative to both latitude and longitude suggests
that longitudinal averages should be constructed for smaller
intervals.
As more data are available it will be possible for the
first time to develop a climatology of the ITC in this manner with
detail and accuracy.

4.

RESEARCH USE OF PICTURE DATA

Early in the TIROS program picture data were used largely
as a supplement to standard cloud data, just as if they were routine
cloud observations to be plotted on a surface map for analysis.
It was not long, however, before certain patterns appeared
repeatedly, with minor variations from case to case.
One very
common type is shown in figure 8, and is discussed later.
In addition, cloud fields over tropical oc e ans can usually be recognized as
"tropical" solely from their "general appearance" - probably due to
conditions in the trade winds layer that are so similar over vast
stretches of the tropics.
Cloud organization, configuration and orientation reflect
a particular combination of atmospheric conditions.
When the conditions change, the patterns change.
(For example see figure 8 and its
discussion).
This suggests the exciting possibility of establishing
the association between various patterns and their atmospheric
complexes so that the picture data by itself can provide a wealth of
analytical data for synoptic analysis.
At the same time it suggests that the meteorologist must
evolve different analysis techniques to take advantage of this new
data source.
(This may be a serious bottleneck in the development
of analytical methods because it involves changing established habits!)

Same data was also
*From a paper by K. Rao submitted to WEATHER.
used in "Synoptic Interpretations and Heat Balance Determinations
from TIROS II Radiation Data" Ray Wexler - Sc. Rpt. No.1 ARACON LABS,
Boston, Mass., 4 Jan. 1963.
**Similar data from Explorer VII (not shown) shows a marked radiation minimum at 10-15os during a Southern Hemisphere summer.
Although
it is unexplained, a geographic bias of the data is suspected.
Since
the data were collected the previous year, it could represent a
different synoptic condition but it is difficult to rationalize a
mean ITC position this far south at any season.
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Indications at this stage are that some pictures show
evidence of stability and sea surface-air temperature difference
(for example, cells (8) while others reveal little about stability
but reflect the configuration of the field of motion.
Still others
strongly suggest concentration of circulation (vorticity) and vertical
motions (divergence-convergence).
On the other hand, it appears
that some pictures show only random patches of clouds that contain
insignificant data.
This is convincing evidence that satellite picture data
are basically different from standard data, in the following manner.
If an analyst wants to inspect the vertical temperature distribution
he turns to radiosonde data.
If he wants to know the cloud type
he inspects synoptic reports, and if he wants to study the wind
velocity and shear he calls for rawin and pibal reports.
On the
other hand, the analyst may not be able to anticipate a priori just
what detailed information he will derive from satellite data.
In
some cases it will concern the thermal structure, in other cases, the
wind direction, etc.
Clearly the analyst must adapt his procedure to extract
whatever data are available from the pictures for i t is not possible
to adapt the pictures to give him the specific data he might want at
that time and place!
It is our progress in this interpretive task,
especially in areas outside of active disturbances, that reveals our
stage of progress in the utilization of satellite picture data.
These data must be analyzed in a manner not too different
from reconnaissance photo-interpreting.
The necessity for interpretation arises because the coarse resolution of satellite
pictures does not reveal the fine detail we are accustomed to using
in cloud observation, but the broad areal coverage emphasizes many
features never seen before!
Our information is therefore both
filtered and enhanced on a new, strange, scale.
Interpretation is
so fundamental to utilization we must examine this aspect in some
detail.
A parameter basic to this question is resolution of the
data, which concerns both the infrared radiometric data and the
television pictures.
By "resolution" I mean the ability of the
sensor to reproduce detail.
For example, if a photographic system
can reproduce two closely spaced cloud elements as two distinct
"spots" it has "resolved" those features, but if they are smeared
together as a single blur, the cloud spacing is smaller than the
resolution of the system.
The current ''state of the art~ as well
as engineering considerations, limit the resolution of both photographic and radiation satellite sensors.
Discussion of the TIROS
medium resolution radiometers will illustrate the effect of
resolution.
Each of the five radiometer channels views a solid angle
of about five degrees.
The axis of each sensor is inclined 45°
from the vehicle spin axis so that the five degree field of view
sweeps out a circular scan pattern at a speed of one revolution per

five or six seconds.
The line of scan projected on the earth's
surface is circular, elliptical,parabolic or hyperbolic, depending
upon the tilt of the spin axis from the local vertical.
Two such
scan lines are illustrated in figure 7.
The first scan line
intersects the earth's surface near Cuba, sweeps eastward to a point
nearly beneath the satellite, then northward and leaves the earth's
surface near the North American Continent off the top of the illustration.
Approximately ten minutes later the spin axis is nearly
vertical and the scan pattern is approximately circular.
The
shaded areas on the scan lines represent the area encompassed by the
five degree field of view.
The radiation from these shaded areas
are sensed as successive instantaneous measurements.
Because
individual measurements are made 46 times per second, virtually
continuous measurements of overlapping areas are recorded.
Note the size of the minimum area included in an instantaneous measurement beneath the satellite.
The minimum size is about
JO nautical miles in diameter
(over 700 square nautical miles) and
the area increases by an order of magnitude at large oblique angles
of view.
Thus the resolving capability of these sensors is variable
and at best, the sensors average together all radiation from some
700 square miles.
The three-dimensional character of radiating elements is
also important.
Were the various radiating sources strictly twodimensional on a smooth earth, the measurements from a given area
would depend only upon the temperatures and emissivity from the
surface within the field of view.
But measurements in the water
vapor window for example pertain to three-dimensional clouds.
An
area 50% cumulus cloud covered, viewed vertically, would radiate
from half the area at cloud-top temperatures and from half the area
at near-surface temperatures.
With increasing t i l t angle, less
of the terrain and more of the cloud sides would fill the field of
view.
At large angles no earth's surface but only cloud top and
sides would fill the sensor field of view.
The consequence is that
radiating temperatures decrease as t i l t angle of view increases.
Thus the type and distribution of cloud affect the radiation measured at various tilt angles.
These two characteristics of variable resolution and "edge
on" viewing of cloud fields affect cloud pictures as well.
Each
television picture can be regarded as a matrix of scan spots (with
a diameter of the TV scan line width, projected on the earth) thus
each scan spot has a finite field of view just as does each radiometer
sensor.
The wide-angle TIROS television picture scan spot size is
of the order of 1.5 to 2.0 n.mi. in diameter when the area viewed is
directly beneath the satellite, increasing to greater than 10 miles
near the horizon.
It is clearly not possible to identify cloud types on the
basis of the characteristics that are visible on high resolution
photographs.
For example the cauliflower appearance of the developing thunderstorm can ·not be seen.
Research concerned with these problems is reported in (1)
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and (2).
It turns out, fortunately, that some cloud types can be
recognized from the characteristic mesoscale patterns they produce.
For example, developing cumuli cluster together to form highly
reflective, sharp-edged areas on a mesoscale and trade cumuli are
frequently arrayed into rows on a scale large enough to be shown on
satellite pictures.
Now all of us, for the most part, have considered cloud
data on only two scales; one very small the other very large.
Formerly we studied individual cumuli or patches of clouds a few
miles across by means of photographs and personal observations.
On
the other hand, we plotted cloud observations on maps for analysis,
revealing the large scale cloud distribution.
When we look at
satellite data however, we see patterns that are not the familiar
small scale patterns and even weak large scale patterns are sometimes
difficult to distinguish because of the medium scale fluctuations.
This brings us to the crux of the interpretation question.
The resolution of the satellite pictures and the mesoscale circulation of the atmosphere interact to yield a unique type of filtered
data.
The user must be ever-aware of the effect of this filter.
The predominant cloud pattern scale we see outside of storms is of the
mesoscale, a scale about which we know very little!
The first reaction to this state of affairs is to feel
satellite data are of limited utility.
Experience shows, however,
that there is a wealth of information concerning all scales if we can
but interpret it.
These are the reasons I refer to the satellite data
as a "foreign language" which we must learn to understand.
Figure 8 illustrates this point.
These patterns are seen
repeatedly over tropical oceans where the inversion is large and at
low elevation.
The clouds are stratocumulus and arrayed into (a)
open centered cells, (b) into large patches of stratocumulus with
small clear lines between the patches and (c) in radial patterns some
hundreds of miles across.
This single picture must we feel, reveal
different convective regimes, different inversion heights or other
meteorological controls which change from one pattern to the next.
The common feature we believe:
they are all inversion-capped.
The
patterns are all mesoscale but their existence reflects the largescale synoptic situation and the change from one part of the ocean to
another.
Many satellite pictures reveal mesoscale features that will
eventually be interpreted in terms of their larger scale cause and
must be exploited in this fashion if we are to take advantage of the
potential of this new observing instrument.
A bonus of the meteorological satellite program has been an
unexpected degree of organization of cloud systems, but there are
vital unexplored questions concerning this organization.
We have
seen many pictures of disturbed areas completely cloud covered with
no apparent organization.
Many of these cloud masses later show
definite lines, bands and a spiral configuration.
Pictures of the
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Figure 8. Three types of stratocumulus patterns frequently
observed beneath low inversions over tropical oceans.
TIROS V,
Pass 1578, 7 Oct 1962.
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ITC show the spiral cloud patterns associated with vortices and
apparently every incipient hurricane circulation also shows up a
highly organized spiral cloud pattern.
Questions to be answered:
"How, why, and when, does the
organization evolve?" Answers to those questions will enable us to
derive, from satellite data, a fantastic body of information about
the atmosphere!
At this stage we have some good indications concerning some
of the answers, but a certain amount of subjective judgement runs
through most of the interpretive work.
Sadler (13) shows several examples of pictures from TIROS
III illustrating both upper level and low level vortices in the
tropical Pacific (his figures 21 to 26).
He states that pictures
by themselves are not adequate to identify the level of these systems
but that they can be distinguished by use of a few standard type
observations and a good knowledge of the climatology.*
An important interpretative item used by Sadler is the
presence or lack of a cirrus shield associated with the vortex and the
degree of organization of a spiral structure.
He feels that the
middle level vortices will organize the altostratus and altocumulus
bands into a weak vortex-like pattern, but until the circulation
builds downward to "tap" the warm moist air, releasing its latent
instability, no marked spiral structure or cirrus shield will develop.
He also makes the point of identifying large areas of
structureless cloud cover as the convergence in high level cyclones,
if they lie along the east-west high level trough in the tropics.
There is little doubt that such events are sometimes so
pictured by TIROS.
On the other hand, some of his examples are
offered without any supporting data.
At this stage Sadler as well
as the rest of us,leans heavily on subjective estimates.
The association of convection and strong spiral organization
has been noted by others.
Hubert (6) documented two cases of convective cloud organization.
Figure 9 illustrates the point that within a convective
layer the cloud lines lie along the vertical shear
vector rather than along the winds.
In figure 9 the thin lines are
streamlines for 700 mb level while the heavy arrows are directions
of the shear vector in the convective layer (approximately 4,000 to
12,000 feet).
The picture and nephanalysis show the cloud vortex
agrees with the orientation and position of the shear vectors rather
than the wind vector.
This writer feels the case illustrated here and the strong
organization hypothesized by Sadler are logical consequence of
*This brings out an important point, namely, that the total of information from TIROS and other data is frequently greater than the sum
of their individual contributions if used independently.
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convection.
While it is largely opinion at this time, it is suggested that the orientation along the shear is brought about when there
is vigorous momentum exchange in the vertical, through a shearing
layer.
Under this condition a mid-tropospheric vortex building downward would create a vortex shear pattern as it "tapped" the lower
layers, so the developing cumuli would be organized into the spiral
pattern.
Before the development had built down to the unstable
layers, the pattern might be due mainly to a "streaming out" of a
non-uniform cloud deck by the lateral shear of the upper level vortex.
It is suggested that the streaking by the lateral shear would create
a less pronounced pattern than the vertical shear orientation of the
cumulus layer with i t .s vigorous vertical motions.
Where the wind
and shear vectors were in the same planes the spiral location and
orientation would not change during this downward extension, but only
increase in "organization".
The author's opinion here, and Sadler's suggestion can
hardly be regarded as proof, so a great deal of research and documentation is required before we can confidently base picture interpretation on these models.
Almost every researcher frequent~y comes to the point of
interpreting some cloud lines, bands and streaks as indication of wind
direction.
This estimation of the horizontal field of motion by the
cloud patterns must be done cautiously because of the shear orientation mentioned above.
Also, larger scale bands may be produced by
convergence lines.
Old polar fronts moving into the subtropics and
tropics might produce such bands at large angles to the wind.
Ramage (11) used TIROS I data for the case study of a subtropical
cyclone and pointed out the significance of this class of cloud patterns.
The current situation is that some small scale, mesoscale
and sub-synoptic scale patterns can be recognized as shear and/or
wind oriented by the experienced analyst, but at the large-scale end
of this spectrum are cloud bands whose relation to the wind direction
is ambiguous.
The addition of a few actual wind reports or even
climatology is then very helpful in their interpretation.
Where widely scattered wind reports, or only climatology
are available to aid in the interpretation of cloud patterns, it is
essential to view the largest possible area.
This is true for almost
any information one may hope to derive, but i t is especially true
where wind direction is to be inferred.
Only in this way can an
integration be made of the multitude of small detail with the overall
pattern, and fitted into the "most probable" configuration consistent
with climatology, synoptic models, and actual data.
Figure 10 is a composite of three passes of TIROS III over
the eastern Pacific, laid out as nearly as possible in the proper
geographic relation to each other.
These are taken from an unpublished study of the ITC by H.M.Johnson of the Meteorological Satellite
Laboratory.
Notice the long ITC with vortices and the NNE-WSW cloud
band of about 15°N, 165°w to 25°N, 155°w apparently marking a trough
line.
The major bands are composed of middle clouds and cirrus
with an unknown amount of embedded cumuli, implying large-scale
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Figure 10. Three sequences from TIROS III illustrating a typical ITC
situation and tropical vortices at 14°N, 170°w; 13°N, 159°w and 15°N
116°w.

convergence in the middle and high troposphere.
The vortex at the
southern end of the north-south band (at 14°N, 170°w) is thought to
be in the low troposphere, however, because outside of the solid
overcast region thin lines of cumuliform clouds curve about the
center, revealing cyclonic circulation in the lower layer.*
Now if only the single frame covering the area 10°N -15°N,
0
170 W were viewed, it could not be interpreted as indicating the
west wind branch of a cyclonic center.
This interpretation requires
the adjacent frames.
The inadequacy of viewing a single frame is
that the thin line of clouds could not be recognized as part of an
overall pattern without viewing the whole pattern at once.
Although the "why" of cloud organization is still an open
question, there is already a suggested answer to "when" the organization evolves.
It is quite possible that wave-like perturbations in
the trade winds do not produce the characteristic mesoscale spiral
bands until a closed vortex circulation is achieved; an indication
resulting from the study of hurricane formation during the 1961
season.
Fritz of the Meteorological Satellite Laboratory has made
a careful analysis of the formation of Hurricane Anna, 1961 (4),
using TIROS III pictures and conventional data.
Figure 11 illustrates
the onset of cloud organization.
Figure 11A shows the non-organized
cloud mass about 15Z, 16 July 1961 which marked the disturbance that
became Hurricane Anna a few days later.
Figure 11B shows the same
disturbance on 17 July, about 24 hours later.
The strong organization
of the cloud pattern in this 24-hour period is clearly seen and it is
suggested that this change has been produced as the open wave in the
easterlies intensified into a closed circulation of a tropical storm.
Unfortunately, data are insufficient to prove this implication, but a west wind southwest of the center proved the circulation
had developed beyond the wave stage by the seventeenth and it was full
hurricane intensity by the twentieth .
.Frank of the U.S. Weather Bureau at Miami, Florida has
studied the formation of an Atlantic tropical storm**and has made a
different use of the satellite data.
He was able to trace the formatiye stage from a high level cold cyclone through the convective
heating and consequent generation of an upper anticyclone.
The
satellite pictures reflected the "explosive" growth of convective
cloudiness as the upper anticyclone developed when the moist unstable
lower layer was "tapped" by the developing upper low.
0
*A second vortex is also seen at 1J N, 159°w but the view is so foresho5tened it is difficult to recognize.
The cloud mass at 150N,
116 W appears to be a tropical storm, but it has not been verified
with any other data.
* ~ - To
/
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Figure 11. Two TIROS III pictures showing early stages in the
development of Hurricane Anna 1'961. (Compare with Fig. 3) (4).
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5.

CONCLUSION

It is clear that the potential benefit to tropical
meteorology of satellite data is tremendous.
The material presented illustrates how satellite data can reveal something about
stability, field of motion, synoptic scale disturbances and supply
invaluable supplementary data for research problems.
This new data source is unique and requires special
analysis techniques to exploit it.
The interpretation of satellite
data is quite subjective at this time and in some cases even speculative.
Most other branches of meteorology are rapidly leaving the
subjective stage and certainly this is the largest task facing us.
Subjective integration of myriad picture details with
climatology, scattered synoptic reports and models, into a "most
probable" synoptic analysis can now be accomplished only by a meteorologist with broad experience in tropical meteorology and satellite
data.
Incorporation of these skills into an objective, quantitative analysis procedure is a formidable task, toward which we must
strive.
Real progr~ss and widespread use of satellite data will come
only as we are able to accomplish this!
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TIROS OBSERVATIONS OF THE SUMMER CIRCULATION AND
WEATHER PATTERNS OF THE EASTERN NORTH PACIFIC*
James C. Sadler
International Indian Ocean Expedition
ABSTRACT
The TIROS satellites have obtained considerable
photographic data over the conventional-data-sparse tropical regions of the eastern Pacific Ocean.
The data for
the summer seasons of 1961 and 1962 are utilized to depict
the typical low-level flow patterns.
The eastern North Pacific is dominated by a monsoonal circulation whose principal control is a low-level
trough, or wind-shift zone, which has a mean position
between 10°N and 15°N during August, September, and October.
There is a reversal of wind flow across the zone, with
westerly winds on the south side and easterlies to the north.
Vortices form along the shear zone and may intensify to tropical storms and hurricanes.
A majority of the intense
storms track north of west out of the trough zone but many
travel west into the central Pacific.
The westward extent
of the surface westerlies associated with the shear zone
were verified by ship reports to beyond 150°w during August
1961 •
A split or double convergence zone is associated
with such a flow pattern with the wind-shift line or monsoonal trough being a region of minimum cloudiness.
The
principal convergence zone, as identified by the convective
cloud system, is some 100 to 200 miles south of the trough
line and lies within the west winds.
A secondary convergence
zone is within the easterlies to the north of the trou~h.
Low-level divergence near and along the equator is indicated
by a minimum of cloudiness.
The circulation regime is compared with the
meagre climatological data available.
A schematic synoptic
model is shown and discussed in relation to previous models
of the intertropical convergence zone.
1•

INTRODUCTION

! t is becoming increasingly apparent that the initial lowlevel disturbances from which most typhoons and hurricanes develop are
the tropical vortices contained within the monsoonal trough of the low
latitudes.
It is, therefore, highly desirable to obtain a physical

* Hawaii Institute of Geophysics Contribution No.60, University of
Hawaii, Honolulu, Hawaii.
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description of the trough in terms of vertical and horizontal distribution of wind, pressure, temperature, moisture, and precipitation.
The tropical eastern north Pacific Ocean is dominated by such a lowlevel trough during the summer season.
The TIROS meteorological
satellite data together with the meagre conventional data are herein
utilized to obtain a partial description of the feature.
The nature
of the available data limits the discussion to a horizontal description of the low-level wind field and the cloud or weather distribution.
MEAN LOW-LEVEL SUMMER CIRCULATION PATTERN FROM
CONVENTIONAL DATA

2.

The mean circulation pattern is the logical initial framework within which to view the daily or short-term synoptic systems.
A present depiction of the mean low-level wind pattern of the eastern
North Pacific is dependent on the meagre available conventional data.
These data are composited in Figure 1.
The marine data for 5-degree

Fig.

1

Composite map of the available low-level mean wind data in the eastern North
Pacific for the summer season.

squares were taken from the United States Navy August Pilot Chart of
the North Pacific Ocean.
The number of observations in each square
is not specified but is listed only as more or less than 25.
The
Line Islands data are for August-October covering varying periods of
record (Palmyra-J years; Christmas-J years; Fanning-14 years;
Malden-32 years).
Clipperton Island has 42 days of record during
August-September 1958 (Sachet, 1962).
The predominant frequency of wind direction is plotted as a
heavy line or lines and the thin lines represent a frequency of at
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least 10 per cent.
The resultant wind directions as determined by
Alpert (1946a) for August-October are plotted along 91W.
These
represent some 4000 aircraft observations obtained during 1942-1943
between sea level and 2000 feet altitude for longitudes 89W-95W.
The composited mean data are analyzed to portray the position
and westward extent of the wind-shift zone associated with the monsoonal trough.
On a daily synoptic basis this feature would be a
wind-shift line, and it is further defined as the line separating winds with easterly components to the north .from those of westerly components to the south. This line of cyclonic wind shear is also the
line of minimum pressure or monsoonal trough line.
Therefore, by
definition, the monsoonal trough must have westerly component winds
on the equatorward side.
Throughout this discussion the terms
wind-shift line and monsoonal trough line will be used interchangeably.
The daily or short term latitudinal fluctuation of the wind-shift
line would produce, in the mean, a zone of variable wind direction
containing comparable frequencies of east and west components.
An
analysis of this zone is shown (by the dark shading) in Figure 1.
The streamlines are drawn in consideration of the most dominant
wind-direction frequencies and therefore they depict rather closely
the mean wind direction.
The mean data show a well defined monsoonal
trough extending from Central America to 125W.
Between 125W and
145W winds of westerly component occur on at least 10 per cent of
observations between 5N and 10N, and westerly winds could well be the
dominant direction near 10N at these longitudes.
Westward of 145W,
the available mean data can only be interpreted as a zone between the
predominant northeasterlies and southeasterlies.
However, in consideration of the coarseness of the data, the monsoonal zone is
"feathered out" in the analysis to beyond 155w.
The flow pattern over the area exhibits the characteristics
of both the continental and oceanic patterns of Flohn (1955).
In
the eastern portion, from 125W to C.entral America, the continental
effect predominated in maintaining the trough above 10N and west winds
on the south side.
The turning of the winds from southeast through
south to southwest are in general agreement with the theoretical
considerations of the monsoonal flow by Schmidt (1951).
The continental influence decreases towards the west and the trough zone has a
horizontal slope towards the equator such that westward of about
150W the mean flow pattern is predominantly of the oceanic type with
easterly winds on either side of the minimum pressure zone.
Seasonal displacement of the mean monsoonal trough
The large volume of aircraft data between 89W and 95W which
Alpert (1945) used to determine the mean monthly position of the
intertropical convergence zone were also summarized by him in terms
of the seasonal resultant winds and percentage frequencies of occurrence of specific wind directions at increments of 1-degree latitude.
A
study of these data show a rapid northward movement of the minimum
pressure zone with an indistinct and variable wind pattern during
March and April.
The monsoonal trough or wind-shift is established
near 10N in May and has very little mean latitudinal movement
throughout the summer months and through November.
There is an
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Mosaic of TIROS III orbit 524 near·223oz 17 August 1961.
Coordinates on this and subsequent mosaics are only
approximate.
Fig. J

Mosaic of TIROS III orbit 525 near OOOOZ 18 August 1961.
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increase in the persistence of the wind-shift line - as measured by
the increase in percentage of westerly component winds on the south
side during the months of July-October.
In summary, the data can
best be interpreted as a formation and intensification of the monsoonal trough near a particular latitude rather than a latitudinal migration with seasons.
In a similar manner, the ·data contained in the
monthly pilot charts of the North Pacific Ocean can best be interpreted in terms of a westward extension of this wind-shift zone during
the summer season and a northward bulge or widening of the zone
between longitudes 100W and 1JOW (Figure 1).

J.

DAILY OR SHORT-PERIOD SYNOPTIC CIRCULATION PATTERNS

Satisfactory conventional daily synoptic analyses are impossible over the tropical eastern North Pacific due to the lack of
data.
The exception is the extreme eastern portion traversed by the
shipping lanes through the Panama Canal.
Satellite cloud data are
of considerable assistance in certain types of analyses over such
data-sparse regions.
However, there are many difficulties in proceeding from the excellent, total cloud-cover picture furnished by the
satellite to a more conventional analysis, i.e., a wind analysis at
a specified level.
These difficulties arise from the interpretation
problems in determining cloud types, altitude, thickness, and cloud
alignment versus wind direction (Conover 1962, 1963).
The interpretation of low-level winds from low-cloud alignment is further complicated in this area by the possible 180° ambiguity on crossing the
wind-shift zone.
The zone is often rather narrow, and the 180°wind
shift caR occur abruptly across the trough line.
Fortunately, the satellite data have shown that the synoptic
scale circulations in and near the monsoonal trough produce cloud
organizations which so lend themselves to rough modelling and identification with the wind patterns as to reduce or eliminate some of
the ambiguities mentioned above.
The most obvious and useful
organizations are the vortex cloud pattern associated with many
tropical cyclones, the convergence line or zones, and the extensive
clear zones and areas.
Previous studies of the TIROS data (Sadler, 1963a, 196Jb)
during the summer season have shown a rather high frequency of tropical cyclones in the eastern Pacific.
More surprising than the total
is the frequency of cyclones which have an extended westward track
beyond the longitude of the Hawaiian Islands.
During some periods
when photographs were taken on consecutive orbits and/or days, the
data have revealed a "chain" of vortices travelling westward, usually
between 10N and 15N.
Two such periods will be discussed to illustrate common low-level synoptic regimes.
Case 1.
TIROS III obtained good data during three consecutive
orbits centered on OOOOZ 18 August 1961.
Cloud mosaics of these
orbits are shown in Figures 2, J and 4.
The cyclone of orbit 524
(Figure 2) is estimated to be in the development stage and near
tropical storm intensity.
The cyclone on orbit 525 (Figure J), with
an estimated position indicated by the "X", appears to be relatively
weak in intensity.
The two cyclones of orbit 526 (Figure 4) are in
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the decay stage.
The one near 170W has been of hurricane intensity
in the immediate past, as is indicated by the residual eye wall cloud
(Sadler, 196Jb).
These cyclones, of varying intensities, are positioned along an east-west line near latitudes 1JN-14N.
By utilizing these satellite data and the available conventional data, a low-level synoptic streamline analysis is drawn for
the tropical Pacific and shown in Figure 5.
There are sufficient
ship data in the extreme eastern Pacific to permit a reliable wind
analysis which corresponds rather closely to the mean pattern of
Figure 1.
Westward of 110W, in the large conventional data gap, the

Fig. 5

Surface streamline analysis of tropical Pacific for OOOOZ 18 August 1961.
Winds of westerly component indicated by shading.

observed vortices and convergence lines have been used as anchor
points in the analysis.
The most controversial point concerning the
analysis is undoubtedly the broad extent of westerly component winds
south of the trough line.
These are shown by shading and are well
supported by ship data to 100W.
Between 100W and 120W they do not
violate the mean data.
At 170W the low cloud lines associated with
the decayed hurricane show west winds to below 10N.
Between 120W
and 170W the analysis relies heavily on the wind at Fanning Island at
5N, 161w and on the alignment of the bright cloud lines, between 5N
and 10N, which merge into the southern convergence zone of Figures 2
and J.
No ship reports were available for 1S August to verify the
existence or extent of the westerlies, however, reports were available from a few ship traverses in late August.
These are plotted in
Figure 6.
Ship KRCP crossed the wind-shift line near 1J4W at 12N on
2S August and reported west winds southward to SN.
Ship KIER crossed
the zone twice near 150W.
Southbound, on 26 August, the wind-shift
line was crossed near 12N and light westerlies extended only to 10N.
On the northbound trip a few days later, westerly component winds
extended from SN to the wind-shift line which had moved northward to
between 1JN and 14N.
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It is of interest to note, from ships KRUW and DADH, that
if ship reports are only available at 24-hour intervals the narrow
west wind belt can be missed entirely.
The satellite data and ship traverses show that the trough
and wind-shift line persisted during the last half of August to beyond
150W between latitudes 12N and 14N.
Whether this is the dominant
pattern or a chance sampling during a period when the trough had an
abnormal westward extension and persistence is yet to be determined.
The mean data (Figure 1) would possibly show this narrow zone of westerlies if the grid size were smaller than 5° squares and/or the data
sample were centered at 10N.
Case II.
A f.eature which has been well observed during the lowlevel monsoonal trough season of the western Pacific is also observed
by satellite data in the eastern Pacific.
Cyclones which do not
intensify beyond the tropical storm stage tend to remain in and track
along the trough line.
The more intense tropical storms and typhoons
come under some influence which causes a more northward path out of
the trough line.
The trough line tends to remain in position or, if
it is temporarily displaced northward with the typhoon, to reform
very rapidly near its original position as the typhoon moves away.
TIROS V observed such a sequence in the eastern Pacific during August
1962.
Hurricane "C" was photographed on six separate days between
24 August and 31 August.
The history of the storm was discussed by
the author (Sadler, 196Jb), and "snapshot" views are shown in Figure 7.
The storm track is shown in Figure 8.
A logical extension of the
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track prior and subsequent to TIROS observations is shown by the
dashed line.
The fact that the trough remained to the south, and
near its mean position, is shown by the observation of weaker cyclones
to the south of "C" which are tracked westward along the trough line.
Photographs of these weaker cyclones and their relation to "C" are
shown in the mosaics of Figures 9-12.
The position of the trough or
wind-shift line is also indirectly indicated by the persistent intense
cloud line near 10N in the mosaics.
As will be discussed later, this
convergence zone is normally positioned about 2 degrees south of the
trough line.
If the weaker cyclones travel along the trough, a line
connecting the centers should furnish a good approximation to the
trough line.
Such a trough determination, from the observed TIROS
data, is shown by the dotted l .i ne of Figure 8.
Note the extreme
similarity to the alignment of the mean trough as analyzed in Figure
1.

4.

THE CONVERGENCE ZONES

The convergence lines or zones of heavy cloudiness have so
far only been mentioned, but i t is obvious from all of the TIROS data,
and the small sample shown here, that they represent one of the dominant features of the summer low-level monsoonal circulation of the
eastern Pacific.
The following remarks concerning the observed convergence zones will also apply in general to other tropical oceanic
areas dominated by a monsoon trough, and in particular to the eastern
Atlantic which has a very similar summer monsoonal circulation regime
of the low atmosphere and ~ similar sea-surface isotherm distribution
on either side of the monsoonal trough.
The principal convergence zone is not located along the
trough but is some 2 to J degrees south of the trough line.
This
convergence takes place between the westerlies on the south side of
the trough and the flow from the southern hemisphere which turns anticyclonically from southeast through south to southwest.
The northern
edge of this convergence zone is usually rather sharp as opposed to
the "feathered" or ragged appearance of the southern portion.
This
seeming paradox, is the displacement of the convergence zones from
the trough line, is verified by the conventional data of previous
studies.
This feature was very evident in the data as summarized by
Alpert.
He was mainly concerned with the ICZ as defined by the
observed weather but in a discussion of the wind flow he states (1945)
"the main convergence usually occurred between the monsoon current
and the west-wind streams of these intermittent cyclonic circulations."
In his logical belief that the convergence zone and•the low-level
wind-shift line should coincide, he was led to conclude that their
separation of some 2 degrees of latitude, as shown by the data, was
more apparent than real for he states (1964a) "the southerly prevailing more steady Southern Hemisphere air stream is overemphasized in
the vicinity of the convergence zone and thereby the position of the
intertropical convergence zone, as shown by the resultant wind
direction 'appears' to be north of the actual mean positions of the
zone."
This feature was also noted by Simpson (1947) during a study
of the intertropical convergence zone near Panama.
In his discussion
of the associated cloudiness he states "in stronger convergences~
convection begins to increase 100 miles or more to either side of the
37
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trough line so that occasionally no single line of cumulus is distinguishable at the wind shift.,"
There is a secondary line of convergence located to the
north of the trough line which is also displaced from the wind-shift
line.
This zone is frequently absent and when present is much less
intense than the southern convergence zone.
This is as would be
expected due to the stability and dryness of the trade wind zone, as
compared to the instability and raininess of the westerly component
monsoon air.
Flohn (1958) utilizing nearly 700 pilot balloon observations in an investigation of the three-dimensional structure across
the meteorological equator (ITC) found weak convergence below the
trade wind inversion on the polar side but strong convergence on the
equatorial side.
Although not stated, this would also imply the lack
of convergence at the trough line.
The TIROS data have shown the area between the convergence
lines to be one of minimum cloudiness.
This minimum cloud area is
more or less centred about the wind-shift line which is also the
minimum pressure or trough line.
The trough is, in fact, likely to
be clear or to contain only scattered clouds except for the conc~ntr
ated cloudiness associated with the tropical cyclones travelling along
the trough.
The mean data of Figure 1 show the trough to be very persistent to at least 120W.
In view of the mean data westward of 120W
(Figure 1) it is possible that the two cases which have been illustrated here by TIROS data represent "active" periods with "activity"
being a measure of the westward extension of the trough and a procession of westward travelling tropical cyclones, of various
intensities, along the trough.
The frequency of the active periods
undoubtedly varies from year to year and even within seasons similar
to that which has been observed in the Western Pacific, however, the
TIROS data do show that once the active period is initiated it can
persist for weeks.
During this period we would expect, and TIROS
does confirm, that the convergence zone to the south would be persistent and would have a large longitudinal westward extension with the
trough.
The TIROS data of both Cases I and II (Figures 2-4, 9-12)
show this convergence zone more or less "anchored" near 10N and
extending westward to beyond 160W.
If all the cyclones are tracking
along the trough as in Case I we would also expect, and again TIROS
does confirm, the northern convergence zone to be more apparent, see
Figure J.
In case II, where a hurricane is tracking north of the
trough, the trades are disrupted and the northern convergence zone
is displaced far to the north by the hurricane circulation.
Figure 11 illustrates the tendency of the northern convergence zone to return southward to a normal position just north of
the trough line as the hurricane moves off to the west.
The orientation and intensity of the convergence lines, on
a daily or synoptic scale, responds to the passage of the tropical
cyclones.
The more intense the cyclone the more influence it exerts
on the alignment of the convergence lines within its vicinity.
If
the cyclones travelling along the trou~h line are relatively weak, the
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convergence lines show little realignment response during their
passage.
This is illustrated well by the southern convergence line
of Case II (Figures 9-12) which maintains an eastwest orientation and
a rather sharp northern boundary near 10°N.
The effect of the more
intense cyclone circulations on the alignment of the convergence lines
can best be described as one of segmentation, as illustrated by
Figures 3 and 4.
Such segmentation helps to explain some of the
variability in weather patterns which have been reported by aircraft
traversing a monsoonal trough region.
Whether the flight encounters
good weather, one zone of convergence, or two zones of convergence,
depends on the position and track of the traverse.
In the absence
of TIROS observations, the weather and wind reports from an aircraft
on a low-level east-west flight from 165w to 170W between 15N-20N
(Figure 4) would most certainly be erroneously interpreted as a passage
through a strong easterly wave.
The winds curve cyclonically and the
weather is concentrated in the SE flow with only scattered cyclonically curving cloud lines in the region of NE flow.
(Malkus et al.
1961) •
If the cyclones are intensifying, the convergence lines,
even though they are rather dominant in the large-scale picture, are
deflected and appear to become part of the storm circulation (see
Figure 2).
This feature has also been observed during the development and intensification stages of Western Pacific typhoons.
The
photographs suggest that such a sequence is a factor in the supply
of energy for further intensification.
A cyclone of hurricane intensity modifies the surrounding
atmosphere for considerable distances and the dominant cloud mass is
associated with the immediate hurricane circulation (Sadler, 1963b).
A minimum cloud area usually surrounds the hurricane and independent
convergence lines, if present, tend to be relegated to the extreme
perifery of the low-level circulation.

