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FOREWORD

One of the early tasks undertaken by the CAS Working Group on Tropical
Meteorology was the publication of a scientific assessment of some important
research fields in tropical meteorology. This assessment was undertaken in
1975 by members of the Working Group, under the leadership of Professor
R.P. Pearce who has been its chairman since then.
The scientific review was carried out on seven topics which are of
primary concern to tropical meteorologists, namely: tropical cyclones, storm
surges, the intertropical convergence zone (ITCZ), West African disturbance
lines, easterly waves and cloud clusters, monsoon and tropical forecasting
research.
At each of the successive sessions of the working group, these
different components were kept under review although no comprehensive
assessment was published.
The present document is an update of the assessment made, taking into
consideration the scientific developments which have taken place since the
original assessment was made. The presentation in the docwnent follows the
progranme components in the Tropical Meteorology Research Programme as defined
in the WMO Second Long Term Plan.
This publication has been prepared by Professor Pearce who, throughout
the fifteen years as chairman of the Working Group, has contributed to the
advancement of the meteorology of the tropics. He was assisted by all members
of the working group and rapporteurs. Particular contributions were provided
by Dr. G.R. Gupta on Monsoons, Professor W.M. Gray for Tropical Cyclones,
Mr. R.E. Okoola on Droughts and Dr. K. Puri on the Numerical Weather
Prediction in the Tropics.
The updated assessment provides a good foundation for further advances
in tropical meteorology, for all those who work in this field. With the
increasing interest in tropical meteorology, I am sure this publication will
be a useful reference. In the light of the International Decade for Natural
Disaster Reduction (IDNDR), this could serve to intensify research activities
on tropical weather systems which are major disaster-causing phenomena. With
its larqe population and area, the regional climate changes which may occur in
the tropics will also be of much concern.
I therefore wish to thank the members of the Working Group on Tropical
Meteorology, particularly its chairman, Professor Pearce, for the important
contribution to the advancement of tropical meteorology.

G.O.P. Obasi
Secretary-General

1.

INTRODUCTION

The first task undertaken by the CAS Working Group in Tropical
Meteorology, newly established by CAS VI in 1974, was to carry out a
scientific review of each of the topics of primary concern to tropical
meteorologists (see Report of the First Session of the CAS Working Group
in Tropical Meteorology, February 1975).
These were designated under
seven categories:
tropical cyclones, storm surges, the intertroplcal convergence zone
CITCZ), West Africian disturbance lines, Easterly waves and cloud
clusters, the monsoon and tropical forecasting research.
Each topic was treated under four headings - the state of knowledge,
scientific questions which needed to be answered, economic importance and
points to which special attention should be given.
These reviews were
then used by the WMO ·secretariat to formulate the WMO/CAS Tropical
Meteorology Research Programme (THRP).
Four component areas were defined
tropical cyclones and associated storm surges, monsoons, tropical
droughts and tropical rain-bringing systems other than tropical cyclones and speclf lc projects drawn up for implementation within these components.
The programme has now been implemented with some modifications on a
continuing basis for the past eight years and forms part of the second WMO
Long-Term plan (1990-1997).
In this plan the programme components are
defined as
Improvement of short and long-term monsoon predictions, including the
development of numerical models.
Improvement of knowledge on tropical cyclones and forecasting skills.
Improvement of forecasts of rain-brinsing tropical weather systems.
Tropical limited area weather prediction modelling

(I.AK).

Interaction between tropical and mid-latitude weather systems.
Research on meteorological aspects of tropical droughts.
Operational application of NVP products for tropical forecasting.
In view of the scientlflc developments which have taken place over
the 15 years since the original assessments were made, the Working Group
in Tropical Meteorology agreed at its meeting in April, 1987, to update
the · assessments of the main topic areas in order to provide a sound
scientific foundation on which to base its activities.
At the same time
it hopes it will provide for both forecasters and research scientists a
concise up-to-date survey of the present state of knowledge of tropical
weather systems on all scales, and of the limitations this inposes on
forecasting skill.
The pattern of the original assessments ls retained, but with the
addition of an introductory section drawing attention to major
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developments over the past 15 years.
Those sections carried over from
the original report are in italics.
Even though some of these now appear
a little out-of-date, they are included in order to indicate the more
subtle changes in scientific perceptions of tropical phenomena over the
past 15 years.
The topics treated here are the first five listed in the WMO
Long-Term Plan as outlined above.
Regarding the last two topics,
however, tropical droughts ls referred to only briefly here since 1 t ls
such a wide-ranging topic and ls extensively discussed in the New Delhi
and Fortaleza drought symposium volumes CTMRP reports nos. 6 and 15); the
operational application of NWP products in tropical forecasting is dealt
with under the general heading of NWP in the tropics.
These seven topics overlap those in the 1975 review to a large
extent.
The main differences are that the ITCZ, disturbance lines and
easterly waves and cloud clusters are here combined under rain-bringing
tropical weather systems and a new topic on the interaction of tropical
and mid-latitude weather systems has been added to the original list.
The assessments presented below were prepared by members of the CAS
Working Group on Tropical Meteorology in order to provide a generally
agreed scientific background on which to base specific tropical research
programmes.
They are intended only to highlight the important aspects of
the subject areas considered..
The assessments are not fully detailed in
reflecting all aspects of the literature relating to these areas.
The
sections headed 'Some aspects to which early attention should be directed'
are intended to provide an indication of priorities, both scientific and
organisational, for WMO/CAS PRTH planning purposes.
2.

2.1.

MONSOONS

Introduction

Major developments since 1975 have been two-fold:
on the
observational side, the First Garp Global Experiment (FGGE) and its
monsoon sub-programmes HONEX and WAMEX;
on the modelling side, the
development of numerical weather prediction models to a level at which
they are now used operationally to provide global forecasts up to five
days ahead with a spatial resolution of about 100 Km.
One of the major
aims of FGGE was to provide a global data set, covering a whole year,
which could be used to test numerical model predictions.
The data has in
fact been used extensively by research groups, notably those at Florida
State University, ECHWF' and the UKMO, to study model simulations of the
Asian monsoons (see e.g. Slingo et al, 1988).
These studies have shown
just how highly sensitive the model results, particularly rainfall
di$trlbutlons, are to the detalls of cumulus convection, radiation and
surface transfers of moslture, heat and momentum.
Using the FGGE data,
their performance has recently been considerably improved although their
predictive success in the tropics is less than that in mid-latitudes - for
instance skill scores for winds and temperatures for 3-day tropical
forecasts are roughly equivalent to those for 5-day forecasts in
mid-latitudes; those for rainfall are much less reliable.
In the case
of the summer monsoon, for instance, it seems that models tend to distort
the balance between rainfall over India and that over the Indian Ocean at
around 10°5.
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The implication of these aspects of model behaviour are that the
atmosphere 1 tself ls also highly sensl tive to the same factors as the
models and ls hence characterised by rainfall distributions which differ
considerably from year to year.
Although models have no difficulty in
generating the global scale features of the monsoons (see para. 2. 2. 1},
apart from its longer period fluctuations, accurate prediction of the
finer details, for instance of rainfall distribution, remains a difficult
challenge.
An essential requirement if' progress ls to be made in
understanding these factors and improving forecasts, is improvement of the
data base, particularly of the atmospheric moisture distribution over the
Indian Ocean.
One of the main roles of the WHO/CAS Monsoon Act! vi ty
Centres recently established in New Delhi, Kuala Lumpur and Nairobi ls to
assemble sets of data from key stations over several years in order to
help identify and understand the monsoons' interannual variability.
Studies of FGGE data and of analyses of routine observations used for
initialising operational forecast models have since 1975 considerably
improved our understanding of the link between large-scale heat sources
and sinks and the general atmospheric circulation (see e.g. Sardashmukh,
P.D. and Hoskins, B.J., 1988).
Analysis of the vorticity balance in the
upper troposphere enables global scale heat sources such as those involved
in the monsoons to be linked directly with the planetary flow features.
Fig. 1 is an example of such an analysis, contrasting the 'poor' monsoon
year of 1987 with the 'good' year of 1988.
Thus for instance, the
interhemispheric flow features of the monsoons, earlier linked to the
heating in terms of two-dimensional Hadley or Walker-type overturnings,
are now expressible in a broader three-dimensional generall ty using the
velocity-potential concept, and the upper (and lower} level circulations
directly inferred.
The structure of the coupled system and its
variations can be studied as a whole.
Another approach to the study of the planetary-scale monsoon-type
circulations at present being developed involves the concept of potential
vorticity, a quantity which can be regarded as conserved on surfaces of
constant potential temperature, at least on the time scale of a few days,
in mid-latitudes.
Its usefulness in the tropics has yet to be
demonstrated, but there are encouraging signs of its value in the study of
the monsoon break phenomenon and in stratosphere-troposphere exchange.
(See also para. 5.2.7.).
2.2

State of knowledge

2. 2.1

Global scale features.

