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FOREWORD

For mony yeors WMO has paid close ottention to techniques for computing
atmospheric vapour flow. As part of the Organization's contribution to the International Hydrological Decade (1965-1974), two reports were published concerning the
benefits of such computations to hydrologists, namely "Evaluation of atmospheric
moisture transport for hydrological purposes" by Professor E. Palmen and "Atmospheric vapour flux computations fOr hydrological purposes" by Professor J. P. Peixoto.
Recent research has indicated the possibility of using analyses of this
flux to determine water balances on a regional scale. In recognition of the potential benefit of such developments, the WMO Commission for Hydrology appointed
Dr. E. M. Rasmusson as its Rapporteur on Atmospheric Vapour Flux and charged him with
the responsibility of advising the Commission on this subject. This publication
constitutes the rapporteur's report to the fifth session of the Commission.

It is with great pleasure that I express the gratitude of WMO to Dr. E. M.
Rasmusson for this contribution to the WMO Operational Hydrology Programme, a contribution which is particularly valuable because of the vital link it establishes
between the sciences of meteorology and hydrology.

D. A. Davies
Secretary-General

SUMMARY

The concept of a water balance, whether over a long or short period of
time, is essential for an understanding of hydrometeorological and hydrological
processes. Atmospheric vapour flux is the basis of the atmospheric phase of the
hydrological cycle and thus provides an important complement to terrestrial waterbalance studies. This report presents a mathematical analysis of atmospheric vapour
flux and demonstrates its relationship to the land phase of the hydrological cycle.
Early atmospheric water-budget studies were generally applied to large
regions, including entire continents. However, smaller-scale studies are potentially
more valuable to hydrologists and the report discusses the possibility of evaluating
budgets at this level. Examples of the necessary computations are given and particular attention is paid to the requirements for data and the possible errors
resulting from a lack of observations.
Satellites can provide some information on wind velocities and humidity
which could be useful over regions with inadequate rawinsonde coverage, bu~ at presen~
the poor resolution of these data precludes their use for most atmospheric waterbudget computations. Rawinsonde measurements of wind and humidity will continue to
serve as the basic source of data for such computations, especially over land, and
a study of present networks allows conclusions to be drawn concerning the potential
value for hydrologists of atmospheric vapour-flux analyses.

It is concluded that, within the framework of current World Weather Watch
programmes I rawinsonde data are of primary value for regional water-balance computations over areas of 106 km 2 or more. Error analyses suggest that a general
programme of atmospheric water-balance computations on less than a regional scale!
and based on twice daily observations, would be of marginal value at this time.
The most general application of vapour-flux data is at present in the routine
computation of regional water balances, and the subsequent development of monthl~
seasonal and long-term regional water-balance climatologies. Nevertheless, future
developments in instrumentation, particularly in satellite observations! could demand
a reassessment of the situatio~and research into atmospheric water-balance computations should be monitored and encouraged.

RESUME

Le concept de bilan hydrique, que ce sait sur une longue ou une breve periode , est essentiel pour comprendre les processus hydrometeorologiques et hydrologi-

ques.

Le flux de la vapeur d'eau dans l'atmosphere constitue 10 base de la phase at-

mospherique du cycle hydrologique et represente done un important complement aux etu-

des du bilon hydrique terrestre. Ce ropport presente une analyse mathematique du
flux de la vapeur d'eau dans l'atmosphere et etablit les relations de ce flux avec la
phase terrestre du cycle hydrologique.
Les premieres etudes qui ant ete consacrees au bilen hydrique de l'atmosphere portaient generalement sur de VQstes regions, voire des continents entiers.
Toutefois, des etudes a plus petite echelle sont potentiellement plus fructueuses
pour les hydrologistes, et le rapport examine la possibilite d'evaluer les budgets a
ce niveau. Des exemples des calculs a effectuer son~ proposes et lIon s'est attache
particulierement a preciser de quelIes donnees on a besoin et a montrer les erreurs
pouvant resulter dlun manque d'observations.
Les satellites peuvent fournir sur 10 vitesse du vent et l'humidite certains renseignements pouvant etre utiles au-dessus des regions ou la densite du reseou
d'observation de radiosondage-radiovent est insuffisante, mais, actuellement, la foi-

ble resolution de ces donnees empeche de les utiliser pour la plupart des calculs relatifs au bilan hydrique de l'atmosphere. Les mesures du vent et de l'humidite fournies par les observations de radiosondage-radiovent resteront la soUrce fondamentale
de donnees pour ces calculs, principalement sur terre, et une etude des reseaux actuels permet de tirer des conclusions quant a l'interet potentiel que presentent pour

les hydrologistes les analyses du flux de vapeur dans l'atmosphere.
La conclusion qui s'impose est que, dans Ie cadre des

programmes actuels

de la Veille meteorologique mondiale, les donnees de radiosondage-radiovent revetent
une importance capitale pour les calculs du bilan hydrique a l'echelon regional sur
des zones d'une superficie de 10 6 km 2 ou plus. Les analyses d'erreur montrent qu1un
programme general de calculs du bilan hydrique de l'atmosphere a une echelle inferieure

a celIe

d'une region, effectue sur 10 base de deux observations quotidiennes, ne presenterait actuellement qu1un interet marginal. L'application la plus courante a 1a-

quelle se pretent actuellement les donnees sur le flux de la vapeur d'eau dans l'atmosphere est le calcul regulier des bilans hydriques regionaux, et, a partir de celuici, lrelaboration de climatologies mensuelles, saisonnieres
bilan hydrique regional. Neanmoins, les progres qui seront
truments, particulierement dans Ie domaine des observations
appeler une reevaluation de la situation et il conviendrait

et a plus long terme du
realises en matiere d'inspar satellite, pourraient
de suivre et d'encourager

les recherches sur le calcul du bilan de l'eau dans l'atmosphere.
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RESUMEN
E1 c_oncepto de balance hidrico, yo se trate de un perfodo de largo 0 corta
duraci6n, es esencial para 10 comprension de los prOC6S0S hidrometeoro16gicos e hidro-

16gicos. El flu jo del vopor de egue es el fundemento de le fese etmosferica del cicIo hidro16gico y, por consiguiente, constituye un complemento importante para e1 estudio del balance hidrico terrestree En e1 presents informe S8 haee un analisis matematico del flujo del vapor de agua y se demuestra su reloeion con 10 fase terrestre

del cielo hidro16gico.
Los primeros estudios del balance hldrico atmosferico se ~eferlan en general a grandes regiones e incluso a continentes enteros. No obstante, los estudios que
se efectuan a una escalamenor son en sf mas valiosos para los hidr61ogos, y en e1

presente informe se exami.na 10 posibilidad de evaluor los balances de este tipo. Se
dan e·j emplos de los c6lculos necesarios para ello y se consagra una atencion muy particular a las necesidades. en materia de datos y a los posibles errores originados por
una falta de observaciones.
Los satelites pueden facilitar datos sobre las velocidades del viento y 10
humedad que podrian ser utiles en regiones en las que la cobertura de radiosondas es
insuficiente, aunque actuolmente 10 escasa resoluci6n de esos datos irnpide su utilizaci6n en 10 mayoria de los colculos del balance hidrico a.tmosferico. Las medidas de
radiosonde y radioviento para. determinar los valores del viento y 10 humedad seguiron
constituyendo los datos bosicos de origen para tales c61culos, especialmente en los
regiones terrestres, y un estudio de las actuales redes permite sacar conclusiones sobre las posibilidades que pare los hidr610gos ofrecen los en61isis del flujo del vapor atmosferico.
Se liego a 10 conclusi6n de que, dentro del marco de los programas ordinarios de 10 Vigilancio Meteorologico Mundiol, los datos obtenidos par radiosonda 0 radioviento son de importancia primordial para el c61culo del balance hidrico regional
en zonas con una superficie de 10 6 km 2 0 mas. De los anolisis de errores se desprende que un programa general de colculos del balance hidrico atmosferico efectuado aescala inferior a la regional, y basado en dos observaciones diarias, serian hoy en dia
de una utilided merginel. Le apliceci6n mas generolizede de los datos del flujo del
vapor de agua es actualmente 10 que consiste en colcular corrientemente los balances
hidricos regionales y en preparar ulteriormente registros de datos climatologicosmensuales, estacionales y registros de balances hidricos regionales a largo plazo. No
obstante, 10. evolucion y desarrollo de los instrumentos en el futuro, porticularmente
en 10 que se refiere a las observaciones por sateli te, podrian exigir una reevaluacion
de 10 situacion y el control y fomento de las investigaciones en materia de colculo
del belance h£drico etmosferico.