5.

EQUATORIAL REGION

A most striking feature of the TIROS data is the large
expanse of clear to scattered cloud conditions along the equatorial
zone of the eastern Pacific during the summer season.
A typical
example is shown in Figures 2, 3 and 4.
This, of course, is not
surprising since the meagre conventional data show this equatorial
region to be characterized by a cold oceanic surface current, a lowlevel atmospheric temperature inversion (Neiburger, 1958), and very
little rainfall.
Sufficient data - of varying periO'ds of record are available from the Line Islands near 160W to furnish a gross
representation of the meridional cross-section of annual rainfall
(Figure 13).
The annual rainfall gradient is remarkably steep in
the northern hemisphere in the absence of any orographic influence.
The steep latitudinal gradient is essentially maintained during the
summer months as indicated by Figure 14, which compares the mean
monthly rainfall during the past ten years at Christmas Island
(1952-1962) with nine years of data at Palmyra Island obtained during
the period 1942-1957.
The monthly rainfall at Palmyra, although
remaining quite large, is at a minimum during the summer in response
to the northward movement of the low pressure belt.
The rainfall
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at Christmas Island also decreases during the summer and remains at
less than 1 inch per month from August through January.
(The extreme
anomalous rainfalls from November 1957 through February 1958 have not
been included in the Christmas Island data).
How frequently the
summer monsoonal trough extends to this longitude and what portion of
Palmyras' summer rainfall is attributed to convergence on the south
side of the trough cannot be determined from the rainfall and wind
data at Palmyra since the island remains in the easterlies, and hence
a few degrees south of the narrow zone of westerlies which would
accompany the westward trough extension.
Only the rare, intense
tropical cyclones tracking westward at the low latitudes near 10N
produce low-level westerlies at Palmyra (Sadler, 196Jb).

6.

SCHEMATIC SYNOPTIC MODEL

In consideration of the above discussion, Figure 15 represents an idealized simple model of the monsoonal trough region.
Figure 15a is a depiction of the low-level synoptic, or short-term,
flow patterns with weak tropical cyclones tracking westward along the
trough.
The associated latitudinal gradients of precipitation and
pressure are schematically shown in Figure 15b.
The model differs in major detail from the general model as
proposed by Flohn (1955).
Flohn indicates a single convergence and
precipitation pattern associated with the trough which is centered
about the minimum pressure or wind-shift line.
His model contains
a secondary convergence zone along the equator which is attributed
to the latitudinal effect of deflected flow across the equator.
This
equatorial convergence zone does not exist in the eastern Pacific.
The model is in almost complete disagreement with the generalized model of the intertropical convergence zones as proposed by
Fletcher (1945) in terms of formation, maintenance, and position of
the intertropical convergence zones and the deduced low-level wind
patterns.
(This paper is a condensed extract from Hawaii Institute of
Geophysics Scientific Report No.5, Contract No. AF19(6o4)-6156 sponsored by the Air Force Cambridge Research Laboratories and the
National Science Foundation.)
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APPLICATION OF SATELLITE DATA IN THE NORTH AUSTRALIAN
TROPICAL REGION DURING THE SUMMER MONSOON
R.L. Southern
Tropical Analysis Centre, Darwin, N.T.
Bureau of Meteorology, Australia
ABSTRACT
Renewed daytime orbiting of the TIROS V and VI
weather satellites over the North Australian-Indonesian
tropical region during January-April 1963, coincided with
the summer monsoonal period.
Two case histories, one describing the southward movement of the equatorial (monsoonal)
trough over north Australia, and the other a tropical cyclone, are presented.
Impressions gained from a study of
the utility of coded nephanalyses are given.
1•

INTRODUCTION

This paper constitutes an initial assessment of experience
in the utilisation of satellite information over the north Australian
region.
A series of thirty coded nephanalyses were examined.
The
principal cloud features were then tabulated in detail for each pass
and related in turn to the mean sea level pressure analysis, the low
and upper vergency pattern in the wind field and to corresponding surface observations.
The main conventional reports considered were
cloud and precipitation types, thunder and sferics.
Sferics, for
instance, provided a useful check in differentiating between cloud
interpreted as cumuliform and cumulonimbus.
Fortuitously the two
weather satellites, Tiros 5 and 6 recommenced daylight orbiting over
the area during the period of maximum monsoonal and convective activity south of the equator, and at a time coincident with the first
streamline-isotach analyses by the staff of the new Tropical Analysis
Centre at Darwin.
A very restricted number of passages has been selected for discussion in this paper.
These include those which
occurred during the southward movement of a monsoonal (equatorial)
trough over Australia initiating the "onset" of the monsoon, and the
occurrence of a relatively small but intense tropical cyclone off the
coast of the Northern Territory which moved inland and produced severe flooding and record precipitation.
The U.S. Weather Bureau's
Meteorological Satellite Laboratory kindly provided Tiros photographs
and nephanalyses for these passages.
2.

MOVEMENT OF THE MONSOONAL TROUGH OVER AUSTRALIA

The southward approach and movement of the equatorial or
monsoonal trough over northern Australia in summer is always difficult to analyse in both the pressure field and the field of motion.
Due to strong continental heating a minimal pressure gradient frequently exists north of latitude 20-25S.
Relatively small but
important isallobaric falls d~noting development of weak monsoonal
depressions are difficult to detect especially in view of the paucity
572
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Fig. 1 (a) 850 mb streamline - isotach analysis OOOOGMT 20 January 1963.

Fig. 1 (b) 850 mb streamline - isotach analysis OOOOGMT 21 January 1963.

Fig. 1 (c) 850 mb streamline - isotach analysis 0000 GMT 22 January ·1963.

Fig. 1 (d) 850 mb streamline - isotach analysis OOOOGMT 23 January 1963.
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Fig. 2 (a) Photograph and nephanalysis for Tiros 6. Orbit 1805,

Fis. 2 (b) Photoaroph •nd neph•n1lysis for Tiros 6, Orbit 1804,

0410 GMT 20 January 1963, centred latitude 13°5,

0230 GMT 20 J•nu1ry 1963, centred l1tttude 15°5,

longitude 118° E showing monsoonal depression over

lona:itude 144 ° E showing overc1St imbedded Cb SW

Timor Sea and overcast area Indonesia.

Gulf of Cairpentaria 1nd monsoonal depression in
Coral Se1.

Fig. 3 (a)

Fig. 3 (b)

Fig. 3 (c)

Tires 6 Orbit 1834, 0352 GMT 22 January

Tires 6 Orbit 1833, 0215 GMT 22 January

Tires 6 Orbit 1832, 0030 GMT 22 January

1963, centred latitude 12° S longitude

1963, centred latitude 11°5 longitude

1963, centred latitude 17° S longitude

116°E showing westwardmoving monsoonal

140° E. Note imbedded Cb SW Gulf of

162•E showing monsoonal low reaching

depression (right) and eastern ~ge of

Carp.entaria, clear section Arafura Sea and

cyclonic intensity at southern edge of the

monsoonal depression near Cocos Island .

only scattered cloud north of New Guinea

monsoonal trough.

Note lines of convergence cloud near W.A.

mountain barrier.

coast and over mid ocean.

575
of the observational network.
And yet these systems with their
associated convergence in the tropical flow produce heavy rain, which
though widespread is extremely difficult to forecast.
In such circumstances satellite cloud photographs might be expected to provide
valuable direct evidence of the existence of disturbed areas, especially over ocean areas such as the Timar· and Coral Seas and the
Indian Ocean.
During the period 18-24 January, 196J, a monsoonal trough
coinciding with the equatorial pressure minimum moved south over
Australia over a wide range of longitudes and initiated the first
monsoonal rains of the summer season.
During this period three and
possibly four monsoonal depressions were located within the trough,
two of which subsequently developed into storms of sufficient intensity to warrant the issue of provisional cyclone warnings.
A series
of orbits by Tiros 6 (1804-5, 18J2-4 and 1847-9) and a Tiros 5 orbit
(J092) coincided with this movement of the trough and photographically
captured many features of the monsoonal activity.
Briefly the synoptic situation is as follows.
On 16
January the equatorial trough axis separating the tropical westerly
flow from the trade easterlies extended on latitude 12S ove.r the East
Indian Ocean south of Timar across Cape York peninsula and into the
Coral Sea.
At the southern edge of the trough rain from AcAs cloud
was falling over a wide area north of latitude 20S due to convergence
between strong easterlies,resulting from anticyclogenesis over the
Australian continent, and the monsoonal circulation.
By 19 January
the trough axis had moved to latitude 1JS with a pressure minimum
evident in the Timar Sea and secondary minima located southeast of
Cocos Island (lat. 12S, long. 97E) and in the Coral Sea.
Heavy convergence rain was falling at this stage over the Northern Territory
between latitudes 14 and 16S.
By 2J January the trough had moved
south to lat. 16s, the low in the Timar Sea had travelled southwest
off the West Australian coast and intensified while the Coral Sea low
moved steadily southeast to about latitude 18S where it also assumed
cyclonic intensity.
At this time the westerly stream had deepened
north of the trough axis accompanied by reduced convergence precipitation and cloud development, a fact supported by Tiros evidence.
Figures 1a - 1d show the 850 mb (5,000 ft) streamline isotach analyses for 20-2J January.
The Tiros photograph and nephanalysis (Figure 2a) shows the
Timar Sea monsoonal depression centred approximately at lat. 14S,
long. 124E.
A minor feature of interest is the existence of several
narrow "streaks of cloud" which may denote confluence in the low
level flow between southerlies, south-westerlies and westerly winds.
(Cf. Figure Ja).
Figure 2b indicates the degree of convergence
occurring just east of Cape York peninsula and over the Coral Sea.
An area of imbedded Cb over the SW Gulf of Carpentaria also indicates
possible development.
Figures Ja, Jb amd Jc reveal the situation 48 hours later.
The monsoonal depression in the Timar Sea has moved slowly westsouthwest producing rain in excess of 4 inches along the coast. The
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Fig. 4 (a)

Fig. 4 (b)

Fig. 4 (c)

Tiros 6 Orbit 1849, 0434 GMT 23 January

Tiros 6 Orbit 1848, 0255 GMT 23 January

Tiros 6 Orbit 1847, 0018 GMT 23 Janu;iry
1963, centred latitude l 4P S longitude

1963, centred latitude 12° S longitude

1963, centred latitude 15° S longitude

99° E. showing monsoonal low estimated

120° E, showing monsoonal low (left)

150° E, indicating overcast areas on Cape

at latitude 13° S longitude 103° E.

becoming cyclonic ofi the lower NW

York peninsula and Coral Sea extending

Australian coast. Cf. Figs.2 a and 3 a .

to SE New Guinea,

Fig. 5 (a) Tires 5 Orbit 4209, 0434 GMT 9 April 1963,

Fig. 5 (b) Tiros 5 Orbit 4223, 0409 GMT 10 April 1963,

showing initial cyclonic development NE

vortex indicated latitude 11.5° S longitude

coast of Arnhem Land, Northern Territory.

137.0°E
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eastern section of cloud surrounding the low near Cocos (originally
indicated by Tiros 5 during orbit J092 on 21 January) is just visible
on the left.
Lines of convergence cloud, previously commented upon
(Figure 2a) appear more prominently.
Figure Jb shows imbedded Cb
persisting over the Gulf of Carpentaria with a curiously prominent
leading edge, and over the Coral Sea.
Figure Jc reveals a cyclonic
type cloud distribution around the Coral Sea depression now moving in
a southeast direction.
Finally, the Tiros photographs in Figures 4a-4c capture the
situation another 24 hours later on 2J January.
Figure 4a indicates
the nature of the monsoonal depression moving slowly southeast between
Cocos and Christmas Island.
Surface reports indicate steady rain at
Christmas Island (lat. 11S, long. 106E) and only scattered cloud at
Cocos.
Figure 4a provides evidence of increasing cyclonic cloud organisation along the lower NW Australian coast although the centre is
still estimated at not lower than 1,000 mb pressure.
Lastly Figure
4c shows the continued disturbed cloud mass over the Coral Sea extending to SE New Guinea.
The West Australian low subsequently continued its southerly
movement and reached moderate cyclonic intensity.
It was identified
as a vortex by Tiros 6 on 27 January at lat. 2JS, long. 111E and
finally dissipated at about lat. JOS on JO January. The Coral Sea
cyclone disappeared at about lat. 2JS on 25 January.
The monsoonal
depression near Cocos Island which was also the subject of a provisional cyclone warning weakened under the influence of cold southerly
air advection at about lat. 17S on 25 January.
The fate of these
monsoonal depressions illustrates a fact frequently observed in the
Australian region, that is, fully-fledged cyclones infrequently develop from monsoonal depressions.
However, this is by no means
invariably so, and if cyclonic cloud organisation is a rough guide
to the distinction between a tropical depression and a cyclone, then
Tiros evidence is a welcome contribution.

J.

TROPICAL CYCLONE STUDY

On 12 April, 196J, a small but relatively intense tropical
cyclone moved inland across the isolated Arnhem Land coast of the
Northern Territory.
Prior to its dissipation three days later the
cyclone caused widespread flooding over the extensive Roper Valley
catchment area and considerable damage to cattle stations and Mission
settlements.
Peak falls of rain up to JO inches were registered. As
far as is known this is the first tropical cyclone to be photographed
over the Australian mainland.
Figure 5b clearly shows the Tiros evidence which provided
the warning of a vortex at lat. 11.5s, long. 1J7.5E, a remarkably
accurate fix.
This warning was given on April 10, thus alerting
Darwin forecasters.
The first cyclone warning was issued 48 hours
later.
The initial cyclonic cloud organisation occurred in a generally easterly flow and was accompanied by only slight pressure falls
at nearby land stations.
Figure 5a indicates, in fact, that significant cloud organisation had occurred by 9 April.
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Figure 6 is a remarkable picture showing photographs from
nearly coincident orbits of Tiros 6 (left) and Tiros 5.
At this
time the cyclone centre was located about 150 miles inland and still
producing heavy rain.
Th~ above sequence of events indicates the extremely utilitarian prophecy of Tiros.

Fig. 6 Composite picture of Tiros 6 Orbit 3014, 0111 GMT and Tiros 5 Orbit 4266,
0409 GMT 13 April 1963, showing tropical cyclone centred latitude 14° S
longitude 134° E over Northern Territory. A series of M SL reports during
period 10 - 13 April 1963 is shown at right.
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4.

UTILISATION OF CODED NEPHANALYSES

Coded nephanalyses naturally possess disadvantages compared
with facsimile nephanalyses and actual cloud photographs.
These
include descriptive limitations of cloud distribution imposed by latitudinal and longitudinal fixing, the inability to denote cloud organisation except in most general terms
and to identify characteristic
cloud sequences with synoptic entities such as monsoonal depressions.
The facsimile versions also rarely permit the tracing with any confidence of such systems from chart to chart or the assessment of changes
in intensity.
Nevertheless the coded analysis constitutes a valuable objective aid.
The following impressions have been gained from
a systematic study and evaluation of thirty coded nephanalyses of the
region.
1. A reasonable to good correlation exists between the areal
distribution and type of cloud revealed by Tiros and the low tropospheric verg.ency pattern especially at the 850 mb level.
2.
Large areas of imbedded and organised Cb are nearly always
indicative of strong convergence (usually confluence) at the 850 mb
and 700 mb levels.
This cloud is usually reported from the surface
as AcAs.

J. During the summer months, when the equatorial trough is in
the vicinity, Cb cloud is usually indicative of increasing meridional
flow or confluence in the streamlines.
During the trades Cb is sometimes reported in an undeviating low level flow probably due to the
speed convergence factor.
Cumuliform and stratiform cloud usually
denotes zonal flow.
4. Significant low level convergence is usually on a scale large enough for it to be differentiated from orographic cloud even over
large land masses.

5. There do not appear to be many independent intense distal
systems above the equatorial trough south of the equator and few
organised cloud systems are described as predominantly cirriform.
This is not true of the Darwin region in winter, a fact verified by
cirrus observations.
6. Twenty-four hour rainfall totals are frequently more consistent with the distribution of Cb reported from the satellite than with
the expectation provided by surface observations.

7. The standard of interpretation is good.
Cb cloud is frequently verified by sferic reports.
Despite orography there is generally a fair to high degree of cloud organisation over the region,
and even in the absence of linear or circular organisa~ion rapid
transition frequently occurs from overcast to clear areas.
5.

SPECIAL CIRCULATION FEATURES OF THE REGION

In contrast to the circulation in the African region the
mean steady low-level flow in the S.E. Asian tropical area is
38
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essentially weak and rather zonal in character as indicated by the
mean resultant wind charts of Wiederanders (1961).
It is the periodic meridional movement of air which produces disturbed weather.
Poleward motion in the low troposphere naturally induces convergence
and equatorward flow divergence.
Streamline confluence in the
equatorward moving air appears to produce only minor convergence
resulting in narrow cloud bands, but convergence in the poleward flow
is highly significant.
Low level charts from the surface to 10,000 feet are characterised by the constant appearance of circulations which for want of
a better term are called eddies (Thompson, 1951).
These circulations,
which may be clockwise or anticlockwise, possess little cyclonicity
themselves but contribute to the production of convergence at their
periphery.
When the equatorial trough is south of the equator, these
eddies are usually anticlockwise.
So that eddy circulations, located
as they frequently appear to be over Borneo and New Guinea, produce
heavy cloud in their southwest quadrants due to convergencing NW eddy
flow and the zonal monsoonal westerly flow.
This northwesterly air flow is frequently ascribed to as
the transportation of Northern Hemisphere air across the equator, but
this is true only in a particular sense as the flow occurs mainly in
certain longitudes where eddy circulations are more frequent.
So
that one cannot expect a continuous convergence zone over this region
as perhaps does exist over the oceanic regions where there is interaction between the trade wind systems.
On occasions when depressions
are present in the monsoonal trough as well as the eddy circulations
over the equator then it is possible to ascribe fairly continuous
zones of convergence, which orientate themselves in a south-easterly
direction from the equator.
In fact there is much to support this
contention in the photographs presented in this paper.
In regions
away from these convergence zones where there is considerable low
level divergence, clouds are frequently few to scattered or orographic, particularly in the central sections of the eddies.
A study of
Tiros evidence at frequent intervals during the approach of the equatorial trough into both hemispheres should clear up most of the
mysteries and controversies which have surrounded the nature of intertropical (or intratropical) converg.ence and trans-equatorial flow
mechanisms in this important region.

6.

SUMMARY

Coded Tiros nephanalyses have already provided an insight
into flow patterns over the region and have indicated that an appreciable correlation exists between observed and photographed weather
and low level vergency patterns.
A more detailed association of
nephanalyses with the actual photographs is essential for the study
of individual disturbances.
As pointed out by Sadler (1962) many of
our pre-conceived notions of tropical behaviour may not be substant~
ated in the light of Tiros evidence and a very fruitful field of
study should be found in this respect over the S.E. Asian tropics.
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DETECTION OF HURRICANES USING TIROS INFRA-RED DATA
Tetsuya Fujita and James E. Arnold
The University of Chicago
ABSTRACT
The easterly wave which is believed to have developed into Hurricane Anna* of July 1961 is examined with
the use of TIROS III infrared data.
A large increase in
cloud cover is observed as the wave coincides with a northern latitude trough.
The developing system appears to
move along the Intertropical Convergence Zone as the ITC
appeared on 14 July 1961.
Although present knowledge of
sensor response makes conclusions arrived at about cloud
type and atmospheric circulation in the vicinity of the
storm largely subjective, there seems to be an excellent
basis for the detailed study of the developing hurricane.
1•

INTRODUCTION

The use of satellite systems for the detection and following
of Hurricanes has been demonstrated by TIROS pictures during the past
two years.
Photographs, however, have been limited in geographic
coverage due to storage teclmiques and the necessity to acquire photographs in areas other than ocean regions; whereas the scanning radiometer provides almost global coverage during a given day enabling
almost any area on the earth to be examined at least once in a 24 hour
period.
TIROS III, launched on 12 July, 1961, gave almost daily
coverage of Hurricane Anna from the time it was in the easterly-wave
stage until it dissipated over Mexico.
Previously the authors
discussed the decaying stage of Hurricane Anna in a preliminary report
where hurricane outflow, cloud cover, and scan geometry problems were
examined.
The present paper is meant to cover, in a preliminary
form, the early development period of Hurricane Anna using Orbit OJ
on 12 July, Orbit 17 on 13 July~ and Orbits 31 and J2 on 14 July 1961.
The contents of this paper will be limited to a brief discussion of
the North Atlantic mid-tropospheric circulation, easterly wave development as the system passed into the Atlantic, cloud cover on 12, 13
and 14 July 1961, and a brief over-all picture of storm movement and
cloud coverage through the storm's life.
2.

SYNOPTIC SITUATION
The North Atlantic during 11-13 July 1961, the period the

*Discussions between the authors and Dr Sigmund Fritz of the Meteorological Satellite Laboratory reveal an uncertainty as to the wave position over Africa prior to TIROS observation.
A detailed investigation of this question is now underway and will be presented in a joint
publication of the life history of Hurricane Anna by the University of
Chicago and the Meteorological Satellite Laboratory.
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easterly wave which later developed into Hurricane Anna was moving
across Africa and into the Atlantic, was characterized by the Bermuda
High, a mid-Atlantic trough moving eastward and a high pressure cell
over northern Africa.
The trough extended to about 20N at the 500 mb
level, however the intensity of the southern extension is uncertain
due to lack of data in the equatorial region off the coast of Africa.
The trough was moving westward at about 10 degrees of longitude per
day being at J2W on 11 July and 22W on 12 July 1961.
An examination
of Figure 8 will show that the easterly wave and the trough would have
coincided late on 12 July or early on 1J July, about the time the
TIROS system observed an increase in cloud coverage in the area of the
easterly wave.
An idea of the intensity of the easterly wave can be obtained by examining Figures 1 and 2.
As the system passed into the
Atlantic over Dakar, Africa it can be seen that it was a well developed cold core system extending to 200 mb.
The system at this time
was characterized by cooling of 2C to JC from a seven-day mean.
The
wave at this time appeared to be moving toward the west at about
10 deg of latitude per day while the base current in the lower troposphere was about 9 deg of latitude per day to the west.

J.

CLOUD ORGANIZATION

A representative picture of the overall cloud distribution
on 12 July can be obtained from Figure J.
At the time TIROS radiometers observed the wave (1607z) there were three areas of cloud top
temperatures less than -JOC comprising slightly less than 8 per cent
of the total area observed.
From previous work done by the authors,
the -JO deg isotherm seems to be a reasonable approximation for the
edge of continuous cirrus coverage and will be assumed to be true for
the three days under discussion.
Of the areas covered on 12 July,
the region which seems to be associated with the wave is located at
19W,11.5N.
This region is comprised of two areas, the southern one
characterized by an extensive cirrus coverage with minimum top temperatures of about -50C.
The northern area in this wave region is
both smaller and warmer than its southern counterpart.
This implies
that, assuming cloud tops to be about the same height, the total
coverage in the area itself is less than for the region further south.
The small system at JOW is probably associated with another wave
system.
The smaller area and cold tops indicate a relatively vigorous system.
The cloud organization present on 12 July has become much
more extensive by 1J July 1961 as can be seen in Figure 4.
On the
second day of observation an almost complete ring of cirrus is present
with a radius of some 250 miles centered at 20W and 12N.
An interesting feature is the shifting or rotation (?) of the region of
maximum activity from the southern to the northern area of the system.
As the total area increased, the cloud top temperatures dropped to
less than -60C, indicating a considerable increase in activity in the
region.
It should be recalled that this increase in activity occurs
at the time the easterly wave and the middle latitude trough coincide.
During this time the system to the west appears to have decreased in
intensity with top temperatures of only -26C where on the previous
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Anomalies in the seven day mean temperature field showing the cold core wave, which later developed into Hurricane
Anna, as it passed over Dakar, Africa.
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12 July 1961 Channel 2 (8-12µ.) analysis of equivalent black body temperature for Orbit 03 R/O 04, 1606-1609Z.
Cloud areas less than -30C (shaded area) give an approximate idea of cirrus coverage.
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13 July 1961 Channel 2 (8-12µ.) analysis of equivalent black body temperature for Orbit 17 R/O 18, 1529-1532Z.
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Figure 5

14 July 1961 Channel 2 (8-12µ) analysis of equivalent black body temperature for Orbit 31 R/O 32, 1452-1456Z.
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Composit analysis of Channel 2 (8-12 µ.) for Orbit 31 R/O 32, 1452-1456Z, and Orbit 32 R/O 33, 1633-1637Z
showing the equatorial region and I. T. C • Lens shaped area shown by dotted lines corresponds to the space
between orbital coverage.
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day they had been less than -50C.
Cloud organization on 14 July (Figure 5) shows a persistence of the circular or horseshoe shaped cloud pattern present on
13 July.
Minimum top temperatures have dropped slightly from the
previous day and the area of cloud tops colder than -30C has decreased
to slightly less than half that present on 13 July.
The center of
the main system now appears to be at 25W~12.5N.
At this time an
interesting speculation about the storm's cloud pattern can be made.
If the direction of elongation of the individual cloud area can be
taken as an indication of wind shear in the vicinity of the cloud (a
feature discussed by Fujita and Brown) an anticyclone circulation
pattern might be inferred with a center at 22W and 11.5N.
Examination of the cloud shapes on 13 July (Figure 4) reveals that a similar
conclusion might be inferred from cloud areas on that data.
A composit of the radiation data for Orbits 31 and 32 on
14 July 1961 over the equatorial region of the Atlantic (Figure 6)
indicates the easterly wave in question lay along the Intertropical
Convergence Zone.
At this time the convergent zone extended in a
fairly continuous form across the entire Atlantic, a feature which
does not appear to be present after the storm reached full hurricane
intensity.
The smaller system present to the west of the hurricane
area on 12 and 13 July 1961 also has managed to maintain itself on
14 July.

4.

SUMMARY

Figures 7 and 8 will serve as a summary of the basic features observed by the satellite system.
It can be seen in Figure 7
that the storm retained cloud continuity during its entire life. The
developing wave appeared to move along the approximate position of
the ITC it held on 14 July 1961.
Figure 8 shows wave and cloud area
speed and also includes cloud top areas below -30C for the area under
study.
It can be seen that the increase in cloud area on 13 July is
accompanied by an almost total stopping of the forward motion of the
system.
At this same time the westward moving trough was in the same
area.
After 13 July 1961 the cloud area decreased, indicating a
decrease in storm or wave intensity.
Four days after the initial
intensification on 13 July the area of total cloud cover began to
increase in association with the second intensification of the system
and the development into the hurricane.
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ANALYSES OF SATELLITE CLOUD PHOTOGRAPHS
OVER THE INDIAN AREA
P. Koteswaram
Meteorological Department, India
ABSTRACT
The TIROS series of meteorological satellites have photographed a large number of cloud formations over the Indian area.
The
cloud formations associated with some of the synoptic features in
this region are examined.
The development and structure of a tropical cyclone
in the Arabian Sea, the structure of a monsoon depression and cloud formations associated with dust-storms in summer are
discussed.

ON THE USES OF WEATHER SATELLITE DATA IN
RESEARCH ON HURRICANES AND OTHER PROBLEMS
OF TROPICAL METEOROLOGY
E.J. Zipser

and

N.E. La Seur

Florida State University
ABSTRACT
Cases in which conventional meteorological data plus timelapse cloud cinematography from research aircraft and other special
data are available to supplement cloud pictures from the TIROS
weather satellite~ are used to illustrate the greatly enhanced value
of the satellite pictures when they can be interpreted within the
framework of such data.
Problems of hurricane structure and tropical
cloud systems in disturbed and undisturbed conditions will be discussed.
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CHAIRMAN'S SUMMARY : SESSION 6
L. F. Hubert
Five papers following the survey dealt with the use of
satellite data but only one (by Southern) reported the operational use
by a forecast office.
This division between operations and research
is representative of the present use of these data; that is, the
utilization is largely for research.
This is perhaps as it should
be.
The present state of our knowledge of the atmospheric mechanisms
revealed by this instrumental-atmospheric filter, is quite inadequate.
We must concentrate on research before we can exploit completely and
effectively this copious new data source.
This point was made,
explicitly or implicitly, in almost every paper and in the general
discussion.
Discussion of the application of the infrared radiation data especially applied to cloud height estimation - emphasized the urgency
of distributing the IR - analyses as rapidly as the picture analyses.
Techniques and procedures are available to reduce these data in
"real time".
The communication of these data will still be the
bottle-neck where facsimile is not available - because the analyses
will be transmitted as detailed contour maps.
Research use of satellite data is divided into two main classes.
First it is used in data - sparse regions in order to study the
life cycle and distribution of disturbance.
This class, perforce,
considers the data in terms of what we know about interpretation and
is more heuristic than definitive.
Even with our inadequate ability
to extract all information it is amply clear that satellite pictures
give information (frequently impossible to obtain by other means)
about the asymmetry of the vertical motions in disturbances and thus
provide a clue to important dynamic characteristics.
In other
Sessions many different mechanisms and synoptic models were suggested
and it is worth noting that in most cases the hypotheses can be
checked with satellite data.
The other class of research involves the intensive study of
satellite data in areas where there are ample standard data.
This
leads to improved skill in interpretation for the first class of
research.
Suggestions for this approach included ground - based
photography and specially instrumented aircraft for IR measurement
simultaneous with satellite data.
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FORMATION AND STRUCTURE OF TROPICAL CYCLONES

CHAIRMAN:

M.A. ESTOQUE

UNIVERSITY OF HAWAII

FORMATION AND STRUCTURE OF TROPICAL CYCLONES
Survey Paper
M.A. Estoque
Department of Meteorology and Oceanography
University of Hawaii
INTRODUCTION

1•

In the course of solving a difficult problem, it is generally
desirable to make a brief pause at some strategic vantage point in
order to obtain a clear view of what has been done and to map properly
the future course of action.
Recent developments in the observational capabilities and computer technology as well as advances in understanding the behavior of the atmosphere in general indicate that we
have now reached such a point in our search for a satisfactory solution
to the problem of tropical cyclones.
For the purpose of our survey,
the problem may be defined as the description and explanation of the
behavior of the tropical cyclone from the time it forms as a small
disturbance in the general flow pattern to the time it attains typhoon
intensity.
It is obvious that the environment in which the tropical
cyclone is embedded must be an important factor to consider.
As a
corollary problem it is, therefore, also necessary to describe and
explain the behavior of the environment during the various stages of
development of the disturbance.
Although the broad statement of the problem apparBntly
includes typhoon movement, this important aspect will be excluded from
our discussion.
Furthermore, spiral bands and other subsynoptic
characteristics will not be considered.
DESCRIPTIVE ASPECTS

2.

The first important step in any scientific investigation is
to obtain an adequate description of the phenomenon on the basis of
actual observations.
This description is useful not only in defining
the problem but also in constructing theoretical models, furnishing
initial and boundary conditions and finally, in verifying deductions
from theoretical models.
From our survey, it is convenient to subdivide all descriptive studies according to scale into the following two categories:
(1)

Observational studies of the large-scale environment in
which tropical cyclones form and develop.

(2)

Observational studies of the structure of the disturbance.