Analyses of global data sets, both from FGGE (1979) and subsequently
those used to initialise operational global NWP models (see e.g.Hoskins et
al,, 1989) show the remarkable consistency from year to year of the
following features:
(a)

Asian summer monsoon
- A strong heat source (associated with latent heat release of
condensed moisture) centred near Nepal extending from N.India
to S.China.
- An interhemispheric exchange of air linking ascent associated
with the heat source to descent in an extensive radiatively
0
cooling area of the $.Indian ocean centred around 20 S.
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- At low levels an extensive cyclonic circulation around a
convergent (trough) region over the Gangetic plain of N.
India and an anticyclonic divergent circulation in the S.
Hemisphere (the 'Hascarene High'), linked by a pronounced
southerly cross-equatorial flow off E.Africa.
- In the upper troposphere an extensive divergent anticylonic
circulation centred over the Himalayas linked by a northerly
cross-equatorial flow with a less extensive upper anticyclone
in the S. Hemisphere centred at about 15°5.
- A period during March to May of gradual build-up of these
features, followed by a period of rapid intensification in
late Hay/early June (the 'monsoon onset' over India).
- Fluctuations in monsoon strength ('break' periods) lasting
20-30 days.
0

(b)

2.2.2

Asian winter monsoon
- A strong heat source centred near Indonesia around and
somewhat south of the equator.
An interhemispheric exchange of air linking ascent over the
heat source with subsiding regions over Asia, the east
Pacific and the Indian Ocean.
At low levels a northerly flow across the equator from China
to N.Australia.
- At upper levels a pair of extensive divergent anticyclonic
circulations, one on each side of the equator somewhat to the
west of the heat source.
Regional features.

(a)

The Asian summer monsoon
The principal rain-bearing systems are the following:
-

(b)

Monsoon depressions and lows over India.
Midtropospheric cyclones over India.
Off-shore troughs and off-shore vortices;
The Inter Tropical Convergence Zone CITC:Z) having particular
influence over E.Africa (the 'long rain" season in March-May
and 'short rain' season in September-November).
The monsoon
rainfall is subject to large orographic influence and is also
characterised by a large intraseasonal and interannual
variability.
Variability is prominent in the time frames of
5-7 days, 10-15 days and 30-40 days.

The Asian winter monsoon
The low-level Northern winter climatology of SE Asia and the
China Sea is dominated by the north-easterlies and strong
pressure gradient between China and the equator.
The large
ageostropic component of this flow is indicated by the shear
between the climatological E'N mean flow at 850 mb and the
somewhat stronger NE flow at 1000 mb. The upper tropospheric
flow shows a corresponding
emergence
of jet stream maxima at
0
.
0
250 mb between 140 and 160 E.
These pressure and wind pulses, associated at low levels with
strong surges out of the Siberian High may be followed from
around 25 N to the equator and are found to travel at about
0
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30 m s .
Since this propagation speed ls several times
greater than the associated wind speeds, the pulses must
constitute a form of gravity (or inertial-gravity) wave.
Not all surges have cloud and rain associated with them, but
they sometimes trigger the formation of mesoscale convective
.disturbances.
2.3

Scientific questions which remain to be answered
The inter-annual variability of monsoon rain.fall poses the most
intriguing question that has defied explanation in terms of
physical linkages with global climatic factors.
- Recent research has been directed towards relating the
monsoon variability with the ENSO phenomenon.
This area of
research needs to be fully explored.
- The response of the monsoon to surface boundary conditions
such as sea surface temperatures, surface albedo; antecedent
climate anomalies, Himalayan and Eurasian snow cover, heat
sources and sinks, and the quasi-biennial oscillation need
extensive research.
- The physical factors determining the intra-seasonal
variability of rainfall in the time period ranges of S-7
days, 10-15 days and 30-40 days need to be identified.
They are observed to be generally associated with i) Synoptic
systems such as monsoon depressions and mid-tropospheric
cyclones, ii) the swing of monsoon trough, and iii) active
and inactive cycles of large-scale clouding and rainfall.
- The influence of the strengthening of, and wave disturbances
in, the mid- and upper-tropospheric westerlies on the monsoon
circulations, both sumner and winter, and distributions of
rainfall is clearly important but not yet properly
understood.
This applies both to their onsets and monsoon
breaks.
- The role of the Inter-tropical convergence zone (ITCZ) in the
active and weak spells of monsoon rains.
Numerical
simulations indicate a high model sensitivity to the relative
modelled strengths of the ITCZ in the S.Indian Ocean and the
monsoon rain area.
- Prior to the onset of the monsoon a general cooling of the
Arabian sea is observed.
This has not been explained
satisfactorily.
It was believed that upwelled waters from
the Somali current spread eastward to cool the Arabian sea,
but model results do not support this idea.
- The strongest cross-equatorial flow during the summer monsoon
takes place in the proximity of the low level jet.
It is
still not completely clear why this region is the preferred
zone for cross-equatorial mass transport.
- What part ls played by the stratosphere ln the swmner and
winter monsoon clrculatlons?

2.4

Economic significance

The economy of the countries in southeast Asia and part of Africa
depend, often critically, on monsoon rain.fall.
Consequently, better
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understanding of the monsoon which could lead to an improvement in
prediction techniques would have considerable economic impact.
In view
of limited communication facilities and the importance of agriculture to
the economy of this region, an extended range prediction of seasonal rain
would be of considerable benefl t.
The preparation of such forecasts
would need a more detailed study of the variability of rainfall in
different regions and on different time scales and its probability of
occurrence iri different phases of the monsoon .
2.5

.

Some aspects to which early attention should be directed

Numerical simulation and carefully designed experiments with
numerical models will play a major part in improving our understanding of
monsoon circulations.
These experiments need the inclusion of oceanic
circulations, especially upwelling and radiation balance in the regional
subtropical high over the Asian and African landmass.
Detailed analysis
of the diurnal variation of heavy rainfall intensities and compilation of
a cloud climatology of the Indian ocean area based on satellite imagery
may provide an improved output by way of more realistic contributions from
latent heat release through improved cumulus parameterisation schemes.
The scheme will require high resolution in both horizontal and vertical
directions.
It is also necessary to use global models with simulated
precipitation and ones which include orographic barriers with variable
depths, extending in places to half the depth of the troposphere.
Quantitative information on the importance of different forcing terms,
such as sensible and latent heat transfers and orographic effects in
different areas will be necessary if the phenomenon is to be properly
understood.
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3.

TROPICAL CYCLONES

3.1.

Introduction

Although our knowledge of the detailed structure of tropical
cyclones, in particular their momentum and heat balances at various stages
of development, has increased considerably since 1975, advances in our
knowledge of the precis~ factors which determine their development and
tracks have been slight.
Tile extensive compositing studies carried out
at Colorado State University using all available data for several years
from the Atlantic and Pacific ocean basins have largely contributed to the
former.
However the complexities involved in modelling tropical
cyclones, whether by using analytical techniques or by experimentation
with numerical models have restricted progress in the latter.
One reason
for this is that these systems, although exhibiting a large axisymmetric
component are essentially asymmetric, in the first place because of the
beta-effect and secondly because the environmental flow in which they
develop is not axisymmetric.
In addition to this the surface forcing is
also asymmetric and this is probably as strong an influence as the other
two factors in determining their tracks.
Tile asymmetries exhibit
themselves most strongly in the outflow at upper levels, taking the form
of outflow channels.
It
is
now generally realised
that
experimentation with full,
three-dimensional numerical models of these systems offer our best means
of improving understanding of their behaviour, and ultimately of improving
forecasts.
However, because of the large spectrum of length-scales which
must be modelled in order to represent their structure, from a few Km in
the core to hundreds or even thousands of kilometers in the outer region
if the large-scale environment is to be properly represented, the demands
on computer time and storage are very heavy, of the same order as those
required for global synoptic-scale models, and such capacity is only just
becoming available for this purpose.
Tilere is now also some promise of
progress being made in predicting tracks using high resolution global
models incorporating a parameterised representation of the inner core
structure.
3.2

State of Knowledge

3.2.1

The present urx1erstand1ng of the dynamics of mature troplcal
been attalned through lmproved theoretlcal concepts of the
through extenslve erperlence ln l"IJIDerlcal s1DJ.lat1on and
gradual acCUDJ.latlon of observatlonal evldence on the
energetlcs of these storms.

cyclones has
c1rculat1on.
through the
structure and

3.2.2

The essentlal 111echanlcs of tropical cyclones have been explalned
by recognlzlng the importance of the frictional boundary layer flow ln
supplying the mass transport towards the centre of the storm.
The warm.
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moist alr ultimately r lses in the eye wal 1 ln deep CUllUlus convect ion,
releases latent heat and helps to maintain a temperature gradient between
the storm centre and its perlphery (where infrared cooling is strong).
This temperature dlfference maintains a hydrostatic pressure gradient
along
the
radius which
supports
a
tangential
circulation
in
mid-troposphere and the converging mass flow in the boundary layer.
The
lntense tangential wind near the eye wall at the surface is a result of
approximate conservation of angular momentum ln the inward spiralling mass
flCltl.
Composite analyses carried out at CSU have shown that in intensifying
storms the spin-up process is associated with an import of angular
momentum by both the azimuthal mean flow component and the eddies
(asymmetric components).
Also that all these storms export moist static
energy.
The effect of the underlying surface is of course to oppose each
of these effects. its acting as a sink of angular momentum and a source of
energy.