1.

Introduction

The Rapporteur on Atmospheric Vapour Flux was appointed in accordance with Resolution 36 (CHy-IV) with the following terms of reference:

(a)

(b)
(c)

(d)

To summarize the basic formulation of the problem of application of atmospheric vapour-flux computation for waterbalance purposes and the procedures and the data needed for
its implementation, particularly the possible requirements
of the WWW systems,
To report on the results of specific case studies of such
applications on a regional (for example, basin-wide) scale:
To keep close contact with the Rapporteur on Application of
WWW to Hydrology and other WMO bodies concerned which are
active in this subject, such as CAS and the RA VI Working
Group on Hydrology,
To submit a final report to CHy not later than six months
before the fifth session of the Commission.

D.R. Wiesnet (CHy Rapporteur on Remote Sensing of Hydrological
Elements) acted as a consultant on the potential of satellite
measurements. H.L. Ferguson (CHy Rapporteur on Application of WNW
to Hydrology) acted as consultant on the implementation of a program
of vapour-flux computations within the framework of WWW. Their help
and advice were indispensable in the preparation of this report.

2.

Water Balance of the Atmosphere

Consideration of the continents, oceans and atmosphere as interacting components of a single system is fundamental to a basic understanding of the hydrological cycle. This unified view of the global
vater balance is well stated in the Report of the Working Group on
Hydrological Aspects of the WWW, submitted to the fourth session of
the Commission for Hydro~ogy (1972):

- 2 "The vital common element of hydrology and meteorology is water.

Both

sciences are concerned with synoptic observations of water in its various forms,
and with the movement and phase changes of water through natural processes.

The

transfer of water at the air-surface interface is of prime concern to both hydrologists and meteorologists.

Evapotranspiration serves as an all-important

'input' to the atmosphere in the determination of weather and climate, while
representing 'output' or water loss from the hydrological point of view.

Con-

versely, precipitation is atmospheric 'output' (and perhaps the most important
element of meteorological forecasting) while representing the replenishment of
the water resource -to hydrologists."
The equation for the water balance of the earth, which is derived from the
more general statement of the continuity of water substance, has served as a
central concept for hydrologists.

A similar equation can be derived for the

water balance of the atmosphere, and during the past few decades an improving
network of aerological stations has produced progressively more detailed and
accurate measurements of the various terms of this balance equation.

It has

been clearly demonstrated by a host of studies that the atmospheric l'later
balance can be accurately evaluated, but the smallest areas and shortest time
periods for which useful computations can be made are determined by the density
of observation stations, the accuracy of observations, the frequency of sampling
and the local terrain.

In recognition of the importance of atmospheric water

balance studies to the IHD program, the WMO pUblished. a mono.graph on the subject
(Palmen, 1967) as the first report on

\~/IHD

projects.

That publication, to-

gether with the recent comprehensive report by Peixoto (1973), serve as excellent reviewsa£ fhis -top.ic.
Formula'tionsofthe mathematical express ion for the atmospheric waterhalance
wUi val"}'accordin,gto thephysicnl pro:cesses being .e'Xamin.ed.

,For studies .oftho

- 3 general circulation of the atmosphere it is often convenient to average with
respect to time and latitude, and to evaluate the relative contribution of the
"eddies" and the mean meridional circulation.

For a discussion of this type

of formulation, and the role of water vapor in the general circulation of the
atmosphere, see Peixoto (1973) and Rasmusson (1972).

For studies primarily

concerned with the role of cumulus convection in the water balance of the atmosphere, it is convenient to formulate the balance equation in terms of the vertical transport of water vapor, large scale and small scale, as a function of
height.

This type of formulation has been discussed by Holland and Rasmusson

(1973) .
Finally, the atmospheric water balance equation can be formulated so that
the residual, or unmeasured quantity, is

~E-P

;> ,

the difference between the

evaporation and precipitation rates averaged over an irregularly shaped area of
the earth's surface.

In this form, the atmospheric and terrestrial water balance

formulations serve as companion equations.

A formulation along these lines

appears suitable for this report.
Water Balance Equation
2.1

Notation
<P

=

latitude

A = longitude

g = acceleration of gravity
a = radius of the earth
t

= time

z = height above sea level
p
w

p

= pressure
= dp/dt, the
= density of

"p" vertical velocity
moist air

- 4 P

v
q

e

= water vapor density
= Pv/ p = specific humidity
= rate of evaporation (per

unit mass) for an

air parcel
c

= rate

of condensation (per unit mass) for an
air parcel

D = vertical diffusion rate (per unit area) of
q
water vapor within the atmosphere
W = total water vapor content (per unit area) of
the atmospheric column
E

= rate

p

= rate of precipitation (per unit area) at the

of evaporation (per unit area) from the
earth's surface. Negative values indicate
condensation

earth's surface

RO = rate of surface runoff (per unit area)

S

= total surface and subsurface water storage
(per unit area)

(

)s

= value of quantity at the earth's surface

(

)T

= value of quantity at top of atmospheric column

A

= horizontal area

C

= perimeter

<! )

of area A

= iJrJrA (

)dA

= area

average

~ = l J t2 (

)dt

= time

average for period T

T

t

1

Vector quantities and operators
""I-

1

A = unit vector directed eastward

""I-

1ep

....

V

= unit vector directed northward
""I-

= 1 AU

+

""l1.pV

= horizontal wind velocity

=t2

- t

l

- 5 -

....n =
v

n

unit vector normal to C, directed outward

= wind

Q=

component normal to C, directed outward

total horizontal water vapor flux (per unit
length) for the atmospheric column

For computations in a spherical coordinate system (latitude

(~),

longitude

(A)) :

"Ix

= gradi ent
7
1A

= -a-c"':'os-~'

0

ax

f "x"
7

1~

ax- + a

... = divergence

V·x

ax
a~
...

of "x"

1

= acos~
2.2

[

Derivation
The derivation presented in this section contains elements of deriva-

tions presented by Palmen (1967), Peixoto (1973), and Rasmusson (1968, 1971).
The water vapor balance equation (per unit mass) for a parcel of air
.

can b e wr1tten

1

aD
dq _
dt - e - c - g ----.9..
ap
where q

= pv/p,

(2.1)

the specific humidity.

Equation (2.1) states that changes in the specific humidity of the
parcel arise as a result of evaporation (water vapor source), condensation
(water vapor sink), and the vertical diffusion of water vapor (source or
sink).

1.

The effects of horizontal diffusion are normally negligible for the

Pressure (p) rather than height (z) is used as the vertical coordinate in
this formulation. This transformation is possible since the atmosphere lS
in near hydrostatic equilibriulll. Thus height and pressure are related
through the hydrostatic equat.ion: Clp/Clz = -pg. Note also that, within a
constant factor, g, the pressure coordinate is also a Illass coordinate i.e.
-dm = pdz = -~.
g

- 6 larger scales of motion being considered in this report.

In addition, the

vertical diffusion process is most important in the planetary boundary
layer, where the effect of the underlying earth's surface is directly "felt"
by the atmosphere.
Expanding the substantial derivative,

~£

=

~£

+ V,V\I + W ~.~

= aq + V'\lV + a(\lw)
at
---ap--

-

\I(V,\) + aWl
ap

using the. mass continuity e\luation
V'V+aW=o
ap
to show the last term on the right e\luaIs zero, then substituting in 2.1

gives

aD

a\l
-> + cHnw)
-- e
-9.
- + o.n.V
v "
ap~
-c- g ap
at

(2.2)

It proves convenient at this point to transform to vertically integrated \luantities.