The problem then is to obtain three-dimensional distributions of all
meteorological elements and their time variations appropriate for both
scales.
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a.
Structure of the environment.
Due to observational difficulties over the oceanic areas where tropical cyclones occur, it is
not surprising to find that many descriptive studies of the largescale environment use the synoptic-climatological approach.
As a
result of studies of this type, Palmen (1956) summarized the necessary
conditions for tropical cyclone formation during the Brisbane Symposium
as follows:
(1)
Sufficiently large sea or ocean areas with the temperature
of the sea surface so high that an air mass lifted from the lowest
layers of the atmosphere (with about the same temperature as the sea)
and expanded adiabatically with condensation remains considerably
warmer than the surrounding atmosphere at least up to a level of about
12 km.
(2)
The value of the coriolis parameter larger than a certain
minimum value, thus excluding a belt of the width of about 5-8° latitude on both sides of the equator.

(J) Weak vertical wind shear in the basic current, thus limiting
the formation to latitudes far equatorwards from the subtropical jet
stream.
Subsequent studies have been made by Ramage (1959) and
Ballenzweig (1959).
Ramage gave a description of the typical flow
pattern in the upper troposphere over the North Pacific Ocean during
the typhoon season.
The significant feature of the flow pattern
which he finds to be closely associated with typhoon development is a
quasi-stationary upper-level trough located upstream from the region
of development. Ballenzweig, on the other hand, described corresponding
flow patterns at the 700-mb level over the North Atlantic Ocean.
He
suggested that cyclone frequency is related to the horizontal wind
shear in middle latitudes and the strength of the westerlies in lower
middle-latitudes and in the subtropics.
The latest study of this
type is by Landers (1963) who concluded that unstable waves tend to
appear in the mid-Atlantic easterlies when the subtropical anticyclone
is strong and south of its mean position.
He also found that a net
easterly wind shear along the vertical at lower levels (1000-500 mb)
is favorable for intensification of storms into hurricanes.
A careful examination of observational studies of the type
just described does not give a coherent picture of the environment in
which the tropical cyclone form and develop.
Although there is some
consistency in the findings of different investigators, there are also
discrepancies.
For example, Landers found that a strong easterly
wind shear is favorable for intensification while Palmen and other
investigators indicate that a weak shear is necessary.
It is also
interesting to note that none of these papers indicate the role played
by the intertropical convergence zone in the problem of formation
which TIROS data appear to confirm.
The synoptic-climatological
approach is inherently statistical and therefore gives us only a very
gross picture (scale of thousands of kilometers).
Since it is logical
to expect that the growing disturbance responds directly to its immediate environment, we must now focus our attention to the scale intermediate between this very large scale and the typhoon scale.
It is
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necessary to obtain the structure of the wind and temperature
patterns within a smaller portion of the environment, say an area
within a radius of a thousand kilometers from the disturbance.
b.
Structure of the disturbance.
We are now ready to consider
observational studies of the disturbance itself.
Here, we are more
fortunate in that we do not have to rely mainly on the synopticclimatological approach.
There are some data which enable us to
make a few case studies, but mainly about the later stages of typhoon
development.
A recent case study by Yanai (1961a) describes the
development of a wave disturbance into the typhoon Doris.
The
picture which emerges from his analysis is as follows:
At the 700-mb level, the first indication of impending
development was a banana-shaped area of strong winds at the wave
crest; this was located under a high level anticyclone.
The area,
as well as the wind intensity, gradually increased with a simultaneous amplification of the wave pattern.
The flow pattern eventually
became a vortex with subsequent formation of an eye.
During the
initial stages, cold ascending air was found aloft in the central
region.
The cold cored disturbance gradually became warm cored by a
warming process which began in the upper troposphere and then propagated downward.
During the transformation process, there was no
significant modification of the field of motion, but this was accompanied by a deepening of the moist layer.
Rapid intensification
began after the transformation from a cold to a warm cored disturbance.
At this time, the lapse rate had become destabilized from a
relatively stable stratification to one slightly more stable than
neutral.
Yanai's description appears to be in general agreement with
a previous case study of hurricane formation by Hubert (1955).
Both
studies indicate transformation from a cold to a warm cored structure
during the period of intensification.
There is one outstanding
difference.
While Yanai finds that warming took place at the JOO-mb
level and gradually spread downward, Hubert observed an upward propagation of the warming trend from the 700-500 mb layer.
It is not
possible to deduce from the studies whether the difference reflects
real conditions or just indicates inadequacy of the observational data
used in the analysis.
The greatest contributions to our knowledge of the three
dimensional structure of the tropical cyclone in recent years have
been made by the flight research program of the National Hurricane
Research Project (NHRP) of the United States Weather Bureau.
Airplane
reconnaisance flights give us even more details of the structure than
the radiosonde observations used by Yanai and Hubert.
Among the
many hurricanes which have been reconnoitered, Daisy seems to be the
best documented.
This hurricane has been described by Colon et al
(1958) and Jordan et al (1960).
As an example of our present state
of knowledge of hurricane structure, I would like to give you a
pictur e of Daisy as obtained from these two studies.
Many aspects of hurricane Daisy make it excellent for
research p urp oses.
It was slow-moving, relatively symmetrical with
39*

598
a well-defined eye and intense.
Furthermore, it was embedded in a
rather homogeneous air mass.
However, Daisy was far trom typical
because it formed at relatively high latitudes and it was small.
The
major weakness in the reconnaissance flights is the fact that they
were started somewhat late in the development stage.
Figure 1 gives the track of the storm and the periods of
observation.
In Figures 2-4 it will be seen that the storm develops
from an easterly wave and becomes a vortex on August 24, 1958.
As
shown in Figure 5, rapid intensification occurs two days later.
The original papers of Colon et al contain many diagrams
describing th~ wind, temperature, moisture, and pressure fields.
It
is possible to reproduce only some of them in this survey paper.
Figures 6-9 are profiles representative of conditions near
the middle troposphere (note that only observations at a much lower
level are available for August 26).
Conditions in the upper troposphere are shown in Figures 10-1J.
It will be seen that there is a
sharp increase in the wind at a radial distance of 10 to JO miles
during the period of greatest intensification; only small increases
occurred outside this region.
During the following day, as the storm
started to weaken, the peak in the wind speed profile spread radially
outward.
The circulation near J5,000 feet shows cyclonic outflow
which increased in intensity as development progressed.
At the start
of the development (Figures 6 and 12), the temperatures in the central
region were not much higher than the undisturbed environment, being
J°C warmer in the middle and the upper troposphere.
With the intensification of the circulation, the core gradually became warmer; on
August 27, the eye temperatures were approximately 10°c higher than
the environment.
As in the case of the wind, the peak of the
temperature profile in the core broadened during the next day.
One
of the characteristic features of the temperature profile on the day
preceding rapid intensification (August 25) is the relatively cool
air outside the eyewall, about 20 to JO miles away from the center.
Is this feature perhaps a remnant of an earlier cold-cored structure
similar to what Yanai and Hubert found?
The changes in the moisture profile, as indicated by the
dewpoint temperature, were less pronounced with some tendency to
increase with development of the disturbance.
The broad features of the s tructure of Daisy and results
from other hurricane flights by NHRP confirm generally accepted ideas.
We now know a great deal about the structure of the mature hurricane
throughout most of the troposphere; more observations in the layers
adjacent to the ocean surface and stratospheric layers will further
improve this picture.
The greatest deficiency in our observational
knowledge is then concerned with the pre-typhoon disturbance, starting
from the formation of the disturbance from the relatively undisturbed
flow until it begins to intensify into a hurricane.
We need to know
more about the structure of the disturbance itself as well as its
immediate environment during this stage .
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J.

TROPICAL CYCLONE THEORIES

Having discussed the actual behavior of the phenomenon we
are now ready to consider explanations as to why it behaves as it
does.
In the case of tropical cyclones, difficulties arise because
we still do not have an adequate description of the earliest stages
of the phenomenon which we are trying to explain.
Consequently our
present discussions will be confined mainly to changes which occur
during the development of the typhoon from the already existing
incipient storm.
When changes occur in a physical system these are a direct
result of either driving forces external to the system and applied to
its boundaries or an instability process within the system.
In the
latter no energy is added to the system during the period when the
changes are occurring.
The total energy of the system is conserved;
only transformations or redistributions of the energy occur.
Changes in the atmosphere which are a direct result of external energy
sources are usually slower compared to instability changes.
The
rapidity of the development from the weak incipient disturbance to the
intense hurricane, therefore, leads us to believe that the accompanying changes are a result of fluid instability.
Three types of instability may be examined - gravitational
or convective, barotropic or pure inertial, and baroclinic.
Among
the three, convective instability is the most familiar, being simply
due to buoyancy effects; instability occurs if the equivalent potential temperature decreases with height.
The concept of inertial
instability is similar to convective instability with the gravity
being replaced by centrifugal force.
In this case the analog of the
vertical gradient of equivalent potential temperature is the radial
gradient of the angular momentum.
Finally baroclinic instability
may be considered as inertial instability along an isentropic surface,
hence one has to consider the gradient of the angular momentum along
an isentropic instead of a constant level surface.
In general,
these three types of instability may be present simultaneously and
interacting with one another.
Which of these instability types is responsible for typhoon
formation?
In order to answer the question one has to examine each
one separately to determine the instability type which results in a
disturbance with the same scale, growth rate, and structure as the
typhoon.
This may be done by using perturbation methods.
The
method depends on linearizing the meteorological equation and then
obtaining analytic solutions.
The solutions thus obtained describe
only the initial stages of the disturbance which during its amplitude
is small.
Convective instability has been studied in this manner by
Haque (1952), Syono (1953), Lilly (1960), and Kuo ( 1960).
These
studies show that instability generally occurs with scales ranging
in size from approximately ten to a thousand kilometers.
However,
the most unstable disturbance has horizontal dimensions of a few
tens of kilometers and a growth rate which doubles its amplitude
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every half hour.
It must be concluded therefore, that pure convective instability gives a disturbance whose dimensions and growth
rate are those of cumulus convection; hence it does not explain the
development of the typhoon.
Pure inertial instability has been discussed by Sawyer
(1947) and Alaka (1958).
Instability is found to occur if the
product of the absolute angular rotation and the absolute vorticity
of an air particle is negative.
In its pure form this type of
instability gives disturbances with growth rates which are independent
of the scale of the resulting disturbance.
Under normal conditions
of thermal statification, Yanai (1961b) showed that disturbances
having the same scale as a typhoon intensify very slowly, if they ever
do.
Furthermore, this type of instability does not lead to the conversion of potential to kinetic energy which appears to be the case in
tropical cyclogenesis.
Pure inertial instability as a mechanism for
typhoon development is therefore not effective.
Baroclinic instability as a mechanism for development of
tropical cyclones has been suggested by Kleinschmidt (1951).
The
subject has been discussed further by K~o (1956), Yanai (1961b), and
Kasahara (1961a).
It has been indicated previously that the instability criterion is a generalization of the criterion for the pure
inertial instability; it therefore involves not only the tangential
velocity distribution along the radial direction but also its vertical
gradient as well as the thermal stratification.
Perturbation analysis shows that the instability mechanism excites a disturbance whose
scale and growth rate correspond to those of actual typhoons.
It
may be concluded, therefore, that baroclinic instability or inertial
instability along isentropes is the mechanism which results in the
rapid intensification associated with typhoon formation.
This
conclusion also appears to be supported by rotating dishpan experiments (Fultz et al, 1959).
At this juncture, the logical question to ask is the
following:
how does the atmosphere develop its baroclinically unstable state?
So far no quantitative answer is available.
It is at
this point where theories concerning superposition, e.g. upper-level
anticyclone coming over an incipient low, may be invoked.
This idea
may, of course, be generalized to include all space and time changes
in the large scale flow pattern at all levels in the vicinity of the
disturbance.
In the theoretical studies, instability is usually
considered with reference to a relatively simple undisturbed current.
On the other hand, this current actually varies not only in space
but also in time; its instability properties would therefore vary
correspondingly.
Hence, a non-developing disturbance which propagates along the current may begin to intensify as soon as it enters
an unstable part of the current.

4.

NUMERICAL MODEL EXPERIMENTS

Certainly, the most significant development in tropical
meteorology during the last few years is the introduction of numerical integration methods in studying tropical cyclones.
The method
depends on replacing differential equations with simple algebraic
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operations which are in turn processed by high speed computers.
In
principle, any physical problem can be analyzed provided it can be
formulated mathematically; the only limitation for the problem is the
availability of a high speed computer with a sufficiently large
memory.
Numerical model researches on typhoons have been carried
out by Charney and Ogura (Massachusetts Institute of Technology),
Ooyama and Spar (New York University), Kasahara (National Center of
Atmospheric Research, Boulder, Colorado), Es.toque (University of
Hawaii), Berkofsky (Geophysics Research Directorate, Bedford, Massachusetts), Rosenthal (National Hurricane Research Project, Weather
Bureau, Miami, Florida) and Syono (Tokyo University).
Two types of
models are generally used - the unfiltered or primitive equation
model and the filtered or "noise free" model.
Initial studies were
made by Berkofsky (1960), Kasahara (1961b), and Syono (1961).
Berkofsky used a filtered (non-geostrophic) model with initial conditions which resemble conditions prior to hurricane formation.
It
was not possible for him to carry out his integrations sufficiently
long enough in time and no definite conclusions can be made from his
attempt.
Kasahara and Syono each used a primitive equation model
with axial symmetry; the initial state assumed by both is an atmosphere characterized by convectively unstable thermal stratification
with a weak disturbance in the motion field.
The results of both
studies were rather unsuccessful.
The integrations resulted in
cumulus-scale disturbances which amplified very rapidly and eventually
obscured the slower growing, large scale patterns.
This is not surprising when interpreted in terms of the instability conditions
described in the previous section.
Convective scale disturbances arise in the integrations if
the latent heat of condensation is computed directly in terms of the
large-scale vertical velocities and the moisture distributions.
The
central problem in the numerical studies is then as follows:
how
does one incorporate the latent heat of condensation in numerical
models so that the more unstable cumulus convective disturbances are
not excited?
Before any real progress can be made in the use of
numerical methods for studying tropical cyclones this difficulty has
to be overcome.
Recently at the Hurricane Symposium in Mexico City
(June 1963) several solutions were proposed by Kasahara, Ooyama, Kuo,
and Charney.
The general idea in all these proposals is to express
the heat source due to condensation directly in terms of a flow
parameter which is other than the vertical velocity.
As an example
of some such schemes Ooyama incorporates condensation heating in a
vertical column in terms of the convergence of moisture flux in the
surface layers.
Integrations of models incorporating such schemes
have not y~t been extensive enough to determine their usefulness in
typhoon formation.
Although the use of numerical experiments in studying the
formation of tropical cyclones has not, as yet, been successful, its
use in studying the mature tropical cyclone has proven to be somewhat
more successful.
The most useful theoretical model for this purpose
appears to be the quasi-gradient vortex described by Eliassen (1952)
in connection with his general circulation studies.
Due to a

602
systematic introduction of the gradient wind balance in deriving
the equations, the model does not allow solutions of the cumulus
convective type disturbance which the primitive equation model does.
Using an extension of this model Estoque (1961) has determined the
evolution of the motion and thermal fields for a mature cyclone
starting from observed mean hurricane . data as initial conditions.
Figures 14-16 give examples of the computed vertical and radial
motion distributions; these appear to resemble commonly accepted
patterns, especially in the central core of the storm.
Further
analysis of the results of the quasi-gradient model as well as the
primitive equation model show that the eye is associated with the
effect of lateral mixing processes in diffusing heat away from the
center and not due to the "sucking" effect of the strong updraft in
the eye wall.
Experience in the use of the quasi-gradient model
indicates that it is useful in studying the processes which maintain
and dissipate typhoons.

5.

CONCLUDING REMARKS

In the preceding sections, I have attempted to describe the
present state of knowledge concerning the formation and structure of
tropical cyclones.
It is clear that the most significant advances
in recent years has been in the following areas:
(1)

The observed structure of the mature hurricane, mainly
through the flight research program of the NHRP.

(2)

Understanding of instability mechanisms in relation to
typhoon formation.

(3)

Use of numerical model experiments.

I believe, personally, that the next important developments
in our understanding of the formation, maintenance, and dissipation
of tropical cyclones will be made with the aid of numerical model
studies.
In closing, I would like to present the important obstacles
which remain in our attempts to solve the tropical cyclone problem
by asking the following questions:
( 1)

How important are cumulus convective disturbances as a
mechanism for transporting heat, momentum, and moisture
upward during the different stages of tropical cyclone
How are these transports to be specified
development?
quantitatively in terms of the larger scale flow
patterns?

(2)

How does the pre-typhoon disturbance form and maintain
itself in the large-scale current?
What are the observed
structural characteristics of the disturbance and of its
environment?

(3)

What are the three-dimensional wind, moisture, and temperature distributions of the environment in which the

603
incipient disturbance intensifies into a typhoon?
I hope that when we meet again in the next symposium on
tropical cyclones we will have found answers to these questions.
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Fig 2.

Sea level isobars, labelled in mb over 1,000, for
0000 GMT, August 2J, 1958.. Dashed heavy lines show
the easterly wave that eventually intensified into
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ON THE INFLUENCE OF TROPICAL CYCLONES ON THE
SEA SURFACE TEMPERATURE FIELD
C. L. Jordan
Department of Meteorology
Florida State University1
ABSTRACT
Some relationship between the warmth of the sea in
the surface layers and the frequency and strength of tropical cyclones has long been suspected but, despite numerous
studies by competent investigators, no very definite associations have been established.
The number of sea surface
temperature reports in the vicinity of tropical cyclones
is generally small and the quality of the routine observations leave much to be desired.
In addition, there are at
least two complicating factors which arise in trying to
relate the water temperature to the frequency and strength
of tropical cyclones.
First, there is evidence that the
sea surface temperature may be influenced in a rather
marked way by large, intense storms.
Second, evidence is
accumulating which suggests that there are significant features in the sea surface temperature field on a scale
considerably smaller than can be detected with the type of
data ordinarily available.
In the present study routine ship observations
made prior to and following typhoons have been used in an
attempt to assess the temperature changes which arise as a
result of the storm.
Although rather definite cooling
patterns are associated with most deep typhoons, there are
significant differences between individual cases.
1•

INTRODUCTION

It has been known for many years that tropical cyclones form
only over the warm tropical oceans and that, with other factors remaining the same, the frequency of formation is greatest during the
months when the sea surface temperatures are warmest.
Palm~n (1) examined some climatological aspects of this problem from the viewpoint
of the release of latent heat energy by convective systems and found
that, with the normal lapse rates in the tropics, water temperatures
in excess of 26-27° are necessary for the type of deep convection
which always accompanies tropical cyclones.
More recently several investigators have attempted to examine in more detail the association of tropical cyclone activity with
sea surface temperature but the results have been discouraging.
Some
1The research which led to the preparation of this report was supported
by the U.S. Weather Bureau and the National Science Foundation.
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of these investigations made use of average temperatures over periods
as long as a month (2) while others have used daily maps (J) (4).
One
study (5} computed the total heat flux from 10-day mean values of
temperature, wind and humidity but the results were probably no more
definitive than those obtained using only the sea surface temperatures.
The cited investigations do suggest that, in general, tropical cyclones form over the areas of relatively warm water and that the most
intense storms tend to occur in areas where the water is abnormally
warm.
In some individual cases, however, no such relationship is apparent.
Climatological and geographical aspects of typhoon formation
and intensity clearly suggest the presence of large-scale controlling
influences (6).
Tne high frequency of unusually deep storms in some
years, the low frequency of formation in the usual preferred areas in
some periods and the great variability in the frequency of early and
late season storms are interesting features of this type.
It was felt that, despite the general lack of success of
previous investigators in relating water temperature and tropical cyclone activity, some success might be achieved in relating specific
aspects of typhoon climatology to the sea surface temperature distribution.
2.

SEA SURFACE TEMPERATURE CHARTS FOR 15 DAY PERIODS

In preparation for an investigation of the type suggested
above,analyses of sea surface temperature distribution for 15-day periods made for most months of the typhoon seasons of 1953, 1955, 1956,
1957 and 1958.
No attempt will be made here to describe the procedures followed in preparing these charts except to state that the
Marine Data given in the Northern Hemisphere Daily Bulletin were used
and that the actual analyses were made using areal medians obtained
from 15-day composite charts.
The patterns on the 15-day charts showed fairly good continuity between many of the periods.
However, it was soon noted that
quite large changes occurred in some cases which appeared to be associated with large, intense typhoons.
Two cases of this type are
shown in Figure 1.
These charts show the change in temperature
between successive 15-day periods and the path of .an intense typhoon
which in each case occurred near the end of the first 15-day period.
The area of greatest cooling in both cases is along the typhoon track
with cooling up to 4-5°F (from initial values of 86-S7°F).
Cooling
in excess of 2°F is indicated over very large areas which tend to be
elongated a..long the storm tracks.
The cases shown in Figure 1 were the most pronounced examples of cooling noted from the 15-day charts prepared for several
months during each of five typhoon seasons.
In cases where the typhoons occurred near the middle of a 15-day period and when several
typhoons occurred, the temperature change patterns were often confused.
During periods when typhoons did not occur the changes between successive 15-day periods were much smaller than those shown in Figure 1.
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Figure 1. The change in median sea surface temperature (°F)
between successive 15-day periods. The upper chart shows the
change from the first half to the last half of August 1953,
and the lower chart the change from the last half of July to
the first half of August 1956.
The track of an intense
typhoon, which in each case occurred near the end of the first
15-day period, is superimposed on each temperature change
chart.
Dates and central pressure (in mb) are shown along the
typhoon track.
The fact that individual typhoons appeared to be capable of
influencing the sea surface temperature to a rather marked extent
complicates the problem we set out to examine.
Because of this difficulty our investigation was shifted away from the climatological
features and was directed toward a more detailed examination of the
extent and nature of cooling of the surface water introduced by large,
intense typhoons.

J.

TEMPERATURE CHANGES ALONG THE STORM TRACK

In treating individual storms a compositing period shorter
than 15-days is desirable and, with the accompanying reduction in the
number of reports, the problem of errors in the basic data assumes greater importance.
An attempt has been made to handle the data in
ways to minimize the effect of errors but there is little doubt that
uncertainties are present, especially in considering field distributions.
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The first approach used in evaluating the temperature change
in the vicinity of individual typhoons made use of mean values over an
area 10 degrees latitude in width centered on the typhoon track and
extending from the point where the storm reached typhoon intensity
until it crossed the JOth parallel or approached land.
Areas used for
individual storms are shown in Figures 2 and J.
Sea surface temperature data were plotted in these areas for a seven-day period prior to
the beginning date of the typhoon and during the sev:en-day period
immediately following the movement of the storm out of the area.
No
temperature data were used for the period that the storm was within
the specific area.
Simple mean or median values of the temperature over the
whole area for the seven-day periods would probably have little physical significance because of the presence of the normal latitudinal
gradients and the fact that the reports could hardly be expected to be
distributed in the same way in the two periods.
In order to make a
more realistic evaluation of the temperature changes, all observations
were expressed as deviations from monthly mean values read from the
Atlas of Climatic Charts for the Oceans (7).
Mean values of these
temperature anomalies were computed for the broad area extending along
the storm track for the seven-day period prior to the storm and for a
similar period following the storm.
Mean values for seven deep
typhoons (minimum sea level pressure less than 920 mb) and for seven
weak typhoons (minimum sea level pressure 975 mb or greater) are shown
in Table 1.
The deep typhoons were, in general, associated with greater
positive temperature anomalies and the change from the "before" to the
·"after" period is greater for the deep storms.
A great deal of variability is shown between individual storms in the two categories.
For
example, a weak unnamed storm in August 1956 led to relatively large
temperature changes while the deep typhoons Virginia of June 1957 and
Lola of November 1957 were associated with relatively small temperature changes.
The number of observations in the vicinity of the weak
storm was quite small since the path was rather short before moving
into the southern Philippines, but it is not felt that all the differences can be attributed simply to uncertainties in the data.
The values shown in Table 1 represent means over areas 600
miles in width and up to 2500 miles in length.
The storms were often
weak during a considerable portion of their life history and, of course,
only the very large storms could be expected to extend their influence
over the complete width of the area considered.
In v~ew of these
facts, much larger changes might be expected in the vicinity of the
storm tracks during the periods that the storms attained their greatest intensity.
An attempt was made to assess the changes over the broad
zone centered on the storm track by preparing temperature charts for
the seven-day periods prior to and following the storm.
The changes
between the two seven-day periods were then obtained by graphical
subtraction of the two analyses.
Examples of analyses of the temperature changes obtained in this way are shown in Figures 2 and 3 for
two intense typhoons.
The cooling patterns shown on these diagrams
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TABLE 1
Mean sea surface temperature change data for selected weak and
intense typhoons, computed over an area 10 degrees of latitude
in width centered on the storm track, as indicated in Figures
2 and J.
WEAK TYPHOONS
Storm
Unnamed
Wendy
Gloria
Georgia
Freda
Charlotte
Hope

Year

Month

Minimum
SLP

1956
1957
1957
1955
1956
1956
1955

Aug
July
Sept
Jul-Aug
Sept
Aug-Sept
Jul-Aug

998
985
980
980
980
975
975

Mean of seven storms

Mean Anomaly(°F) Change No. of Reports
Before
After ~ Before After
+1.2
+0.4
-0.J
+0.4
-0.6
+O.J
+0.9

-0.6
+0.5
-0.4
-0.7
-0.5
+0. 1

-0. 1
+0.7
-0. 1
-0.8
-0.8

+O.J

-0. 1

-0.4

+1.1

-1. 8
+O. 1

17
51
55
44
118
7J
26

21
57
71
49
74
104
JO

INTENSE TYPHOONS
Storm

Year

Month

Minimum
SLP(mb)

Clara
Wanda
Kit
Agnes
Hester
Lola
Virgin:ia

1955
1956
1957
1957
1957
1957
1957

July
Jul-Aug
Nov
Aug
Sept-Oct
Nov
June

918
915
910
905
898
897
895

Mean of seven storms

Mean Anomaly(°F) Change No. of Reports
Before
After (OF)
Before After

o.o

+ 1. 5
+1 . 9
+0.9
+1 • 1
+1. 4
+0.5
+0.5

+O.J
+O.J
+0.4

-0.2
-0. 1

+1 • 1

+0.2

-0.9

+O.J

o.o
o.o

-1.5
-1.6
-0.9
-1.2
-1.1

75
108
154
76
JO
JJ
125

82
105
184
127
29
29
111

are typical of those noted for the more intense storms.
The patterns
clearly suggest that the typhoons influenced the water temperatures
and that changes are greater on the right hand side of the track.
It
is interesting that the cooling in typhoon Wanda between succesive
15-day periods (Figure 1) is nearly as pronounced as that shown between
the two seven-day periods (Figure J).

4.

SEA SURFACE TEMPERATURE DISTRIBUTION RELATIVE TO THE
STORM CENTER

The mean data presented in Table 1 and the analyses in
Figures 2 and J are based on observations made before and after individual typhoons.
Observations in the vicinity of individual typhoons
are scarce but an attempt was made to examine the 'temperature distribution relative to the storm center during the five-day period that
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Figure 2. The change in mean sea
surface temperature (°F) between
the seven-day period just prior
to typhoon Wanda of 1956 and the
seven-day period just following
the storm.

Figure J. The change in mean sea
surface temperature (°F) between
the seven-day period just prior
to typhoon Clara of 1955 and the
seven-day period just following
the storm.

Figure 4. Sea surface temperature distribution relative to
the storm center for selected typhoons.
The storm motion
has been taken to the left in each case.
The small numbers
are median values over two-degree latitude squares and are
shown only in areas where at least three observations fell
in the squares.
the storm was best developed.
Charts of this type Ior two intense
typhoons and two weak typhoons are shown in Figure 4.
The weak storm
in each case occurred at about the same time of the year and followed
about the same track as the intense storm shown above it.
The patterns
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for the two intense storms suggest cooling from the front to the rear
side of the storm.
The patterns for the weak storms suggest little
influence from the storm.
The individual values used in the preparation of Figure 4
came from a very large area in which large-scale gradients of temperature undoubtedly existed.
In view of this fact and the uneven
distribution of the data, it is perhaps surprising that the temperature field relative to the intense typhoons shows patterns consistent
with those shown in Figures 2 and J.

5.

PHYSICAL FACTORS OF IMPORTANCE IN REDUCING THE SEA
SURFACE TEMPERATURES

The evidence presented above suggests that, in at least some
cases, intense tropical cyclones are capable of influencing the sea
surface temperature distribution over a very large area.
There are
several physical mechanisms which may be of importance in accounting
for the rather marked cooling in the surface layer of the ocean.
These include increased evaporation and sensible heat loss in the
regions of strong winds, the addition of cold water in the fo~m of rain
and the mixing of colder water from below.
Radiation effects are
probably quite small; the incoming short wave radiation is almost completely cut off in tpe region of the storm but the long wave radiation losses must be small since cloud bases are usually only a few
hundred feet above the surface.
The depth of the layer involved in cooling of the type shown
in Figures 2 and J is not known in individual cases but enough
bathythermograph observations have been made preceding and following
tropical cyclones to suggest that a thoroughly mixed surface layer at
least JO meters deep is involved in nearly all cases. A rainfall of
20 inches would lead to cooling of less than O.J°F if the rain temperature were 15°F colder than the ocean temperature and the upper
JO-meter layer is thoroughly mixed.
The magnitude of the flux of
latent and sensible heat in the region of hurricane-force winds is
certainly open to considerable doubt.
But based on work of Riehl and
Malkus (8), an evaporation rate in excess of 2 cm per day would not
appear likely.
If we assume this high rate of evaporation for three
days at the same location, the cooling would amount to about 1.J°F
averaged through the mixed layer.
The sensible heat loss is
usually considered to be small compared to that used in evaporation
and if we use the Riehl and Malkus results (8), the cooling due to
this effect over a three day period would be less than 0.4°F.
Therefore, under the very favorable circumstances of an upper mixed layer
only JO meters thick, a rainfall of 20 inches, and the presence of
hurricane-force winds for three days, we can perhaps account for a
cooling of about 2°F.
However, the patterns shown in the most
intense typhoons indicate cooling of as much as 5°F in some areas.
Cooling of this magnitude would suggest that considerable mixing of
colder water to the surface must be taking place.
The amount of cooling introduced by wind stirring would, of
course, be related to the depth of the upper mixed layer.
Thin
layers of unusually warm water might disappear quite rapidly due to
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the influence of a typhoon while cooling effects would be much less
noticeable during periods when a deep mixed layer existed.
In this
regard, it is interesting that the two intense typhoon cases in
Table 1 showing the least cooling were in the months of June and
November when the thermocline would be expected to be somewhat deeper
than during the principal part of the typhoon season.
The above discussion would suggest that in the future we
may consider bathythermograph observations as essential in evaluating
the pot·e ntial of an incipient tropical disturbance.
We may also feel
that we must know much more about the smaller scale features in the
sea surface temperature field.
A recent study by Perlroth (9) has
indicated that the sea surface temperature may vary as much as 5°F in
as little as 50 miles in tropical oceanic regions far from land.
The tongues of warm and cold water shown by Perlroth may actually be
intensified by the action of a tropical cyclone if indeed the thermocline is deep in the warm regions and shallow in the cold regions, as
suggested in another study (10).
Complicated small-scale features of the type shown on composite charts by Perlroth have not been verified in tropical regions
by synoptic observations or by composites over periods as short as a
few days.
Although we feel that smaller-scale features may be important in the sea surface temperature field, we have seen no evidence
in our data to suggest such large variations as shown by Perlroth (9).
Further work to be conducted at Florida State University will be
aimed at clarifying this question through a statistical analysis of
sea surface temperature data in selected regions traversed by tropical cyclones.
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USE OF TIROS PICTURES FOR STUDIES OF 1HE INTERNAL
STRUCTURE OF TROPICAL STORMS
Tetsuya Fujita

2

and Toshimitsu Ushijima 3

ABSTRACT
A series of TIROS I pictures of the South Pacific
tropical storm of 10 April 1960, rectified with great accuracy, was used to study the fine structure of the storm.
Three orientations of cloud-in-line were examined in an
attempt to find their causes.
The first orientation represents the direction of the low-level winds along which
small cumuli align as a cloud street.
The second corresponds to the so-called hurricane rainband and probably
represents a streak line when large convective towers originate at a fixed source on the earth.
The plumes of cirrus
from high convective towers appear as the third orientation.
1•

INTRODUCTION

Since TIROS cloud pictures became available to meteorologists,
numerous tropical storms and hurricanes have been detected and followed.
The usefulness of TIROS pictures is not limited only to storm identification but extends to include important information regarding the
internal structure of storms in various stages of development.
A pioneering work on a stage of Hurricane Anna, when it developed from a group of cumulonimbi into an organized circulation, was
done by Fritz (1962).
He revealed that such a change took place within about a 24-hour period between two daytime orbital passes over the
area of the storm.
Despite the fact that satellite pictures represent the orientation of the anvil clouds to a significant degree, it is not always
possible to determine from the pictures the direction of the cloud
movement.
A recent study by Frank (1963) showed a very quick change
of the cold core of an Atlantic tropical storm into a warm core
characterized by a distinct outflow pattern which was detected by satellite pictures and conf.i rmed by data from nearby radiosonde stations.
In this particular study of a South Pacific storm, an attempt was made
to explore the internal storm structure by analyzing a series of TIROS
pictures with extreme care and accuracy.
One rather important but more or less neglected aspect which
could be used in an examination of convective clouds over the ocean is
the study of the optical characteristics of the sunglint.
Unless
the ocean surface reflects the sunlight as a perfect convex mirror,
1
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the random reflection from the ocean waves produces a faint area of
reflected light near the theoretical sunglint point.
Glaser (1961)
emphasized the importance of a complete investigation of these sunglints, the optical characteristics of which are closely related to
the roughness of the ocean surface.
For the purpose of investigating tropical storms, the
sunglints will thus give us information about the sea-surface conditions associated with a storm.
They also provide an excellent background on which tall clouds cast their shadows.
These shadows are
visible in many TIROS pictures if one knows how and where to look for
them.
Among other subjects, the use of sunglints will also be discussed in this paper.
2.