3.2.3
Thls slmplifled description of a well-developed tropical cyclone
has also been used to explain cyclone 1ntens1f 1cat1on from incipient
vortices; as such, this mechanism ls referred to as HCISK•, conditional
instability of the second kind.
(The first kind of instability ls
associated with buoyancy and the mechanics of indlvldua.l cu.aulus clouds.)
Although this mechanism ls essential for the existence of a cyclone, it is
not a sufficient condition for development.
Hence, only about 10% of
tropical disturbances develop into hurricanes and typhoons.
It is now recognised that structural and intensity changes of tropical
cyclones through their complete depth may be dynamically categorised as
comprising three main regimes - the inner core, an outer regime and an
'interaction envelope' connecting the two. from about 100 km to 400 km
radius.
The inner core region is where the largest pressure and wind
(intensity) changes occur and is characterised by high inertial stability
and almost complete axial symmetry.
Its radius is small compared with
the Rossby deformation radius (L) and hence the mass field adjusts to the
flow field;
also the flow is highly non-linear i.e. has a high Rossby
Number (Ro).
The outer regime ls at radii near to or larger than L and
here the influence of the cyclone compares with that of other features
ofsimilar scale (the cyclone 'environment•) to produce comparatively slow
changes in which the mass and flow fields adjust to each other by
comparable amounts.
These changes define the changes in 'size• of the
cyclone.
The 'envelope' region responds both to the rapid core changes
and slower outer region changes.
Changes in this region, which is many
times larger than the core, are taken to define the cyclone's 'strength'.
It is in this region that the outflow ls observed to be inertially neutral
or slightly unstable and asymmetries (outflow 'channels' ) are always
present.
It may easily be demonstrated that an azimuthal wave number one
asY-mmetry must arise as a result of the variation of Coriolis parameter
with la t1 tude (the beta effect). but no doubt the sometimes complex
outflow patterns observed are determined also by amplification of the wave
number one component in the inertially unstable region, asymmetries in the
cyclone environment and interactions between the azimuthal wave
components.
3.2.4
Although the
necessary conditions for storm
intensification 0
0
SST greater than 26 c. latitude greater than 5 • a weak pre-existing
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large-scale warm core system and small mean vertical shear -, derived from
studies of their climatology, are now generally accepted, it is still not
possible to specify a sufficient set of conditions to guarantee that
intensification must occur.
However, when the process can be observed to
have started and a centre located, for instance using a sequence of
satellite images, high resolution N\lP models are now able to predict their
further intensification and track with useful accuracy.
Fig.2 shows an
example of such a prediction.
This recent development opens up the
possibility of using N\lP models in an experimental mode to study the finer
details of the roles of the large-scale •environment' and surface
processes in the intensification process.
The theoretical studies of
Emanuel ( 1986 ) and Rotunno and Emanuel ( 1987) emphasise that the truly
important interaction in the intensification process ls between the vortex
and the ocean and that i t is the organisation of the surface heat flux
rather than the organisation of the convection which has to occur;
the
latter is a consequence rather than a cause .
It is therefore in the
context of this approach that the conditions for intensification should be
further studied.
3.2.5
In terms of the human and economic impact of tropical cyclones,
the most important requirement of the forecaster is an accurate prediction
of the cyclone track.
Our knowledge of the finer details of the factors
determining these tracks, particularly near landfall, is still not
sufficient to form the basis of a fully detenninistic forecasting model,
based on the primitive equations, which performs consistently better than
those including an empirical-statistical element.
3.2.6
The modelling of storm surges associated with tropical cyclones
has advanced considerably over the past 15 years.
One important aspect
of surges which has been inferred from numerical model experiments is that
the magnitude of the surge is linked primarily with the mean surface wind
over the broad extent of the storm up to several hundreds of kilometers
radius, rather than to the maximum strength of the winds in the immediate
vicinity of the eye (see Johns et al. 1985).
Forecasts of storm surges
can now be made with some confidence up to about 24 hours ahead on the
basis purely of good observations of cyclone tracks and intensities.
Useful forecasts for longer periods ahead however require good track
predictions.
3.3

Scientific questions which remain to be answered

These were considered in some detail at I\lTC I (Bangkok, 1985),
the proceedings of which listed the following topics requiring further
research:
a)

1be linear and non-linear processes that bring about tropical
cyclone motion;

b)

1be physical mechanisms of tropical cyclone formation and
structure
change.
and
particularly
the
environmental
interactions;

c)

Climatological studies of inter-annual and inter-basin
variability in tropical cyclogenesis;
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d)

Specific examinations of unusual events such as rapid deepening
or filling, rapid changes in track, looping, and large forecast
errors;

e)

The distribution of wind - particularly that associated with
tornadoes and microbursts - and precipitation in landfalling
storms;

f)

The role of surface energy sources in tropical cyclone formation
and structure change;

g)

The oceanic response to tropical cyclones, particularly with
regard lo the generation of waves and storm surges;

h)

The possible role of stratosphere-troposphere interaction should
be more carefully investigated.

3.4

Economic significance

Damage caused by tropical cyclones ls a well-known fact and need
not be commented upon in de tall.
Billions of dollars (or equivalent
units) of damage and the loss of many lives sometimes occur when a
tropical cyclone passes over a land region.
These effects can be
partially mltlgated lf an accurate prediction of storm track and intensity
ls possible.
In spite of the destructive power of the storms, however,
some countries receive benefits due to an increased water supply.
3.5

Some aspects to which early attention should be directed

The report of IWTC I contains a list of research recommendations
(Dl to D9) which are to a large extent covered here in Sections 3.2 and
3.3.
It places the highest priority on 'reducing the typical position
forecast errors at 72 hours to the level of the present skill at 48
hours•.
It also stresses the need for WMO action in a number of areas
(see Appendix 1).
It recognises the need for active encouragement of basic
research aimed at long-term improvements in our understanding of tropical
cyclones. particularly that related to their interaction with the
environment.
The importance of advanced research numerical models. the
collection of special, high dens! ty tropical cyclone data sets,
application
of
advances
in
satellite
technology
and
aircraft
reconnaissance of the core region are also stressed.
For the application
of scientific advances, a regular series of workshops in which research
scientists and forecasters interact and based on the IWTC I model and
organised under the CAS PR'IM, must play central role, and in future be
incorporated as an integral part of WMO's overall Tropical Cyclone
Programme.
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TROPICAL RAIN-BRINGING SYSTEMS Cother than tropical cyclones and
monsoon disturbances)

4.1.

Introduction

Three types of rain-bringing systems in this general category
were identified in the 1975 review, namely the ITCZ, African disturbance
lines (squall lines) and Easterly waves and each was there considered
individually.
Here they are grouped together and other systems, about
which much less ls known, briefly considered.
The most significant advances in scientific understanding of
these systems since 1975 have arisen as a consequence of the GARP Atlantic
Tropical Experiment (GATE).
Largely as a result of the emphasis on
scale-interactions in the planning of this experiment (not the case in
FGGE and WAMEX), the structures of Easterly waves and of the ITCZ over the
Atlantic are now well-known.
Also as a result of theoretical and
numerical modelling studies the phenomena themselves are quite well
understood.
Some important fundamental questions remain, however, and
these are listed below.
Advances in our knowledge of African disturbance
lines have been made, but the details of their structure and the precise
conditions required for their occurence are still not known.
The same is
true of other rain-bringing disturbances (meso-scale convective clusters)
which a.f'fect many areas of the tropics.
The relatively small scale of
these systems implies that expensive special field experiments need to be
carried out in order to acquire the data needed for their proper
scientific study, and it has not yet been found possible to finance these
ventures.
4.2.

State of knowledge

4.2 . 1

The Intertropical Convergence Zone CITCZ)