Therefore, consider a column of air extending from the

earth's surface, where -the .pressure is Ps' to a levelZ , at which the
T

pressure iSPr'

Adopting the notation of section 2.1,

P:5

_~
~

· ·.··
.f·
..

-,-}- -d
\1'\lV ..l'.
g

-+

V.Q

=

PT

gives, for the vertically integrated form of 2.2:

->
aw
- + V'Q -

at

,. (\lUl)

g

5

=

fP (e-c)~

J

s

P
T

- (D )T + (D )

\I

\I s

(2.3)

- 7 On the average, q decreases rapidly with height, as illustrated by
Table 3.

Thus, integrating to a level at which the water vapor content is

negligible gives
= 0

(qw)T

=0

Except for local surface pressure changes, which can normally be
neglected,

w

s

(qw)

s

=

0; therefore

= 0

We also note that
lim

D

q

=

E

P"'p s
Equation 2.3 can then be written
P

aw

-

at

+

s

...

(e-c)~

VoQ - E

(2.4)

g

P

T

The right hand term cannot be directly evaluated.
normally assumed that

However, it is

P
s

(e-c)~
g

=

P

(2.5)

P
T
Equation (2.5) implies that t.he net amount of moisture condensed in
the column falls to the earth as precipitation.

The assumption is invaUd

if a significant amount of the moisture condensed in the column is stored In
or transported from the column as clouds, or if there is significant net

- 8 evaporation of cloud elements within the column.

When averaging over large

areas, however, the amount of condensed water stored and transported in
clouds is usually negligible when compared to the vapor content of the air,
so that this assumption normally leads to no significant error.

l

Equation (2.4) can then be written

aw

-

at

+

...

IJ'Q = E-P

(2.6)

Averaging over a basin of area A, gives

(2.7)

For both conceptual and computational purposes, the second term on the
left is best viewed as the net flux of water vapor across the perimeter of
the basin.

Accordingly, it is convenient to transform the .divergence area

integral into a line integral along the perimeter of the basin, C, by use
of the Gauss Theorem:
(2.8)

where
P

f
1.

......
Q'n

dC

s

~

=

g

(2.9)

P
T

Notable exceptions may occur, as, for example during strong cold air outbreaks over warm bodies of water such as the Sea of Japan or the Great Lakes.
Although not shown here, a conservation equation can be written for condensed
moisture, as well as for water vapor, e.g. see Piexoto (1973).

- 9 Substituting from (2.8) into (2.7), and averaging over a time interval

T

=t2

- t , gives
l

[+-+

\~+ A JrcQ•n
/W 2 - WI'

1

dC =

/-)

~E-P

(2.10)

In words, the difference between the average rate of evaporation and
precipitation at the earth's surface is equal to the average rate of change
of water vapor content of the overlying atmospheric column plus the area
averaged rate at which water vapor is transported through the vertical faces
of the atmospheric column.

This latter term, the vapor flux divergence, is

evaluated by summing the product of the specific humiditY"and the wind component normal to the boundary, over the total area of the vertical faces
(Equation 2.9) .
It may be well to emphasize an important practical point concerning
the computation of time-averaged values of vapor flux.

These averages must

be obtained by averaging the products of wind and humidity, rather than
merely computing the product of the individually averaged values of wind
and humidity.

To illustrate, let us split the term on the right side of

equation (2.9) into a "mean" and "eddy" term.
Let
q

=q

+

q'

then
qv

n

=

q v

n

+

q'v '
n

(2.11 )

Equation (2.11) states that the mean normal flux component can be broken
into two terms:

(a) the product of the mean values of specific humidity

and normal wind component, and (b) the mean value of the product of the

- 10 individual departures from the mean.

Since climatological summaries usually

+

contain mean values of q and v for various averaging periods (e.g., monthly
and annual), it is relatively simple to
(2.11).

~ompute

the mean term in equation

However, the "eddy term" can only be neglected when the correlation

betl<een variations in q and v

n

is near zero.

Observational studies during

the past 20 years (Peixoto, 1973) have conclusively demonstrated that this
is normally not the case.

+

Correlations between temporal variations in v

and q may be significant, particularly in extratropical latitudes, where,
for instance, northerly flow is normally associated I<ith low moisture content, and southerly flow with high moisture content.
The storage change term in 2.10-, (W

2

- WI) , is mereiy the difference

between the area averaged water vapor content at the beginning and end of
the averaging period.

This term may occasionally reach values of a centi-

meter or more when one airmass replaces another having vastly different
properties, but values are typically on the order of a few tenths of a centimeter.

For averages Over periods of a month or more, the term is usually

small compared with the flux divergence term, and can often be ignored in
balance computations.
To illustrate an application·of the atmospheric water vapor balance
equation, consider the case of a basin with negligible ground water flol<
across the boundaries.

The terrestrial water balance equation can then be

written
<S2 - Sl)+
Since
unknowns,

~~2 - Wl~

<>
E-P

(2.10) and (2.12).

T

and

(liO)

~RO>

= -

(i:-p)

(2.12)

can in principle be measured, only two

and (S2 - Sl) remain to be evaluated between equations
Thus, the surface and subsurface storage change within

- 11 the basin can be directly computed,

(2.13)

Using precipitation measurements, one can also solve for the evaporation

E=-

l

(2.14)

Thus, the two unknowns of the terrestrial water balance equation, storage
change and evaporation, can be computed directly by a simultaneous evaluation of both the terrestrial and atmospheric water balance equations.
3.

Observational Studies
Peixoto (1973) has compiled a comprehensive review of the literature on this

subject through 1972.

Early atmospheric water budget studies were generally

aimed at evaluating the latitudinally averaged budget terms (e.g. Starr and
White, 1955), or obtaining budgets for regions of continental scale (e.g. Benton
and Estoque, 1954).

In a few cases, however, useful results were obtained for

much smaller areas (e.g. Hutchings, 1957; Palmen and Soderman, 1966).

This

discussion will be restricted to a brief review of certain aspects of past and
current studies which appear to be particularly pertinent to computations on
regional or smaller scales.
Table 1, adapted from Ferguson and Schaefer (19711 lists examples of atmospheric water budget studies aimed at obtaining evaporation estimates over areas
of less than 10 6 km 2 , Le. regional scale or smaller (see Table 4).
studies have two important factors in common:

These

(1) results were limited to

"climatological" type estimates of average evaporation or evaporation minus
precipitation for periods of a month or more, and (2) the results were based on

- 12 routine data collections from the operational rawinsonde network.

Operational

rawinsonde stations are rarely located on important drainage divides.

Thus,

when computing a balance for a natural drainage region one must either interpolate from the observation points to obtain values of wind and humidity on the
boundary of the basin or compute the balance for a polygon with observation
stations at the vertices, which encloses an area that roughly corresponds to
the area of the drainage basin.

Interpolation may be done from systematically

analyzed wind and humidity fields over a large region.

Typical of the analysis

techniques which can be used for this purpose are those described by Gandin
(1963) and

Cr~ssman

(1959).

These methods, as well as the polygon computation

technique, are easily adapted to digital computer operations and can be used on
a routine or operational basis.

Recent field experiments, which began in 1969 with ATEX (Augstein et al. 1973)
and

BO~ffiX

(Holland and Rasmusson, 1973\ mark a new generation of atmospheric

budget studies.

Unlike the earlier studies which relied on values interpolated

from the routine operational network, the later field experiments are carefully
designed to provide data for meaningful budget computations over relatively
small areas, and short time periods.

Specially designed or calibrated instru-

mentation is used, and observational arrays and schedules are tailored to provide
answers to the specific problems under investigation.

Rawinsonde observations

are sometimes augmented by aircraft observations and data from special boundary
layer observational systems.