PICTURE RECTIFICATION AND CLOUD DISTRIBUTION

A South Pacific storm of 10 April 1960, photographed by
TIROS I on Orbit 125, R/O 128, was selected for the study.
In fact,
the positions of the subsatellite points (TSP) and the spin-axis
(TSA) at the exposure times were such that a large portion of the
storm was photographed from favorable angles of view.
Eight pictures out of thirty usable frames were analysed by
Ushijima with the u~e of the so-called Fujita Method (1963a).
Some
frames show no apparent horizon , due to the low satellite nadir
angle.
Figure 1 represents an example of the geographic grids
175° E
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Fig. 1. TIROS I, Orbit 125 R/O 128, Frame 2T photographed at 030828
GMT, 10 April 1960. The subsatellite point (TSP) at the exposure
time was located at 25.9s and 177.2E.; azimuth of the primary line
was 189 deg.
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drawn onto Frame No. 2 exposed at 03h 08m 28s GMT or about 3 PM local
time.
The eye of the storm appears to the left of the picture at
30.7s and 172.1E.
Due to the dry air advection into the northern
sector of the storm, it is unlikely that a complete eye wall was in
existence at the exposure time of this picture.
The cloud patterns of the gridded pictures were then transferred onto a map covering the areas of the storm, including its
northern sector which extends to the southern edge of the intertropic
convergence zone (Figure 2).
The synoptic data at 0~00 GMT, 10 April 1960, were obtained
from the Daily Weather Bulletins of the New Zealand
Meteorological Service.
The cloud types reported in the Bulletins
are plotted in Figure 3 using letters such as Cu, Cb, Ci, etc.
Aircraft reports taken from the same Bulletins are also represented by
international cloud symbols with the heights of either cloud tops or
bases given in 100 ft units; the cloud top height appears above the
cloud symbol or the base height, below.
It will be noted that the northern tip of New Zealand, which
would have been observed from the satellite if it had been clear, is
under a thick altostratus deck with a base at 25,000 ft.
The altostratus deck is linked with altocumulus and, finally, with cirrostratus over Central North Island.
If we follow the gross pattern of
this heavy cloud deck toward the northeast, north and northwest, it
will lead us to the region of the intertropic convergence.
According
to an aircraft report south of Fiji Island, the band consisted of
cumulonimbi reaching 38,000 ft, towering cumulus, and altostratus with
their tops at about the 500 mb levels.
An extremely wide band of cloud, such as has been discussed
here, is frequently seen with post-mature cyclones.
The North
Atlantic storm of 29 May 19635 is a good example in which an unusually
well-defined spiral pattern has been photographed.
Numerous other
cases reveal that a thick cloud mass near the storm center may be
traced to an area which could be considered as the source.
The island of New Caledonia appeared to be covered by cumuli
to towering cumuli at 00 GMT (11 local time) and by towering cumuli
and cumulonimbi six hours later, according to the synoptic reports.
At the time of the satellite pictures, the island was entirely covered
with moderate convective activities which resulted in a dissipation of
small clouds over the ocean surrounding the island.
The situation
is very similar to that of Malkus' study (1955) in which she discovered, through aerial photogrammetry, a clear ring surrounding the
island at Puerto Rico.
An examination of Figure 2 thus reveals that
small cumulus and towering cumulus convection develops on the leeward
side of New Caledonia, and the disturbance drifts out from this formation area towards the tropical storm center.
It can be seen that
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Daily Weather Bulletins, Issued by the Director, Meteorological
Service, Wellington, New Zealand.
Picture of the Month, 1963.
Monthly Weather Review, Voo 91,
p 374.
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Fig. 2. Cloud pattern of the tropical
storm of 10 April 1960. The numbers at
the picture boundaries denote the frame
numbers of the picture series from TIROS
I, Orbit 125 R/O 128. These tape mode
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All frames used in constructing
this composite cloud map were exposed
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Fig. J. Cloud types as observed at
00 GMT, 10 April 1960: Cu(cumulus), Tc
(towering cumulus~, Cb ~cumulonimbus),
Sc (stratocumulus , Ac altocumulus),
Fs (fractostratus , Ci cirrus), Cs
(cirrostratus).
Included also in the
figure are the aircraft reports taken
between 00 and 05 GMT. They are shown in
international cloud symbols with the
heights of cloud top or base in 100 ft
units.

627
the new Hebrides Islands also act as the source of another cloud
band stringing into the storm system.
If the source of a cloud band is fixed more or less to the
surface of the earth, the cloud band under discussion follows the line
connecting the end points of the trajectories of the convective disturbances which have been emerging from the source continuously until
the satellite picture was exposed.
It must be noted that this line
is different from the stream line or the trajectory passing through
the source at the picture time; instead, it corresponds to the "streak
line".

J.

SYNOPTIC SITUATIONS

The surface synoptic chart for 00 GMT, about J hours before
the satellite pictures, is shown in Figure 4.
The pressure center
of the sea-level isobars is designated by the double circles.
There
was a ship in the vicinity of this pressure center; it reported the
weather at frequent intervals, thus making it possible to plot the
data on relative coordinates with respect to the storm center.
The
estimated pressure profile indicates that the pressure field near the
center was relatively flat, suggesting that the storm's center was
filled up, resulting in the central pressure of about 997 mb.
The
ring of the maximum winds around the center was characterized by its
diameter of 800 km and speed of about 15 m/sec in tangential velocity.
This would result in the figures?

4Xl0 7 m2 sec- 1
and

=
where
and

S

r

r/7Tr 2

denotes the circulation along the ring of the maximum wind
the mean vorticity inside the ring.

The circulation center of the clouds obtained from the
satellite picture was located about 200 km to the west of the sea-level
pressure center.
The storm was occluded in a stage of transition
from a tropical - to a middle-latitude frontal cyclone.
The 700 mb chart for 00 GMT presented in Figure 5 reveals
that the 700 mb height center, designated in the figure by "L", was
located half-way between the centers of cloud circulation and ~he sealevel pressure.
The cloud circulation center, in fact, coincided
with the circulation center at about 500 mb.
The thickness contours
between the 1000 and 700 mb surfaces clearly indicate the existence of
a tight thickness gradient to the southwest of the sea-level pressure
center •
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Fig. 5. 700 mb chart for 00 GMT, 10 April
1960. Height contours at 100 ft intervals
in solid lines and the thickness contours
between the 1000 and 700 mb layers in dashed
lines.
One long wind barb denotes 10 kts.
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4.

MESOSCALE FEATURES OF RAINBANDS

When the gridded picture of the storm in Figure 1 is examined carefully, it will be found that the orientations of small and
large clouds are quite different.
Even though the images of these
clouds in a TIROS picture do not give the vertical extent of the
tower, Malkus' (1960) study on the relation between tower diameters
and maximum heights penetrated permits us to make estimates of the
cloud tops with reasonable accuracy.
If we take the area bounded by
268, 28S, 177E, and 178E, the row of small clouds with diameters of
one of two miles is oriented in the direction of JJ2 to 152 deg.
The
picture indicates that the cloud environment is clear, suggesting that
Malkus 1 environment of 70 per cent relative humidity would be applicable.
The cloud tops of these small clouds would, therefore, be up
to about 25,000 feet.
~ ......
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Fig. 6

JOO mb chart for 00 GMT, 10 April 1960.
Winds are
shown in standard symbols, and thickness between
700 and JOO mb surfaces is contoured at 100 ft
intervals with dashed lines.

On the other hand, the large diameter or high top towers
within the abovementioned box are in a line oriented J57 to 177 deg.
Most of these large clouds are more than five miles in horizontal
diameter or at least 50,000 ft in vertical dimension.
41*
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Under the assumption that the convective towers move with
approximately 700 mb winds and the anvil clouds plume away from the
tower tops with the 200 to JOO mb winds, thickness charts between 700
and JOO mb surfaces were constructed in Figure 6.
These thickness
contours represent the direction of the geostrophic wind shear or that
of the anvil plume extending from the large convective tower tops.
An attempt was made to transcribe the thickness contour
lines onto the photograph for Figure 1 (see Figure 7).
The direction
of anvil plumes as indicated by short arrows in the picture fits
extremely well with that of the geostrophic wind shear between the
700 and JOO mb surfaces.
A change in orientation of the plume is
evident in the lower right portion of the photograph.
The direction of the small cumuli or towering cumuli shown
by the curved heavy lines with arrowhead is very close to that of the
700 mb contour lines.
This result seems to fit with the parallelism
between the line orientation of rows and that of the winds studied by
Plank (1960) over the Florida peninsula.

Fig. 7

Thickness contours between 700 and JOO mb surfaces
are drawn onto the same photograph as shown in
Fig. 1.
Short arrows represent the directions of
plumes drifting away from the top of high convective
towers.
The long curved lines with arrows give the
direction of small convective clouds in lines.

The third orientation of clouds, which has already been
mentioned, is that of large cumulonimbus towers which are seen near
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the center of the picture.
In view of the existence of the plumes
and the height-diameter relationship by Malkus, we may reasonably
assume that the large cumulonimbi under discussion would appear as a
spiral rainband similar to that studied by Simpson (1954).
His
researches, as well as others carried out at the University of Miami
by Senn and Hiser6, revealed that the spiral rainbands intersect the
low-level isobars at the closing angles of about 20 deg, thus forming
logarithmic spirals.
As a result of the careful examination of Figure 7, the
existence of three orientations of clouds have been found:

6

(A)

CLOUD STREET:
a row of small cumulus or towering cumulus
clouds which lines up in the direction of low-level winds.

(B)

RAINBAND:
a line of large cumulonimbi which intersects
the low-level isobars at the closing angles ranging between
10 and JO deg.

(c)

ANVIL PLUME:
a plume of cirrus clouds drifting out from
the top of each convective tower reaching the levels of
outflow or extreme shear levels.

Senn, H.V. and Hiser, H.W., 1956-57.
Studies of Hurricane Spiral
Bands as Observed on Radar.
University of Miami technical reports
to the U.S. Weather Bureau.
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THE STRUCTURE OF THE RAINBANDS OF IUJRRICANES
R. Cecil Gentry
National Hurricane Research Project
U.S. Weather Bureau, Miami, Florida
ABSTRACT
The structure of the spiral rainbands of hurricanes is described using data from more than 75 rainbands
selected from tropical cyclones that occurred between 1957
and 1962.
Temperature gradients within the bands are as
much as 2.5°c per 2 n mi and are frequently greater than
1.5°c per 10 n mi.
The mean temperature in the bands
varies directly with the intensity of the storm, directly
with altitude at least to above the 16,000 ft level, and
inversely with radius.
The latter relationship, however,
is not noticeable except for bands within about 50 n mi
radius of the storm's center.
Winds along the bands vary greatly and apparently in association with microscale features of the band.
Gradients in wind speed frequently exceed 10 kt per 5 n mi
and sometimes excead 20 kt per 5 n mi.
These gradients
in wind speed are not as great as those along radii near
the center of the storm, but are far greater than previously indicated for variations along the bands.
The vertical motions and temperature anomalies
within the bands in the high energy portions of the storms
are significantly correlated and to such a degree that the
coexistence of ascending warm currents and descending cold
currents in the bands can produce almost as much kinetic
energy as previous budget studies by other investigators
have indicated to be produced in the average hurricane.
1•

INTRODUCTION

The first radar images of tropical cyclones revealed a spiral
rainband structure that was soon id.entified as being typical of such
storms.
Since this phenomenon was first reported by Maynard (1945)
and Wexler(1947),the apparent organization of the principal cloud systems into an organized spiral band pattern and the implication that
most of the latent heat released in a hurrican@. is made available
through these channels rather than either symmetrically around the
center or in randomly distributed convective towers has stimulated
the interest of many research meteorologists.
There have, therefore,
been many attempts to describe rainbands and to explain their origin,
for example, Ligda (1955), Senn and Hiser (1959), and Atlas et al
(1963).
The descriptions have been mainly restricted either to list632
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ing events associated with passage of a band that could be observed
from the ground or to describing what can be observed on the radarscope.
The latter, furthermore, has been mostly restricted to the
geometry and kinematics of the echoes and deductions about the distribution of water through the bands.
Little information has been
introduced to portray the structure of the atmosphere in the bands,
the variation of temperature and wind within the band, or to show the
role of the bands in the production of kinetic energy and other aspects of storm structure and its maintenance within the high energy
portions of tropical cyclones.
To do these things is the object of
this presentation because such information is needed for development
of acceptable hypotheses concerning the formation of spiral bands and
their role in the dynamics and energetics of hurricanes.

2.

THE DATA

With aircraft support from the Air Weather Service of the
U.S. Air Force and the Research Flight Facility of the U.S. Weather
Bureau, numerous traverses of hurricanes have been made since 1956.
Data from over 75 rainbands investigated during that period have been
used in this investigation.
There were several types of probes for
measuring temperature on these aircraft, but the one used to collect
the data presented in this paper was the vortex thermometer.
The
winds were measured by the APN-82 system, which makes use of the
Doppler radar,and the ASN-6 analogue computer.
The thermometers and wind measuring systems were carefully
calibrated and believed to be at least as accurate as the instruments
used in radiosondes.
Most of the data were in profile form and
gradients rather than absolute values were important for most purposes.
In general the former should have been measured more accurately than
the latter.
The effect of liquid water on the temperature measurements has not been completely evaluated.
There were, however, no
indications found in the data that the temperature variations could
be accounted for by wetting of the sensing element; and it is believed that movement of the surface reference plane would not effect
measurements of the gradient of the wind speed even though it would
probably affect the absolute values.
The data were recorded automatically and digitally during the
flights, at intervals varying from 1 to 10 seconds.
For most of the
cases included in this paper the data were recorded at least as often
as 3 times per mile, and after 1959 were recorded every second.
Many hurricane flights during the past 6 years have been
made which included radial passes across the storms which intersected
rainbands along approximately normal tracks.
About 70 "normal
traverses" of bands were selected and the data were plotted as in
Figure 1, which is for an outer band of an intense hurricane, Daisy
of August 27, 1958.
The temperature trace (T) shows marked changes
of temperature of about 2.5°c within the band.
This is approximately
as much as the total variation in temperature from the outer edge of
the eye wall to the outer edge of the strong cyclonic circulation for
many hurricanes.
The winds were decomposed into components tangential
(VT) and normal (vN) to the orientation of the band at its point of
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intersection with the flight track.
Special flights were arranged in 1962 to collect data for
the study of rainbands.
Included in the flight patterns were longitudinal traverses of the bands in which the aircraft flew along the
band for about 50 n mi.
A sample of the data collected on such
flights is given in Figure 2.
In the latter the wind graphs are for
total wind speed and wind direction.
Several series of data were
collected in this manner.
In some cases the aircraft was inside the
band for long distances; in some cases the aircraft was flying near
the band, but just outside of the echo area; and in some cases the
aircraft flew between and approximately parallel to the bands.
Note
in Figure 2 how great the variation in temperature and wind speed was
along the band.
Contrary to what had been expected from earlier
reports on hurricane rainbands, the variation of temperature and winds
along the bands were just about as great as the variation across bands
with the possible exception of the eye walls.

J.

TEMPERATURE VARIATIONS

A summary of the temperature variations from all of the
normal traverses reveals that the temperature anomalies in the bands
vary directly with altitude, directly with the intensity of the storm,
and inversely with distance from the center of the storm.
The last
relationship is not very pronounced, however, except for bands near
the eye wall.
These conclusions are supported by the data in Table 1.
TABLE 1. Average departures from mean tropical temperatures
(August and September) of rainbands.

Mean

FI ight
EI evat ion
( ft . )

Intensity

h

5

( 2)
HURCN.

30,000
STORM
HURCN.

7,000<
h<

20,000

STORM

-

HURCN.

11 .2 8,8
(8) (2)

..

3.4
( 1)

STORM
Note:

..
..

3.9 .9 1.o
(9) (20 (3)
..
I. 5

(2)

7,000

r>

wa 11 70 70
( 3) (4) {5)

0.6
( 6)

h ~

Temperature

Minimum
Temperature

_o_f_T_r_a_ve_r_s_e~------------
Eye r<

(I)

Maximum

Temperature

o.o
(5)

0.0 -0.6
(3) (4)

.. . .

-2.9
( 4)

Number of cases in Parentheses.

Band Radius
Eye
Wa 11

( 6)

r<.

r>

70

~o

(7) ( )

11 .b I 9.0 ..

(8)

..

( 2)

3.5
( I)

..

o.8 0.7
( 6) ( 5)

2.8 0.3 -o.4
(2) (3) (4)

.. ..

(9)

r< r>
70 70
(10)(11)

10.5 8.5
(8)
(2)

..

3 .4

..

..

..

(I)

5.8 I. 3 I • 7
(9) (20 (3)

..

Eye
Wall

-2.2
(4)

2.0
(9)

0.5 -0.1
( 20' (3)

'.

0.3 -0.6
( 6) (5)

0.4 -0.5 -1. 3
(3) (4)
( 2)

..

..

-~.4

(4)
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In this table the data are summarized for three different height
layers; for 2 different intensities, hurricane and storm (less than
hurricane) intensity ; and for three different radii (r) intervals.
The mean temperatures in the bands were nearly always above normal
when the storm was above minimwn intensity for a hurricane.
This was
not true, however, for the outer bands of immature storms of less than
hurricane intensity.
Many of them had mean temperatures colder than
the mean in the tropics for that season (Jordan, 1958), and also colder than in the ambient air.
Table 2 summarizes data from the longitudinal traverses
which are grouped according to whether or not the aircraft was in a
band.
Within groups the arrangement is by decreasing altitude.
Traverses 109 and 112 were along but just outside of bands, while 110
and 111 were between bands.
The approximate mean altitudes of the
flights are given in column J, and the approximate distance of the
flight leg from the center of the storm is in column 4.
TABLE 2. Summary of wind and temperature variations on
longitudinal traverses
Tr•v- FI i ht
erse
Ng

No.

.o.

(I)

(2)

h

r

( 1o•s (;;.

In

Tnp. Ctwlnges
Within 10 Hi.

Speed Changes
Wi t h i n I 0 , H i • F i gure
Max.
AvtJ.

ni

Ml)

Band
Max.

(4)

A~ ..

(3)

(S)

(6)

( 7)

(8)

(9)

(I 0)

8

IOI

8o8181

1560

50

Yes

I .4

1.3

18

13

102

21017A

1380

75

Yes

3.0

1.9

53

18

103

21017A

1380

95

Yes

2.4

1.4

23

12

2

104 21019'

1380

65

Yes

2.2

I .6

20

10

5

105 809248

1300

55

Yes

1.9

I

.5

8

6

9

106 8081 SA

640

200

Yes

2.8

I. 3

17

6

10

107 210178

J2S

100

Yes

1.8

1.1

29

12

3

108 210198

325

80

Yes

0.9

o.4

15

6

6

109

21019'

1380

65

No

1.4

0.8

II

8

5

110

21019'

1380

95

No

1.0

o.6

II

7

7

111

8o8278

1300

90

No

0.1

0.4

7

5

II

112

210178

325

110

No

1.8

0.1

iI

7

4

To get a measure of the temperature changes on the longitudinal traverses the difference between a minimimwn (maximwn) and
the extreme maximwn (minimwn) within the next 10 n mi along the flight
track was used.
The largest absolute value of all such changes on
each longitudinal traverse was recorded in Table 2,
column 6, and
ihe mean of the absolute values for each traverse was recorded in
column 7.
For the f~ights made at elevations of 10,000 ft to 18,000ft
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the mean of these values was 1.5°c (Table 2, column 7, traverses
101-105).
For traverses between bands at the same elevations, the
average temperature change was 0.6°c, i.e. less than half as great.
The average temperature change in the bands at 3250 ft was much less
as is to be expected if the horizontal temperature gradients are created by convective processes operating in a saturated air mass where
the actual lapse rate does not differ markedly from the pseudoadiabatic lapse rate.

4.

WIND VARIATIONS

The gradients in wind speed on the longitudinal traverses of
bands apparently were mostly those associated with the micro-structure
of the bands.
This is illustrated in Figure 2.
The change in wind
speed along each traverse was recorded from each minimum (maximum) to
the maximum (minimum) reached with the next 10 n mi of flight.
The
data in columns 8 and 9 of Table 2 are the maximum and mean, respectively, of such values for each traverse.
The variation in wind
speed and direction is greater in the mean at the middle levels of the
troposphere (12 kt) than at the lower levels (9 kt) and is about twice
as great within the bands in the middle troposphere (12 kt) than outside the bands at the same levels (7 kt).
The gradients in speed
measured on the longitudinal traverses were frequently greater than
those normally found in smoothed profiles of wind speed versus radius
outside of the eye and eye wall areas.
Both the wind data and the
temperature data strongly suggested that the bands were composed of
convective elements and the interstitial spaces.

5.

LENGTH OF FLUCTUATIONS IN TEMPERATURE AND WIND

Inspection of proftles such as those in Figure 2
suggest
possibility of wave motion affecting the temperature and wind variations because of the more or less regular spacing of the peaks and
valleys in the profiles.
A harmonic analysis of the data showed,however, that the fluctuations were not sufficiently periodic to have
been influenced to any great extent by relatively simple wave patterns.
To get a representation of the distance between the more
important variations in the temperature and wind speed fields, the
distance between positions of each 2 successive minima on the profiles
for the longitudinal traverses were tabulated when the following conditions were met:
(1) distance was greater than 3 n mi; and (2) the
difference between the intervening maximum temperature (wind speed)
and the average of the 2 adjacent minimum temperatures (wind speeds)
was at least 1°c (5 kt).
This difference was called the range, and
the distance between locations of 2 such minima was called the length
of the fluctuation.
The means of the "·lengths" and "ranges" for each
longitudinal traverse were tabulated in Table 3, columns 6, 7, 9, and
10.
In most of the traverses there were some areas where none of the
fluctuations met the second condition.
The distance along the band
occupied by such an area was called "space" and the means of the
"spaces" for each longitudinal traverse were recorded in columns 8 and
11.
A comparison of the values in column 8 with column 7 and column
11 with column 10 will indicate the degree to which the profiles were
characterized by "larger fluctuations."
The data in Table 3 and in
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profiles such as those in Figure 2 suggest that while there are
frequently occurring fluctuations with "lengths" in the range of 3 to
10 n mi, no particular "length" in this interval occurs with great
regularity.
This was demonstrated by the harmonic analysis results
(not reproduced).
TABLE 3.

Mean length and range of "larger fluctuations" in
temperature and wind profiles.
Mean O•t• for

Traverse

Ho.

h

FI lght

( 10 s

Ho.

ft)

(n ml)
(4)

(1)

(2)

(l)

IOI

8o818B
21017A
21017A
21019A
809248
8o815A
210178
210198
21019'\
21019A
8o8278
210178

1560
1380
1380
1380
1300
640
325
325
1380
1380
1300
325

102
103
104
105
106
107
lo8
109
110

111
112

6.

In
Band

r

1

50
75
95
65
55

I1!!2!r!ture
Range
Length Space
(n .. 1)
{n mf)
{deg C)

(5)

(6)

Yes

1.3
1.6

Yes

Yes
Yea
Yes
Yea
Yes
Yes

200

100
80
65
95
90

9.8
5.7

6.4
1.0

1.5

1.4
1.6
1.6
1.5

13.5
8.8

9.7
14.0

1.2
1.3
1.0
1.4

No
No
No
No

110

(7)

22.5

12.0
12.0

Fluctuatlo~s

Wind Se,!ed

Renfe
(kt

Length
(n ml)

(8)

(9)

(I 0)

( 11)

35.0
8.7
10.0
28.3
13.8
l4.0
29.0

8.6
15.1
10.5
9.4

7.1
5.6
6.6
5.2
13.0
11. 7
12.3

8.7
5.7
6.6
5.6
49.0
21.8
12.7
15.6
10.0
10.5
47. 0
18.0

38.S
47.5
52,0
65,0

1.0

7..9
12.0
6.7
7.9
6.9

13.4

9.9
8.3
17.0
3.9

5.0

6.6

Spece

(n ml)

GENERATION OF KINETIC ENERGY

It can be shown that the rate of change of horizontal kinetic energy in a fixed volume V of the atmosphere that is bounded from
the outside atmosphere by a cylinder that extends from sea level to
the top of the atmosphere can be expressed:

2--f
f>KdV
at v
po

-

where;<'

L

g

L

=

-..1..

{~{

9 jo jl

KvndLdp

( 1)

___,

et>,, v,;'

dp

0

f r:-

-

AR

9

f L/'
0

0

dp

-

VH. F dAdz

is the density of the air, g is the acceleration of gravity,

K the kinetic energy of horizontal motion per unit mass,
zontal wind vector,
surface, v

n

p

vH the hori-

the geopotential of the arbitrary isobaric

wind component normal to cylinder wall and positive out-

ward, T absolute temperature, R gas constant, F the horizontal frictional force per unit mass, w

= ~~ , --

over a quantity, and the
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double prime indicates, respectively, a mean along the pressure
surface around the circumference of the cylinder and the departure
from it, and the bar over a quantity and the single prime denote,
respectively, the mean over the area and the departure from this mean.
The second, third and fourth terms on the right side of
equation (1) represent the effect of the conversion of potential to
kinetic energy inside the cylinder.
The data collected for the rainband study were not sufficient for preparing a kinetic energy budget.
They were sufficient, however, to estimate the size of the second and
fourth terms on the right and to indicate that rainbands were areas of
significant kinetic energy generation; that is, the amount of kinetic
energy generation in the rainbands indicated by these 2 terms is the
same order of magnitude as other investigators have found for the
total generation of kinetic energy in a hurricane.
While the data
collected for this study were not sufficient to accurately evaluate
the terms, the results are believed to be the correct order of magnitude.
It was found that for a storm of central pressure of about
950 mb and distribution of radar echoes similar to Hurricane Daisy,
August 27, 1963,
the generation of kinetic energy due to effects
represented by the second and fourth terms of the right of equation
(1) was, respectively, 4.8 and 2.8 (1014kj per day).
The last amount
is all due to conversion taking place in the bands and part of the
former amount is converted within the bands (including the eye wall).
These amounts can be compared with results obtained by other investigators for hurricane Helene (Miller, 1962) and Daisy, August 26, 1958
(Riehl and Malkus, 1961).
They found that the total kinetic energy
gene+ated inside the 60 n mi circle was, respectively, 6.9 and 4.5
(1014kj per day).
Assuming that the data are sufficient for the
calculations, we may conclude that the rainbands are areas where
relatively large amounts of kinetic energy are converted from potential energy.
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SOME NOTES ON THE FORMATION OF HURRICANES
WITH PARTICULAR REFERENCE TO HURRICANE ELLA, 1962
M. A. Alaka and D. T. Rubsam
National Hurricane Research Project
U.S. Weather Bureau, Miami, Florida
ABSTRACT
Observations made at different levels by aircraft
of the Research Flight Facility (RFF) of the U.S. Weather
Bureau, in conjunction with regular synoptic observations
from the coastal U. S. and Bahamas, are utilized in detailed analysis of conditions prevailing during the crucial
period immediately before, during and after Ella (1962)
attained hurricane intensity.
It is shown that, in contrast with other hurricanes described in the literature, · Ella did not develop
under an upper tropospheric anticyclone.
Rather anticyclonic circulation first appeared in the middle troposphere
and gradually extended upwards while the storm was intensifying into a hurricane.
1•

INTRODUCTION

Hurricanes are known to form in pre-existing tropical disturbances.
The disturbances are many, but hurricanes are few.
Therefore, some selective processes must operate which determine whether or not intensification into a hurricane will occur.
One of the first steps in understanding the nature of the
cyclogenetic processes leading to hurricane formation is an accurate
description of the structure of the disturbance and its modification
during the critical hours immediately before the hurricane is born.
Knowledge of these features would increase our insight into the manner
in which the atmosphere forms its hurricanes and is an indispensable
requisite for the successful formulation of theoretical and numerical
models of hurricane genesis.
The tropical disturbance which eventually spawns a hurricane,
initially displays cold-core characteristics, at least on a synoptic
scale, while the hurricane itself is a warm-core system.
In recent
years, starting with the work of Riehl (1948), synoptic evidence has
accumulated to the effect that a necessary, though insufficient, link
in the chain of processes leading to hurricane formation is the prior
super-position of an upper tropospheric anticyclone over the low level
disturbance.
Transformation from cold core to warm core regime would
follow in response to this super-position.
Confirmation of this
sequence of events was found by Yanai (1961) in connection with
Typhoon Doris (1958) and by Alaka (1963) in connection with Hurricane
Carla (1961).
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In marked contrast with these two hurricanes, is Ella (1962),
whose formation was attended by a different sequence of events.
These
will be described in the following pages.
2.

BACKGROUND AND DATA

The disturbance from which Ella developed, first came into
view on October 8, 1962, as an easterly wave with its axis near the
Windward Islands and moving in a west-northwest direction (Figure 1).
By 1200Z, on October 14, a closed circulation had developed with a
mean sea level pressure of 1010 millibars.
Twe nty-four hours later
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Fig. 1.
Successive positions of easterly wave from
which Ella formed and track of the disturbance in
tropical storm and hurricane stages.
Inset shows
time profiles of mean sea level minimum pressure and
maximum wind.
the central pressure had fallen to 1002 millibars and shortly after the
first flights into the incipient storm were made by aircraft of the
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RFF at 2 levels.
RFF flights at different levels were also made on
the 16th, 17th, and 19th; a summary of these flights is given in
Table 1.
Observations from these research flights, in conjunction
with regular synoptic observations from the East Coast of the United
States and from the Bahamas, permitted detailed analysis of conditions
prevailing during the crucial period immediately before, during and
after Ella attained hurricane intensity.
TABLE 1.
Date

Flight

October 15,1961
15
16
16
17
17
17
19
19
19
3.

Research Flight Facility flights into Hurricane Ella

21015-B
21015-C
21016-A
21016-C
21017-A
21017-B
21017-C
21019-A
21019-B
21019-C

Time
165oz-0115z
172oz-1945z
1725Z-2350Z
1730Z-1935Z
164oz-005oz
1550Z-0030Z
1920Z-2125Z
1100Z-2120Z
1000Z-2100Z
1225z-144oz

Height
(feet)
2' 140
39,751
7,953
40,387
12,877
2' 140
40,501
12,585
1 '669
37,128

-

2,740
43,010
9,207
43,979
14,983
2,708
44,675
14,017
4,082
45,751

Reference Level
(feet)
3,240
40,870
8,090
40,870
13,800
3,240
40,870
13,800
3,240
40,870

THE TROPICAL STORM STAGE

The low level flight on the 15th (Flight No. 21015-B), made
2 penetrations into the center of the storm.
The first, at 1850Z
showed a well-defined eye.
The eye was, however, found ill-defined
on a second penetration at 2125Z.
Obviously the disturbance was in
the process of organizing itself but had already reached tropical
storm intensity, a maximum wind of 42 kt being recorded by the aircraft at 2500 feet about 110 miles north of the center.
The minimum
mean sea level pressure was 1002 millibars.
Figure 2 shows the low
level wind field, constructed from flight data, ship reports and
1800Z synoptic reports on October 15.
Note the region of strong
confluence in the northeast sector.
Figure 3 shows the temperature field, analyzed from observations referred to a standard level of 3,240 feet, and plotted at
ten minute intervals along the path of Flight No. 21015-B.
The center
of the storm remained almost stationary during the flight, so that the
analysis gives a fairly good picture of the temperature field in the
storm area.
The center is seen to be situated within a strip of high
temperature, with the highest temperature of 21°c (not shown in
Figure 3) being recorded inside the eye.
The upper flow, revealed by observations made at about the
same time by another RFF plane flying at an altitude of about 43,000
feet, is given in Figure 4.
There is strong difluence downstream
from the surface position of the storm but there is no indication, at
this level, of any anticyclone.
Temperature observations referred
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to 40,870 feet (Figure 5) show the storm position at some distance
from the highest temperatures.

Fig. 2 Wind field composited from RFF observations made
from 1650-0115Z at heights between 2140 and 2740 feet
(Flight No. 21015-B), from ship observations and from 1800Z
synoptic reports on October 15, 1962.
On the 16th, the situation is basically similar in the upper
troposphere (Figures 6 and 7), although the storm continued to deepen.
The lowest mean sea level pressure was estimated at 994 millibars.
The maximum wind measured by RFF Flight No. 21016-A (see Table 1), flying at about 8,000 feet was 60 kt, about 60 nautical miles northwest
of the center.

4.