The Intertropical Convergence Zone ( ITCZ), traditionally has
been recognized as a narrow zone into which low-level equatorward-moving
air from both hemispheres converges.
Its characteristics may be
SWDllUU"ized alternatively as a relative minilllJ.lll in pressure, wind speed and
temperature and a maJCilllJllJ of cloudiness and precipitation.
These
characteristics are. however. not quite representative of the ITCZ in all
parts of the world.
Studies have shown that the ITCZ is located near the
latitude of maxilllJllJ sea-surface temperature, while over continental areas
the ITC'Z has long been known to be cloud- and precipitation-free.
Over
West Africa, in particular. convective clouds and weather are not observed
within 800 k.m of the surface position of the ITCZ.
A distinction should
therefore be drawn between the ITCZ over the oceans and the ITCZ as
observed over the continents.
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Over the oceans, the ITCZ. appears as a narrow zonal band of
vigorous cU11Ulus and CW1Ulonimbus clouds, usually consisting of a number
of distinct cloud clusters that are separated by regions of relatively
clear skies.
Essentially the cloud clusters are precipitation zones
associated with weak wave disturbances which propagate westward along the
ITCZ..
There are two aspects of the dynamics of the oceanic ITCZ which
need to be better understood.
The first is the reason why, in the
absence of disturbances, it is observed as a narrow, zonally orientated
band of low-level convergence displaced a few degrees of latitude from the
equator.
The second is the nature of the wave-like disturbances and
cloud clusters.
With regard to the first of these aspects there is still
no generally accepted explanation.
One possibility is that it is an
ocean-atmosphere interaction phenomenon with the convection located over
the warmest water;
another that 1t is essentially the dynamics of the
atmospheric boundary-layer in the region of a narrow convective zone which
requires the zone to be displaced from the equator; a third possibility
is that such a displacement reflects the dynamics of the Hadley Cell and
the requirements of radiative-dynamical equilibrium of the low lat1 tude
troposphere.
The second aspect, the wave disturbances and cloud clusters
are phenomena affecting a wider range of latitudes than the oceanic ITCZ
itself.
The ITCZ is simply deformed by their presence.
These waves are
discussed below in Section 4.2.3.
Over the continents the ITCZ. has been given a variety of names
such as the Intertropic_,al Front ( ITF) and Intertropical Discontinuity
(!TD) depending on whether the discontifllity feature ls in the wind field
or in the moisture field.
Hore recently, such names as "near-equatorial
trough" or •near-equatorial convergence" have been added.
The position
of the ITCZ. over the continents ls more variable than over the oceans.
It migrates north and south in response to the annual march of the0 sun.
In particular, over Africa it has a southernmost position of 5 N in
February and a northern limit of 22 N in August.
Convective weather
associated with the ITCZ. usually occurs some distance from its surface
position. in a zone where the moist monsson current J.s deep enough for
convective cloud systelllS (squall lines) to develop.
With greater depth
of the monsoon current, a deep layer of widespread stratlform clouds
develops with associated convective cloud systelllS to give enhanced
precipitation.
Weak cyclonic vortices of synoptic scale have also been
observed on the ITCZ. propagating westward.
So far there is no theory to
explain the ITCZ as observed over the continents.
0

4.2.2

West African Disturbance lines (Squall lines)

Satellite images have helped considerably in enlarging our
of the essential structure, life-cycles and climatology of these
systems over the past 15 years.
Host have a life of 10-20 hours and
originate near or somewhat to the west of the Ethiopian Highlands,
travelling westwards at 10-15 metres per second as fast as, or somewhat
0
0
faster than, the maximum speed of the. African Easterly jet at 15 -20 N.
The most detailed study of the structure of an individual squall line over
the Continent itself carried out so far is that of Roux (1988), based on
dual-Doppler radar data. (see Fig. 3).
As well as emphasising the
three-dimensional characteristics of the system and the presence of
meso-scale convective updraughts and downdraughts below the upper level
lcno~ledge
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anvil clouds, conclusions are drawn concerning their momentum transport
characteristics - the component parallel to the squall line being down the
momentum gradient and the normal component against the gradient.
The most highly developed theory of these systems ls that of
Bolton (1984).
He shows using the theory of gravity waves in a
stratified sheared flow that if the mean flow has a mid-tropospheric
maximum, as ls the case in the African Easterly jet, an expanding circle
of convection is generated with an arc front moving slightly faster than
the maximum wind speed i.e. the squall line propagates westwards slightly
faster than the maximum jet speed, which is what is observed.

4.2.3.

Easterly waves

Composite analyses of several of these systems (see Reed et0 al.,
0
1977) which crossed the GATE A/B- and B- scale arrays of ships at 20 -25 W
considerably improved our knowledge of the 3-D structure of these systems.
In addition to the demonstration that these waves have maximum amplitudes
at about 650 mb near the jet maximum, of particular interest is the
mid-tropospheric moisture maximum displacement to the east of the maximum
mean ascent.
This is interpreted as a consequence of the ascent occuring
almost entirely in deep cumulus convection instigated by the mean ascent
and consequent convective destabilisation of the lower troposphere.
Numerical modelling techniques have been used to test the
hypothesis that the African Easterly jet is unstable (an example of
barotropic/baroclinic instability) and that the most rapidly growing waves
have structures and growth rates similar to those observed.
One such
study is that of Simmons (1977) who largely verified this hypothesis.
His model does not include moisture, suggesting that in observed
disturbances latent heat release does not play a dominating role.
However, meso-scale convective systems associated with wave disturbances
are often observed along the coast of W.Africa, well to the south of the
African jet and these could well be dominated by latent heat release.

4.2.4.

Other systems

Squall lines with characteristics somewhat similar to those in
W.Africa are also observed in Venezuela and were investigated
observationally in the VIMHEX-1972 experiment.
Their propagation
characteristics are described in Betts et al. (1976), and are found to be
associated with a jet-like velocity profile and to move slightly faster
than the maximum jet speed.
Similar systems have been observed over NE
Brazil and the Amazon regions, initiated as a line of convection near the
coast (see Kousky 1980).
Another important group of rain-bringing systems over tropical
subtropical S.America are the so-called meso-scale convective
complexes (MCCs).
Velasco and Frltsh (1987) show their monthly and
geographical distributions and infer that there are two preferable
locations - downwind from the Andes mountains on the eastern side in the
subtropics and on the western side in the tropics.
Those in the
subtropics form over N.Argentina and S. Bolivia and travel to S.Brazil,
just to the north of an upper level jet, being fed by warm moist air from
the Amazon region:
they are strongly modulated by the diurnal
mountain-valley circulation (see Paegle et al., 1982).
Silva Dias et al.

and

- 14 (1983) suggest that convection over the Amazon region, by enhancing the
anticyclonic flow at upper levels (the Bolivian High), generates an upper
level environment which favours HCC formation off the coast of Colombia
and Equador.
Local rain-producing systems in the Red Sea countries have also
been studied (see TMRP Report No.29).
It is an area in which rainfall
events (essentially thundery showers) are primarily linked to disturbances
in the Westerlies (mid-February to May) or the summer monsoon (June to
September) with the northward shift of the ITC:Z.
Incursions of rainy episodes do occur, on occasions, in Kenya
and northern Tanzania in January and February when upper level troughs in
the westerlies over the eastern Mediterranean sea undergo massive
deepening (see also Section 5.2.4).
The subsequent upper level
evacuation of air from the East African region towards the trough tends to
be associated with marked veering of the monsoon air at low levels to
become mainly an easterly air current which is conducive to increased
funnelling of moisture into the region.
This easterly air current is
often confluent and on undergoing orographic lifting over the Kenyan
eastern high ground often leads to the enhancement of precipitation.
Another interesting feature of the northern summer monsoon air
current at the 3-4 km levels is the presence of closed low pressure
circulation centres over the western Kenya highlands and the Lake Victoria
region.
During the peak monsoon period (July/August) these areas
experience heavy precipitation which in some locations, exceed the amounts
received during the long rain season.
These rains are often associated
with hall and indeed this part of Kenya is noted for having a very high
number of hail days in a year (Samson & Glchuiya, 1971).
From mean wind
charts, it appears that the flow pattern over Western Kenya/Eastern Uganda
is confluent over a very deep layer.
The interaction between the intense
thermally induced meso-scale systems in the Lake Victoria area and the
prevailing large scale systems ls believed to be responsible for the
ensuing violent hailstorms in the area.
What seems apparent is that the
moist Congo air originating from the S. E. Atlantic ocean and to a less
extent Lake Victoria seem to be the major source for moisture that is
subsequently released in the area during the northern summer season.
4.3

Scientific questions which remain to be answered

4.3.l

The ITC:Z

As far as the ITCZ over the ocean is concerned. further research
is needed to determine to what extent and precisely how lt is linked with
the structure of the boundary layer in low latitudes.
The role of water
vapour in this process ls clearly important. but not yet properly defined.
An . important question ls:
to what extent does the latent heat release
associated with water vapor convergence control the mass convergence in
the lower layers?

The theory concerning the ITCZ over the continents ls even less
satisfactory.
Its structure and. in particular. the role played by
moisture convergence and surface heating in determining it ls less well
understood than for the ITCZ over the sea.
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4.J.2.

West African Disturbance Lines (squall lines)

What are the vertical distributions of wind,
moisture necessary and sufficient for their maintenance?

temperature and

How do they originate, in particular, what are the essential
roles of orqgrapb.y and larger scale systems such as the monsoon, ITC'Z, the
diurnal heating cycle, etc.?
4.J.3.

Easterly waves
The main areas of \Ulcertainty relating to these systems are
- the factors which determine their origin over Africa, in
particular the roles of orography, and the African Easterly
jet structure.
- the modifications in their structure and dynamics which
occur as they pass from the African continent to the Atlantic
Ocean, partieularly the roles of moisture and the atmospheric
boundary layer.
- the possible role of wave disturbances in the upper
tropospheric easterlies in initiating or leading to increased
amplification of waves on the African jet.

4.3.4.

Other systems

The rain-bringing systems identified in Sections 4.3.1, 4.3.2
and 4.3.J all exhibit characteristic structural features involving some
form of organisation, the first two of deep Cumulus convection and, for
Easterly waves, of a synoptic scale system.
Satellite images indicate
that there are many examples of meso-scale convective organisation in the
tropics which do not come under these categories but which nevertheless
bring substantial rainfall to some areas.
Although one or two of these
are to some extent understood, for example, over Lake Victoria, many have
not and need to be properly studied before scientific progress can be
made.
4.4.