Table 2 gives a summary of the atmospheric budget

programs which constitute a part of several recent field experiments.

The quali ty

and quantity of data, and the scientific results attainable from these carefully
designed field programs substantially exceed those which can be expected from
programs solely dependent on data from the operational rawinsonde net,;ork.

This

distinction between operational and experimental programs must be kept clearly in
mind when considering the potential for vapor flux computations within the framework of the WWW.

- 13 4.

Atmospheric Vapor Flux Computations from Rawinsonde Data
The potential use of satellite data for the evaluation of the atmospheric

water balance will be discussed in a later section.

However, for both opera-

tional and nonoperational programs within the framework of the WWW, it appears
that rawinsonde measurements of wind and humidity will continue to serve as the
basic data source for computations over the land areas of the earth.

The charac-

teristics of these observations, and the limitations of the present operational
rawinsonde network are discussed in this section.
4.1

Vertical Resolution
Table 3 shows latitudinally averaged values of specific humidity, as

given by Oort and Rasmusson (1971).

Specific humidity decreases rapidly

with height, as can be seen from the table.

About 50 percent of the total

water content of the atmosphere lies below 850 mb, 75 perceht below 700 mb,
and more than 90 percent below 500 mb.

Although the characteristics of the

humidity profile do not necessarily correspond to the vapor flux, or flux
divergence profiles,

they give a general indication of the relative impor-

tance of various atmospheric layers in the balance computations.

It is

apparent that the lowest layers of the atmosphere require the greatest
attention in the computations.

Computations can often be terminated at

400 mb, but computations to higher levels are desirable at low latitudes,
over areas of high terrain such as western North America (Rasmusson, 1968),
and for case studies of precipitation events.

A minimum vertical resolution

of 50 mb is desirable in the lower levels (Palmcn, 1967), but above 700 mb
a resolution of 100 mb is often adequate.

Thus the mandatory rawinsondc

levels of the standard transmission, which include low level data at only
the 1000, 850, 700, 500, and 400 mb levels, do not provide adequate vertical
resolution for general vapor balance computations.

- 14 4.2

Limitations of the System
4.2.1

Observational Accuracy
A simulated set of data for an idealized situation will be pre-

sented in order to illustrate the nature of the flux divergence computations, and to illustrate the general limits of instrumental accuracy
which can be expected from the operational rawinsonde.
Consider the case of a uniform west-to-east flow.
no variation in the north-south direction.

i.e.

Consider two rawin-

sonde stations 200 km apart, (lIx), a distance which corresponds to the
minimum dimensions of the large operational basin class of Table 4.
u and q are the wind speed and specific humidity at the inflow boundary,
and u

+ lIu,

q

+

lIq are the comparable quantities at the outflow boundary.

The assumed vertical variation of these basic parameters is shown in
Table 5.

Moderate values of wind were chosen, and the average values

of Northern Hemisphere humidity given by Oort and Rasmusson (1971) were
used for the humidity profile.

Realistic horizontal gradients of wind

and humidity were assumed.
The expression for vapor flux divergence for this simple case
~can

be written
+

V'qV

= (u

+ lIu)(g + lIq) - gu

fix

=q

fiu

+ u~

!J.x·

fiq

fix

+

llullq

~

Values of the 3 terms of 4.1, are given in Table 5.

(4.1)
The contri-

bution of the second order term, (lIullq)/lIx is small, as expected, and
can be neglected.

The vertically integrated flux divergence, which is

obtained by applying the trapezoidal method using the 100 mb values, is
the sum of columns 7 and 8.

This value, .55 cm/day, is a reasonable

value for averages over a few days.

- 15 Now consider the probable error in the evaluation of the vapor
flux divergence from a single pair of rawinsonde flights.

To simplify

the example, the flow (u) and humidity (q) are now assumed to be constant over the area, and the wind and humidity measurements are assumed
to contain error
(a)

only at the downstream station.

i.e.

Perfect measured values at the upstream station
u, q

(b)

Measured values with error at the downstream station
u + u

The actual flux divergence is zero.

e

The computed divergence, which is

entirely error, is
qUe

.+

(ll"qV)

e

= -- +

Ax

To maintain simplicity in these computations, a constant bias in the
measured winds of .5 m sec- 1 is assumed at all levels.
at a particular level for United States

G~m

The wind error

equipment is typically

larger than this value (Meteorological Data Accuracies Committee, 1965),
particularly at high wind speeds, but some compensation of errors from
level to level would normally be expected.
The specific humidity error is assumed to be 5% of the true
value, and of constant sign.

These errors arise from errors in the

measurement of temperature, relative humidity, or both quanti ties.

An

error of 10% is often quoted as typical for individual relative humidity
measurements (Meteorological Data Accuracies Conuui ttee, 1965).
Values of the 3 error terms are given in Table 5.
order term can again be neglected.

The second

Interpreting the two remaining terms

- 16 as "standard errors", and assuming independence of errors due to errors
in q and u, gives a total standard error of /(0.57)'+(0.68)2 =' 0.88 cm/
day.

Even with much smaller assumed measurement errors, this example

illustrates the difficulties of obtaining reliable values of flux divergence on the 200 km scale from a single set,of observations.
It is well to ,note the interaction of q and u in producing errors
in the vapor flux computations.

The magnitude of the vapor flux error

due to an error in measuring the wind is essentially
qu.
,
e

Thus, for a

given wind error, the flux divergence error will be greatest where
values of q are highest (the lower troposphere, and at low latitudes).
On the other hand, the larger errors in radar wind measurements normally
occur with higher wind speeds i.e. in the upper troposphere in midlatitudes.
Similiarly, the magnitude of the vapor flux error due to an error
in measuring the specific humidity is essentially uq.
e

Thus a given

error in specific humidity will be amplified in regions of strong wind.
However the absolute error in specific humidity will tend to be larger
in the lower troposphere and at low latitudes,

where humidity values

are highest, and winds are relatively light.
Let us now examine the problem of measurement· error from a somewhat more practical viewpoint.
(1)

Assume a. square drainage basin with sides of length L.
perimeter

0

f the basin is then 4L., and the' area. L2.

The

The

perimeter to area ratio is 4fL.
(2)

Assume N rawinsonde stations uniformly spaced along the
perimeter of the basin.

(3)

Let E be the s,tandard error in the measurement of the vertic,ally integrated vapor flux component normal to the

- 17 perimeter.

Assume that errors are uncorrelated, both for

individual ascents at a particular station, and between
stations.
We wish to obtain an estimate of the standard error of the mean
vapor flux divergence averaged over the basin during a period when M
observations are taken at each rawinsonde station i. e. during a period
when N x M observations are taken along the perimeter of ·the basin.
It

follo~s

from these assumptions that:

the standard error in the evaluation of.
the mean normal component of the vapor
flux, using data from N stations and M
-observation times

, and

-E

=

,I (NxM)

the standard error in the evaluation
of the time averaged mean flux diver-

ESD

gence over the area

=

E
,I (NxM)

4
L

E has been computed for 4 idealized basins as functions of
SD
the total number of observations on the perimeter (N x M) and the
standard error in the normal flux component for a single ascent (E).
Sample computations include a medium to large operational basin
(L 2

=4

X

10' km ), a large operational basin eL 2

regional balances (L 2

= 10 6

= 2.5

x 10 5 km 2 ) and

km 2 and 9 x 10 6 km 2 ).

In research projects such as BOMEX and GATE, statistical signi-

ficance can be improved by increasing the frequency of observations
(e.g. 15 flights/day in
averaging period.

BO~lliX)

as well as increasing the length of the

In computations from the operational rawinsondo

network, however, the standard error can be reduced only by increasing

- 18 -

the length of the averaging period, since the frequency of observations,
as well as the number of stations, is fixed.
For many purposes, however, the advantage gained by averaging
over periods longer than a few days is more apparent than real, because
the acceptable error, in terms of the time averaged values of flux
divergence, also decreases as the averaging period increases.
As an 1llustration;-consider conditions "over the United States
and southern Canada.