THE WARMING STAGE

The northwestward movement of the storm brought it in a
position where some interesting information may be gleaned about its
structure from the neighbouring coastal and insular synoptic network.
Figure 8 shows the wind field at various levels at 1800Z which is
about the time of the upper level RFF Flight No. 21016-C.
At 20,000
feet, the low level cyclonic circulation is still in evidence.
The
25,000 foot level is one of transition.
At J0,000 feet, there is a
hint of anticyclonic circulation around the storm which becomes more
distinct at 35,000 feet.
The pattern changes to that shown in
Figure 6 at about J8,000 feet.
In short, between the low-level cyclonic circulation and the
wave pattern in the upper troposphere, there is a layer, roughly between J0,000 and J8,000 feet in which the circulation is anticyclonic.
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R.F.F.

FLIGHT
N0.21015-B
ISOTHERMS

0

Fig. J.
Temperature field ( c) from RFF observations referred tri J,240 feet, made from 1650 to
0152Z on October 15, 1962, by RFF Flight No.21015-B.
The analysis was made from a plot of observations
at 10-minute intervals along the flight path.

R.F.F.
FLIGHT
NO. 21015-C
WIND
OBSERVATIONS

•
0

STORM
CENTER
SYNOPTIC WINDS

•

AIRCRAFT

WINDS

Fig. 4.
Wind field as depicted by
RFF Flight No. 21015-C (see Table
1) and 200 millibar rawin synoptic
observations at 1800Z, October 15,
1962.

Fig. 5. Thick lines: Isotherms ( 0 c) drawn from observarions made by RFF Flight No.
21015-C (see Table 1).
Thin
lines: streamlines reproduced
from Fig. 4.

646

Fig. 6.
Wind field as depicted
by RFF Flight No. 21016-C (see
Table 1) and 43,000 foot rawin
synoptic observations at 1800Z
October 16, 1962.

Fig. 7.
Thick lines: Isotherms
0
(
c) drawn from observations
made by RFF Flight 21016-C (see
Table 1).
Thin lines:
streamlines reproduced from Fig. 6.

This is the first indication we have that the process of transformation
from cold core to warm core is underway.
Six hours later (Figure 9)
the anticyclonic circulation had extended to 40,000 feet but not to
45,000 feet.

5.

THE NASCENT AND DEVELOPING ffiJRRICANE

Ella was officially proclaimed to have reached hurricane
force at about noon on October 17 (Dunn an_d Staff, 1963).
Figure 10
shows the wind fields in the upper troposphere as depicted by RFF
observations made a few hours later.
A dramatic change has occurred
since the last high-level flight about 24 hours earlier.
Instead of
the wave pattern, we have an elongated envelope containing cyclonic
eddies, one of which coincides with the surface position of Ella.
Outflow from the central region is clearly discernible.
Also, for the
first time there is a hint of a closed anticyclone to the northwest of
the storm center.
The temperature field (Figure 11) has also changed
considerably and now shows an inchoate warm core around the storm
center, but the temperature gradient is still very weak, the difference between the highest and lowest temperature being of the order of
0
.
3 K.
It is only about two days later whe~ Ella was a full-fledged
hurricane with 90 knots winds and mean sea level central press·ure of
970 millibars that a clear, warm core with strong temperature gradient
is evident in the upper troposphere (Figure 12).
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Fig. 8.
Wind field at various
levels in the vicinity of Ella
at 1sooz, October 16' 1962.
3$ ,000 FT.
WI NO
OCT. 16 , 19 62
1 800~

Fig. 9.
Wind field at various
levels in the vicinity of Ella
at OOOOZ, October 1 7 ' 1962.
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Fig. 11.
Thick lines:
Isotherms ( 0 c) drawn from observations by RFF Flight No.21017-C
(Table 1).
Thin lines: Streamlines reproduced from Fig.10.

6.

Fig. 10.
Wind field as depicted by RFF Flight No. 21017-C
(Table 1) and mean layer rawins
(37,000-43,000 feet) at OOOOZ,
October 18, 1962.

Fig. 12.
Thick lines: Isotherms drawn from observations
by RFF Flight No.21019-C
(Table 1). Thin lines: Streamlines drawn from wind observations
made during the same flight (not
shown) and from 43,000 foot rawin
observations at 1200Z, October 19,
1962

CONCLUSION

We have seen that, in contrast with other hurricanes described in the literature, Ella did not develop under an upper-tropospheric anticyclone .
Rather, the anticyclonic circulation first appeared
in the middle troposphere and gradually extended upward with the deepening of the storm.
It was thus a result, or at most, a concomitant
rather than a requisite of initial deepeningwhichappeared to have
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been baroclinic in nature, as is evidenced by the strong temperature
gradient in the low levels on October 15 (Fig. 3).
It is believed
that Ella may be typical of a class of hurricanes which develop in the
higher latitudes of the tropics and are more rarely observed than such
typical tropical hurricanes as Carla (1961).
But more experience is
needed before a definite statement in this connection can be made
with confidence.
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A NUMERICAL MODEL OF TROPICAL CYCLONES
Akira Kasahara
National Center for Atmospheric Research
Boulder, Colorado, U. S. A.
ABSTRACT
A model of tropical cyclones is formulated on the
assumption that the primary source of energy of tropical
cyclones is the latent heat of condensation released in the
cumulonumbus convections in the storms.
Effects of the convective motions are expressed
statistically with the use of a new variable which describes the distribution of convective elements in the system.
Properties of the elements such as temperature, mixing
ratio and the intensity of updraughts are specified in
terms of variables of the mean motion with few approximations.
The diameter of the elements must be specified as
a physical constant of the problem.
Preliminary results of numerical calculations are
discussedo
1•

INTRODUCTION

The purpose of this article is to formulate a numerical model to study the development of tropical cyclones.
The viewpoint
taken here is that the primary source of energy of tropical cyclones
is the latent heat of condensation released in the organized cumulonimbus convections, which are limited in number, rather than by a
uniform and gradual circulation in the storms (Riehl and Malkus,
1961).
Since the scale of cumulonimbi is considerably smaller than
that of tropical cyclones, it is not yet feasible to employ a small
grid mesh for the purpose of providing enough resolution to describe
such small-scale motions in the numerical model.
There are even
reasons to believe that such a detailed calculation may not be necessary insofar as our main interest is in the description of
hurricane-scale motions.
The question is then, how one should formulate a numerical
model of tropical cyclones without resorting to the use of a small
mesh, nevertheless taking into account the important effects of smallscale motions in the model.
During the Third Technical Conference
on Hurricane and Tropical Meteorology held at Mexico City, Mexico,
June 6-12j 1963, several models, along the lines just mentioned, were
proposed by Ooyama (1962), Charney et al. (1963), Kuo (1963), and the
author (1963); and also by Syono (1963) during the International
Symposium on Dynamics of Large-Scale Processes, September 3-7, 1963,
Boulder, Coloradoo
In this article we shall discuss an extension
of the model which the author proposed during the Mexico City meeting.
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SPACE DISTRIBUTION OF CUMULONIMBI
In our model, effects of the cumulonimbus-scale convections
in tropical cyclones are expressed in terms of the distribution density of the convection elements in the system.
Let N( 1r ,t)dlr be the number of cumulonimbus convective
elements which lie within the area element d lr (=dxdy) in cartesian
(x,y) coordinates where lr denotes the position vector measured from
the origin of the coordinates, located at the center of the system
with which we are concerned.
N is a function of both space and time
t.
Next we make a reasonable assumption that the convective
elements move with the vertically averaged velocity

V

of the "mean"

motion where the wavy symbol is an operation defined by

=

C Pa -

-1

Pr )

1PB

C

) dp

( 2. 1)

Pr
in which the pressure P is used as the vertical coordinate, PB and PT
refer to the pressures at the bottom and top of the clouds.
The
height of convective clouds may be specified by the vertical distribution of buoyancies in the elements and therefore can be a function of
both space and time.
However, for simplicity, we assume with a good
approximation that PT and PB are fixed for every element.
The "mean" motion is defined as a space average of the total
motion including convective motions over a domain R with sides of
length L and L in the (x,y) - plane.
We shall denote the space

x

y

averaging by bar notation

=

> d 1r

(2.2)

The local time rate of change in the number of convective
elements in a unit area is determined by the difference between the
influx and efflux of elements plus the rate of formation and dissipation of clouds in the area.
Thus we may state that

fili

at

+

'V·CVN)

=

SN
St

(2.3)

where V denotes the two-dimensional gradient operator, and bN/tt
denote the rate at which N is being altered by the formation (or
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dissipation) of convective elements in the unit area under consideration.
If SN/ St is expressed in terms of the mean flow, then one can
predict the distribution density N by solving (2.J) under given initial conditions.

J.

TIME RATE OF FORMATION OF NEW CLOUDS

The number of convective clouds in the domain R (see equatThe area occupied by the elements is then L L Nu
ion 2o2) is L L N.
x y
x y
where O' is the mean cross section of the elements which is assumed
to be constant.
The area of no clouds in R is, of course,
( 1-N a)L L •
x y

The total water vapor in the volume over the domain R extending vertically from PB to PT may be expressed as the sum of the total
amount of water vapor stored inside and outside of the cloud towers, so
that we have

q

= (1

-

O' N

) Q0

+

O'

N q1

where q denoted the mixing ratio, qi and q

0

( 3. 1)

refer to the mixing ratios

inside and outside the clouds.
By taking the

first variation of (J.1) with respect to time,

one finds
8~q

-

8t

- o- N ~ i - ( 1 ,,.,_;it

dt

(j (

a N ) 990
dt

(Jo2)

q.I - q0 )

In (J.2)dq./dt and dq /dt refer to the time rate of change of
1

-q

0

0

inside and outside of the clouds.

However,

SCi/ St

q1.

and

means

(JoJ)
As the vertical distribution of mixing ratio in the clouds
qi' we assume that the clouds are saturated so that qi is evaluated as
the saturation mixing ratio for a given temperature in the clouds.
The vertical distribution of temperature in the clouds T. may
1

be specified by the wet adiabat with the assumption that the temperature
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at the cloud base Ti(PB) is equal to T(PB)' the temperature of the
"mean" flow at the cloud baseo
The vertical distribution of q
Let us assume that the temperature T

0

0

may be obtained as follows.

outside the clouds is evaluated

by the relationship

(J.4)
Similarly, the relative humidity outside of the clouds H may be
0
determined from

H

= (1 -

O' N )

H0 +

O'N

where H denotes the relative humidity defined as the ratio of mixing
ratio to the saturation mixing ratio.
We utilized the assumption
that the clouds are saturated, namely H. = 1.
The value of q is then
l
0
obtained from

(J.6)
where q

OS

4.

(T 0 ) is the saturation mixing ratio for T 0 •
PREDICTION EQUATIONS FOR q and T
As the continuity equation of the system we take the form

'\/·V

where c.v

= 0

+

(4.1)

= dp/dt.

With the aid of
be written as

~~

+

(4.1)

'V. ( \' q )

+

the water vapor conveyance equation may

aap ( wq )

= QSs
dt

+

M

where M denotes the rate of change of q due to eddy diffusion processes,
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We assume

and -dq /dt is the rate of condensation (or sublimation).
s

that all the products of condensation fall out of the system as precipitation.
Cloud storage
and evaporation from falling droplets are
neglected.
With the aid of (4.1) the thermodynamic equation may be
written as

ae

at

+ '::;/· (

'VS) +

a
ap

(w9)

~ cad+ a a +a c
= CpT

(4.J)

>

where

(4.4)
is the definition of potential temperature.
of dry air at constant pressure.

C

p

denotes specific heat

The terms Qd' Q

a

and Q

c

represent,

respectively, the rate of nonadiabatic heating (or cooling) per unit
mass produced by eddy diffusion processes, by radiation processes and
by the released latent heat of condensation which may be expressed

= -

(4.5)

L Qgs
dt

where Lis the latent heat of evaporation (or sublimation).
In order to derive prediction equations for the "mean"
motion, let us represent

e =

e

+

Sc

(4.6)
Here, bar symbols refer to the averaging process as defined by (2.2).
The subscript C refers · to deviations from the mean motion which are
mostly due to the presence of convections.
By substituting (4.6) into (4.2) and (4.J), and performing
the averaging process defined by (2.2), we obtain

~f

+

vCi >

'V . <

+

a~

<

wCf > =

dgs

dt

+

M

- { 'V • (Ve qc)

(4.7)
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and

ae
at

+

v.

<

ve>

_Q_

aP

+

cw- -e >

(4.8)

= (.lL)(ad
+aa +a c )
CpT
Since the latent heat of condens·ation is released only in
convective elements, by referring to (4.5) Q is readily calculated
from
c

= where W. denotes the
1

ver~ical

La N dgi W;

(4.9)

dt

p-velocity of updraughts of the convec-

tive elements.
The last two terms in the braces on the right-hand side of
(4.7) and (4.8) represent, respectively, the transport of water vapor
and sensible heat, mainly due to convective motions.
It is therefore
necessary to consider the structure of the convective motions.
First let us make the following order of magnitude estimates

(in cumulonimbi only),

(4.10)

The above estimates are based on the following considerations.
The
magnitude of vertical velocity of updraughts in cumulonimbi is of order
10m/sec (Squires and Turner, 1962 and Malkus, 1960), whereas the intensity of mean vertical motions may be of order 10 cm/sec.
Since the
ratio of the intensity of updraughts to that of horizontal inflows at
the edge of convections is about 10 (Morton, 1959; Ricou and Spalding,
1961), one might take
IVe I "'V 1 m/ sec.
On the other hand, it is reasonable to assume
be safe to assume that

ec/

9

and q /
c

I V I "'

1 0 m/ sec •

It may

q are both of order unity.

As the result of this scale consideration (4.10), we obtain
IVcqcl

.1v-q-1

rv

Wcqc

,......,

Dq

lvc Sc

iv e
Wc9c

I
I

·~

we

~

o c 10-1 >
(4.11)

,..._ 0 (

cr N · 10 - 2 )

Since the magnitude of l0
nimbi,

c

is estimated based upon data in cumulo-

a N in (4.11) appears as the result of taking the

the factor

Malkus, Roru-ie and
c e c and w c q c·
made a photogrametric study on the distribution of

horizontal space average for
Chaffee

(1961)

W

Following their work we estimated that
cumulonimbi in a hurricane.
2
crN = 0(10- ).
We may then conclude that the terms of vertical transfer of sensible heat and water vapor by convective motions are just
as important as those by the "mean" motion.
From a detailed analysis
of the structure of a typhoon, Yanai (1961) suggests the vertical heat
transfer due to convective motions to be an important factor for
explaining the formation of warm core at the upper troposphere in the
typhoon.
It is seen from (4.11) that the terms of horizontal transfer
of sensible heat and water vapor due to convective motions are one
order of magnitude smaller than those due to the mean motion.
Finally, by applying the vertical averaging process to (4.7)
and referring to (J.J), we obtain

=

-

dqs
dt

+

M

(4.12)

where

and the brackets denote the difference between the values in question
at PB and PT.

5.

INTENSITY OF VERTICAL MOTIONS IN CONVECTIVE ELEMENTS

The intensity of updraughts in convective cells is dependent
on the distribution of temperature excess in the cells over the surroundings.
It is also known that the growth of convective elements
is subjected to the control of many physical processes, such as the
drag they experience in ascending through an inert environment, the
entrainment of drier air from the surroundings, and of cloud physical
processes such as the .formation and fall of water droplets, ice, etc.,
in the clouds.
The authorYs intention here is not to discuss anything new
to cloud dynamics,but to point out a way of utilizing knowledge developed in convection dynamics to formulate a model of the large-scale
flow in which convective scales of motion play an important role.
It may not be far removed from Nature to assume that the
vertical p-velocity in the convective element W. can be calculated
l

from the following equation which appears to contain essential ingredients in the model as known by previous researches
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d_,
c.v.2

dp

where

f'

( 5. 1)

denotes the density of air, g is the gravity acceleration,

T.* and T * are the virtual temperature inside and outside of the clouds.
0

J..

The relation between temperature and virtual temperature may be written as T *

= T(1

+ o.378q) where q is the mixing ratio.

The vertical

distribution of T. is obtained as described in Section J and T
J..

0

is

evaluated from (J.4).
In (5.1) D denotes the retarding constant which may be dependent on the form and diameter of clouds (see e.g. Levine, 1959).
Since T.* , T * and wi are known, we can evaluate the solution of (5.1)
J..

0

The boundary condition is that W.

by numerical integration.

J..

equal to W iB at the cloud base which may be chosen as equal to

is

w

there.

6.

PREDICTION EQUATIONS FOR

w

and

~

With the aid of (4.1), the equation of motion may be written
as

av
at

+

v · <~~ >

+

a
ap

cw~>

-

t K
1

x

\V

v

__

- v </>

+

IF

where f denotes the Coriolis parameter; ~ , geopotential;
vertical unit vector; IF , viscous force per unit mass.

( 6. 1)
~

, the

The hydrostatic equation is written as

=

a0
ap

where p

_1

I°

is the density of air.

Substituting (4.6) into (6.1) and performing the averaging
process defined by (2;2), we o~tain

-

= - V</>

-

+IF -

{ V·(VcVc}
-

a-}

+ ap(CA.>cVc}

(6.2)

By taking into account (4.10), we get

Iv· <VcVc>I

t~I

IV·(Yo/)I

Iw v

I

""- O(o-N·10)

It is seen that the horizontal transfer of momentum by convections is
two orders of magnitude smaller than one by the mean flow.
If we
2
assume as before that crN = 0(10- ), then we find that the vertical
transfer of momentum by convection is one order of magnitude smaller
than one by the mean motion.
Thus we may be able to ignore altogether
the two terms in the braces on the right-hand side of (6.2).

7.

REMARKS

The pattern of mean circulation in tropical cyclones is
highly symmetric.
As the first step, one may assume that the variables of mean motion, such as V , W , e and q are axially symmetric
around the center of the system.
Similarly, we may assume that the
distribution density N is symmetric.
By taking advantage of the
assumption of axial symmetry, we transform the prediction equations
for Y , 9 , ~and N into cylindrical coordinates.
These transformed
equation$ are very similar to those employed by the author (1961) in
an attempt to investigate the development of tropical cyclones.
However, in the present model; effects of convective scales of motion
are included in the prediction equations of the mean motion as we
already discussed.
The functional forms of the horizontal and vertical eddy exchange terms for water vapor, sensible heat and momentum
have been presented in the previous paper (Kasahara, 1961) together
with the discussion of boundary conditions needed to make the problem
well posed.
As a test of the finite-difference scheme described in the
paper cited above, numerical integrations were made with a simplified
version of the present model in which all the transfer terms by convections are ignored in the prediction equations of the mean motion,
except that the latent heat term in the thermodynamic equation is
calculated, as (4.9), based on the distribution of convective elements
which is, in this case, specified as an invariant function with
respect to time.
A simulated radiative cooling process is included
in the model to maintain a balance between the total amounts of heating a:hd cooling.
The initial conditions are that the wind field of the mean
motion is zero and the temperature distribution is a function of height
only.
By choosing the 100 mb level to be the top boundary and the
1000 mb level as the bottom, the finite-difference lattice is arranged
in a 19 (p-direction) x 81 (radial p-direction grid array with the
grid intervals of ll p = 50 mb and ll r = 18.5325 km (= 10 n. miles).
With one minute time step, the computation was carried out successfully over the period of 14 days.
The result shows the development
of hurricane scale circulations, and its structure may be compared with
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the ones obtained by Krishnamurti (1961) and Estoque (1962) who computed structures of steady state hurricanes.
A detailed description
of the present results will be shown elsewhere.
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NUMERICAL HURRICANE PREDICTION
Louis Berkofsky
Air Force Cambridge Research Laboratories
Bedford, Massachusetts

ABSTRACT
A numerical model for prediction of "hurricane"
formation is presented.
The model may include latent heat
and friction.
The initial state is assumed to correspond
to that instant when the small-scale convection has reached
a point of great development with the concurrent release of
sufficient latent heat to trigger a disturbance.
The
initial streamlines and temperature lines are made to correspond to a certain extent with Yanai's observed data of
the development of the typhoon of 20 July 1958.
The model
predicts the formation of an intense closed circulation.
1.

INTRODUCTION

A few years ago the writer (1) proposed a numerical model for
the prediction of hurricane formation.
The model included latent heat
of condensation, so that the effect of the release of latent heat on an
incipient disturbance could be studied.
It was the intention, inthat
study, to start from initial conditions which were thought to exist
prior to hurricane formation, and to see whether the formation of a
hurricane-like disturbance could be predicted.
At that time, the initial wind field at 500 mb was assumed to be given by a large amplitude easterly wave, and the isotherms were in phase with the
streamlines.
The moisture distribution was chosen to correspond
roughly to the distribution of cloudiness associated with an active
easterly wave.
Experiments with these initial conditions showed no
development into a hurricane but did reveal the effect of release of
the latent heat on the magnitude of the upward vertical motion.
In a recent paper (2), Yanai reported some detailed observations prior to the formation of typhoon Doris in July, 1958.
The
streamlines at 500 mb in the pre-typhoon stage bore a striking resemblance to those we had assumed, but the temperature field differed
remarkably.
We therefore decided to synthesize, for the purpose of
our experiments, a temperature field similar to that in the preexisting typhoon.
Recently, the idea has been put forth (3) that the necessary energy for hurricane formation comes from release of latent heat
by the smaller-scale (convective) type motions, which then interact
with the larger scales.
A comprehensive formulation of a model which
allows such interaction of scales is a complicated problem, which is
being investigated by several people at this time (3), (4).
We wish to adopt the following viewpoint in this paper.
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convective cells release heat, and interact with the larger-scale
motions, until certain temperature and wind fields have been established.
We shall investigate the subsequent behaviour of a model
atmosphere in which the convective scale motions are absent.
Thus,
any development which takes place will be a function of the wind and
temperature fields existing at this time, and all fields (horizontal
wind, temperature, vertical motion, divergence) will be associated
with the larger-scale of motion.
2.

THE MODEL

The details of the derivation of the equations for the model
have been discussed elsewhere (1), (5), and will not be repeated here.
Instead, we shall briefly summarize the main points of the model.
We assume a hydrostatic, non-geostrophic flow at low latitudes.
The variation of static stability, moisture and divergence with
pressure are assumed to be known, and are made to correspond with conditions in the tropics.
These assumptions are then used in the
vertically integrated equations, to yield a set of equations for the
mean flow.
The equations are:
Vorticity Equation

M

'V 2

First Law of
Thermodynamics

at

aT
at

Moisture Equation

=

::

43*

<

i . T . <PP. . "A >

F2 {~ , T, <PP. , r5

)

kw

+

( 2)

(J)

::

v 2 ca w >

( 1)

0

0

Continuity Equation

Vertical Motion
Equation

~

t c~.

r , t >ca- w>

( 4)

= f4 c-\{,. r .). >

(5)

662
Here
are the stream function,

temperature, vertical motion, mixing ratio,

saturation mixing ratio, coefficient of friction, static stability,

(/)p

respectively, for the vertically integrated flow.
divergent part of the wind at

P

P0

=

= surface pressure.

Given a set of observations
from ( 5),

we compute
from (J),

(2),

</>p0

r

ar

from (4), and

(1) respectively.

is the

0

a"f

at

at

The latter three solutions are

stepped forward a small increment of time to generate new fields of
r

~

, and the process is repeated.

In the experiments

to be described, we used a time increment of five minutes, and a grid
spacing of thirty kilometers.

J.

THE EXPERIMENTS

We shall briefly describe the results of three experiments.
Figure 1 shows the stream function and temperature field at t = 0.
Calculations were made only within the inner region which is a
JO X JO box.
The same stream function was used in all of the experiments.
The temperature field shown in Figure 1 corresponds closely
to that given before typhoon Doris formed.
We used two variations
of this field-- one in which the horizontal gradient was 1/5 of that
shown, and one in which the gradient was 1/10 of that shown.
In
subsequent diagrams, these are labelled
respectively.
In the first experiment, we used

T

+ 215

5

and

T

+ 240,

10

~

+

215 with no heating

and no friction.
A closed low appeared at t = 10 (50 minutes) as
seen in Figure 2.
A second closed low appeared at t = J2, as seen
in Figure J.
The first low, with associated fairly strong winds,
remained approximately stationary, while the second low moved at a
speed of approximately 40 km/hr toward the northwest.
Evenually, the
two lows merged, with the second one dominating the circulation. The
stream field and associated wind maximum are shown in Figure 4 at
t = 88.
This calculation was continued, but by t = 104, evidence
of computational instability appeared.
It is of interest to note
here, that the computational stability criterion derived from linearized theory required that the maximum particle velocity did not exceed
100 m/sec, while the nonlinear calculations were carried to almost
twice that speed before instability was observed.
We returned to
t = 90, and smoothed the data, and £olllld that the instability was
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eliminated.
However, due to machine difficulties this computation
was not carried beyond t = 102, at which time the maximum wind was
considerably less than in the unsmoothed case, and the streamlines were
very smooth.
*
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Stream function and temperature fields
at t = O.
Numerical integrations were
carried out within inner square. Shaded
areas show maximum winds.

Figure 5 shows the temperature field at t = 88.
There is
evidence of a warm tongue being drawn into the western half of the
circulation.
It appears doubtful that warm core in the usual sense
would be created in this experiment.

* We have since carried the calculations to t = 140. The low has
weakened considerably, with maximum winds of 100 m/sec, and it has
become elongated {NW-SE) and moved in a northwesterly direction.
A
new low appeared in about the sam~ location as the second one had
appeared at t = J2.
This low increased until the maximum winds were
90 m/secf and, by t = 140, had decreased to 80 m/sec, and was moving
west northwestward.
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In the second experiment, we repeated t h e calculations, but
included the latent heat released by the large-scal e vertical motions.
The main differences were that the upward vertical mo tions in regions
where heat was released had magnitudes about twic e those in the
no-heating case, and also the second low center f ormed earlier at
t = 20.
The increased vertical motions were still too small to have
an immediate appreciable effect on the pressure f ield itself.
The
calculations had to be terminated at t = 32, due t o machine difficulties, but at this point, the vertical motions in re gion s of condensation were still twice their corresponding no-heating values.
It is
possible that the continuation of the calculations , with continued
large vertical motions in certain regions, might have affected the
pressure field at a much later time.
In the third experiment, we again u se d t h e same stream field,
but halved the temperature gradient, and repea ted the calculations with
no heating and no friction.
A weak clos e d circul ation appeared at
t = 46, but this did not increase in intensity .
The easterly wave
in this experiment maintained approximately its ini tial intensity
throughout the period of the calculations, until t = 90, and the trough
line moved along at a regular rate of about 40 km/hr.

4.

CONCLUSIONS
We may draw certain conclusions from the a bove experiments:

5.

(1)

The horizontal temperature distribut ion is critical for
distinguishing between formation, non- f ormat ion, and subsequent development of a large-amplitude, de e p e a sterly wave

(2)

The latent heat of condensation releas ed by the large-scale
motions alone affects the rate at which the ci rculation
develops, but does not affect the intensity .
FUTURE PLANS

There are many possibilities for future experiments.
We may
alter the initial conditions, enlarge the region of i n tegration to
avoid boundary errors, perform experiments with fric t i on, and attempt
to simulate other conditions under which a developing s t orm will begin
to decay.
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THEORIE ELEMENTAIRE DE LA FORMATION ET DE L'EVOLUTION
D 1 UN CYCLONE TROPICAL
A. Chaussard
Agence pour la Securite de la Navigation Aerienne
Republique Malgache
INTRODUCTION

1•

Sans resoudre completement le systeme d 1 equations regissant
l'ensemble complexe de phenomenes constitue par un cyclone tropical,
i l est possible de montrer que certaines des proprietes du meteore
sont des consequences simples de ces equations.
Pour ce faire, nous chercherons quel est l'etat permanent
atteint par une atmosphere compressible, d 1 abord non visqueuse, au
sein de laquelle existent, en une region determinee, des mouvements
ascendants importants symetriques par rapport a un axe vertical.
Nous
nous attacherons uniquement aux equations mecaniques, laissant arbitraires certaines fonctions qui devraient etre determinees en un second
stade du calcul par la prise en consideration des proprietes thermodynamiques des masses d 1 air afin de particulariser les solutions
generales obtenues.
Le systeme vectoriel d 1 equations
-+

pv

+

ap
at

etudier est:

1

dV
-+
dt+ 2 n • V =
div

a

f' grad p + g

=

0

Le regime permanent, s 1 i l existe, est solution de:
-+

v

av
as

+ 2

1
n xv = - /0

grad p + -g

-

div f'V = 0
Nous utiliserons les coordonnees cylindriques R, e , z et
decomposerons la vitesse V en vitesse horizontale U {u tangentielle,
v radiale) et verticale W de mesure w.
Nous ferons les hypotheses
simplificatrices suivantes:

n sin

(a)

Terre plane et parametre de Coriolis f

(b)

Symetrie cylindrique de toutes les proprietes de 1 1 atmosphere.

(c)

Il est possible de definir un mouvement moyen auquel
sYappliquent les equations ecrites et les calculs faits.

(d)

La composante de l 9 acceleration de Coriolis due
verticale est negligeable.
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=

constant.

<P

a

la vitesse
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RAPPEL DES PROPRIETES DE L'EQUATION DE CONTINUITE
MOUVEMENT PERMANENT

2.

divpU +

De:

apw =

az-

o,

on deduit

pw =

l

z di v f' -U dz + f' w

Zo

0

0

La convergence favorise les mouvements verticaux, ascendant s ou descendants, la divergence les freine.
Reciproquement, le
freinage d'un mouvement vertical s'accompagne de divergence horizontale, son acceleration de convergence.
Cela signifie qu'un flux ascendant se transforme dans la
couche de freinage en flux divergent de valeur egale (differente dans
le cas ou se produisent dans les couches plus ~levees des variations
depression independantes de ce mouvement).
Une atmosphere au sein de laquelle existe un mouvement
ascendant se divise done en plusieurs couches superposees:
(a)

acceleration du mouvement vertical: couche avec convergence
horizon tale

(b)

invariance de la quantite de mouvement vertical: couche
neutre

(c)

freinage du mouvement vertical: couche avec divergence
horizon tale

( d)

couche superieure non affectee par le mouvement

J.

MOUVEMENT NON PERMANENT - EQUATION DE LA TENDANCE (Margules)
Cette equation est:

~~

= -

g

f

0

div

f U

dz

Cette formule, exacte dans 1 1 hypothese hydrostatique, est
tres approch~e dans le cas general.
Elle signifie que, dans le bilan
le long d'une verticale, un exces de la convergence sur la divergence
s'accompagne d'une hausse de pression au sol, un exces de divergence
d 1 une baisse.

4.

SOLUTION DE l'EQUATION DE CONTINUITE - MOUVEMENT PERMANENT

Dans le systeme de cordonnees choisi et en tenant compte de
la symetrie cylindrique, l'equation s'ecrit: ..l aaR (Rrv)+ apw = 0
R
az
Soit A une fonction de R et z, dont la derivee seconde par
rapport

a

a

R soit:

apw , repartition spatiale de la derivee par rapport
az
z de la quantite de mouvement vertical.
On peut integrer le long

d'un rayon vecteur (methode d'Euler).
fonction A etant definie

a

On trouve: pv = - R

un binome du premier degre

aaR

~ , la

en R pres.

1
L'equation d'un mouvement horizontal est : f' v = A(z) .R- .
On en dedui t qu v il y a convergence si Rfv > R /::> v
en valeur
010 0
algebrique.

5.

EQUATIONS DIFFERENTIELLES DU MOUVEMENT

apw

Mouvement vertical
Mouvement radial (equation de continuit~)

=

pv

=

-

=

- 2f dt

1 _S!:. ( R 2 de )
R dt
dt

Mouvement tangentiel
Mouvement radial
(Equation de la pression)

6.

az

R ( de)2
dt

=

a A

R-aR R

dR

de

1 ap

2 fR d t - t° a R

MOUVEMENT TANGENTIEL

La connaissance des composantes radiale et verticale de la
vitesse permet, grace
la symetrie cylindrique, d'utiliser maintenant
la methode de Lagrange et, par integration le long d'une trajectoire,
on trouve:

a

avec
R' est le rayon initial apparent, qui est superieur a R si le mouvemo
0
.
ent est cyclonique.
La vitesse tangentielle a pour expression:

Si on a : R < R'
le mouvement est cyclonique.
La particule accelere
0
en se rapprochant de l'axe central, et ce d'autant plus que R' est grand,
0

Si on a : R > R'
le mouvement est anticyclonique et la particule accelere en s 1 eloi~ant de liaxe central.

7.

MOUVEMENT RADIAL - EQUATION DE LA PRESSION

En remplayant dans l'equation correspondante la vitesse tangentielle par sa valeur et en int~grant suivant la trajectoire apres
avoir mul tiplie chacun des termes par dR, on obtient :
dt
v

(R

2

L'Ro
.l

_1 ap dR
I° aR

LVintegrale P du second membre ne peut se calculer que si la
repartition de la masse specifique est connue le long de la trajectyire
gauche.
Son ordre de grandeur est toutefois voisin de 2(p - p 0 )f'~et sa valeur reste bornee pour tout mouvement reel dans l'atmosphere.
On a:
R2 v2 f-2 = _ R4 + [ 2 R,2 + (u2 _ P) f-2] R2 _ R'4
0

0

0
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Le second membre de cette expression est un trin6me bicarr~
en R, dans lequel P est une fonction bornee.
Il est done necessaire
que la valeur du rayon vecteur R reste comprise entre celles des
racines reelles et positives de ce trinome pour que ce dernier soit
positif.
Le domaine de variation de R est done borne, tant vers
l'exterieur que vers l'interieur.
Cela signifie qu'une particule
entrainee dans la circulation cyclonique reste
l'interieur d 1 un domaine fini:
l'influence du meteore est limitee dans l'espace.

a

8.