Economic significance

The precise position of the ITC'Z over land and lts overall
structure usually determines the rainfall regime and, ln areas where the
rainfall is margina.1 for the sustenance of life, assessments of the
likelihood of drought could be of considerable importance in planning the
economy.
Since the position of the ITC'Z, its structure, and that of the
disturbances along it essentially determine the climate regime, an
understanding of these aspects of the ITC'Z is essential if the climatic
vaz:-iations in the areas affected are to be wxlerstood, and perhaps,
predicted.
There have been suggestions of a bio-atmospheric interaction in
drought-stricken areas, in which human activity, by affecting the
vegetative cover, might possibly be producing a feed-back on the
atmospheric circulation through its effect on the surface albedo and the
surface energy balance.
If such a feed-back exists and is to be
established, it is clearly of great economic importance and a full

-.
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understanding of the dynamics of the ITCZ over the land is likely to be
necessary.
The primary significance of African squall lines is that
virtually all the rainfall in West Africa away from the coast (including
that over the Sahel) occurs in association with the passage of these
systems.
.:rhey .do not .r.ate as ".severe" storms, although they ma.y cause
flooding and are a hazard to aviation.
As the only synoptic-scale disturbances affecting W. Africa and
Central America Easterly waves have a profound influence on the weather in
these areas.
In W.Africa they are usually accompanied by increased
convective activity, particularly near the coast.
In the sub-Saharan
region they often have associated with them strong winds and dust storms
which adversely affect communications.
Host easterly waves retain their
identity for several days during which time they cross the entire Atlantic
Ocean, bringing rain and strong winds, occasionally intensifying into
hurricanes, to the Caribbean and Central America.
The dominantly
agricultural-based economies of the countries in these areas are almost
entirely dependent on their rainfall regime.
4.5

Some aspects to which early attention should be directed

The main obstacle to progress in understanding (and forecasting)
these systems is the lack of observational data.
The larger-scale
phenomena, easterly waves and the ITC:Z, are both now simulated in NWP
models, evolving as model systems whether or not they are inserted as
in! tial data.
Nevertheless model rainfall predictions are of poor
quality and the systems' locations and tracks of the easterly waves are
subject to considerable errors.
The GATE and WAMEX CFGGE) data bases
should be further exploited, possibly by weather services with advanced
NWP models making them readily available to University groups to test
model simulations of these phenomena.
The smaller-scale phenomena such as African squall lines and
convective cloud clusters need more data from field experiments such as
that analysed by Roux (1988).
Here dual-Doppler radars and satellite
images can now be most effectively and economically used not only for
research but also for operational rainfall predictions.
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5.

INTERACl'ION BETWEEN TROPICAL AND HID-LATinJDE WEATHER SYSTEMS

5.1.
This is a new topic, not therefore previously reviewed.
It was
originally proposed for consideration under the TMRP by the PR of New
Zealand at the Ninth WHO Congress in 1983.
At the subsequent Tropical
Meteorology Working Group Meeting in March 1988 a brief global review of
the topic was presented by the Chairman.
This assessment takes this
global view as its basis and expands on it, taking into account comments
made by the Working Group members.
Six phenomena involving penetration
of mid-latitude air into the tropics are discussed:
A

technique surfaces.
5.2

Hid-latitude systems affecting the SW Pacific.
Winter monsoon cold surges across SE Asia.
•western disturbances' over India.
The penetration of cold fronts across N.Africa.
The penetration of cold fronts into Brazil.
The penetration of cold fronts into S.Africa.
section then follows discussing an important analysis
isentropic potential vorticity CIPV) maps on isentropic

State of Knowledge

The six phenomena considered under the interaction heading are
here considered separately.
A further section follows on the recently
developed CIPV) technique of analysing the potential vorticity on
isentropic surfaces which holds considerable promise as a new approach
towards increasing understanding of these phenomena.
5.2.1

Mid-latitude svstems affecting the SW Pacific

The degree of activity in tropical weather systems is related to
passage of the large-amplitude troughs in the westerlies.
Extensive
sheets of mid- and high-level cloud in the subtropics are often related to
maxima in the subtropical jet (STJ), as described by Hill (1963).
Satellite surveillance in the last 20 years has revealed that such
interactions are more varied than was formerly supposed.
Sometimes,
mobile cloud systems assoc.i ated with short waves on the STJ interact with
the South Pacific Convergence Zone (SPC'Z), resulting in subtropical
cyclogenesis (Revell, 1985).
th~

- 18 The manner in which the troughs in the westerlies alter the
upper-level divergence field in the tropics is a key factor in
understanding such interactions, which do not conform to recognised models
of synoptic weather systems.
Poleward extensions of tropical cloudiness (termed "tropical
intrusions" by Anderson and Vet tischer ( 1975) occasionally occur in
advance of an amplifying trough in the westerlies.
Sometimes the
tropical and mid-latitude systems remain separate.
At other times, a
mid-latitude frontal' cloud band appears to link with the tropical
intrusion, resulting in a broad band of cloud extending from the tropics
to the mid-latitudes.
The development of cloud in the initially
cloud-free intervening area is often the result of in si tu subtropical
frontogenesis rather than translation and/or moisture advection processes.
It is frequently assumed that these systems owe much of their
rain-producing capability to the advection of tropical moisture to higher
latitudes.
One of the goals of diagnostic analysis is to determine
whether the abundant moisture supply actually comes via the cloud band
or from vigorous 1n sltu low-level moisture convergence.
In a study of
record heavy rainfall in New Zealand that involved a cloud band extending
from the tropics, Revell (1983) found that the local orography and the
quasi-stationary nature of the main ascent area were the key factors that
were responsible for the severity of this event.
5.2.2.

Winter monsoon cold surges across S.E. Asia

The low-level Northern winter climatology of SE Asia and the
China Sea is dominated by the north-easterlies and strong pressure
gradient between China and the equator.
The large ageostrophic component
of this flow is indicated by the shear between the climatological E'N mean
flow at 850 mb and the somewhat stronger NE flow at 1000 mb.
The daily MSL charts during this season show periods of enhanced pressure
gradient and stronger winds at intervals of a few days (see e.g. Webster,
1987).
The upper tropospheric flow shows
a corresponding
emergence of
0
0
jet stream maxima at 250 mb between 140 and 160 E.
These pressure and wind pulses, associated at low levels 0 with
strong surges out of the Siberian High may be followed from around 25 N to
the equator and are found to travel at about 30 m s- 1 •
Since this
propagation speed is several times greater than the associated wind
speeds, the pulses must constitute a form of gravity (or inertial-gravity)
wave.
Not all surges have cloud and rain associated with them, but they
sometimes trigger the formation of 11eso-scale convective disturbances.
The precise factors determining whether or not this will occur are at
present not known.

s.z.3.

'Western disturbances' over India

The high Himalayan Mountain ranges and the Tibetan plateau with
an average elevation of about 4. 5 Km. a. s. l. to the north of India
effectively prevent in the lower . tropospheric levels, any direct
interaction between the tropical and mid-latitude weather systems over the
Indian sub-continent.
However the mid-latitude westerly belt extends
southwards well into the tropical latitudes of India during the winter
half of the year and systems forming in these zonal winds affect northern
parts of India and also interact with systems in tropical easterlies
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further south.
The westerlies reach southwards up to about 20°N ln the
lower tropospheric levels from October to Hay of the following year.
In
the upper tropospheric levels, the westerlies extend farther to the south
up to latitude 10 N.
In June there ls rapid retreat of these westerlies
northwards and the easterly branch of the Asian Summer Monsoon circulation
occupies northern India up to mid-tropospheric levels and aloft a fast
easterly belt covers practically the whole of India from mid-June to
mid-September.
0

The interaction phenomena between systems in the easterlies and
those in the westerlies can be classified into two types - (a) those
involving systems in low level westerlies and (b) those assoicated with
movement of troughs and ridges in the middle or upper tropospheric
westerlies.
(a)

Interaction with systems in lower level westerlies:
(i)

Western disturbances and induced lows:

During the winter months (December, January and February)
generally fair weather conditions prevail over the Indian sub-continent.
The serene weather over northern India is occasionally disturbed by the
eastward passage of low pressure systems either at the surface or in the
lower tropospheric levels across Pakistan and northern India.
These
systems are akin to the extra-tropical cyclonic systems but do not exhibit
marked frontal characteristics.
The origin of these systems can be
traced as far westwards as the Mediterranean where they exhibit
significant frontal characteristics.
However, by the time they reach the
Indian sub-continent, the systems get occluded and no fronts are seen at
the surface.
They give widespread cloud and light to moderate
precipi tatlon along their path.
Sometimes induced lows form further
south, well into the tropics, and give widespread cloud and precipitation
in the central parts of India.
The western disturbances also occur in the hot weather season
(March-April-Hay).
However, their trajectories are further to the north.
Because the continental air which prevails over the region in this season
is extremely dry, these disturbances are less active as far as
hydrometeors are concerned.
They move as dry disturbances eastwards
across the extreme north of the country.
However, sometimes they
accentuate the semi-permanent heat low prevailing over Pakistan and
adjoining northwest India, and the pressure gradients to the south of the
seasonal low become extremely tight and strong winds blow across the arid
regions of Rajasthan raising dust there to great heights.
These winds
carry the dust to considerable distances down wind.
Sometimes the
visibility is so low that they can be described as Dust Storms.
The dust
l~yers often reach up to 15,000/20,000 feet a.s.l.
Under certain favourable conditions, the Western Disturbances
are able to draw in moist currents from the Arabian sea, which helps in
the development of severe local storms.
These thunderstorms are
accompanied by high speed surface squalls which also cause dust storms.
During the Southwest monsoon season (June-September) the western
disturbances affect only the extreme northern parts of India and much of
the rainfall over Jammu and Kashmir during this season occurs in
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association with the eastward passage of the western disturbances across
it.
During the postmonsoon (October-November) western disturbances have
a more southerly trajectory and cause widespread clouding and
precipitation over northern India.
(ii)