Values of

«E~P »obtainedfrom·the

atmospheric

water balance equation are less than 50' cm/year" over mos"t of the area
(Rasmusson, 1968).
35 cm/year.

A typical" basin "inight be" bnefor which

(Ee p

>
=

Acceptance of"astanclard'error of 10% in the· evaluAtion of

the mean annual fLux divergence allows an error of 3.-5- cm.

This, in turn,

would give rise to a standard error of 1.0 cm for computed monthly
averages and .5 cm for weekly averages, assuming twice daily observations.

But these monthly and weekly standard errors are also reasonable

accuracy requirements fOT useful computations for the shorter time
periods.

Thus, as the length of the period increases, the increased

accuracy of the average val~es of flux divergence is offset by the
more stringent accuracy requirements for the total i.e. time integrated
values of flux divergence.
An important exception to tl\is rule occurs when annual or
shorter period climatological values are computed from a mUlti-year
data base.

For instance, Rasmusson (1971) used 5 years of data to

obtain mean monthly values

o~-~

In this case M was near 300, rather

than 60 as would be the case for a single month of data, and the standard error would be reduced to 1/ /5 of its single month's value.

- 19 Returning to Table 6, the range of the standard error, E, for
which values are given is believed to be typical of what can be attained
from the operational rawinsonde systems currently in use.

It is un-

likely that the standard error will be much less than 50-100 gm/cm sec
under most conditions.

A possible exception might be regions of low

humidity, such as the arctic in winter.

Furthermore, problems of time

and space resolution, to be discussed in the next section, may well
become the dominant consideration as instrumental errors are reduced
to this level.

On the high end of the range, the value of 400 gm/cm sec

is around 8% of the largest flux values observed in the tropics (Rasmusson,
1967).

Note that in the earlier one-dimensional example, the assumed

errors in u and q resulted in a vapor flux error of 207 gm/cm sec,
near the middle of the range of values used for Table 6.
°fhe"practical difficulties of obtaining reliable estimates of
mean flux divergence over areas smaller than those of regional scale
is well illustrated by Table 6.

Even for the most optimistic error

estimates, around 1000 observations would be required to reduce the
standard error for medium to large scale basins (L = 200 km) to .3 cm/
dayo

Assuming 4 rawinsonde stations on the perimeter (N = 4) and 2

observations/day, 4 months of data would be required to attain this
accuracy.

However, the standard error for the 4 month total flux divergence

would be 35 cm, and the computations would be of questionable practical value.
The situation improves for the large operational basin class
(L = 500 km).

Assuming the same grid spacing of 200 km for the rm.in-

sonde stations (N = 8), and a standard flux error of 100 gm/cm sec gives
a standard error in daily average values of .7 cm.

Even such errors

are probably too high for most practical applications.

- 20 Regional scale computations are considerably more promising.
Using the rawinsonde network over the United States as an example,
6-8 stations are often available for computations over areas of 10 6 km 2
(unfortunately, the stations are often far from ideally located with
respect to the drainage divides).

Assuming 8 perimeter stations

(N = 8), and E = 100 gm/cm sec, gives a standard error of 1.9 cm/month.
For climatological estimates, using 5 years of data, the error will be
reduced to 1. 9/1"5 = 0.8 cm/mo.
For larger regional computations, where the area is of the order
10 7 km 2 (L of the order 3000 km), the potential accuracY,is quite impressive.

This scale corresponds to the area of the United States and

southern Canada (.87 xl0 7 km~) which Rasmusson (1968) studied.
this particular region N can 'be considered to be around 32.

For

With E =

100 gm/cm sec, the standard error from Table 6 is around .06 cm for
daily averages, and .3 cm for monthly averages.

Extending these esti-

mates to two year averages (the period which Rasmusson studied) yields
a standard error of 1.6 cm.

It is interesting to note that this is

very close to the change in surface and subsurface storage which
Rasmusson computed for the two year period (1.5 cm) using the atmospheric and terrestrial budget equations.

Thus the computed storage

change may not be significantly different from the error to be expected
in the evaluation of the term
zero.

i~e.

not significantly different from

However, the previous analysis also indicates that the seasonal

changes in storage, which shoH a range of more than 8 cm, and the individual monthly changes are probably well defined.

The good agreement

bet\<een the seasonal'march of storage computed for the two, indi vidual
years lends support to this conclusion. 'Other results of Rasmusson,

- 21 (1968, 1971) further support the general adequacy of the previous
error estimates.

In his studies over the United States and southern

Canada, he obtained generally reliable monthly values of flux divergence for areas larger than 2 x 10 6 km 2 •

Results for areas smaller

than 10 6 km 2 were mixed.
4.2.2

Time and Space Scale Considerations
The problems which Rasmusson encountered in evaluating the

vapor flux divergence for areas less than 10 6 km 2 undoubtedly resulted
from a lack of adequate spatial and temporal resolution, as well as
rawinsonde instrumental error.

For even with perfect observations at

discrete points in time and space, errors in the vapor flux computations may be unacceptable because of inadequate resolution of subsynoptic scale variations by the essentially synoptic scale rawinsonde
network.

In other words, the natural variability of the vapor flux

field as well as instrumental errors places practical limitations on
the accuracy of atmospheric water balance computations.

Thus, prac-

tical vapor flux computations from a particular sampling grid must
be tailored to the time and space scales that are compatible with the
density and frequency, as well as the quality of observations.
Even in areas of good coverage, the operational rawinsonde network is primarily designed to resolve synoptic scale variations i.e.
wavelengths on the order of 1000 km and perturbation lifetimes of a
few days.

Smaller scale features will not be properly resolved

the observational grid.

by

This lack of adequate spatial and temporal

resolution of the sub-synoptic scales by the rawinsonde network represents a fundamental obstacle to the appl ication of vapor flux comput,,tions on the scales of greatest interest to operational hyurologists.

- 22 Generally speaking, the greatest problems of resolution occur
in regions of inhomogeneous terrain which are subject to strong·diurnal
variations in heating i.e. in mountainous and coastal regions during
the warmer months of the year.

For example, Ferguson and Schaefer

(1971) have discussed problems arising in the computation of flux divergence over Lake Ontario during periods when a land-lake breeze exists,
and Flohn (1970) has discussed the effect of sub-synoptic diurnal circulation features on the hydrologic regime of mountainous regions of
the tropics.

Rasmusson (1971) has pointed out the existence of sea-

sonal changes in spatial coherence of the vapor flux field at two
Caribbean Islands (Swan and Grand Cayman).

Correlation coefficients

between the monthly averaged vertically integrated vapor flux values
at these two stations, which are approximately 350 km apart, were .95
during the winter months (October-March) and .67 during the summer
months (April-September).

Thus, during the summer months, less than

50% of the variance of the monthly average vapor flux values was explained by data 350 km away.
The effects of these sub-synoptic variations are twofold (1) They
introduce features of small spatial scale in the long term average flux
divergence field, which may not be adequately resolved by the station
network, and (2) They introduce significant diurnal variations in the
flux divergence field, which may not be adequately resolved by 2 or
even 4 observations per day.

As an example of small scale spatial

variations, consider conditions over the United States (Rasmusson, 1971).
Spatial variations of

(E-P) , as

deduced from runoff maps, are mostly

of large scale over the central plains region of the continent, but
over the mountainous regions (Rockies and Appalachians) small-scale,.
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large-amplitude variations dominate.

Variations in

~E-P;> of 25 em/yr

or more over distances of 100 km or less arc not uncommon, and a substantial fraction of the spatial variance in the annual average of the

<>
E-P

field is associated with features whose dimensions range be-

tween 200 and 600 km.

Since the typical spacing of aerological stations

in these regions is generally no closer than 250 to 350 km, it is not
possible to properly resolve these small-scale variations with the
existing rawinsonde network.
The work of Bleeker (1960) suggests similar problems in the
coastal areas of the Mediterranean Sea.