EQUATIONS FINIES DU MOUVEMENT
Mouvement vertical

pw

Mouvement radial

'°

Mouvement tangentiel

v

dz

a

=

A

R • a RR

u

Equation de la pression

La connaissance des conditions aux limi tes· sur un cylindre
de rayon Ro et des fonctions A(R,z) et
(R,z) permet le calcul des
vitesse et pression en chaque point.
Il nous faut toutefois remarquer
que la fonction A n'est pas arbitraire, mais determinee par les proprietes thermodynamiques de l'air et est soumise aux restrictions
suivantes:
v doit s'annuler aux limites exterieures et interieures du
domaine de variation de R et, tout au moins dans les couches superieures, c 1 est la repartition des pressions (poidsde l'atmosphere
superieure) qui impose les valeurs de A, par l'intermediaire de la
vitesse radiale.

9.

MOUVEMENT CONFLUENT DES BASSES COUCHES
La racine inferieure est:
2R1 =

/u! -

= U f-

1

p

• f-

1

[/1 +

4f 2 R~ 2 <u! - P)- 1

2 2 2
( )1 + 4f R• u0

-

-1

J

1)

C 1 est la valeur du rayon de la zone inaccessible a l
confluent des basses couches, c'est
dire l 1 oeil du cyclone.

a

1

air

Ce rayon minimal est fonction decroissante de -P et, a P
constant, de la latitude. Par contre, P etant donne, i l est fonction
croissante du rayon et de la vitesse initiale.
Au niveau de la mer, la trajectoire est quasi-horizontale et
on peut, en negligeant le gradient horizontal de temperature, calculer
P, done le rayon de l'oeil, si l 1 on connait la pression au centre Pc·
Pour le cyclone de Tromelin du 24 Mars 1959, on trouve 61 km comme
diametre de l'oeil (p = 1003 mb, R = 200 km, U = 14 m/s et p = 945 mb).
0

0

0

c
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Cette valeur est trop grande d 1 environ 45%, ce qui est dft au fait que
le frottement dans les basses couches a ete neglige.
INFLUENCE DE LA VISCOSITE

10.

Dans les basses couches d 1 un fluide visqueux, l'equation du
mouvement tangentiel peut s 1 ecrire:
d
de)
2
1
R-- - R
dt( f + -dt
f' Fe

F0

~~·

etant du signe de R

a

Le moment par rapport
l 1 axe de symetrie n 1 est plus conservatif, mais decroit au cours du mouvement. L'integration dorme:
avec R 112
0

=

Le rayon initial apparent, qui etait constant, est remplace
par une fonction decroissante au cours du temps.
De la relation
u2 = u2 + v2, on deduit:
2 2
2
4
R v f- 2 = -R + (2R 112 + U f- 2 )

= -R

0

2

-P)f- ] R

2

-

4

+ [ 2R"

2

0

+ (u

2
0

-

2T

R~ 4

en appelant T le travail absorbe par la composante horizontale de la
force de frottement par unite de masse, calcule le long d 1 une trajectoire.
2
Remarquons que, lorsque la viscosit~ diminue, Rg tend vers
Les equations finies du mouvement du fluide non
Rb et T vers zero.
visqueux sont bien la limite vers laquelle tendent celles du fluide
visqueux lorsque la viscosite tend vers zero.
2

R 112 etant dYautant plus petit que l'on se rapproche du centre
on peut con8lure que,
conditions initiales et difference de pression
p 0 - Pc identiques, le rayon minimal est plus petit dans le cas du
fluide visqueux.

a

Une analyse plus detaillee montre que la decroissance des
forces centrifuge et de Coriolis compense bien au dela l'accroissement
des forces radiales resistances dues au frottement.
MOUVEMENT DIFFLUENT DES COUCHES SUPERIEURES

11.

Ro etant le rayon de la zone d 1 ascendance, WO la moyerme de
la vitesse ascensiormelle
la base de la COUChe de freinage dYepaisseur H, l 1 egalite des flux ascendant et divergent donne pour la
vitesse moyenne radiale:
2 v = R W H-1,.o ~ -1
o
o o
I 01 m

a

Pour R

0

=

10 km,

H

=4

km,

w0 =

10 cm/s,

on a

v

0

=

15 cm/s
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La formule donnant la valeur du rayon limite exterieur est:
2 R

2

= f-

1

/

u! -

P [ 1 +

On est amene
cette formule:
(1)

P = 0

a

b

2

+ 4f R

~ 2 ( u!

- p) - J
1

distinguer trois cas dans la discussion de

(Pas de gradient horizontal de pression)

La formule se reduit

a

En supposant la vitesse tangentielle initiale nulle et~= 16°,
on trouve avec les valeurs precedentes: R = 14.4 km (20 km si W =
0
2
50 cm/s)
(2)

P >O (Mouvement ascendant freine au centre diune depression)

Il est necessaire que U~ - P reste positif: U etant en
0
general faible, l'air descent pratiquement le long de la zone d'ascendance (cas des Cu Con?)

(3)

P < 0 (Mouvement diffluent anticyclonique)

Le second terme sous le radical est tres inferieur
et on a, avec une bonne approximation:
R

2

= f-

1

j u!

-

a

1

P

P est en general beaucoup plus grand que U~ : le rayon limite
est peu sensible aux conditions initiales et est determine par le
gradient horizontal de pression.
On trouve 500 km pour un gradient
horizontal de 5.10- 2 mb par 100 km au niveau 350 mb.
12.

CONCLUSIONS PRELIMINAIRES
L'etat stationnaire etudie obeit done au schema suivant:

(1)
Dans les couches superieures, le mouvement ascendant est freine
l'air difflue vers l'exterieur.
Le mouvement horizontal est d'abord
diffluent-divergent, puis, sa vitesse radiale diminuant sous l'effet
de l'acceleration de Coriolis, diffluent-convergent.
L'air entrain~
dans ce mouvement ne peut depasser une certaine limite.
(2)
Dans les basses couches, une depression s'est formee et l'air
est anime d'un mouvement confluent.
D'abord divergent, ce mouvement
devient convergent et l'air est entraine dans le mouvement ascendant:
par suite de l'action des forces centrifuge et de Coriolis, i l ne
peut franchir une certaine limite interieure.

(3) Il existe done, dans la partie externe de la zone soumise au
mouvement, une zone de convergence surmontant une zone de divergence:
il y a done mouvement descendant et le rayon limite des couches
superieures fixe la valeur du rayon initial du mouvement des basses

couches.

(4) Il y a egalite entre le flux ascendant et les flux horizontaux
convergent et divergent et c'est le flux ascendant qui fixe la valeur
commune de ces trois flux.
1 J.

FORMATION DU CYCLONE TROPICAL

Mathematiquement, le probleme se pose ainsi
trouver la
solution d'un systeme d'equations aux derivees partielles connaissant
les conditions aux limites (pour t nul et infini).
Bien que ce
probleme ne soit pas resolu ici, il est possible d'esquisser un schema
des proprietes de la solution.
A l'instant initial (fluide des basses couches au repos et
application du mouvement vertical), le flux vertical est egal a
La valeur du flux divergent est identique au voisinage immediat de la
zone d'ascendance.
Par contre, le flux des basses couches est nul:
i l y a done baisse de pression au sol et creation d'un champ de forces
qui met en mouvement confluent l'air des basses couches.

p.

Si, en altitude, les conditions sont telles que la limite
ext6rieure soit tr~s .proche de la limite de la zone ascendante, i l n'y
aura pas formation de vaste d~pression:
les mouvements resteront
turbulents (sauf peut-etre dans le cas des trombes).
Par contre, si
l'air se trouve rejete en altitude
une grande distance, i l va y
avoir creusement important au sol et formation du cyclone.
Le creusement se poursuit jusqu'a ce que les forces de pression soient
suffisantes pour imposer un mouvement tel que le flux convergent soit
egal au flux ascendant.

a

L'oeil se formera lorsque la force centrifuge sera suffisante pour interdire l'acces d'une zone centrale
l'air convergent.
Les mouvements ascendants vont alors cesser dans cette zone.
En
altitude, l'etalement du mouvement ascendant va pouvoir se faire
I
partiellement vers l'interieur, mais ce mouvement convergent n'interessera qu'une petite zone annulaire et l'air descendra le long de
l'air ascendant, ce qui favorise l'existence d'une forte turbulence
dans cette zone.
De plus, i l pourra y avoir entrainement vers le bas
de l'air central et creation d'un mouvement descendant au centre de
l'oeil, done rechauffement.
Le r$le de ce rechauffement est de
maintenir l'existence de l'anti~yclone d'altitude, malgre la baisse
de pression au sol.
Cette baisse de pression s'arrete d'ailleurs
lorsque le rechauffement n'est plus suffisant pour la compenser et
que l'anticyclone superieur commence
faiblir.

a

a

14.

INTERPRETATION METEOROLOGIQUE

LYinterpretation des hypotheses et resultats precedents
montre que:
(1)
Symetrie cylindrique les mouvements verticaux doivent etre
localises en une zone assez compacte, done posseder un ambryon de
symetrie.
Ce n'est pas le cas dans les marais barometriques, ni dans
les zones de vent fort.
Par contre, i l semble que cette condition
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soit realisee dans une petite depression, quelle qu'en soit l'origine.
(2)
Flux vertical important la masse d'air doit etre instable sur
une epaisseur suffisamment grande pour que les mouvements convectifs
puissent atteindre des niveaux tres eleves, elle doit done etre chaude
et humide, conditions generalement realisees dans la partie occidentale des oceans.

(3) Declenchement des mouvements verticaux sur mer, le facteur
essential dans le declenchement des mouvements de convection est la
convergence horizontale.
Si fe flux vertical declenche est plus grand
que le flux convergent initial, la depression se creuse lorsque les
conditions d'altitude sont par ailleurs remplies.
Sinon, la d~press
ion initiale se comble.
(4) Conditions d'altitude i l est necessaire que l'air ascendant
soit evacue au loin.
C'est le role de l'anticyclone preexistant. Les
zones de forte divergence peuvent aussi le jouer, mais elles doivent
en plus provoquer la formation d'une depression dans les basses
couches, done de convergence favorisant le declenchement des mouvements verticaux.
1

s.

EVOLUTION D'UN CYCLONE TROPICAL

Dans un cyclone tropical a maturite, i l y a egalite entre
les flux convergent des basses couches, ascendant et divergent des
couches superieures.
Toute action sur l'un de ces flux va done
provoquer une evolution du cyclone.
Si l'anticyclone d'altitude se trouve renforce par des
causes exterieures, le rayon limite exterieur va croitre: le diametre
du cyclone augmente et la depression se creuse.
On obtient ainsi
les "supertyphons" etudies en particulier par Riehl dans l'Atlantique
et Ramage dans le Pacifique.
Par contre, l'arrivee d'une depression
dans la couche de freinage devrait entrainer l'attenuation du cyclone.
L'intensite des mouvements convectifs depend de la temperature de la surface de lamer:
un echauffement doit s'accompagner
d'un creusement, un refroidissement de comblement.
Un tel phenomene
a ete mis en evidence par lietude du cyclone Esther par Perlroth en
1961.
De plus le comblement lent des cyclones arrivant dur des mers
froides est bien connu.
'
L'arrivee sur terre sWaccompagne d'un double effet:
il y a
augmentation de la convergence par suite du frottement et diminution
de la convection par suite du refroidissement de la surface du sol:
i l y a done comblement rapide du meteore.

1 6.

CONCLUSIONS

Un cyclone tropical ideal est done l'etat permanent atteint,
lorsque certaines conditions d'altitude sont remplies, par une
atmosph~re compressible, visqueuse ou non, au sein de laquelle existent d'importants mouvements ascendants.
Le mouvement horizontal et
44

la depression des basses couches ne sont done que deux aspects conjoints d'un m~me phenomene:
l'adaption de l'atmosphere au mouvement
ascendant, cause essentielle de l'evolution observee.
diverses

Le frottement intervient pour modifier la valeur des
grandeurs, mais laisse inchange le caractere du mouvement.

Un tel point de vue permet de retrouver la plupart des
proprietes mises en evidence par les etudes anterieures.
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ON THE SCALES OF MOTION AND INTERNAL
STRESS OCCURRING WITHIN HURRICANES
William N. Gray
Colorado State University
ABSTRACT
In a previous study utilizing the U.S. Weather Bureau's
National Hurricane Research Project aircraft flight data (QJRMS Vol.88,
No. 376), the author has demonstrated a sizable lack of balance of
the cylindrical radial equation of motion applied to middle tropospheric hurricane motion.
It was necessary to hypothesize larger amounts
of internal frictional acceleration in order to obtain balance.
In
an attempt to obtain an understanding of the dynamics of the frictional acceleration process, a detailed analysis of the small scale
(resolution
to
n. mio) horizontal wind variations along a number
of middle tropospheric 1958 National Hurricane Research Project radial flight legs have been made. The recent development of the Doppler
radio navigation system and its utilization on these research aircraft
has made possible the observation of the small scale horizontal wind
variations.
This measurement along with other parameter recordings~
and the flying of the aircraft at constant power setting, allow a
calculation of vertical air motion to resolution of t n.mi.
These
observations and calculations allow determination of space mean and
eddy wind components and the calculation of Reynolds stress valueso
Witn certain approximations 13 of the 16 major cylindrical stress
gradient terms have been computed.
Results show that

t

t

1.

Large frictional stresses exist at middle levels in
hurricanes

2.

Vertical gradients of stress far surpass horizontal
gradient of stress in importance

3.

There are large variations of stress in both time and
space for similar mean wind speeds

4.

Areas of strong vertical-draft motion are primary areas
of observed large stress values.
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A DYNAMICAL MODEL FOR THE STUDY OF
TROPICAL CYCLONE DEVELOPMENT
Katsuyuki Ooyama
New York University

ABSTRACT
The development of a tropical cyclone is viewed as a
co-operative process between the cloud-scale convection as the energy
source and the cyclone-scale motion as the mechanism of organising the
cloud convection.
In order to formulate the coupling between the two
different scales of phenomena in terms of the large scale fields alone,
it is hypothesized that the statistical distribution and mean intensity of the cloud convection are controlled by the large scale converge.nee of the warm and moist air in a surface layer, while the
vertical transfers of heat and mass due to the clouds are determined
from a hypothetical model of cloud convection itself.
These hypotheses are incorporated into a fluid system which consists of two
layers of incompressible homogeneous fluid of different densities
and a boundary layer to represent separately the effect of surface
friction.
The large scale circulation of a tropical cyclone is represented by a quasibalanced and circular symmetric vortex, and the
transverse circulation in the vortex is induced by internal and surface
friction and by the effect of hypothesized cloud convection.
The
results of linearized perturbation analysis of · the model are quite
reasonable.
However, the results of numerical integration indicate
need of further improvement, in order that the model can reproduce a
fully developed tropical cyclone.

CHAIRMAN'S SUM}IARY

SESSION 7

M. A. Estoque
Papers in this session may best be summarized in terms of
their contribution to the three important aspects indicated in the
These are :
survey paper.
(1)

The importance of cumulus convective elements in
the energetics of the tropical cyclone.

(2)

The role of baroclinic instability in typhoon
development.

(J)

The characteristics of the disturbance and its
environment during the earliest stages of development.

Significant contributions were made in each of these three
problem areas.
In the first area the paper by Gentry showed quantitively using actual observations that the organized convection
represented by spiral rainbands is a major process which transforms
potential energy into kinetic energy.
His calculations gave values
of the rate of kinetic energy production which are comparable in
magnitude to those arrived at for an entire hurricane by previous
investigators using entirely different methods.
It is thus evident
that a theoretical model of the hurricane in order to be realistic
must incorporate the effects of convective elements in transporting
heat upward from the sea surface and in releasing latent heat of
condensation.
Such a scheme was proposed in Kasahara's paper.
In the second area the paper by Berkofsky indicated that
horizontal temperature gradients similar to those observed by Yanai
are necessary for intensification to occur.
This confirms the probable importance of baroclinic instability.
However, the tropical
cyclone which was computed to develop did not possess the thermal
characteristics of a real hurricane.
In the third area Alaka's analysis of an actual hurricane
development confirmed previous beliefs to the effect that the process
of tropical cyclogenesis is not unique.
Although in many cases of
hurricane development, the intensification is brought about by the
superposition of a pre-existing anticyclone over an incipient low, in
the case of the hurricane which he analyzed (Ella), the low-level
disturbance and the upper level anticyclone intensified simultaneously.
His paper has greatly contributed to our knowledge of the earliest
stages of hurricane development.
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FORECASTING THE MOVEMENT OF TROPICAL CYCLONES
Survey Paper
R.Cecil Gentry
National Hurricane Research Project
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1•

INTRODUCTION

The most violent large scale weather system in the tropics
and adjacent areas is the mature, intense tropical cyclone.
Contrary
to many other types of tropical circulations, these storms usually
maintain their identity and can be tracked with considerable accuracy
for a number of days.
Forecasting systems have been developed which
permit issuance of warnings to people in time for precautionary
measures for the protection of life and property to be taken.
Because
of this opportunity to be of real and significant service many
meteorologists during the last 90 years have attempted to devise
techniques for improving the forecasts of the titans of the tropical
seas.
These efforts span the period from the earliest forecasts
issued by Vines (1898) (at least in the Western Hemisphere) to the
latest efforts of forecasting the movement by dynamical models.
The
earlier forecasts were mostly based on deductions from cloud and
swell observations.
With the development of weather maps it was soon
noted that the storms tended to follow the general air flow around
the larger pressure systems near the tropical cyclones (Bowie, 1922).
The accumulation of examples made possible the preparation of track
charts of hurricanes by months (Mitchell, 1924).
Many qualitative
forecast rules were developed and utilized during the next three
decades, but the first attempt in the Western Hemisphere to make
movement forecasts by an objective technique was by a group working
with Professor Herbert Riehl in the 1950's (Riehl et al, 1956).
This
was followed by the early attempts at prediction by dynamical models
and by development of several other synoptic-climatological-statistical
techniques.
A similar evolution of the forecasting methods took place
in Japan.
Yamashita in a recent paper (1963) has listed several
of the investigations reported from that country:
Fujiwhara and
Sekiguchi (1919) first reported that typhoons were steered by the
general current around them.
Ootani (1935) devised a method to obtain the steering current from the upper wind data at two points
symmetric to the center of the typhoon.
His method was later expanded by Takahashi and Sakata (1939), and by Hatakeyama and Takahashi
(1940).
The relation between the flow ~t the 700 mb or 500 mb
levels and the typhoon movement was investigated by Suzuki (1949),
Takahashi and Okuta (1952), and Hirasawa (1955).
Tanaka pointed out
the importance of the winds in the upper levels of the troposphere
for steering of typhoons (1962).
Other Japanese investigators
reported on the relation of the typhoon movement to various indicators
of cyclogenesis (Okubo and Nakamura, 1950; Gohda, 1958; and Shibayama,
1961).
In this paper the following will be discussed:
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(1) Physical
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principles that can be exploited in preparing forecast schemes, (2)
Individual forecast schemes, (3) Verification of forecasts for some
of the forecast schemes in current use, and (4) Problems in urgent
need of solution and some suggestions of avenues of attack which offer
promise for improvement of forecasts.
2.

WHAT MAKES A HURRICANE MOVE

A hurricane is a storm roughly circular in shape in which
the air density (integrated vertically through the troposphere) decreases with decreasing radius.
To explain why and how a hurricane
moves, one must either account for the advection forward of the less
dense air located in the inner portion of the storm or explain how
other air of low density is imported to the area in advance of the
storm.
There is a lot of evidence that the short term movement of
the hurricane is largely controlled by quasi-horizontal advection of
the air in a hurricane and principally by the advection of the mass of
air with large positive temperature anomaly commonly located in the
upper layers of the troposphere over hurricanes (Gentry, 1963).
It
can also be shown, however, that for an average hurricane of moderate
intensity (central pressure 945-975), the rate of inflow at a radius
of 1 deg of latitude in the lower layers is equivalent to an inflow
of about 5 mps over a depth of 3 km (Palmen and Riehl, 1957; Gentry,
1963).
This rate of inflow would be sufficient to completely replace
the air inside the 1 degree radius for the depth of a hurricane's
circulation within about 9 hours.
There is no reason to expect that
the inflowing air sweeps out and replaces all the old air; rather the
evidence is that the inflowing air is rather thoroughly mixed with
the air inside the hurricane, and the outflowing air is a mixture of
the new and the old (Gentry, 1963).
Most hurricane forecasts, .
however, are for periods of 18 to 24 hours or longer.
For periods
of this length it is reasonable to assume that much of the air in a
hurricane would have arrived since the beginning of the period, and if
one can further assume that most of the inflow in hurricanes is from
low levels (E.S. Jordan, 1952; Palmen and Riehl, 1957), then for forecasts of at least 24 hours duration there is no a priori reason for
picking any one level to use for predicting the steering of the
hurricane.
After compositing the upper winds for a number of storms to
get the three dimensional wind picture around tropical cyclones, E.S.
Jordan ( 1952)concluded that past hurricanes had moved in the same direction and with the same speed as the mean flow between the surface and
the 300-mb
level in a ring of 2-6 degrees of latitude radius about
the storm.
B.I.Miller (1958) in a similar study concluded that the
movement of past hurricanes had been approximately the same as the
mean flow in the 6-12t km layer in the ring of 2-4 degrees of latitude
radius centred on the individual storm.
Two dynamical forces which may affect the movement of
hurricanes have been discussed in the meteorological literature.
One
is by Rossby (1948), which is a northward accelerating force and is
attributed to the variation of the Coriolis parameter across the
hurricane.
This force becomes important only for the larger intense
storms which extend across several degrees of latitude (Cressman,
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1951, 1952).
Using calculations made by Cressman, one can deduce
that for the average large, intense hurricane occasionally observed
in the Atlantic, the error caused in a forecast by omission of this
accelerating force would be about 25 n mi for 24 hours and 100 n mi
for 48 hours.
For the small immature but intense hurricane, the
error would be less than 10 n mi for 24 hours.
Only for the very
large typhoon with a radius of about 600 n mi does the error become
significantly large compared to errors from other sources.
The second force is one that was attributed by Yeh to the
fact that the flow resulting from super-position of a vortex on a
steering current is nonlinear (1950).
This force results in a
trochoidal type track which many tropical cyclones have appeared to
follow at times.
With data currently available it is not feasible to forecast
the effects of this force except on a persistence basis, and many
storms do not appear to follow the trochoidal type track.
Both these
forces cause nongradient winds which effectively advect the low density air in the storm in directions which cause the hurricane to depart
slightly from the path indicated by the basic current of the ambient
atmosphere.
Recent investigations by those working to improve prediction
by dynamical models substantiate the belief held by many of the forecasters that interaction between the intense vortical circulation of
the storm and the steering current affects the motion of the storm
(Morikawa, 1960, 1962; Vanderman, 1962).
When using steering techniques for forecasting motion, it
is more convenient to use the winds at a particular level or layer
rather than to integrate them for the entire atmosphere.
Considerable
effort has been made to determine the best level to use in attempting
to estimate the effect of steering on the hurricane's motion.
If the
atmosphere is barotropic, and it frequently is nearly so south of the
subtropical ridge line, the winds at all levels should be equally
good for estimating the steering.
In areas where the atmosphere is
baroclinic, frequently the cas e after the storms start recurvature,
the wind shear with height may be considerable.
In such a case the
steering may vary considerably with height, and there can be a strong
argument advanced that the winds throughout the depth of the storm
should be integrated to get an estimate of the steering effect.
Because of the success of forecasts made for middle latitude systems
with data from the 500-mb surface, however, there is support for use
of this level.
It is also reasonable to believe that since this
level is near the middle of the atmosphere,
motions along that
surface might be representative of the mean flow thruugh and around
the storm integrated with depth.
The problem of picking the best level for estimating the
effect of steering has been studied by Miller and Moore (1960) who
concluded that there was little difference in accuracy of the forecasts made by use of the geostrophic flow at either the 700 mb or
500 mb levels.
They found that the correlation coefficients were
almost exactly the same between the mean 24-hr meridional and zonal
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components of the storm movement and the geostrophic components for
the 700 mb and 500 mb levels but were considerably less for the
geostrophic components at the JOO mb level.
The same conclusion
was drawn from their analysis of the forecast errors for 127 cases
where the forecasted storm movement was equated to the geostrophic
winds at the respective levels.
They did find, however, that the
correlation coefficient between the geostrophic components at JOO mb
and the storm movement varied directly with the intensity of the
storm.
Since data are more plentiful and probably more accurate at
the lower levels it is not known whether all the differenye between
the usefulness of the 700 mb and JOO mb geostrophic winds for forecasting hurricane motion can be attributed to better indications
from the 700 mb surface or whether most of the difference should be
attributed to a better analysis of the flow patterns at the 700 mb
surface.
The forecasters in the Joint Typhoon Warning Center in
Guam (U.S. Fleet Weather Central/Joint Typhoon Warning Center, 196J)
examined each of the storms of the 1962 season to ascertain which level
had geostrophic wind directions most nearly conforming with the movement of the storms.
For most of the storms the direction of the flow
at the 500 mb level was more nearly the direct motion of the storm
than the flow at any of the other levels both before and after recurvature, but the "best levels" varied from 700 mb to 200 mb for different storms.
Some earlier similar qualitative studies suggested
that the flow at the 700 mb level might be just as good for forecasting
storm tracks before recurvature, but that flow at 500 mb would be
better to use after recurvature.
In all studies that have considered many storms, exceptions
have
always been found which support the assumption that there is no
single level which can be used to get uniformly good steering indications for all storms.

3.

TECHNIQUES FOR MAKING MOVEMENT FORECASTS

Some of the forecast procedures that have been widely tested
in recent years are:
(1) climatological forecasts, (2) persistence
forecasts, (3) synoptic-climatological forecast techniques, and (4)
numerical prediction.
Climatological forecasts.
Forecasts using this procedure
are made under the assumption that a given storm will move in the rriean
direction and with the mean speed of all hurricanes that have been at
approximately the same latitude and longitude during that month of
previous years.
Data for making such forecasts have been composited
by many workers (Mitchell, 1924; Colon, 1953; Chin, 1958).
This
technique can be very useful at times, and fortunately it is most
likely to give accurate results in the areas in which the other techniques are frequently least useful, i.e. in the area of deep easterlies south of the subtropical ridge line where most of the tropical
cyclones form and where there are frequently insufficient data to use
the other techniques to advantage.
Persistence forecasts.
This technique is probably more
generally used by forecasters than any other, since the method is
relatively simple, sufficient data are often available, and the fore-
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casts can be made rapidly.
Since the past movement of the storm
integrates the effects of all the advective and dynamical forces that
have been operating up to forecast time, persistence forecasting
merely assumes that the forces will continue to operate in a similar
manner during the forecast period.
The method gives about as good
results as any of the other techniques for periods up to 12 hours in
advance.
In areas in which adequate upper air measurements are
available, however, there are other techniques which will give better
verifications for forecast periods in excess of 12 hours.
This is
especially true in the areas where tropical cyclones frequently
recurve.
Since the east coast of North America and Japan, both
heavily populated areas, are near the zone where many storm tracks
show radial changes in direction, persistence forecasts become least
useful during some of the periods when the forecasts are most important.
It has been found in some areas that a forecast made up of
one-half of indications from climatology and one-half from indications
of persistence gives better results than either persistence or climatology alone (Bell, 1963).
Synoptic-climatological-statistical forecasting techniques.
Several schemes of this type have been developed during the last decade.
Some have already been mentioned.
Among the others that have been
developed at least the following have received some testing:
Veigas
(1961), A~akawa (1961, 1963), Sanders (1_ 959), Wang (1960), Jorgensen
(1959), Miller and Moore (1960), and Tse (1962).
Three which have
received considerable testing under operational conditions will be
discussed.
These are the ones prepared by Riehl et al (1956), Miller
and Moore (1960), and Veigas (1961).
The first of these synoptic-climatological forecasting
techniques to receive extensive operational testing was the one developed by Professor Riehl, and Commanders Haggard and Sanborn (1956).
These investigators used historical data to develop regression equations for forecasting the 24-hour meridional and zonal components of
storm motion from the respective components of the geostrophic wind
at 500 mb,measured from a grid which extended for 7.5 deg of longitude east and west of the storm,and from 5 deg of latitude south to a
boundary 5 to 10 deg of latitude north of the storm.
The northern
boundary of the grid varied with the predicted motion of the storm.
The authors wrote, "The regression equations are
n

=

0.8 + 1.2 G

( 1)

w

=

G

(2)

C

n

for meridional motion
C

w

for westward motion, and
C
w

=

0.96 G + 0.02 G
w

2

(3)
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for eastward motion.
Here Cn and Cw are the meridional and zonal
components of storm motion.
Gn and Gw are the corresponding 500 mb
geostrophic flow components.
The units of (1) are degrees of latitude per day; those of (2) and (J) are degrees of longitude per day."
The two main problems to be overcome in use of this technique are
assembling and properly analyzing the data rapidly, and the sensitivity of the forecast to changes in the analysis.
This later problem
becomes very acute for areas where 500 mb data are frequently rather
scarce and often leads to widely divergent forecasts from forecasters
working independently.
The technique developed by Miller and Moore (1960) uses a
grid very similar to that utilized by the technique developed by
Riehl.et al.
There are three major differences in the approach
however - (1) the Miller-Moore technique utilizes the geostrophic
components computed from the 700 mb chart whereas the previous technique uses those from the 500 mb chart, (2) the past motion of the
storm is used in the regression equations, and (J) the data were stratified into two groups depending on whether the storm at forecast time
was north or south of latitude 27.5 N.
The authors obtained the
following regression equations:
Latitude ini tial,ly

u = o.42u7 + 0.54

v=

0.2Jv

7

p

~

27.5N

x -2.4,

(4)

+ 0.65 p y +2.J,

(5)

Latitude initially

u = o.61u7 + o.48

p

v = o.71v7 + o.4o

p

>

27.5N

-J.8,

(6)

y +J.O.

(7)

x

U and V are the mean 24 hour zonal speed and meridional speed, Px and
Py are the average rate of storm motion in the zonal and meridonal
directions for the 12 hours preceding forecast time, and u7 and v7
are the zonal and meridional geostrophic components computed from the
grid area on the 700 mb map.
All speeds are in knots.
By utilizing
the 700 mb map, the authors selected a level for which the data are
usually better than at 500 mb, one for which heights can be better
estimated from data obtained by surface observation, and one which
gave essentially as good results.
There is still the problem of
collecting the data and analyzing them quickly enough to make the
forecast available while most of the forecast period remains.
The
technique is only about one-half as sensitive to errors in pressure
height data or analyses, but is sensitive to errors in locating the
storm center which are reflected in the 12 hours past motion of the
storm.
The equations as developed were based on data collected from
storms in the Atlantic-Caribbean-Gulf of Mexico area.
The constants
have recently been recomputed for use in the Western Pacific by members
of the team in the Joint Typhoon Warning Center at Guam, M.I. (Erdei,
1962).
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Veigas has prepared regression equations to forecast motion for
several different periods extending to 36 hours (and under some
conditions, to 72 hours).
His technique has made use of a statistical screening procedure (R.G.Miller, 1958) which has been widely
used at the Travelers Research Center.
In this technique (frequently
referred to as the "Travelers technique") the components of the
succeeding storm motion were correlated with the sea level pressures,
the 500 mb heights, and height and pressure changes at individual
grid points; and height gradients; and compon.ents of past motion.
The
grid in this case extended as much as 40 degrees of longitude and as
much as JO degrees of latitude from th~ storm center.
The data were
stratified according to latitude of the latter.
After picking the
predictors which contributed most to reduction in variance, regression
equations were prepared.
Only two of the equations will be given
here and they are expressed in a form slightly different from those
originally prepared in order to make clearer the type of data which
contribute most to the forecast.
The equation for the 24-hour forecast for the most southerly
latitudes are
80

24

= 0.5 + 1.0327 80_

-0.1357

8 ). 24

=

12

+ o.o84J? 16 -0.0976

1? 66

+ 0.1418

J?55

P52

-.5 + 1.2876 8 )._ 12 + 0.0571
-0.1730 P90 + o.2378 P53

(8)

p8

+ 0.0228 P 54 -0.1958

I> 66
(9)

Here 6. e 24 and
4). 24 are the meridional and zonal components of
motion of the storm center for the 24-hour forecast period,
89_12
and
6.A _ 12 are the corresponding components for the 12 hours preceding beginning of forecast period, and Pn is the departure from 1000 mb
of the sea level pressure at grid point "n" at the beginning of' the
forecast period.
Some of the other equations also use the the 500 mb
heights, pressure gradients and pressure changes.
The equations developed by Mr Veigas and the Travelers Group
working in co-operation with the National Hurricane Research Project
have received extensive testing in the Atlantic-Caribbean-Gulf of
Mexico area.
Similar equations based on Western Pacific data have
been developed by Arakawa (1961, 1963).
In this technique about half of the forecast is contributed by
the terms using the past 12-hour motion of the storm.
The remainder
is related to indices of the pressure distribution about the storm and
thus to the general wind flow around the storm even though the
equations do not explicitly refer to the geostrophic or any other
approximation of the wind.
Numerical predictiDn of hurricane motion by dynamical models.
Great progress had been made in the prediction of weather systems by

dynamical models during the past decade, and the prediction of
hurricane motion has profited by many of these advances.
In an
analysis of the errors of some of the earlier experiments, L.F.
Hubert (1956A, 1956B, 1959) pointed out that most of the errors could
be ascribed to one of five types:
(1) failure of the forecast model,
(2) truncation errors, (3) large grid spacing (having effect other
than just the truncation errors),
(4) boundary errors, and (5) erroneous input data.
Since then much research on the problem has been
conducted principally by investigators in the United States and in
Japan.
A representative sample of investigations related to tropical
cyclone motion prediction have been reported by the following: Sasaki
and Miyakoda (1954), Sasaki (1955), Matsumoto (1956), Okamura (1956),
W.E.Hubert (1957), Itoo and Masuda (1957), Kasahara (1957, 1959, 1960),
Masuda and Itoo (1957), Terauchi, Nabeshima, and Suzuki (1957),
Morikawa (1958, 1960, 1962), Gates (1959), Birchfield (1960), Jones
(1961), Vanderman (1962), and Terauchi (1963).
Since 1955 many improvements have been made in the barotropic
model used operationally in the United States.
The grid spacing has
been reduced, stream functions are calculated from input data by means
of the balance equation, a stratospheric effect (i.e. Rossby free
surface divergence and reduced gravity) is included as well as a term
to approximate the generation of vorticity by vertical motion caused
by terrain (Ellsaesser, 1960; Cressman, 1960).
These changes have
served to improve the over-all accuracy of the barotropic prediction
technique and thus the accuracy of the hurricane forecasts.
Experiments have also been conducted to develop a baroclinic model that would
be superior to the barotropic.
As of the 1962 hurricane season,
however, the barotropic model was still considered by the Joint
Numerical Weather Prediction Unit in the United States to be best for
use in forecasting tropical cyclone motion.
Boundary errors in numerical prediction have been reduced in
recent years by extending the data grid entirely around the hemisphere
so there are no east and west boundaries.
There is still a boundary
in the tropics, which at times causes difficulties in storm movement
forecasting when the tropical cyclone center is near the boundary of
the data grid.
Experiments have been conducted whose results suggest that
improved forecasts would be made by use of a finer grid (Birchfield,
1960), but the trend has been to use the coarse grid normally employed
in numerical prediction models and to either remove the vortex motion
from the general wind field or to substitute an idealized vortex.
In
either case the vortex is usually assumed to be steered with the wind
field around it.
In some of the models where the true vortex is
replaced by an idealized one, it is assumed not only that the vortex
will be steered by the general current, but that the vorticity field
of the vortex will interact with that of the general current to modify
the latter.
(Morikawa, 1958, 1960, 1062; Vanderman, 1962; and
Terauchi, 1963).
Use of such a model tends to minimize the effect of
truncation errors and other errors due to large grid spacing noted in
the earlier models.
The addition of the effect of the interaction
of the vortex with the general flow has improved the forecast accuracy
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over that obtained by a purely steering model in which the vortex
was completely removed from the vorticity field, but was advected with
the general flow.
(Vanderman, 1962.)
In the model used operationally in the United States, the
barotropic flow is used as the steering current; the vortex of the
tropical cyclone is eliminated from the initial height analysis; and a
steering wind is analyzed in the region of the cyclone.
In case there
are too little data in the vicinity of the vortex to accurately determine the steering wind, the past motion of the storm is used to ensure
that the stream and vorticity fields are in phase.
The tropical
cyclone is represented by a constant circular vortex stream described
in terms of the cyclone's eye radius, maximum wind speed, and outside
mean radius.
Most of these parameters are obtained by aircraft
reconnaissance in time to be used for each forecast.
The model has
been described by Vanderman (1962).
In Japan a similar model has
received testing (Terauchi, 1963).