Low level trough in the westerlies:

During the post-monsoon and in the winter season easterlies
prevail over peninsular India in the lower levels.
Troughs in the
easterlies generally give cloud and rainfall only over the south
peninsula.
However, when a trough in the westerlies to the north
approaches latitudes near a trough in the easterlies, the rainfall and
thunderstorm activity associated with the latter gets accentuated and
extends northwards even to the central parts of India.
During the hot weather season, an "in-between trough" develops
over peninsular India between the ridges of high pressure in the Arabian
Sea and the Bay of Bengal.
The line of discontinuity between the winds
from the two seas runs more or less north-south in the middle of the
peninsula.
Afternoon thunderstorms generally develop on the Bay side of
this discontinuity.
When a trough in the westerlies to the north moves
eastwards across northern India, the peninsular wind discontinuity also
moves in sympathy.
The thunderstorm activity associated with the wind
discontinuity therefore oscillates east to west across the peninsula
during the movement of troughs in westerlies.
(b)

Interaction with troughs in the upper tropospheric westerlies:

Deep troughs in the sub-tropical westerly belt
sometimes extend
0
right across the entire belt from mid-latitudes to 10 N in the winter and
hot weather seasons and about 15 to 20 N in the post-monsoon season.
When these troughs move eastwards, they have significant influences on the
tropical systems in the lower levels, which are briefly described below:
0

(i)
Troughs form in the low level easterlies which prevail over
peninsular India from November to early March.
They generally give light
rainfall and isolated thunderstorms over the south Peninsula.
However,
when an upper trough overlies the lower easterly trough there is a marked
increase of rainfall and thunderstorms associated with the low level
trough.
Sometimes unseasonal torrential rains occur even in the month of
January and February, in which months the rainfall is normally negligible
over southern India.
(ii)
Several local storms, known as 'Northwesters' occur over
Northeast India during the hot weather season.
In the lower troposphere
incursion of moisture takes place into Northeast India, under the
i~luence of an anti-cyclonic circulation over the Bay of Bengal.
In the
upper troposphere westerlies prevail.
Solar insulation provides the
trigger mechanism for the development of thunderstorms during the
afternoons.
This activity is highly enhanced when a trough in the
westerlies provides the necessary upper divergence for low level
convergence and increase of instability in the middle levels.
(iii)
The onset of the Southwest monsoon along the West Coast of India
is preceded by the northward shift of the sub-tropical westerly jetstream
from the south of the Himalayas to their north.
A semi-permanent trough
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0

in the upper tropospheric westerlies lies with its axis around 85 to 90 E
during the 0 pre-monsoon
season.
When this trough shifts westwards to
0
roughly 75 to 80 E conditions become favourable for the onset of the
monsoon along the west coast of India.
(iv)
During the summer Monsoon season when a large amplitude trough
in the sub-tropical westerlies in upper levels extends southwards to the
extreme northern parts of the country, it enhances rainfall associated
with any trough/low in the lower level monsoon circulation.
Sometimes
torrential rains leading to floods can occur even with a feeble system in
the monsoon circulation.
(v)
When a Blocking high exists to the north of India in the upper
troposphere, the troughs in the westerlies at those levels tend to remain
stationary over northwest India and adjoining Pakistan and also their
amplitude increases.
The monsoon trough extends to the foothills of the
Himalayas causing heavy precipitation.
Also there is general lull in the
monsoonal rains over the rest of the country which is called a 'Break'
condition.
(vi)
Upper tropospheric westerly troughs are also associated with
recurvature of monsoon depressions.
Monsoon depressions generally travel
in a westnorthwesterly direction from the Head Bay towards the seasonal
low over Pakistan and adjoining India.
However when the forward sector
of upper westerly troughs influences their movement, the recurve and hit
the western Himalayas.
5.2.4.

The penetration of cold fronts across N.Africa

Many of the disturbances affecting N. Africa, usually involving
enhanced rainfall along the Mediterranean coast, but mianly dust and
sandstorms over the desert, are associated with deep 500 mb troughs
penetrating into the Mediterranean area.
These disturbances penetrate as
far south as 20 N.
There is some evidence to suggest that, in southern
Algeria, they even interact with or even contribute to the generation of
easterly waves in the vicinity of the Al Hoggar mountain range.
They
certainly play a major role further north, e.g. in the formation of
'Khamsin' depressions affecting Libya and Egypt, and to the East they
affect the Sudan and other countries bordering the Red Sea.
It is
possible that they may affect the rainfall in the upper reaches of the
Nile basin indirectly through interaction with the ITC:Z, but whether or
not this is the case has not so far been established.
Relatively little
is known 0 about the precise effect of these troughs in the region south of
about 25 N.
(See also Section 4.2.4.)
0

5.2.5.

!he penetration of cold fronts into Brazil.

Cold fronts associated with S. Hemisphere mid-latitude cyclones
regularly penetrate across Argentina into S. Brazil.
Occasionally they
proceed even further northwards and, through interaction with disturbances
in the equatorial trough, bring rain to the arid region of NE Brazil.
Such a disturbance was described in a paper by Fabio de Alacantara et al.
(1984).
They point out that there was a clear contribution from the
Amazon Basin to the rainfall over NE Brazil linked to this event.
However the roles of the various factors involved, e.g. the water vapour
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fluxes, the latent heat release, the diurnal cycle and the orography are
not yet understood.
5.2.6.

The penetration of cold fronts into S . Africa.

It is well known that cold fronts from mid-latitude cyclones in
the S. Atlantic occasionally penetrate into Africa as far north as 15 S.
However, little is known about their influence on the weather over the
continent itself.
Only their effects on the coasts in the extreme south,
which can be dramatic with high surface winds and heavy rain (as in SE
Australia), have been studied.
0

5.2.7.
(a)

Application of the IPV analysis technique to the study of
tropical-mid-latitude interactions
The IPV concept.
It is a fundamental theorem of

atmospheric

dynamics

that

the

quantity
P

=-

g~a.Vp9

,

called the (Ertel) potential vorticity, where g is the gravitational
acceleration, r~a is the (three-dimensional) absolute vorticity and Vp 9 the
.
gradient of potential temperature in isobaric coordinates, is conserved
following fluid elements on isentropic surfaces (surfaces of constant 9) see e.g. Hoskins et al. 1985.
This result assumes the absence of friction
and heat sources and sinks and makes the hydrostatic approximation.
It
is a more powerful theorem than conservation of absolute vorticity in
horizontal motion under the same conditions, because it also implicitly
incorporates vertical motion, which leads to sources and sinks of absolute
vorticity through stretching and compression of vortex tubes.
The expression for P is approximately equal to -g(f+c;l 89/8p,
where c; is the vertical component of relative vorticity, neglecting the
terms -sarising
from 9 gradients in isobaric surfaces.
Taking f+l;=f
-1
-3
-3
-1
s5x10 s , typical subtropical values of P are 3x10
Kms (100 mb)
in
-1
-2
-3
the troposphere (-89/Bp taken as 6 I (100 mb) ) and SxlO
ICms (100
-1
-1
mb)
in the stratosphere (-89/Bp taken as 100 K (100 mb) ).
Thus
-2
-3
-1
defining a PV unit CPVU) as 10 ICms
( 100 mb) , typical values of P are
0. 3 PVU in the subtropical troposphere and 5 PW in the subtropical
stratosphere, the sharp difference arising almost entirely from the sharp
change in lapse rate at the tropopause.
The constant 9-surfaces, roughly horizontal in the stratosphere,
slope downwards from pole towards equator in the middle-latitude
troposphere, becoming horizontal towards the equator (see Flg.4).Thus on a
&-surface which intersects the tropopause, such as the 315 K surface, P
changes sharply from its lower stratospheric value, of order 5 PVU, to
less than 1 PW;
in the stratosphere 1tself 89/Bp is approximately
proportional to p-1 , so P increases rapidly with height.
Using modern
computers it is now possible to produce routinely, from global operational
analyses, daily maps of the global distributions of P on 9-surfaces and
some examples of these are shown in Flg.S.
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In the real atmosphere, with heat sources and friction present,
P is not conserved.
Its rate of change following fluid elements ls given
approximately by

where

Dj

Dt ls the rate of change of P associated with motion in the

a-surface, 9 is the potential temperature change due to the heat source
and J the frictional torque .
Wl th 8 having a maximum. value in the
mid-troposphere of 10 K day -1 , P increases in the lower troposphere at a
rate of about 1 PVU per 10 days and decreases in the upper troposphere by
about the same amount;
on the other hand in the lower stratosphere it
decreases much more rapidly because of the high value of 8P/89 there.
The friction term operates mainly in the boundary layer and, typically,
tends to reduce or increase P there at a rate of about 1 PVU per 2-3 days,
depending on whether the relative vorticity ls positive or negative.
On
the other hand, some local changes of P, such as those in the daily maps
shown in Appendix 2, are much larger than this due to advection,
particularly near the tropopause, justifying the assumption that in the
atmosphere, P is essentially conserved on 9-surfaces in this region.
Elsewhere in the troposphere however, and especially in the tropics, the
sources and sinks of P need to be examined before a complete
interpretation of IPV maps can be carried out.
(b) The
interpretation
of
tropical-midlatitude interactions.