Land-sea contrast and orogra-

phic factors appear to produce a complex and seasonally varying mean
surface divergence field.

These low level effects are important in

flux divergence computations, even though the pattern undoubtedly
simplifies at higher levels.
Diurnal variations of both large and small spatial scales occur
in the vapor flux field.

Rasmusson (1967, 1968) has demonstrated the

existence of significant diurnal variations of large spatial scale over
the United States during the summer months.

Twice daily observations

from the existing rawinsonde network apparently resolve the larger
scale features to a reasonable degree, although more frequent observations would be desirable.
Diurnal circulations on a smaller scale, such as the land-sea
breezes and mountain-valley circulations are well known and have been
extensively investigated.

These features are not adequately resolved

by the operational rawinsonde network in either time or space.

The

effect of such circulation features on data from a single station can
lead to significant errors in large_scale budget comput"tions.

Thus

- 24 care should be exercised when using rawinsonde data from stations
known to be influenced by significant local circulations.
The effects of non-uniform terrain are most pronounced In the
lowest 1-2 kilometers of the atmosphere i.e. in the planetary boundary
layer.

Thus it is in the lowest layer of the atmosphere that the rawin-

sonde data can be supplemented to greatest advanta.ge.

Data from the

relatively dense network of operational surface meteorological stations
has the potential for providing added space/time resolution in the near
surface layer.

Pibal wind observations may als·o be of value, but the

relatively poor accuracy of these observations; and the sampling bias
of this system i.e. no observations above significant cloud decks,
suggests that these observations must be· used with great care.
4.3

Validation of Results
Independent checks on the validity of the flux divergence computations

should be made whenever possible.

Two methods for checking the results

suggest themselves.
The first involves a check against measured annual streamflow from the
basin.

Assuming no significant underground flow across the drainage divide,

the water balance equation for the basin can be written

(E-P)
where(AS~s

the average rate of change in the surface and· subsurface storage

over the period of a year, and(RO~s the average runoff from the basin. ~~S~
is often small for annual averages i . and can be assumed Zero for long term
climatological co·mputations.

Thus, the annual :lverage value or

< >'
E-P

ob-

tained from the vapor flux· divergence, should be in close agreement wi th the
annual averaged value of streamfl0\1.

- 25 A second consistency check can be made by examining the results of
atmospheric mass budget computations.

It is particularly important to

examine the mean divergence and vertical motion computed for the planetary
boundary layer, since this layer normally makes an important contribution
to the vapor flux divergence.

The results of the computations should be

consistent with the observed climatology of the region e.g. mean convergence and upward motion would be expected in regions of heavy precipitation;
mean divergence and downward motion in dry regions such as the subtropical
highs.
Other conservation relationships, such as the atmospheric heat budget,
also serve as consistency checks for the vapor flux computations.

However,

evaluatirnl of these relationships would considerably expand the scope of
the analysis and computational effort, and would be a less likely part of
hydrological studies.
4.4

Summary
Conclusions on the use of vapor flux computations using data obtained

from an operational rawinsonde network with station spacing at 250-500 km
are summarized in Table 7.
With the operational rawinsonde network and observational schedUles
now in existence, it is felt that the potential for application of vapor
flux computations to basins of less than 500 km scale is limited, and the
results will usually be open to question.
km may be possible in selected areas.
gional scale i.e. larger than 1000 km.
taken to use representative data.

Application to basins of 500-1000

The major application is on the reEven on this scale care must be

In particular, data shOUld be limited to

that from a single type of rawinsonde system whenever possible.

If data

from more than one system must be used, the measurements of the individual
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systems must be carefully intercompared, and methods for adjusting the
observations to a common base developed.

Care must be taken to use only

representative stations i.e. stations whose data is not strongly influenced
by local circulation features.

Consideration should also be given to the

use of data from the 'relative dense surface network for the low level flux
computations.
5.

Application of Satellite Products
Two types of meteorological satellites currently provide operational products

and research data for a wide variety of users.

Geostationary satellites are

positioned over the equator at a fixed point above the earths surface.

Polar

orbiting satellites are in sun-synchronous orbits, with periods of slightly less
than 2 hours.

Meteorological satellites currently provide remote sensing of the

atmosphere in 'the visible, infrared, and microwave portions of the electromagnetic spectrum.

The discussion of methods' for obtaining estimates of wind and

humidity from these data primarily represents the "state of the art" of current
United States satellite systems.
5.1

Wind Estimation
Two methods are currently in use in the United States for estimating

winds from satellite data.

In the first method the mass distribution of

the atmosphere is computed, using temperature profiles obtained from satellite infrared measurements.

The geostrophic wind at a given level is then

obtained by adding the thermal wind obtained from the computed mass field
to the surface geostrophic wind, obtained from the surface pressure field.
Winds estimated by the geostrophic approximation are, however, of
questionable value in computing the atmospheric vapor flux divergence.

To

illustrate, consider the dive'rgence term of equation (2.2), which can formally
be split into two terms
->-

->-

->-

V'qV + V'Vq + qV'V

(5.1)

- 27 When viewed in this manner, the horizontal vapor flux divergence is the
sum of two terms:

+

(a) VoVq, the humidity gradient mUltiplied by the wind
+

component parallel to the gradient, and (b) qVoV, the specific humidity
mUltiplied by the horizontal velocity divergence.

If the wind is assumed

geostrophic, then
g

af

= -

where f = 2Q Sinq"
of the ea,rth.

dZ

3f '

and vg

=

g

dZ

afcosq, 3)\

the Coriolis parameter, and Q is the angular velocity

With this assumption,
->-

VoV

g

1

= 0

Therefore
-+

->-

qVoV = qVoV

= 0

g

and equation (5.1) reduces to
-+

+

VoqV = V oVq
g
The geostrophic assumption is unsound because it is not possible to
neglect the contribution of the velocity divergence term.

To illustrate,

we follow Pa1men (1967) in breaking the time averaged value of this term
into two parts,
+

qVoV

-

.,..

= qVoV

-+

+

q'VoV'

TIle first term on the right represents the vapor flux divergence due to the
time-averaged velocity divergence during the period.

This term makes a

major contribution to the vapor flux divergence in regions dominated by
1.

If a local Cartesian coordinate system is used instead of spherical coordinates
u =-.[~
v =.[~ andVo-y = v df
g
f dY' g
f dX '
g
f dy
In this case a fictious divergence, unrelated to the true divergence is computed. Non-divergent flow results only if f is assumed constant over the
analysis domain.

- 28 relatively steady circulations, such as the subtropical highs and tradewind regions (Holland and Rasmusson, 1973).

On the other hand, in regions

of unsteady flow, where cyclonic disturbances dominate, the second term
becomes important, due to the correlation between divergence and moisture
content (low-level convergence, upward motion and high moi.sture content;
low-level divergence, subsidence, and relatively dry air).
Pictures from geostationary satellites have provided meteorologists
with a second method for estimating winds from satellite data.

Several

pictures taken during the lifetimes of trackable cloud patches are used to
obtain cloud motion vectors (Hubert and :Wh4tney, 1971).

To the extent

that these clouds are advected by the wind, the method provides .an

es~imate

of the wind velocity at cloud level.
Since the geostationary satellites are positioned over the equator,
computations of this type are generally limited to a 30-35 degree latitude
band on either side of the equator.

l

Within this latitude band, computa-

tions have generally been limited to two levels:

(a) a low level at which

. the cumulus patches can be used as tracers and (b) a high level, at which
cirrus, particularly the cirrus outflow from large convective systems, can
be used as the cloud tracer.
Two methods are in current operational use in the United States for
obtaining these vectors (1) a manual method, described by Young et al.,

(1972), and (2) a computer technique using cross correlation of small arrays
of brightness values from pairs of satellite pictures (Leese et al., 1971).
The accuracy of these wind estimates is difficul t to assess due to the
lack of adequate "ground truth" with which they can be compared, but a recent
study by Hubert and Whitney (1974) indicates that low level cloud vectors and
rawinsonde winds are of comparable quality in defining the 1m, level synopt ie
1.