4.

PERFORMANCE OF THE FORECAST TECHNIQUES

Forecasts issued to the public, and forecasts made by the
various objective techniques have been verified at the National Hurricane Research Project since 1955 (Gentry, 1958; Dunn, 1961, 1963; and
numerous National Hurricane Research Project office memoranda by
Tracy).
An extensive verification program has also been carried on by
the Joint Typhoon Warning Center, Guam, M.I. (Fleet Weather Central/
Joint Typhoon Warning Center, 1962, 1963).
These verifications show
that for forecast periods of 24 hours or longer, average errors from any
of the objective techniques discussed here are at least JO per cent
less than the average error that would have been incurred if the forecasts had been based strictly on persistence or climatology.
For
forecast periods of 24 hours, the verification scores indicate that
the Miller-Moore, Riehl et al, Travelers (Arakawa version used in
Pacific), and Numerical prediction techniques all have demonstrated
about the same skill.
They are listed here in order of increasing
average error, but the differenc~s are so small that great care should
be used in concluding that any one has been proven to be superior.
For 36-hour forecasts in the Atlantic forecasts made by the Travelers
technique and by numerical prediction differ very little in average
errors.
Average errors for the official forecasts made by subjective
means are slightly smaller than those for the objective technique when
the forecast periods are made comparable.
For the Travelers Technique
in the Atlantic (4 years of forecasts) and the Arakawa version of that
Technique used in the Pacific (2 years of forecasts) the average errors
for the 24-hour forecasts are about 140 n mi.
The Mill~r-Moore
technique has given an average error in the Atlari"tic for a much smaller
sample of about 104 n mi.
In the Pacific where the sample sizes were
more elearly equal, the Miller-Moore technique (with the constants
recalculated for the Pacific data) gave only about 4 per cent smaller
average error than did the Arakawa technique.

5.

PROBLEMS URGENTLY IN NEED OF SOLUTION

The American Meteorological Society issued a Statement on
Hurricanes 5 June 1959 in which it was implied that most of the damage
caused by hurricanes occurred in an area along the track of the
45

center of the storm varying in width from about JO to about 100 n.mi.
Because of the limited width of this path of intense damage it was
stated
. . . . . . . "According to present thinking an excellent result
will have been obtained if inaccuracies in hurricane center prediction do not exceed 50 miles."
It was further stated, "Because of
the time needed for meteorological services to process data and
make predictions, the forecaster must look JO-J6 hours ahead in order
to provide one-day forecasts for the public."
It is obvious from
the forecast verifications previously given that we are far from
reaching this goal at the present time.
What are the big problems?
In what areas or under what conditions are the big errors made?
What can be done to bring about improvements?
Experienced forecasters report that the largest errors occur where there are either (1)
insufficient data, (2) the storm is near the point of recurvature,
(J) the storm is accelerating rapidly, or (4) the storm is in the
formative stage.
There is ample evidence in the verifications to
which reference has already been made to support these convictions of
the forecasters.
The data.
An obvious solution for the insufficient data problem
is to get more.
This frequently, however, is not practical.
There
are also other ramifications to the problem.
Not only are there frequently insufficient data, but data available may have errors of sufficient magnitude as to make them nearly useless.
It is not really known how good the various techniques are
because of lack of sufficient data.
The total error in a forecast
can be expressed

-+

~

.

where EM and ED are, respectively, the errors due to inadequacies of
the model and the data.
Sufficient data of the required accuracy
have never been available to evaluate the two terms on the right.
Thus there is great need for developing a network of some area to
obtain data of sufficient quantity and quality to test out the forecasting procedures.
A worthwhile project for the World Meteorological
Organization would be to arrange for expansion of one of the better
tropical data networks for this purpose; for example, either in the
Western North or South Pacific Oceans or in the Atlantic-CaribbeanGulf of Mexico area.
Let's discuss this
(1) quantity needed, (2)
techniques, and (J) need
because of deterioration

data problem from the following viewpoints:
accuracy desired for the various forecast
for getting data to forecasters rapidly
of forecast accuracy with time.

All of the techniques need data in the vicinity of the tropical
cyclone.
Some require data only at sea level.
Others require data
at the higher levels.
For example, a climatological forecast can be
made for many sections of the world if the position of the storm is
known.
A persistence forecast can be made if two successive positions
of the storm center are known.
The Travelers technique permits
forecasts to be made under some circumstances if the position of the
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storm is known for the preceding 12 hours and/or the surface pressure distribution around the storm is known.
In any case most of the
more widely tested objective techniques can be utilized if the three
dimensional pressure pattern is known up to the 500 mb level and the
past positions of the storm are known for at least 12 hours.
Even
the numerical forecasts using dynamical models are largely controlled
for the first 12 to 24 hours by the pressure distribution within 500
to 1000 miles of the storm center.
For longer periods the forecast
of the storm motion will be more affected by conditions farther
removed from the storm.
To sum up, the data needed are: current and
past positions of the storm, the pressure or wind distribution at
various levels from the surface to 500 mb over an area 500 to 1000
miles about the storm, plus a more general definition of the pressure
field over other sections of the hemisphere.
The requirement for accuracy also varies with the forecast techniques and with location.
Forecasts made by dynamical models and the
grid technique developed by Riehl et al (1956) are based principally
on steering.
An error in the steering wind speed (approximately the
geostrophic wind) of J knots causes a 24-hour error in the forecast
of about 70 n mi.
An error in the wind direction of 10 degrees
causes an error in the forecast of more than one-sixth of the rate of
movement of the storm.
That is, if the storm moves JOO n mi in a
24-hour period, an error in direction of 10 degrees would cause an
error in the forecast of more than 50 n mi.
These steering winds are
computed from the height gradients at the 500 mb level.
If the
temperature measured by the rawinsonde is in error 1C from the surface
to 500 mb, the 500 mb height will be in error by about 67 feet.
The
forecast made by the 500 mb grid technique when the heights on one
side of the storm were in error by 67 feet, would be wrong by about
145 n mi.
Although most dynamical models utilize influences in _
addition to geostrophic steering, essentially the same remarks apply.
These two techniques should be the best of the lot in forecasting
recurvature when input data are sufficient because they make less µse
of the persistence of past motion.
The Miller-~Ioore (1960) technique utilizes essentially the same
grid as does the technique developed by Riehl et al.
The data,
however, are at 700 mb, and less than one-half of the forecast is
based on the effect of steering.
A one degree error in temperature
of the s.ounding would cause an error of about J4 feet at 700 mb and
such a height error on one side of a storm would cause an error in
the forecast of about 20 to 55 n mi depending on which regression
equation is applicable (equations 4 to 7).
Combined wiih this possible error is the one due to mis-measurement of the past 12 hour
motion.
This latter error could easily be as much as 15 n mi.
In
some cases the two errors would be additive and in others they would
tend to compensate for each other.
There is no known reason why the
two should be correlated.
The Travelers technique (Veigas, 1961; Arakawa, 1961, 1963) also
has the error related to mis-measurement of past motion and to about
the same extent as the Miller-Moore technique.
It, however, makes
greater use of the surface data which presumably are not only more
plentiful, but also less subject to error than the upper air measure45•

ments.
By substituting values into equation (8) for example, where
the error in past 12 hour motion is assumed to be 15 n mi, and error
in sea level pressure at the various grid points is 2 mb, one gets
for the total error ED A 8 2 4, after converting units to nautical
miles,
ED A 8 2 4

~ .± 1 . 0327 x 15 .± 10 .± 12 .± 17 .± 1 6

~ 70 n mi.

There is no reason to expect much correlation between the errors in
the various terms, so it is likely that under the assumed conditions,
the total error would be much less than 70 n mi.
Thus from consideration of effect on the forecasts of errors in the data, this technique has much to recommend it.
Although it has not given quite as
good results as the Miller-Moore technique, it should receive consideration for application in all areas where the data (and especially
the data at upper levels) are not of the highest quality and of
sufficient quantity.
Persistence forecasting is widely practiced, but forecasts made
by this method are also greatly influenced by errors in the storm
positions.
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In Fig.
let B be the true position of the storm at time forecast is
made, A the true position h hours earlier, and C the projected position at the end of the forecast period nh hours later.
Let E and D
be the reported position at 0 and -h hours and F the projected position at +nh hours.
It can be shown by addition of vectors that the
vector error caused by use of poor past track positions, CF, is given
by

CF= (n + 1) BE - nAD
Here BE and AD represent errors in observing the true storm position.
This emphasizes the need for accurate storm fixes if persistence is to
be used in the forecast.
It also points up the danger in trying to
extrapolate too many time periods in advance unless the past locations
of the storm are known with great accuracy.
This is true because any
errors in positioning will be amplified at least n times where n is
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the ratio of the length of the forecast period to the length of time
used to establish the portion of the past track that is projected
forward.
There is great need for collecting and analyzing the data rapidly that are to be used in making the forecasts.
Verification of
the forecasts that have been made by dynamical models for periods
out to 72 hours shows that the average errors for 48 and 72 hour
forecasts are, respectively, approximately 2 and J times those for
24 hours.
Although few forecasts made by other techniques for
periods beyond J6 hours are available, they also show about the same
rate of deterioration of accuracy.
The forecast is no good to the
public until actually delivered, but the period of the forecast should
be counted from the time the data were observed.
That is, if it
takes 12 hours to collect and analyze the data and to prepare and
distribute the storm advisory, it is necessary to make a J6 hour forecast in order to advise the people 24 hours in advance.
However, in
general, the average error of a J6 hour forecast is about 50 per cent
greater than for a 24 hour forecast.
If the time spent in preparing
the forecast and the advisory can be shortened the accuracy of the
advices can be effectively increased.
Forecasters can adapt their forecasting procedures to the data
that are available.
For example if there are little or no data the
simpler techniques such as climatology and persistence can be used.
With surface data, a technique similar to that developed by Veigas
(1961) might be utilized.
If data of reasonable quality are quite
plentiful, and if sufficient resources are available, certainly every
effort should be made to utilize the more sophisticated dynamical
models which permit taking into consideration the interaction between
the vortex and steering current and to consider the effect of the
changing of the steering throughout the forecast period.
Greater efforts should be made to expand the data networks
especially in certain areas.
In the vast oceanic areas fewer people
are affected if a forecast is in error, than is the case when the
storm is approaching the coast.
Thus the data networks should be more
dense near heavily populated areas, and greater efforts should be made
to get frequent aircraft reconnaissance and radar observations for
those areas.
Until such ·time as dynamical models have reached greater perfection and data are available to make them effective in all tropical
regions frequented by tropical cyclones, continued effor.ts should be
made to develop statistical-climatological-techniques adapted to the
data availability and the peculiarities of the particular region.
This may include typing of situations as was done for example by Ts e
(1962) for the Western Pacific and China Sea area.
Recurvature.
The solution of the problem of making better
forecasts at the time the storm is in the area where recurvature is
probable is also closely connected with the data problem.
It should
also be mentioned that this problem has its long and short range
aspects.
Not only is it necessary to be able to forecast with sufficient accuracy whether the storm will recurve in the next 6 to 24

hours, but it is often very valuable to be able to say 24 to 48
hours in advance that a trough approaching from the west will be of
such intensity when it and the tropical cyclone reach the same longitude that the storm will recurve into the trough.
Thus data are
needed not only at the point where the storm is likely to recurve,
but also on a hemispheric scale to facilitate the making of good
forecasts of the long and short wave movements and developments.
Every effort should be made therefore to get ship and aircraft reports
from all areas - not just those near the storm center.
It can be reasoned that techniques such as the numerical prediction by dynamic methods or the Grid technique developed by Riehl
et al (1956) should out-perform the techniques making some use of
persistence under recurvature conditions.
As has been previously
mentioned, however, this superiority has not been reflected in
verifications of past forecasts.
It can be assumed that this is due
to lack of sufficient and accurate data.
In any case there is definite need for either a new forecast technique that would handle such
situations well and yet not be too sensitive to inaccuracies of the
data, or for more and better data - probably both.
The relation
between limiting curvature of the track and size and speed of forward
motion of storm might be studied with profit.
Forecasting acceleration.
The problem of satisfactory forecasting acceleration is another in urgent need for solution.
The
majority of these cases occur after the storm has started recurving
and is either in or approaching the westerlies.
The solution of this
problem is, therefore, tied in with the more general problem of forecasting in middle latitudes.
It is complicated, however, by the
greater accuracies demanded for forecasting movement of tropical
cyclones than are usually required for position forecasts of middle
latitude systems.
Solution of the problem is probably dependent on
including some of the thermal parameters in the forecast technique to
get an indication of the rate at which the general circulation surrounding the storm is likely to intensify.
Several of the Japanese
investigations already mentioned have include~ an attack on this
problem.
In the Western Hemisphere the group working at Eastern Air
Lines (George, 1960) and work currently underway at the National
Hurricane Research Project are giving consideration to this problem.
Ideally Numeral Prediction by dynamical models should offer the best
solution.
This is true because in these models forecasts are worked
out by time steps which facilitate taking into consideration the
changing of the steering current with tima.
To get a good measure
of the acceleration of the steering current, however, will probably
require development of a satisfactory baroclinic model.
Until such
time as the latter has been perfected, improvements can probably still
be made by use of synoptic-climatological objective techniques in
which thermal parameters and pressure changes are added to the model
and in which the forecasts are made by time steps.
That is, in
making a J6 hour forecast, different parameters may be used in making
the forecast for each of the 12 hour periods rather than making the
forecast in one step with one set of parameters.
It may also be found
that typing of situations will be advantageous in solving this problem.
Forecasting motion for forming storms.

Most of the statistical
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techniques that have been developed were designed for use with
mature tropical cyclones, and the barotropic model usually does not
handle development well.
There is probably need therefore for testing of models to find one best designed to handle the forecasting
when the storm is developing.
The situation is further complicated by paucity of data in many
of the genetic regions.
This makes the situation particularly
acute because persistence, the mainstay of many forecasts, is not as
useful in forecasting motion of developing storms as for mature
hurricanes.

6.

SUMMARY

Several objective techniques have been developed in recent years
for forecasting the motion of hurricanes.
Many of these show definite improvement over statistical forecasts made using only climatology
or persistence.
Some of the greatest unsolved problems may remain
unsolved until better data networks can be provided, but judicious
use of available data will still permit improvement of the forecasts
in many cases.
The problems most in need of solution are how to
forecast more accurately when and where the tropical cyclone will
recurve from a course with a westerly component to one with an easterly component; how to forecast the motion of the storm when it is
accelerating; and how to forecast the motion of the storm while it is
forming and shortly after it reaches hurricane intensity.
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STATISTICAL MEI'HOD TO FORECAST THE MOVEMENT AND THE CENTRAL
PRESSURE OF TYPHOONS IN THE WESTERN NORTH PACIFIC
H. Arakawa
Meteorological Research Institute, Tokyo
1•

INTRODUCTION

At the Inter-Regional Seminar on Tropical Cyclones held in
Tokyo, 18-31 January 1962, the present author (1) presented a paper on
the regression equations to forecast the movements and surface pressures of typhoons in the Western North Pacific.
It is a statistical
study based on the Veigas-Miller screening procedure used to develop
a similar method of forecasting Atlantic Hurricane movement.
Three
sets of regression equations were developedo
One used surface data
exclusively, another used 700 mb data, and the third used botho These
regression equations were derived from five years of data covering
the period 1956 - 1960.
The pressure pattern was obtained by using a
grid of 91 points at intervals of 5 degrees of latitude and of longitude relative to the typhoon center as shown in Fig. 1. The set of
equations for 12 hour., 24 hour and 48 hour forecasts computed by the
IBM-704 appear below:
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Grid Points for the North Pacific

Original Equations

A12 )pred.=

- 242.3 + 1.3669 Ao - 0.3951 )_ 24 + o.0682x
+ o.1752x
89
13
- 0 • 0 5 7 2X 4 S + 0 • 0 5 7 5

P • R. = 9 9 • 2'%
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<t> 12 )pred.= - 57.3 + 1.5595 </> 0

0.3833 c/>_ 12 - 0.1734 c/>_ 24

-

P.R. = 98.9%
P12)pred.= - 775.4 + 1.0978po - o.147op_12 - 0.1457P_24 - 0.1046 A-24
+ o.7267x 6 + o.2416x
40

P.R. = 86.4

P.R. = 97.1%

cp 24 )pred.=

- 112.5 + 2.2797 c/> 0
- o.0692x

52

1.254oc/>_ 12 + 0.1284x 90

-

+ o.1821x

26 - o.1293x 39

P.R. = 95.9%

P24)pred.= - 1581.0 + 0.8613po - o.3225p_24 - 0.3547 A-24
+ o.9063x 6 + 1.0163x 46 -

o.9921x

63

+ 1.1259x

21
P.R. = 61. 3%

'A4 8 )pred.= - 1037.6 + 1.8948
- 1.7983

cp_ 12

A0

1.0458

-

+ o.6461x

13

'A_ 24

+ o.6245x

+ 2.1311 <1> 0

89

- o.2289x

17

P.R. = 89.2%

cp 48 )pred.=

- 106.6 + 2.8977<1>
+ o.2132x

90

0

-1.8073cp_ 12 - o.5396x 46 + o.2914x40

+ o.2034x

p 48 )pred.= - 1790.4 + o.6493p 0
+ 1.4297x 46 -

25

-

1.3597x

- o.0613x

50

P.R. = 88.3%

o.5141p_ 12 - o.6288A_ 24 + 2.6177x 6
63

P.R. = 40.7%

An independent test of this objective method has been made
during the 1961 season and reported by Waldron (2). Although they
cannot be compared with the operational forecast made by the Joint
Typhoon Warning Center (JTWC), or the operational Revised MillerMoor error, the figures are summarized in Table 1.
Another independent test has been made during the 1962
season and reported by Roper (3).
The average error in miles is
given in Table 2.
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TABLE 1
Operational
forecast (JTWC)

24 hour
position
(mi)

48 hour
position
(mi)

Arakawa method

Miller-Moor method

24 hour
position
(mi)

24 hour position
(mi)

24 hour
pressure
(mb)

48 hour
position
(mi)

48 hour
pressure
(mb)

ori~tnal

equ . ions modified
equa ions

Mean

136

274

113

129

Standard
deviation
Number
of' cases

360

280

180

180

113

-3

239

-3

74

22

162

26

153

153

114

114

TABLE 2
Operational
forecast (JNWT)

24 hour
position

48 hour
position

48 hour
position

Modified
Miller-Moor
method
24 hour
position

24 hour
position

Fleet Numerical Weather
Facility Computer forecast

24 hour
position

Arakawa method

48 hour
position

Mean

144

287

153

297

135

141

274

Number
of' cases

489

398

348

265

239

465

381
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USE OF THE REGRESSION EQUATIONS FOR FORECASTING

2.

These independent tests show that this objective technique
is capable of becoming a useful operational forecasting tool.
Encouraged by these independent tests, the present author has revised
the regression equations.
The set of regression equations using
surface data exclusively was recommended to be the most useful as an
operational forecasting tool and these equations have been improved
by stratifying the whole North Pacific into two zones, i.e. the
"southern zone" for typhoons whose initial latitude is less than
26.9°N and the "northern zone" for typhoons whose initial latitude is
between 27°N and J4°N.
Regression equations were derived for the
full-grown typhoons which occurred in the five year period 1956-1960.
The number of typhoon data samples obtained for the southern zone was
J14, while that for the northern zone was 60.
The author has discussed other features in his former paper
( 1) •

In the revised equations the possible predictors are given
by:
).o'

A-12'

A-24

east longitudes of the typhoon centre
at chart time and at 12 and 24 hours
prior to chart time.

q, 0 '

<I>

<P

north latitudes of the typhoon centre
at chart time and at 12 and 24 hours
prior to chart time.

Po'

p

-12'

-12'

p

-24

-24

central pressures of the typhoon at
chart time and at 12 and 24 hours prior
to chart time.

In addition, the surface pressure values at intervals of
5 degrees of latitude and longitude, relative to the typhoon centre,
are taken at chart time.
The grid used for the southern zone
(points X1 ••.• X45) is shown in Fig. 2, and that for the northern zone
(points X1 •.•. X91) is given in Fig. J.
Tt will be seen from these
figures that the typhoon centre is at grid point X23 in the southern
zone and at X47 in the northern zone.
From these predictors regression equations have been derived
for each zone for the central pressures (p 12 , p 2 4, P4 8 ), east longitudes ( 'A12, A24' A48) and north latitudes ( <P 1 2, </) 24' </J 48) of the
typhoon centre at 12, 24, and 48 hours after chart time.
No 48 hour
predictions have been made for the northern zone.
The revised
equations appear below.
P.R. is the percentage reduction in variance
of the predictand obtained through use of the equation.
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Southern Zone
'A12 ) pred.-- - 62.7 + 1.3993·

cp 12 )pred.=

Ao -

- 32.6 + 1.3562· </) 0
- 0.0409•X

(0 - 26.9N)
o.4287·

"A_ 24

+ o.o647·x

75
P.R. = 99.3%

Oo3701°<P_ 24 + 0.0734·x 26

-

P.R. = 98.4%

54

p 12 )pred. = - 1002.4 + 1.1566 •p 0

0.3101 °p_ 12 - 0.1279• )._ 24

-

- 0.2596.q,_ 24 + 1.1587.x 6

). 24 )pred.= - 167.8 + 1.8037.

A0

0.8652•

-

P.R.= 86.8%

A_ 24

+ o.1749·x

89
P.R. = 96.7%

ct>24)pred.= - 94.3 + 2.3520-ct>o - 1.3123·</)-12 + o.1767·x91
P.R. = 93.7%
P24)Pred.= - 2049.8 + 1.0564°po - o.4593·P-12 - 0.37600 A-24
+ 1.6720•X6 + 0.7934•X4 6

A0

P.R. = 60.3%

1.2021 • ft._ 24 + 0.2910-cp 0
P.R. = 87.5%
+ o.9329.x
+ o.6337.x
89
13
<t> 48 )pred.= - 254.9 + 3.1923° </) 0 - 2.1550. </)_ 12 - o.3763.x 46
P.R. = 84.3%
+ o.3433.x
+ o.2866.x
26
70

)4 8 )pred. = - 1562.0 + 2.0193 •

-

p 48 )pred.= - 2047.2 + 0.6343°p 0 + 1.4897°x 46 - 0.4767•p_ 12
-0.6623· A-24 + 3.1712-x6 - 2.3714°X63 + o.6322°x66
P.R. = 40.8%

Northern Zone - (27N - 34N)

+ 0.0953·X4

46

3

P.R. = 99.3%
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<P12)pred.= -

29.8 + 2.0216· c/)

+ Oo0773°X4

p 12 )pred. = -

3

29

12

- 0.1823·X

22

+ 0.1322·X 18

17906 + 0.8105·p 0

+ 0.8381-x

0.9290· </>_

-

0

P.R. = 93.7%

0.2056·p_ 24 + 1.0911·</>

-

- Oo3042·X

A24)pred.= - 229.7 + 2.6892. Ao -

0

P.R. = 85.3%

2

1.7156· A-12 + o.4480°X44

- 0.2129·X 21
<J;>

2 4)pred.= + 179.0 + 1.9505· (/)
+ 0.1981·x

p 24 )pred.= -

45

0

-

- 0.0338·X

1.4331·
23

c/>_ 12

- 0.1954·x

- Oo1595·X 16
P.R. = 84.3%

15

140.5 + 0.3408·p + 0.6029·p_ 12 - 0.5922·p_ 24

+ 1.3702-

3.

P.R. = 96.7%

<Po+

1.4382·X27 - o.7086·X33

P.R. = 66.4%

A TEST OF THE NEW EQUATIONS

Following a request to the Director of the Joint Typhoon
Warning Center, Guam, to make an independent test of these sets of
regression equations during the current typhoon season,
Lt. Col.
Roland C. Lame, the new Director has kindly sent their verification
of my system through August 1963, as shown in Table J. He feels
however, that the following result is not a true test of my system
because of its dependence on a very good sur~ace (post) analysis.
Owing to a lack of surface data, their surface analysis under operational conditions is far from perfect.
Under operational conditions
the forecast is made before any error in surface analysis can be
detected.
The new system seems to give smaller forecast error than
the old system, and shows promise of becoming a useful operational
forecasting tool.
ACKNOWLEDGEMENT
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TABLE 3
Typhoon

24 hour forecast error
mi

cases

48 hour forecast error
mi

cases

Old system
Olive
Polly
Shirley
Mean and total

172
160
152

17
16
27

392
332
259

13
12
23

160

60

313

48

New system
Trix
Wendy
Agnes
Bess
Carmen
Della
Elaine
Mean and total

93
98
103
129
98
157
179

17
26
14
46
24
15
5

174
183
139
246
19

13
22
11
32
19

338

2

116

147

198

-

-

99
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STATISTICAL PREDICTION OF MOVEMENTS AND SURFACE PRESSURES OF
TYPHOON CENTERS WHICH MIGHT HIT KOREA AND HER NEIGHBOURHOOD
Chaepyo Cook
Central Meteorological Office, Seoul, Korea

1.

INTRODUCTION

Prediction of the movement and the central surface pressure
of a typhoon 12 hours and/or 24 hours after chart time is very important in the Korean weather service.
Concerning this approach any
further theory must be more or less statistical or probabilistic.
The
object of the present study is to follow the methods of probabilistic
prediction of Veigas and Miller (1959), and Arakawa (1962) which have
often been reported as a powerful tool to forecast hurricane movements in the North Atlantic and in the North Pacific.
During the course of this study in the Far East, it occurred
to me that this statistical procedure could be extended to those
typhoon systems which might hit Korea and her neighbourhood.
Among practical forecasters, the surface circulation pattern
as depicted by the surface weather chart is considered an important
factor determining the movement and central surface pressure of typhoons.
While the path and deepening/filling of a tropical cyclone
normally appear reasonable in post-analysis when interpreted in terms
of the synoptic weather patterns, prediction of these changes in
advance is often difficult.
In the present study, the circulation
pattern is expressed by a five degree pressure grid taken relative to
the grid point nearest the current typhoon position.
Because the
grid of the synoptic map used has spacings of one degree in longitude
and in latitude, the five degree pressure grid was taken relative to
the one degree grid point nearest the current typhoon position.
The
predictands were the positions and the central sea-level pressures
(which might serve as rough intensity indicators) at 12 and 24 hours
after chart time.
2. ~

THE REGRESSION EQUATIONS

The surface weather charts at OJOO Z and 1500 Z for the
typhoon seasons of 1958-1962 (already plotted and analysed) were obtained from the Korean Meteorological Office file.
In each case
attention was concentrated on a period extending from one day prior
to development of a tropical storm (including typhoon intensity)* to
one day after its dissipation.
Any available synoptic data, previously unplotted, was added to the charts, and amended analyses making
max imum use of post-analysed typhoon tracks and continuity were put
in final form for punched cards.
A 5-degree moving coordinate grid was

* Hereafter the word "typhoon" will be used for a tropical cyclone
with winds of 35 knots or higher.
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centered on the typhoon, whose position lay within 20° to 40° north
latitude and 110° to 140° east longitude as shown in Figure 1.
This
area was chosen to provide ample cover for all typhoons which might
hit Korea and her neighbourhood.
Pressures were read from grid
points twenty degrees west and east of the grid center and fifteen
degrees north and south of the grid center.
These sixty-three pressure values represented information available on the circulation
pattern (see Figure 2).
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2

5° moving-coordinate grid

The seventy-one predictors used in deriving the regression
equations were selected from the 63 pressure values for each grid
point at the time of prediction, the central pressure 12 and 24 hours
prior to the prediction time, and the typhoon position at the time of
prediction and at 12 and 24 hours previous to it.
A list of all
predictors and predictands is given in Table 1.
It should be noted
that the centre of the typhoon coincides with grid point 32.
fell

Over the typhoon seasons from 1958-62, the typhoon centre
315 times within the area shown in Figure 1.

From the basic set of 71 variables, those not contributing
significantly to the prediction of the position and central pressure
of the typhoon were eliminated by a screening procedure.
The particular screening procedure used has been described by Miller (1958) 9
Veigas and Miller (1959) and Arakawa (1962).
The computations were
made on an IBM 704 using the "Running Miller's Screening Program."
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TABLE 1
longitude ( degr. and 1/10' s)
latitude (degr. and 1/10 1 s)
Pi+, central surface pressure (mb)

~ of typhoon center 24 hours after
) chart time, a set of predictands.