IPV

maps

in

the

study

of

The 4-day sequence of IPV maps on the 330 K and 315 K surfaces
shown in Appendix 2 illustrate the cut-off of a centre of stratospheric,
high IPV air over N.Africa originating from a deepening mid-latitude
Atlantic trough.
This cut-off region persisted for a few days before
finally dispersing.
The cut-off process is almost entirely associated
with IPV advection in the 9-surfaces as is shown by the vector wind
arrows, the cut-off portion itself tending to remain within the closed
circulation associated with it.
Its eventual decay, i.e. reduction of
its lower stratospheric IPV value to a value typical of the troposphere is
consistent with latent heat release in clouds just below the Clow)
tropopause and a high value of

a: (;).

This is an example of penetration of mid-latitude air into the
subtropics, of the kind described in Section 5.2.4.
By adopting the IPV
approach it has been possible to show that it also represents an intrusion
of stratospheric air to lower levels and its eventual modification to
tropospheric air.
The other interaction examples described above have
yet to be analysed using this approach.
5.3.

Scientific questions which remain to be answered

Since each of the six phenomena involve the penetration of
mid-latitude air into the tropics, it ls appropriate to consider them
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together.

The main scientific questions which arise are then
- \lhat are the essential similarities and differences between
these phenomena?
- \lhat are the dynamical factors which favour deep penetration
of mid-latitude air into the tropics?
Can these factors be
identified using the IPV approach?
- llhat is the precise nature of the modification of mid-latitude
stratoapheric air which takes place when it becomes cut off in
the tropics and on what time scale does this occur?
- Vhat tropical disturbance• are spawned by these mid-latitude
intrusions?

5.4

Economic significance

Penetrations into the tropics of mid-latl tude air are usually
associated with periods of increased rainfall of a few days.
Forecasts
of these events up to a few days ahead are therefore of considerable
potential use (a) for agricultural planning purposes and (b) in some cases
to provide advance warning of the likelihood of severe weather conditions
likely to lead to widespread damage or even loss of life.
5.5

Some aspects to which early attention should be directed

This is a research area which has so far received little
detailed attention.
Since the intrusions of mid-latitude air into the
tropics are on a scale which is now well resolved by advanced · global
models, detailed studies of particular events in each of the above six
cases could in principle be carried out at centres with such models.
It
would therefore be appropriate if, in addtion to WMO arranging a workshop
on this topic, arrangements could be made for one or two scientists from
countries affected to be attached to a global prediction centre to carry
out detailed analyses of cases for which there is an adequate
observational data base.
Such analyses are essential to advance
knowledge of the dynamical features of the global circulation leading to
these intrusions into the tropics and of their conseqences for the
tropical regions.
Analyses of the forecasts of these events would also
contribute substantially to studies of the predictability of tropical
rain-bringing systems.
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6.

TROPICAL DROUGHTS

6.1

Introduction

This topic differs from the others assessed here in that it does
not refer to a particular atmospheric system, but relates rather to a
regional climatic phenomenon.
Its scientific study, from a purely
atmospheric standpoint, is that of the general atmospheric circulation on
time-scales of a month or so to several years.
It also requires
knowledge of the behaviour of the underlying surface, particularly the
oceans, on these time-scales and since this depends also on the atmosphere
itself, the scientific problem involves the interaction of the earth's
surface and the atmosphere, including the biosphere.
No attempt is made
here to assess each of these aspects in detail.
There are many recent
publications reviewing this field and four of these (three from WMO) are
listed in the references.
6.2

State of ICnowledge

It is now well understood that the locations of the
drought-prone regions of the subtropics and tropics, notably over Africa,
Arabia through to India, NE Brazil and Australia, are determined by the
annual mean features of the global atmospheric circulation.
The single
dynamical variable involved is its long-term mean vertical motion,
generally subsiding over the subtropics in both hemispheres, implying a
continual export of moisture from these regions in the lower layers of the
atmosphere and their consequent dryness over land surfaces.
Only
occasionally do these regions receive rain and then it is usually
convective in character and is associated with the various kinds of
rain-bringing systems described in Sections 2-5 above.
The scientific
understanding of droughts essentially implies, therefore, the scientific
understanding of the atmospheric general circulation, in the first
instance the long-term mean and secondly its variability on time scales of
one or two weeks to several years.
General circulation models of the atmosphere now reproduce quite
faithfully its observed seasonal (and annual) mean features.
By
introducing sea-surface temperature anomalies they are also able to
reproduce some observed inter-annual features for particular seasons e.g.
during El Nino events.
They have not so far been generally successful,
however, in reproducing such features as the J0-60 day oscillation in the
tropics or the quasi-biennial oscillation (QBO) which, according to some
statistical studies, could be important variable features of the tropical
cir.c ulation.
Until progress is made at this level of sophistication of GOf
development it is unlikely that substantial progress will be made in our
understanding of the factors leading to exceptional periods of drought in
the affected areas.
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6.3

Scientific questions which remain to be answered

These fall into two main catagories, the first relating to
atmospheric measurements and the second to climate modelling.
On
measurements the main questions are
- How accurate for climate study
purposes
are
present
measurements of (a) rainfall, (b) surface transfers of beat
and moisture and (c) surface stress, particularly over the
oceans?
- Is it possible to obtain from satellites useful estimates, for
climate studies, of the details of radiative transfer through
the depth of the atmosphere both with and without the
presence of clouds?
On

the modelling side the main questions are

- How accurately do the most advanced climate models represent
(a) rainfall, (b) surface transfers of beat and moisture,
(c) surface stress and (d) radiative transfer?
- Have models yet reached the stage of development at which
they can respond adequately to observed changes in seasurface temperatures on an interannual time-scale?
Two more general, but crucially important, questions are
- To what extent and in what respects is man's activity
influencing climate e.g. through changing its composition,
particularly of 'greenhouse' gases and the surface vegetation?
- Are there natural periods of climatic behaviour on time-scales
of several years?
A recent modelling study by James (1989)
suggests that the annual forcing cycle of the atmospheric
circulation could be responsible for forcing low-frequency
cycles on periods of 10-15 years.
6.4

Economic significance

Those living in drought-prone regions have developed over the
centuries ways of life which have enabled them to survive all but extreme
drought events.
However, substantial advances in living standards
generally throughout the world have led to pressures for an improved
standard of living of those inhabiting these regions with consequent
increasing demands on food, communications, transport and other amenities.
Satisfying these demands will require the development of sophisticated
water and energy conservation schemes and the building of infra-structures
e.g. roads and airports, which can survive the climatic extremes to which
they are subjected.
Reliable . climatic data and, where possible,
predictions, are crucial to the success of these development programmes.
6.5

Some aspects to which earlv attention should be directed

There ls already considerable coordination of climate studies
being undertaken through the World Climate Research Programme (WCJU>},
including many of the questions listed above.
The main specific
contributions to climate studies under the CAS PRTM are (a} support of the

- 27 summer and winter monsoon activity centres (New Delhi/Nairobi and Kuala
Lumpur) and (b) the series of CAS Drought Symposia, the next one of which
is to take place in Niamey, Niger in March, 1990.
It ls of considerable
importance that countries in monsoon affected regions supply data from the
designated key stations to the monsoon activity centres in order that the
interannual variability of the monsoons, which ls strongly linked to
tropical droughts, be properly studied.
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7.

NUMElUCAL WEATHER PREDICTION IN mE TROPICS

7.1.