Whitney, L.F., personal communication

- 19 scale features.

Nevertheless, this method has.a number of features which

limits its value in providing wind data for vapor flux computations.

These

factors are enumerated below.
(1)

Vertical resolution
As discussed in section 4, a minimum vertical resolution of 50-100

mb is required for vapor flux computations.

The cloud motion vectors

provide data primarily at a single low level, since the cirrus level
winds are too high to be of much value in vapor flux computations.

In

the past, when only picture data were available, it was difficult to
determine even the height of the clouds i.e. the level to which to
attribute the motion vector.

This situation has improved considerably

with the inclusion of infrared sensors on the SMS satellite, which can
be used to determine cloud top temperature, and thUS, indirectly, cloud
height.

Using these data, it may also be possible to derive some addi-

tional cloud motion vectors at different levels near· disturbances.
(2)

Biased statistics
Computations are obviously made over areas where tracer clouds

can be observed.

For instance, good low level cloud tracers frequently

cannot be discerned within disturbances, where middle and upper clouds
obscure the lower layers (Hubert and Whitney, 1974).

As a result, low

level cloud vectors are derived only in undisturbed areas, and on the
periphery of disturbances.

Such observations, interpolated across the

active portion of disturbances, severely underestimate the intens ity.
of the ·system, and lead to lar.geelTors in the computed divergence
field (Hubert <Ind Whitney. 1974·).

Thus, increasing the density of

clolld vectorc£lllllHltations docs not neccssarily increase the metcoro~ng1ca'l iHf'O~111a1:iun

.i1,oilis·Ull"bC...j

"' 1'e,,",

.

30("3) Random samplin,g
CoupTedwi:t'h tne biased sampling discussed under ("2) is the ,general
problem which random sampling introduces in the computation of statistics
for a fixed drainage basin.

Random observations are difficult to summa-

rize without accwnulating grid point statistics from a map- analysis for
each observational time.

OUTconc1,usion is 1:ha1: this method of wind,estimation,in its- current
state of developmen1:, is of minor value for vapor -flux computations. ' Even
when used as suppl,ementary data at a single low I'evel, the additional wind
estimates may do more harm than .good if they result in a biased sampling of
synoptic conditions.

This statement in no way reflects on the value of these

wind estimates for defining the low level synoptic patterns for purposes of
"opera~iDnal

.5.:2

'meteorolo,gical analy-ses over data.sparse areas .

Humidity Data
'Es'timatesof SFecifi'c humidity can be obtained from inTraTed data, and

estimates of 'both liquid water and water vapor can be obtained from microwave data currently being collected ·from U. S. polar orbiting satellites.
These measurements are made by vertical 'sounders, which are basic.ally instrument packages designed to measure radiances in a number of spectral regions
corresponding to various layers of the atmosphere.

The measurements can be

used to derive atmospheric temperature and moisture profiles of the radiating
columns.

Instrument packaies currently in orbit scan only a finite distance

across the orbital track.
sive orbital passes.

resul~ing

in gaps at low latitudes between succes-

The satellite radiance measurement is closely related to

the total integrated water vapor content of a volume o£ atmosphere several kilometeys in both the horrzont.al and t.he vertical di_nsion (SheD. Smith, -and
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On the other hand ,the radiosonde measures the water vapor

content of small parcels of the atmosphere.

Although the radiosonde is

capable of observing much higher vertical resolution than the remote satellite sounder (meters compared to kilometers), the satellite sounding system
has the potential for achieving much higher spatial resolution and more
meaningful horizontal gradients than that achievable with the current operational rawinsonde network.

The fact that the same instrument observes at

all geographical locations contributes to the relative accuracy of the
satellite sounding system.
The observational systems and computational techniques currently in
use appear to be sufficient for computing only the

vertic~lly

water vapor content to a reasonable degree of accuracy.

integrated

Even then, problems

arise in the use of infrared data for this purpose in the presence of clouds.
On the other hand, microwaves are unique in their ability to yield measurements of tropospheric water vapor in the presence of clouds.

Staelin (1969)

has reviewed the potential application of passive microwave remote sensing
to meteorology, oceanography, hydrology, and geology.

Calculations indi-

cate that the integrated water vapor content can be determined from these
measurements to the accuracy of 0.1 g/cm 2 •

Unfortunately, because of the

low and variable reflectivity of the surface, microwaves
obtain estimates of the water vapor content over land.

c~nnot

be used to

(Rosenkranz et al.,

1972; Staelin et al., 1973).
In a recent study, Shen, Smith, and Woolf (1975) have made a comparison
of humidity values obtained from Nimbus-5 radiance measurements with those
observed by radiosondes during the Air Mass Transformation Experiment (MHEXl.
This experi.ment was conducted over the East China Sea near Okinawa. Japan
from February 14 to 28, 1974.

Average val nes of vertically integrated water

vapor c.ontent obtained from microwave, infrared and rawinsondc -data were 2.6,
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2.0, and 2.3 g/cm' respectively.

The agreement between the values obtained

from microwave and rawinsonde measurements is relatively good.

The authors

attribute the lower values obtained from the infrared data to the presence
of clouds.
6.

Conclusions
Within the framework of current

\~~V

observational programs, the rawinsonde

remains the primary observational tool for obtaining the humidity and wind data
required for the computation of the vapor flux divergence required for evaluation of «E-P;> from the atmospheric water balance equation.

In the current

"state of the art", meteorological satellite products appear- to be of value for
obtaining estimates of total water vapor content over regions of poorrawinsonde
coverage, but appear to be of marginal value for vapor flux computations.

Their

major shortcomings at this time are inadequate derived wind data, and inadequate
vertical resolution of the humidity profile.

Progress continues in this field,

and .continuing research in the application of these data to atmospheric water
. balance computations should be monitored and encouraged.
The operational rawinsonde network is primarily designed to resolve synoptic.
scale (- 1000 km) meteorological features.

Consequently these data are of pri-

mary value for regional water balance computations over areas of 10 6 km 2 and
larger.

This figure should, of course, be used as a general planning guide,

rather than interpreted as a sharp bound, since the quality of resul ts depends
on many factors, including
(1)

number, spacing, and proximity of stations with respect to the perimeter of the bas in

(2)

complexity of the basin shape

(3)

roughness of terrain

(4)

uniformity of underlying surfae"
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(5)

quality and uniformity of observational systems

(6)

observational schedules and frequency of. missed observations

The degree to which the operational rawinsonde network can be used for water'
balance studies on the sub-synoptic (large operational basin) scale remains
somewhat controversial.

Useful results are probably attainable on this scale

when the conditions listed above are favorable.

However, a review of past in-

vestigations, and the error analysis included in this report suggest that
proposal for atmospheric water balance computations over areas of order 10 5 km 2
or smaller, from twice daily observations of the current operational rawinsonde
network, should be viewed with a healthy degree of skepticism.

In summary, i t

appears.that a general program of atmospheric water balance computations on
smaller than regional scale

would be of marginal value at this time.

Even for regional water balance computations, the spatial resolution of the'
operational ral<insonde network is often marginal in the lowest 1-2 kilometers
·of the atmosphere.

Thus augmentation of the rawinsonde:datawith wind and

humidity data from the network of surface meteorological stations is likely to
be of value.

The use of winds obtained from pilot balloon observations for this

purpose is more questionable, but may be worth considering.
Although a general program of vapor flux computations on the scales of primary interest to operational hydrOlogists does not appear warranted at this time,
it is important to note that larger scale water balance computations can often
be of indirect value to operational hydrology.

This is due to the fact that

the larger scale studies are capable of supplying data necessary for the development and testing of empirical relationships which, once properly calibrated from
these data, can be applied to smaller basins.

Rasmusson's (1968, 1971a) examina-

tion of monthly mean values of E-P computed by the Thornthwaite technique in the
light of results obtained from atmospheric budget computations 5erves as aneXample of this approach.