~n,

~
~
~
~

AH,
~u,

longitude (degr. and 1/10's)

</J,1, latitude (degr. and 1/10's)
P 11,

central surface pressure (mb)

~.,
~o,
Po,

longitude (degr. and 1/10 1 ~
latitude (degr. and 1/10 1 s)
central surface pressure (mb)

A-•i, longitude ( degr. and 1/10' s)

~~~

latitude (degr. and 1/10 1 s)
P-•i, central surface pressure (mb)

A-~,

longitude (degr. and 1/10 1 s)
</J-af, latitude ( degr. and 1/10' s)
P-24, central surface pressure (mb)

of typhoon center 12 hours after
chart time, another set of
predictands.
of typhoon center at chart time.

of typhoon center 12 hours
prior to chart time.
of typhoon center 24 hours
prior to chart time.

) pressures in mb for each grid
) point at chart time.

The resulting sets of prediction equations for longitude,
latitude and central surface pressure appear below.
P.R. is the
precentage reduction in the variance of the predictand obtained through
use of the equation:
,A12 ) pred.- -

88.o + 1.7055. "A o - 0.7321·

'A_ 12

+ 0.1668· </>

+ o.0869·x )
5

cp 12 )pred.=

P.R.=96.3%

- 25.9 + 1.4499• cP 0
- 0.0706•x

- P 12 ) pred.-

'/\24 ) pred.- -

0.3847•

-

<P_ 12

+ 0.0951•x

A0

P.R.=95.5%

+ o.2901·x

416.1 + 2.1395. "A 0

+ o.2332.x

53

31

-

16

+ o.2194·x

0

P.R.=82.1%

25

1.2047. )_ 12 + o.4055. ct> 0

-

+ o.1793.x

c/> 2 4)pred.= - 95.0 + 1.7633. c/> 0
- 0.1810ox

3

31

239.8 + o.9108•p o - o.1641 ·p_ 12 + o.8556· ""'
~

- 0.3709·

0

6

0.6272•

+ 0.1105·X

60

cp_ 12

+ 0.1626ox

3
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- 20.9 + o.4864·p u + 1.3903. Q:>
+ 0.4559•X15 + 0.9892•X25 -

3.

0

0.6620·

-

A0

0.8758 X40

INDEPENDENT TESTING

As an operational test on independent data, these prediction
equations were used to predict the movement and central surface pressure of typhoons by forecasters of the Korean weather service during
the current typhoon season, July 1963 - October 1963.
Operational
testing has been done only for a few cases.
Veigas and Miller (1959)
also showed that there seems to be a tendency for the system to be
unable to predict the rapid acceleration of storms which become extratropical, (i.e. in the northern hemisphere at the latitude of Korea).
Predicted values for p
, the central pressure of the typhoon,
24
are supposed to be -µnreliable owing to their rapid degeneration in
middl~ latitudes.
However, the values obtained were very encouraging
especially as deepening or filling of typhoons can not at present be
predicted by any other objective method.
In this study, the longitudinal displacements were not converted to degrees of latitude in each case.
The complete synoptic climatological forecast expresses the
most probable subsequent location of the typhoon as indicated by the
central surface pressure (Arakawa, 1962).
Further operational
independent testing is being carried out in the Korean weather service.
COMPUTATION EXAMPLE
Typhoon Flossie at 0300 GMT 22 August 1958

'Ao

= 1J4.0°E

x,

</>o

=

20.6°N

x,

=
=

Po

= 1000 mb

X1s

= 1010 mb

'A-11
<l>-11

-- 135.6°E

x,,

= 1014 mb

19.2°N

X25

P-12

1000 mb

X31

=
=

1015 mb
1010 mb

X53

=
=
=
=

x,o

= 1009 mb

X+o

1009 mb
1010 mb
1009 mb
1008 mb
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Computed (Predicted) Storm
Position and Central Surface
Pressure by Regression
Equations given in Section 2

'A,2 =

132t>2°E

=

21. 8°N

Storm Position and
Central Surface Pressure

A,1

Pia=

990.4 mb

A24=

131 • 5 °E

=
<P12 =
P,a =
A24 =

<1>2+=

23"0°N

<Pa..,=

<I> 12

132.5°E
23.0°N
990 mb
132.0°E
25.0°N

P2..,= 985 mb

p J+= 980.3 mb
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EVALUATION OF METHODS OF FORECASTING DEVELOPMENT AND MOVEMENT
OF CYCLONES IN THE NORTHEAST AUSTRALIA REGION: 1962-63 SEASON
W. R. Wilkie
Tropical Cyclone Warning Centre (T.c.w.c.), Brisbane

ABSTRACT
In contrast to the past two cyclone seasons, no
fewer than sixteen small cyclones were located over waters
to the north and northeast of Australia in the 1962/63
season (December to April).
Of these, two were coldcored disturbances which developed rapidly in waters south
of 20°s, and were associated with strong to gale force
winds.
Of the fourteen warm-cored systems, nine developed sufficiently to be associated with winds of, or greater
than, gale force.
Evaluations of the various forecasting aids used
at the T.C.W.C. together with illustrations are given in
the text.
The main points arising from the investigation
are summarised below:
It was found that no one aid provided selfsufficient evidence for forecasting cyclogenesis.
It is
concluded that perhaps the most important combined requirements for tropical cyclogenesis in the northeast Australia
region are:-

(a)

a small low pressure area on the ITCZ (south from
12°s over North West Coral Sea) combined with,

(b)

strong upper divergence over the area of low
pressure,

(c)

a conditionally unstable atmosphere.

The accepted requirements for "filling" of cyclones were
again confirmed during this season.
Rapid "filling" of
warm-cored cyclones was found to occur on occasions when
cold air moved into the vortex or when the disturbance moved
over the land.
Reliable aids to determine "weakening" were:(i)

Movement of upper divergence fields away from the
cyclone in young storms and,

(ii) movement of the cyclone over colder waters (in the
absence of any upper trough or divergence field which
could produce cold-cored intensification). The most
reliable guide to short term movement was again found
to be persistence.
Thermal steering as indicated by
the 1000-500 mb thickness charts was reliable on all
but two occasions.
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1•

INTRODUCTION

The data contained in the "Cyclone Check Sheets" was used
to evaluate existing forecasting aids and methods used under operational conditions during the period December 1962 to April 1963.
In
addition, from a post season study of each storm, the behaviour of
the cyclones in relation to such aids was determined.
2.

DEVELOPMENT
{a) Cyclogenesis
(i)

Synoptic M.S.L. Chart

With the warm-cored cyclones, all charts indicated areas of
instability in the region of development in the form of increasing
cloud with showers, thunderstorms or rain.
In some instances viz.,
the disturbances of 16th February and 1st March, the cloud cover and
rain extended 500 miles from the area of development.
All of the tropical cyclones formed from a small area of low
pressure {usually below 1006 mb) on a "leg" of the intertropic convergence zone (I.T.C.Z.), which persisted from some days before deepening commenced.
Th1s is common to all cases of cyclogenesis
occurring in the waters to the northeast of Australia in past seasons
and confirms the importance of the presence and position of the
I.T.C.Z. over the northern Coral Sea.
In 1962/63, no cyclones were
located north of latitude 12°s over the Coral Sea, although this was
not the case for the storms which developed to the north of Arnhem
Land.
As a point of interest, few cyclones have developed to the
north of 12os over the north-west Coral Sea and in fact only 12 storms
of a total recorded number of 157 have developed in this region in the
past 40 years.
Figure 1 shows the areas of cyclogenesis and tracks
of the 1962/63 cyclones.
Surface developments associated with upper cut-off lows
usually occur more or less simultaneously with surface anticyclogenesis
in more southern latitudes.
This often occurs also in the case of
tropical cyclogenesis as is illustrated by Figure 2.
(ii)

Isallobars

Since cyclogenesis is confined to ocean areas which are
usually devoid of observational data, the pressure changes in the area
of cyclogenesis as deduced by spot pressures from consecutive 24 hour
MSL charts are at times unreliable.
However, on occasions when
reliable reports have been received from the area, the accepted critical value of pressure falls of about 2 mb in 24 hours prior to deepening has been confirmed during this season.
A 3-hourly fall of 2 millibars was found to be significant
if this pressure trend continued.
The cyclone of J1st December which
deepened rapidly just off the southern Queensland coast showed falls
of this order.
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(iii)

Upper Air Divergence Patterns

Figure 3 shows areas of convergence and divergence associa(1960)0
During
he 1962/63 season, nine out of the fourteen warm-cored disturbances
ere associated with flow patterns as shown in Figure 3(iv).

~

ed with the main types of upper air flow after McRae

''

(ii)

x
[QJ
[fJ

DIVERGENCE
CONVERGENCE

0

Position of jet maximum .
Line of extreme horizontal shear.
• • • • Line joining inflexion points.
- - - - - - Line of maximum curvature
[cyclonic or anticyclonic]

XO Y

( iv J

y

(v)

Fig. 3

I

J

Various types of Upper Flow and related divergence fields (after Mc Rae 1960)

This type usually occurs between latitude 20° and 25°s and is one in
which an upper ridge from a high lying between 10°and 15°s, has
superimposed on it, a jet maximumo
With the line of extreme horizontal shear lying from the centre of the high to the jet "max", the
divergence field lies to the northwest of the jet and usually extends
some distance (of the order of 500 miles).
A typical example of
this situation is illustrated in Figure 4 which shows cyclogenesis
over the Coral Sea under the area of upper divergence produced by this
type of upper flow pattern.
In general the strength of the subtropical jet stream lying south of areas favourably for development was
relatively weak during 1962/63 summer, most maximum being less than
100 knots.
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Fig. 4 200 mb. streamline - isotach pattern at time of cyclogenesis over Coral Sea on 21 January 1963. ( 1700 GMTl

Cyclone No. 2 which developed rapidly off the southern
Queensland coast, and cyclone Noo16 which formed to the west of northwest New Caledonia (see Figure 3), were associated with an upper air
divergence pattern as illustrated in Figure 3 (ii)~
This is the
pattern mostly associated with the development of cold subtropical
depressions and is a situation in which the divergence field lies to
the southeast of a jet maximum which is, itself, lying in a cold
upper trougho
This divergence field moving over a surface low or
trough causes a rapid fall of pressure at the surface.
Another type of mechanism exhibiting upper divergence was
pointed out by Durst and Sutcliffe (1938) and illustrated by Gibbs
(1956)0
In seven of the disturbances in 1962/63 cyclone season
the Durst-Sutcliffe effect can be shown to have been presento
Movement of the storms after development was also rapid~
In Figure 5(a),
the areas of development of the storms of 31st December 1962 are shown
in relation to the mean temperature gradient between the 1000 and
500 mb surfaces.
The storm illustrated, developed in a warm air mass
which had moved southward from tropical regions.
As the tropical low
and its associated trough extended southward, cold air was moving
northeast towards the - eastern Australian coast, there being a warm
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thickness ridge over the sea to the east of this trougho
It appears
that the rapid deepening was at least partly due to the operation of
the Duret-Sutcliffe effect combined with a divergence pattern similar
to J(iv).
The increase in divergence followed the increasing baroclinicity produced by the cold air approaching the warm.
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160

165

Fig 5 Ia] 1OOO - 500 mb. thickness chart for 2300 G M T 30 December
1962 associated with deepening of cyclone of 31 December
1962 and illustrating "thermal steering". Arrow shows past
24 hourly movement of surface centre.
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Fig. 5 fbl 1000 - 500 mb. thickness chart for 2300 GMT 31 December
1962 at time of filling of cyclone of 31 December 1962.
Arrow indicates movement of surface centre during 24hours
prior to filling.

Figure 5(b) shows how the warm ridge extended around the
southeast and south of the centre and how the cold air, moving to its
northern side resulted in filling.
The resulting upper wind flow
above the circulation changed from northwest to strong northeast and
the storms subsequently moved south and then southwesto
(iv)

Fracture of Extended Trough

The extension of a deep southern trough into the tropics
may result in the trough breaking into two sections, the southern
portion usually continues to move eastwards under the influence of
the polar westerlies but the northern section becomes stationary with
a cut-off developing and this may result in a retreat westwardo
It
is to the east of this northern section of the trough that cyclogenesis is likely to occur (Bath, Lloyd, Ryan 1956).
Although none of
the 1962-63 cyclones formed in this way~ a close watch is kept for
this type of situation during the cyclone season.
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(b)

Filling

The main causes of filling of the cyclones investigated were
as follows:(i)

Movement of centres over the land or over colder
waters,

(ii)

advection of colder air into the storm,

(iii) movement of upper divergence fields away from
the area of the developing surface "low".

3.

MOVEMENT
(a) Surface Considerations

Determining future movement of cyclones is perhaps the most
important and yet the most difficult task of the forecaster.
Many
techniques and aids have been developed, some of which are based on
dynamics, others on statistical or synoptic-statistical reasoning.
However, no single satisfactory method has been devised for
forecasting cyclone movement, with the result that the final position
is a compromise of positions indicated by several techniques.
One
method may have been found to be more reliable than another and naturally more weight will be given to this particular method.
(i)

Persistence

As would be expected from the rather uniform movement of
last season's cyclones (Figure 1), persistence was the best overall
guide to future movement for short term intervals.
For period up to
24 hours, errors in forecast positions increased considerably.
When synoptic considerations suggest a change in the
direction of movement, this aid can be very misleading and obviously,
should not be used.
The value of persistence then lies in forecasting the future position of a cyclone in situations when the surface
and upper air field changes are static and little change is expected
in the forecast period.
The use of climatology alone might be expected to be of
little value in forecasting movement, since each cyclone has its own
associated surface and upper air patterns which must be considered in
determining future movement.
Figure 6 compares 1962/63 tracks with
climatological percentage frequencies of direction of movement through
five degree squares (after Brunt and Hogan 1956).
By coupling persistence with climatology t (P + c), it was found that forecasting
accuracy was of the same order as that obtained by using persistence
alone.
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TABLE 1
Mean forecast errors in position (in miles) using
persistence and persistence plus climatology
Time Interval

Mean Error
Persistence

Mean Error
t(P + c)

6 hours

26

34

24 hours

153

139

(ii)

Isallobars

As mentioned under development, the lack of accurate isallobaric patterns over the sea precludes their use when a cyclone is some
distance from the mainland.
However, it has been found that most
disturbances move towards the 24 hour katallobaric centre when this
could be reliably determined.
The main difficulties involve the
assessment of the contribution to the pressure changes resulting from
development and also the determination of the future position of the
katallobaric centre.
For these reasons, other forecasting methods are
preferred to locate regions where the surface pressures are expected
to fall rather than extrapolation from consecutive isallobaric charts
of doubtful accuracy.
This method nevertheless is a useful aid when
a series of accurate 24 hour isallobaric charts is available provided
no major discontinuities occur in the changes in surface or upper air
patterns.
Shorter period pressure changes are a useful guide to short
period movement provided the network is sufficiently dense and the
pressure falls are large.
(iii) Interaction of Vortices
The influence of intense subtropical high pressure systems
on the movement of cyclones has long been recognised.
Interaction
between the vortices in past years has been found to favour the movement of the cyclones around the western periphery of deep and stationary highs, the centres of which are at longitudes east of those
through the cyclone centres.
Although no good example of interaction
of vortices was observed during the 1962/63 cyclone season the movement of the disturbance 29/12/62 to 31/12/63 was influenced by the
stationary anticyclone over New Zealand after the disturbance had
moved south of 22°s.
Of particular importance was the marked ridge
which extended to the east of the Fijian Islands and the resulting
east-north-easterly flow over the northern Tasman Sea.
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(b) Upper Air Considerations
(i)

JOO, 200 mb Steering

Wind fields at these levels are usually not distorted by
the vortex so that they give a more accurate indication of the direction of the main steering current.
The technique of using the JOO
or 200 mb levels as steering indicators is extensively used at the
T.C.W-C., it having been proved very reliable in past years in relation to well developed storms.
All but one of the last season's cyclones followed the
direction as indicated by the JOO or 200 mb contours, and as a rule,
it was found that the JOO and 200 mb contour charts were similar.
If
some major difference were evident however, and provided the vortex
did not extend to JOO mb, the mean of the wind directions at the two
levels was used.
On the one occasion when the JOO, 200 mb steering failed to
indicate future direction of movement the storm was found to be
shallow, so that perhaps a lower steering level would have given a
more accurate forecast of movement.
A check on the 500 mb level
showed good correlation between wind flow and movement.
The weakness
of this method lies in selecting a vector wind for an area where little
data is normally available.
A typical example of this occurred in
connection with the cyclone of J1st December which moved rapidly into
the southern coast of Queensland under the influence of steering
winds which changed from northwest through north to northeast.
(ii)

Thermal Steering

The techniques developed by Simpson (1946) and Mintz (1947)
have been applied to the cyclones of 1962/6J summer to determine movement
in relation to the 1000-500 mb temperature fields.
Results obtained
by using this method were found to be quite reliable in general, but
the final results were only as good as the accuracy of prognostication of the 1000-500 mb thickness chart.
A typical example is given in Figure 5 which shows the
thickness charts for JOth and J1/12/62 and the corresponding changes in
position of the surface centre in relation to changing thickness
patterns.
All but one of the warm cored cyclones moved in such a direction that the warmer air remained on the left hand si~e of the direction of movement of the storms.
However, in two cases, viz cyclones
No.10 and 11, thermal steering indicated no preferred direction of
movement.
(iii) Upper Troughs
It is a well established fact that a cyclone will change its
direction of movement when some major change occurs in the upper air
flow in its vicinity.
An approaching trough, therefore, is very
important as it is associated with a change in wind flow which could
cause a major change in direction of movement of the cyclone.
The
regular movement of an upper trough across eastern Australia and
towards a cyclone off the coast usually results in a recurvature to
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TABLE 2
Indicators of development and movement of 1962/63 cyclones
in northeast Australia region

Cyclone
Number

Gales

Duration

I N D I C A T 0 R S
TropFilling
Movement
Development
ic al
origin A B C D E
I
J
K
F G H

1

24-27/12/62

N*

y

YYNNN

YYY

Y

N

N

2

29-31/12/62

y

y

YNNNY

YYY

N

Y

N

3
4

12-14/1/63

N

y

YNNON

YYY

N

N

N

20-23/1/63

y

y

YYNNN

YYY

N

N

Y

5

25-27/1/63

y

y

YNNOY

YYY

Y

N

N

6

J-8/2/63

N*

y

YNNNN

YYY

N

N

N

7

15-20/2/63

y

y

YYNNY

YYY

N

N

N

8

1-8/3/63

y

y

YNN

OY

YYY

N

N

Y

9
10

14-16/3/63

N*

N

NNYNY

YYY

N

N

N

22-25/J/63

N

y

Y

Y

N

0

N

?

N

Y

N

Y

N

11

25-26/3/63

y

y

Y

Y

N

0

N

?

Y

Y

N

Y

N

12

26-JO/J/63

Y

y

YYNOY

YYY

N

Y

N

13

JO/J-6/4/63

Y

y

YYNNY

YYY

N

N

Y

14

10-14/4/63

y

y

YYNON

NNY

N

Y

N

15

21-24/4/63

N

y

YYYNN

YYY

Y

N

N

16

2J-26/4/6J

y

N

NNYNN

NNY

Y

N

N

16

(Total Yes)

10

14

7

14 13 15

3

5

J

14

9

3

8

0

=

Outflow (JOO, 200 mb)

ITCZ

F

=

Thermal Steering (1000-500 mb)

Divergence pattern
Figure 3 (iv)

G

=

JOO, 200 mb steering

H

=

Steering level

I

=

Change in upper divergence

J

=

moved over land

K

=

moved over colder waters

*

near gales

Y

=

yes

A

=

B

=

N

=

no

C

=

Divergence pattern
Figure 3 (ii)

D

=

Other divergence

E

=

Durst-Sutcliffe
effect
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the southeast as the trough moves closer and the storm is captured by
the upper north-westerlies.
These situations present little difficulty as long as the trough moves steadily eastward.
On the other hand, when a trough over the eastern Australia
coastal areas becomes elongated there is a tendency for the trough to
fracture, the southern section continuing to move eastwards, but the
northern portion remaining stationary with a "cut off" low developing.
In such a situation, if a cyclone is seawards at a latitude north of
the fracture, it will tend to move in towards the trough and may even
cross the coast.
Although none of the upper troughs connected with cyclones
followed this pattern during the last cyclone season, upper charts are
always analysed and closely inspected for trough extension and possible
fracture over coastal Queensland.

4.

CONCLUSIONS

In relation to the 1962/63 cyclone season in northeast
Australia, Table 2 shows the frequency of applicability of the various
forecasting aids and techniques.
It is concluded that all aids
listed are important and should be considered daily during the cyclone
season.
Although it is difficult to categorise the aids in order of
importance the table indicates the importance of the ITCZ and upper
divergence in relation to development.
In addition, it shows good
correlation between movement and thermal and upper level steering
techniques.
,
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NOTE SUR LA FORMATION DES CYCLONES TROPICAUX
F. P. Suraud
Meteorologie Nationale - France

1•

INTRODUCTION

Au cours d'un seJour de 4 ans en Nouvelle-Caledonie, de 1939
1943, notre attention a ete attiree par certains phenomenes caracteristiques lies a la formation des cyclones tropicaux.

a

Nous disposions d'un reseau synoptique s 1 etendant de 110
180° E et de lYEquateur a 45° S, sans aucun radiosondage.

a

L'etude des cartes synoptiques a abouti a une methode de
prevision de formation des cyclones, dont le principe a ete publie
dans le "Bulletin Annuel de la Nouvelle-Caledonie 1940 11 (Nownea; 1941).
En 4 annees, cette methode n'a essuye aucun echec : tous
les cyclones et depressions cycloniques ont ete prevus avant leur formation; tous les cyclones prevus se sont bien formes.
Le Directeur de
la Panamerican Airways a fait le deplacement de San Francisco pour en
prendre connaissance.

3.

PRINCIPES GENERAUX
Les principes generaux sont les suivants :

1.
Au cours de l'ete austral, de decemb~e a mi-avril, la ZIC se
situe, entre le littoral australien et 180°E, vers 10°s.
cvest une condition necessaire

a

la formation des cyclones.

2.
Lorsqu'une cellule homogene de l'anticyclone subtropical austral se situe au sud de la mer de Corail, lYalize et la mousson n'ont
pas de caracteres thermodynamiques suffisamment distincts pour qu'il
existe un FIT veritable; mais si une invasion polaire a l'arriere d'un
thalweg entre 2 cellules migratrices de l'anticyclone subtropical
vient regenerer l'alize, i l se forme un vrai front entre cet alize et
la mousson.
Au cours des periodes ou la mousson a atteint Noumea, on a
trouve les caracteristiques suivantes :
Temperature moyenne

a

midi : alize J0.6°c

Temperature maximale moyenne

alize J1.2°c

Humidite specifique moyenne

alize 15.0g

mousson 31.8°c
mousson 33.0°c
mousson 19.9g
0

0

Temperature equiv. potentielle : Alize 67.1 C mousson 80.7 C
L' existence d'un tel front a ete tres nette les 12 et 13 janvier 1940 lorsqu'une petite depression tropicale, formee pres des
730
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1les Willis, a longe la cote W de la Nouvelle-Cal~donie.
Le 12, a
14 heures, passage du front chaud, avec rotation du vent de SSE
NW.

a

A l 1 avant

T = 29.9°

A l 1 arri~re : T = 31.0°

u
u

=
=

70%

e

=

74.9°

76%

e

=

82.7°

a

Le 13,
1 heure 15, passage du front froid, avec le grain le
plus violent observe a Noumea en 4 ans, orage et pluie torrentielle.
Rotation du vent de NW
SW (rafales 15 m/s).

a

+246/o et + 0.8 mb.

Les crochets de grain sont de : -4.4°,

A noter la temp6rature exceptionnelle de 29.0°
qui tombe brusquement a 24.6°.

a

1 h du matin,

Il ne semble done pas discutable qu 1 au sein de cette d~pres
sion peu profonde, mais ~ coup srtr d 1 origine tropicale, i l existait
des fronts tres nets.
3. Un FIT preexistant entre mousson et alize regenere par une
invasion polaire vers 10° S, les conditions de formation d 1 un cyclone
sont remplies lorsqu 1 une invasion polaire
l 1 arri~re d 1 un nouveau
thalweg est assez puissante pour atteindre 10
15° s, sans avoir
perdu son activite.
La depression generatrice du cyclone apparait
alors sur le FIT, a environ 10° a l' E de l 'axe de l' invasion polai.::r·e.

a

a

Le cas le plus remarquable est celui du 13 au 20 f6vrier
1940.
Le 13, une depression polaire est centree au SE de la NouvelleZelande.

a

a

Le 14, le vent tourne r.apidement
Noumea d 1 E
SSE, avec
temps a grains.
La courbe barometrique, en dents de scie, est en
hausse rapide.
L 1 invasion polaire atteint les Nouvelles-H~brides, ou
1
le vent s oriente a SSE, avec hausse marquee de la pression, averses
et grains.

a

a

Le 14,
20 TU, la hausse de pression en 24 h atteint 10 mb
l 1 ouest de la Nouvelle-Zelande, 6 mb
Norfolk et Lord Howe, 3 mb
Noumea, 2 mb aux Nouvelles-Hebrides, 1
1,5 mb sur le S des Salomon.

a

a

a

a

Sur la carte du 14,
20 TU, un prolongement vers le N de l'anticyclone SUbtropical, affectant la forme d 1 Un II doigt de gant 11 est axe
sur le 162eme meridien.
La pointe de l 1 isobare 1010 mb atteint le
sud des Salomon, celle de 1 1 isobare 1015 18° S.
En mgme temps, un
petit minimum ferme, avec circulation cyclonique, se creuse entre
Funafuti et Rotumah.
Un avis de formation de cyclone est aussit6t
lance vers les Hebrides et effectivement le cyclone se creuse rapidement, atteint les Hebrides et ravage la Nouvelle-Caledonie de
Hienghene a Ouaco, le 20.
De telles invasions polaires ont ete mises en evidence avant
la formation des quelques 10 a 12 cyclones du Pacifique SW, de 1939
1943.

a
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D'apres les cartes synoptiques et l'evolution du temps a
Noumea, les signes precurseurs sont faciles a deceler. Toutefois,
l 1 isobare en II doigt de gant 11 n 1 est pas tOUjOUrS facile a identifier,
lorsqu'elle se produit dans des regions maritimes peu riches en
stations.
Parmi les autres cas typiques, citons le cyclone du 6 au

15 fevrier 1940 et celui du 5 mars 1940, OU la pression etait encore

a

en hausse marquee
Noumea, mains de 18 avant le passage du centre,
tant l'invasion polaire etait puissante.

CARTE

SYNOPTIQUE DU 14 FEVRIER 1940

a20HTU.
~--1010

0 : CYCLONE NAIS5ANT
- - •

AXE DE L' INVASION

POLAlRE

\010
o Fidji
.__~1010

1020
1015

L 1 application de cette methode a Madagascar, de 1944 a 1945,
a obtenu de nombreux succes, bien que des difficultes soient dues a
la faiblesse du reseau
l'E et au NE de Madagascar et, egalement a
la position plus septentrionale de l'extremite de l 1 Afrique, rendant
plus d~licate la prevision de l 1 ~volution du front polaire.

a

Nous considerons que, bien qu 1 en desaccord sur certains
points avec certaines theories plus modernes, cette methode a largement fait ses preuves.
Elle rejoint dans urie certaine mesure le
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"dreimassenecke" de Depperman, dont nous avons connaissance ulterieurement.

J.

CONCLUSION

En resume, on doit retenir,plus particulierement, l'existence d'un FIT veritable entre air tropical et alize regenere par une
invasion polaire et le r6le determinant d 1 une nouvelle invasion
polaire dans le declenchement du cyclone.
Ceci souligne l'importance
des echanges meridiens dans 1 1 evolution du temps des regions tropicales, egalement des regions temp~rees d'ailleurs.
En conclusion, cette theorie permet d'expliquer la saison
des cyclones et leur frequence dans le SW du Pacifique; car c'est de
decembre a mi-avri1 -· et de la mer de Corail a la ligne des dates
seulment que la ZIC atteint une position assez meridionale pour ~tre
accessible aux invasions polaires.
Il semble que la Theorie qui fait intervenir la temperature
superficielle de 1 1 eau de mer dans la frequence des cyclones est
valable, mais que ces 2 elements sont les resultats d'une meme cause.
Les courants froids le long du littoral de l'Amerique du Sud renforcent
par effet thermique 1 1 anticyclone oriental; les courants chauds longeant l'Australie affaiblissent l'anticyclone du Pacifique SW, rendant
les echanges meridiens faciles et frequents.
On peut dire certes la
m~me chose des cyclones de Madagascar et, sans doute, de ceux des
Antilles et de la mer de Chine.

ETUDE MECANOGRAPHIQUE DES TRAJECTOIRES DE CYCLONES
DANS LE SUD-OUEST DE L 1 0CEAN INDIEN
M. Malick
Service Meteorologique
SAINT DENIS de la REUNION

INTRODUCTION

1•

Dans le Sud-Quest de l'Ocean Indien, la prevision du deplacement des cyclones tropicaux constitue l'un des points les plus importants en meteorologie.
Le r~seau des stations d 1 observations
etant tres l~che, i l est done necessaire d'utiliser au mieux tous les
renseignements dont on peut disposer, en particulier les donnees climatologiques.
Dans cette region, on connait actuellement les trajectoires
de 694 cyclones tropicaux, les premieres remontant
1848. Par contre,
ce n'est que depuis environ 1945 que l'on a, avec quelque precision,
des renseignements sur la situation meteorologique autour de ces meteores.

a

ETUDE MECANOGRAPHIQUE

2.

Il est evident que les cartes mecanographiques constituent
le seul moyen pratique d 1 utiliser dans le travail courant cette masse
de renseignements.
C'est ainsi qu'un certain nombre de methodes ont
ete mises au point par d 1 autres Services Meteorologiques, mais elles
se sont montrees de peu d'utilite dans notre region:
en effet, elles
supposent connus un certain nombre de renseignements, non seulement
sur le meteore lui-m~me, mais encore sur les facteurs meteorologiques
exterieurs.
Les appliquer nous aurait conduit
laisser de cete la
majeure partie des trajectoires actuellement connues.

a

On a done ete amene a ne perforer sur les cartes mecanographiques que les trajectoires des centres des cyclones tropicaux, ce
qui permettait d'utiliser la totalite des renseignements connus.
Pour ce faire, la zone etudiee a ete divisee en bandes meridiennes larges de un degre et longues de douze degres en latitude.
Ces rectangles elementaires sont groupes en bandes zonales larges de
douze degres, numerotees de l'equateur vers les p~les.
A l'interieur
de chacune des bandes meridiennes elementaires, chaque carre de un
degre est numerate de l'equateur vers le pole.
Une trajectoire sera identifiee par les carres de un tlegre
qu'elle traverse successivement.
Pour perforer la position d'un carre elementaire, i l faut:
1.

Identifier la bande zonale a laquelle i l appartient:
le
numero de cette bande sera perfore", ce qui ne"cessi te une
colonne.
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a

2.

Identifier sa longitude, c'est
dire la bande meridienne
elementaire.
Pour ce faire, les bandes meridiennes ant ete
numerotees d'ouest en est de 1
67 (67 etant le nombre des
colonnes disponibles sur une carte) et on a fait correspondre
chacun de ces numeros une colonne bien determinee de la
carte.
Une perforation quelconque dans une de ces colonnes
correspondra done sans ambiguite
une longitude bien
determinee.

a

a

a

J.

Identifier sa latitude.
On utilisera pour cela le numero qui
a ete attribue au carre elementaire correspondant dans la
bande meridienne.
Ce nlllllero sera perfore dans la colonne
determinee par la longitude du point et cette perforation
identifiera
la fois la longitude et la latitude de ce point.

a

a

Parmi les colonnes restant
perforer sur la carte, neuf sont
consacrees a l'identification du cyclone tropical et les trois dernieres
la zone de formation du cyclone.

a

Avec cette methode, une seule carte est necessaire pour perforer la position de tous les points d'une trajectoire situes dans
une meme bande zonale et deux, au plus trois, cartes suffisent pour
l'ensemble d'une trajectoire.

J.

ETUDES STATISTIQUES

Les cartes ainsi perforees permettent d 1 abord des etudes
statistiques sur les trajectoires des centres des cyclones tropicaux,
telles que:
1.

Decompte du nombre de trajectoires ayant traverse un carr6 de
un degr~ donne

2.

Recherche des lieux de formation de tous les cyclones ayant
affecte un endroit donne

J.

Etude statistique des positions du point le plus occidental des
d1fferBntes trajectoires, etc ••••
Le r~sultat de ces etudes sera publi~ d 1 ici quelque temps.

Ces cartes peuvent aussi ~tre utilisees en prevision courante, car elles permettent une application facile de methodes climatologiques.
En effet, elles rendent facile et rapide:
1.

La recherche de la probabilite des positions ulterieures du
centre d'un cyclone occupant a un instant donne une position
determinee

2.

La recherche de toutes les trajectoires semblables ~ leur
debut
la trajectoire actuelle, ce qui permet une amelioration des probabilites calculees precedemment

a
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J.

a

L 1 identification des cyclones tropicaux correspondants
ces
trajectoires, ce qui permet au prBvisiormiste la comparaison
des faits synoptiques passes (lorsqu 1 ils sont connus) et
actuels exterieurs au meteore (methode des analogues)

Ces differentes methodes seront appliquees des la prochaine
saison cyclonique et les resultats obtenus feront l'objet de comptesrendus ulterieurs.

CHAIRMAN'S SUMMARY : SESSION 8
R. C. Gentry
Slow but continuous improvement has been made in recent years
in the forecasting of hurricane motion by objective means both by
numerical-dynamical models and by synoptic - climatological - statistical techniques.
The operational forecasts, usually made by
subjective techniques, are however slightly more accurate than the
objective type forecasts in most of the tropical cyclone regions of
the world.
These conclusions are based on papers presented to the
session on forecasting the movement of tropical cyclones.
The papers presented in that session were the survey paper,
two papers on statistical techniques for forecasting typhoon motion
(one by Arakawa and the other by Cook), a paper on forecasting cyclone
formation (Suraud), one on the use of analogues in forecasting (Malick),
a review of the 1962-63 tropical cyclone season in Australia and a
description of forecasting techniques used in that country (Wilkie).
From the papers and the discussioris one may also conclude that
the errors in the forecasts are due partly to deficiencies in the
forecast models and partly to lack of a sufficient amount of data of
adequate accuracy.
In no section of the world is there a data network of sufficient density and quality to properly evaluate these two
causes of errors, but there is good reason to believe that both are
still too large for consistently accurate forecasts to be made.
In
some sections of the world data are too few for any of the objective
type of forecasts to be used satisfactorily, and in some areas a
persistence plus climatology type of forecast frequently gives results
as good or better than those of any objective technique in the areas.
The main parameter used by most of the objective and subjective techniques is some form of steering.
The main problems still
requiring solution are
(1)

Improving the data networks

(2)

Forecasting time of recurvature

(3)

Forecasting accelerations in forward movement

(4)

Forecasting the motion when a storm is in the
formation stage.
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