Introduction

Current numerical weather prediction models are capable of
making skilful forecasts in the middle and high latitudes for
approximately one week.
In the tropics, however, the situation is rather
different and the predictability is limited to 2-3 days.
A number of
factors are responsible for the poor performance in the tropics, namely
the lack of adequate data, problems with analysis of even the primary
variables and inadequate parameterisation of physical processes which
leads to large systematic errors in the forecast llOdels.
In this review
the status of tropical numerical weather prediction (N\olP) at a number of
operational and research inst! tutes is discussed.
The review only
highlights some important aspects of the subject and does not reflect all
aspects of the literature relating to these areas.
A detailed review of
tropical NWP ls given by Puri and Gauntlett (1987).
Most of the
discussion in this note is for global models as these have been documented
in much more detail than limited area models.
However because of the
considerable overlap between the two types of systems, the results
presented here are valid for both global and limited area models.
7.2

Status of model development

7.2.1

Accuracy of existing models ·

A number of operational centres throughout the world currently
provide daily
(or twice daily) global analyses and forecasts.
Furthermore several research centres also use global models for N\olP
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In addition to global models a number of centres use tropical
limited area N\.IP models.
Among the countries that use tropical limited
area models (LAM) are:
Bureau of Meteorology Research Centre, Australia
European Centre for Medium Range Weather Forecasts
Florida State University
India Meteorological Department
Japanese Meteorological Agency
Malaysian Meteorological Service
National Meteorological Centre, U.S.A. (NHC)
Singapore Meteorological Service
United Kingdom Meteorological Office (UKHO)
Host of the results presented here are from the EOiWF global
model as its performance ,in the tropics has been documented in great
detail by Kanamitsu (1985) and Heckley (1985) (to be referred to as KSS
and HSS respectively).
It should however be pointed out that the model
performance in the tropics at other centres such as NHC and UKMO exhibit
similar features.
In spite of many problems progress has been made in tropical NWP
in the last few years.
For example HSS has shown that the root mean
square (RHS) errors
of
24
hour forecasts of the vector wind for the
0
0
-1
tropical belt (18 N to 18 5) at 850 mb and 200 mb have reduced from 4 ms
-1
-1
-1
in January 1980 to below 3 ms in 1984 and 8 ms to 6 ms respectively.
The forecasts at both levels are better than persistence upto about 3
days.
7.2.2

Nature and sources of model errors

1035 considered the predictabill ty of the EOfWF system at the
very large scales and for transient disturbances and found that the
predictive skill in the tropics was about 1 to 2 days for the mass field,
1 day for the low level winds and 2 to 2.5 days for the upper level winds.
1035 also found that systematic errors made the dominant contribution to
the total errors in the tropics with major errors in the very large scales.
The relatively poor performance of the large scale quasi-stationary waves
in the EOfWF model is not a feature of this model alone.
Krishnamurti et
al ~ (1983) in a study of some FGGE cases found that their model was also
deficient in predicting very large scale circulations.
A number of studies have been performed to evaluate model
forecasts for transient disturbances in the tropics.
For example
Krishnamurti et al. (1983) found that their model was capable of
predicting, five to six days in advance, the 1979 monsoon onset vortex off
the west coast of India.
KSS found that the EOfWF model is able to
forecast transient disturbances such as easterly waves up to about four
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days indicating that model deficiences at the very large scales have a
relatively small impact on the properties of the transient disturbances.
Another major problem in most model forecasts in the tropics is
the so-called spin-up problem which shows up as an imbalance between
evaporation and precipitation in the early stages of the mdoel
integrations.
The spin-up problem is probably caused by deficiencies in
the troplcs whlch result in an imbalance between analysed fields and
convective parameterisation in the model.
The dominance of mean (or systematic) error components in the
total large scale error in the tropics suggests that these errors are
probably caused by inadequate parameterisation of sub-grid scale
processes.
A number of studies have been performed to study the
sensitivity of model forecasts in the tropics to different physical
parameterisations which suggest that significant improvements in model
performance in the tropics can be made with improved cumulus
parameterisatlon schemes.
The Kuo cumulus parameterisation remains the
most widely used scheme and considerable attention has focussed on
improving its performance mainly by attempting to obtain an optimum value
of the moistening parameter b which partitions the available moisture
supply between moistening and heating.
Apart from the b parameter,
further refinements have been made to the definition of cloud base used in
the Kuo scheme.
A major development in the parameterisatlon of convection which
has had substantial beneficial impact on model performance in the tropics
is the inclusion of shallow convection parameterlsation that permits
vertical fluxes of heat and moisture by non-precipitating trade wind
cumulus-type clouds.
Apart from the above changes, other improvements
have been made in radiation schemes and cloud schemes used in models.
The combined effect of the above changes has been to significantly reduce
the systematic errors in models.
Apart from physical parameterisatlons, deficiencies in analyses
also contribute to forecast errors.
The analysis of even the primary
variables in the tropics poses special problems.
Firstly the data base
for key variables such as the wind field (particularly divergent wind) and
moisture are inadequate.
Secondly deficiencies in forecast models have a
deleterious effect on analyses particularly in a four-dimensional data
assimilation system.
Furthermore, some analysis systems have a
midlatitude bias which is imposed through the use of assumptions such as
non-divergence or geostrophy in the analysis increments.
Some recent
developments in ·analysis in the tropics include the implementation of
nondivergent structure functions in optimum interpolation and attempts to
use outgoing longwave radiation data as proxy data in analysing the
divergence field and to specify heating rates in diabatic normal mode
lnltiallsation.
The inl tiallsatlon step ls also being extended to
include adjustment of the moisture f leld in order to obtain better
agreement between model rainfall in the early stages of the integration
and observed rainfall data.
7.2.3.

Numerical prediction of tropical cyclones

Because of the large diversity of the spatial scales and the
scope of the physical processes involved, the tropical cyclone prediction
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problem represents in many respects the ultimate test of tropical N\lP
applications.
Until recently tropical cyclone models have either been
statistical models or limited area barotropic or baroclinic models.
However, global models such as those used at ECMWF, UKMO and NMC have now
attained resolutions where small scale systems such as tropical cyclones
are beginning to be resolved.
Although these models are still not at a
stage where they can resolve the inner structure of cyclones and thus
simulate details of structure of the cyclones, prediction of motion by
these models might be possible as motion is believed to be strongly
iniluenced by the large-scale flow.
With a rapid rate of progress in
computer technology global models with resolutions of about 50 km and
limited area models with resolutions of 10 to 20 km will become feasible
in the near future making it possible to perform short range forecasts of
tropical cyclones with improved accuracy. (See also Section 2).
7.J.

Some aspects to .which early attention should be directed

- Although considerable progress has been made in recent years,
model performance in the tropics still falls far short of that in the
mid-latitudes.
Given the sensitivity of forecasts in the tropics to
parameterisation of physical processes one can expect continued research
leading to improvements in parameterisation particularly of convection,
cloud-radiation interaction and the interaction between the boundary layer
processes and cumulus convection.
Further improvements in relevant
parameterisations can only be made through a better understanding of the
physical processes involved.
This can be achieved with the help of
special data sets such as those acquired during the GARP Atlantic
Experiment (GATE) and the Australian Monsoon Experiment (AMEX).

- An important component of any NWP system is the data base.
The
outlook with respect to the conventional data base is somewhat uncertain
and could even deteriorate in the short to medium term.
Thus increasing
reliance will have to be placed on high resolution satellite data and a
concerted research effort will have to be made on improving retrieval
techniques particularly of the moisture field which until recently has not
attracted much attention.
The data assimilation of single level data
such as aircraft data, cloud drift winds and surface data including that
derived in the future from satellite borne scatterometers is far from
optimal and considerable work needs to be done in gaining maximum value
from these data.
Apart from conventional and satellite data, there
should be increasing use of proxy data such as outgoing longwave radiation
data.
- The interactions between the tropics and mid-latitudes are still
not well understood.
Thus in terms of N\IP, elimination or reduction of
the large systematic errors in the tropics should provide an impact in the
aid-latitudes.
However, the large temporal variability in the
aid-latitudes makes it difficult to quantify the impact.
Other examples
of tropical mid-latitude interactions that need to be studied are the
role, if any, of mid-latitudes in initiating or enhancing convective
activity in the tropics and the impact of the convective activity on the
mid-latitudes. (See also Section 5).
- A number of studies suggest that the distribution of rainiall in
long integrations of models in the tropics reflect very faithfully the
maximum values of the sea surface temperatures (SST) almost irrespective
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of the initial conditions.
This suggests that further work needs to be
done in improving SST analyses for input to NVP models.
However,
improved SST analyses in isolation might not be adequate and there could
be a need to redesign current data assimilation systems to be based on a
coupled air-sea model in the tropics in which tropical analyses, including
proper SST and the atmospheric modes such as the 30-60 days waves can be
reproduced.
Given the increasing interest in long range prediction and
the important role of "SST, such systems could come into increasing use in
the future.
(See also Section 6).
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Fi9.2: (a) Mean Sea level pressure (SLP) analysis from operational
ECMWF global analysis supplement with AMEX data 0000 UTC
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(b) 48-hour forecast of SLP and rainfall accumulated over
last 12-hour from limited area forecast (step -mountain)
model.
(c) Verification analysis for (b) using data base as in
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(from Lazar Lazic - personal conununication)

(c)

50
IZ]:~cSZ]

e =(3).40cSZJ

El :'40,50cSZl
•

: e;o.6C)cflZ]

Flo. 3. Reflectivity field at 0.5° elevation from the 100 km-range
PPI scm by the Korbogo radar at 2330 on 23 June. RenangJes denoie
the NW and SE regions where the three-dimensional airflow is derived
from the dual-Doppler data. The X and Y axes are indicated with
their origins in the lower left corners of the NW and SE regions.
North direction. squall line and cell motions are indicated.
(from Roux, 1988)
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