Comparison of values of E-P averaged over the United States
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and Southern Canada, and over major subdivisions of this area strongly suggest
a seasonally dependent bias in evaporation estimates obtained from the Thornthwaite
technique.
The most general application of vapor flux data is in the .routine computation of regional water balances, and the subsequent development of monthly,
seasonal and long term regional water balance cl imatologies.

In their most com-

plete form these computations consist of the simultaneous evaluation of the individual terms of the terrestrial and atmospheric water balance equations in
order to obtain estimates of area averaged evaporation and total surface and
subsurface storage change (see page 10).

The accumulation of these basic data

and derived data products results in a data base of considerable value.

A multi-

year data base of this type can be used for such diverse projects as (1) Examination of the variability in the hydrometeorological parameters and its relation·ship to such problems as drought, precipitation augmentation, and other water
supply problems, (2) deve lqpment. of hydrologic and heat balance models, including.
the development, testing, and calibration of empirical methods for estimating
areally averaged evapotranspiration, and (3) baseline data for environmental
impact ffild climatic change studies.
The use of atmospheric flux data for projects with more limited objectives
may often be desirable.
(1)

Examples of such studies are:

Evaluation of the magnitude of the suspected negative bias in the values
of "measured".precipitarion.

Cases would be selected for IVhichthe

error in estimation of the areally averaged evaporation would be a
small percentage of the total precipitation.

Exampl es !wuld be compo-

site balances computed from data covering a number of short periods
spanning major rainstorms,. or periods of heavy snowfall.
(2)

Estimates of regional snolVpack.

Computations of this type may be of

value for major mountain areas .or remote regions for which there is

- 35 an adequate distribution of rawinsonde stations on the perimeter.

Reasonably accurate independent estimates of evapotranspiration, during
the winter season are required for these computations.
(3)

Evaluation of the atmospheric water balance over'oceanic regions or
large inland water bodies which exert a direct effect on the hydrology
of the adjacent region e.g. Sea of Japan, Great Lakes.

7.

Vapor Flux Computations Within the Framework'of

m~v

The feasibility and priorities of hydrologic studies based on vapor flux
data are largely determined by the climatic and hydrologic regimes of the particular region under consideration, together with the quality of the observational network existing over the region.

It is therefore recommended that the

basic decisions required to establish and maintain a program of this type reside
with the individual regional associations, and that the associated operational
activities be undertaken by the regional meteorological centers.
The establishment and maintenance of a program of this type can be viewed
as consisting of three areas of activity:
(1)

Identification of objectives, followed by definition of requirements.

(2)

Collection, validation, and archiving of the basic data required to
meet the objectives.

(3)

Generation of operational data products.

7.1

Identification of objectives
This activity appears to be a proper function of the individual regional

associations.

In evaluating the potential for studics of this type, oppor-

tunities presented by the special observational programs of GARP, such as
FGGE (First GARP Global Experiment) and POLEX (Polar Experiment), should be
carefully considered.

Consideration should also be given to the des irab i l i ty

of establishing special short term observational programs to provide needed
auxiliary or support data.

Included in this category is the gathering of

- 36the system interc0.mparison data so vital to the s.l'lccess of a program of
this type ..
The initial planning· should also include specifications and provisions
for the collection, validation and archiving of the data required for the
success of the pregram; together wi·th specification of the operational
data products required to support the program.
7.2

Data collection, validation. and archiving
This activity includes the following tasks:
fl)Systematic co11ectioo of the required operational data, and provision for acquiringlafe or untransmitted data.

Data types

. recomme.ndedfor cel1e.ction are::
("a)

rawinsondedata-

Mind, temperature and humidity , surface
to at Jeast 4QQ mb:; 5·0 mb vertical re··
'solution higblydesirable, but decreased
reselution accept'ableahove 700 mb ..

eb)

surface synoptic
meteorologi.cal data - at 1 east 6 hourly resolution.

Wind,

temperature ,humidity, surface pressnre,
cloud cov.er., weather, and -precipitation
.amOUITt.
(C)

Hydrologic Data -

precipitation amounts from hydrometeorological stations, streamflow data,
special evaporation and soil moisture
,dat:a..

:(d)

Satellite .Data. -

derived humidity and wind

~ata

as re-

quired and available.
(2)

Verification and normalization of the basic data types.
These activities constitute the data validation task.:

They repre-

sent quality control and data adjustment operations over and above
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They are

primarily applicable to the rawinsonde and surface data sets:
Past experience has pointed out the value of quality control over
and above that exercised on the operational data when the data
are to be used for computing sensitive quantities such as vapor
flux divergence.

For many projects, a well conceived and imple-

mented program of data validation may spell the-difference_ between
success and failure.
This task includes the following subtasks:
(a)

Maintenance of a historical documentat.ion file which includes,
for each observing station:
(1)

A station description, including a description of the type
of instrumentation used and the period during which it
was operational.

The description should include the

data characteristics and data collection rate, and the
associated methods of processing.
(2)

Results from intercomparison programs.

(3)

Description of normalization adjustments applied to data
from each sensor or system type.

The maintenance of a file of this type and the proper normalization of current data requires a continuous monitoring of
the observational network for changes in instrumentation,
changes in procedures, or changes in exposure or station
location.

The file should serve as a part of the basic data

documentation, and be available to the individual investigator.
(b)

Gross quality control analysis of the basic data in order to
identify and flag or correct obvious errors.
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Application of normalization adjustments when the data set
consists of data derived from more than one type of sensor
or observational system.

(3)

Data archiving
The basic data archive should include the normalization adjustments.

These should be included in a manner which giVes the user the option of
applying them, or modifying them in the light of later studies and information.
7.3

Derived data products
Th~ 0peration~11y produced

derived data products should be tailored

to the particular needs of the project.
products which
(1)

a~pear,to,be

There are, however, a number of
-"

~.

~.

basic to this type ,of, study.

Routine.dailyproducts oyer regions selected f','r study:
(a) . Vapor flux component profiles qu(p), qv(p).

(d)

Area averaged vertically integrated vapor flux divergence

(17 Q) .
0

(e)

Area averaged precipitation

~P;>

over time periods spanning

regular rawinsonde observations.
(2)

Routine weekly/or monthly statistics for regions selected for
study:
(a)

Average or time integrated values of the parameters listed
in (a)-(e) above, together IVith selected statistical measures
of variability e.g. variance, histograms.

(b)

Change in area averaged water vapor content from beginning
to end

0

f averaging period i. e.

(w 2) -

(J~ 1)

- 39 -

(c)

Time and area averaged evaporation minus precipitation,

~E-P
(d)

;> , obtained from the water balance equation.

Mean values of areally averaged streamflow runoff (RO) and
precipitation

<,r,> .
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TABLE 1
A summary of studies using the atmospheric water balance to obtain evaporation estimates over areas less
6
2
tha.n 10 km (from FerE"U60n and Scl-'aefer. 1971)

Author or project

2
Area (km )

Hutchings (1957)

9 x 10

Nyberg (1965)

7 x 10

Palmen and Soderman
(1966)

Soderman and Wasentera

3.4 x 10

2.47 x 10

4

4

5

5

Location

Stations

Sfc
to

Data
Pressure
interval

Time interval

Remarks

Great Britain

4

500mb

lip = 50mb

12 hr

Reasonable E for one to three
months.

Southern Sweden

6

500mb

Standard
level

12 hr

Annual E and march of Monthly E
reasonable in comparison with
hydrologic data. Geostrophic
method acceptable most months.

Baltic

6

400mb

Standard
level

12 hr

Realistic monthly values of E.
Use of geostTophic winds overestimated E.

Finland

5

400mb

Standard
level

12 hr

Monthly values of E fair to good.
Geostrophic approximation not as
good as actual.

Northeastenl U.S.

3

350mb

50mb

Great Lakes
Great Lakes Bas in
Ohio Basin

UtA
Network

400mb

50mb

(1966)

Ferguson and O'Neill

3 x 10

4

(1968)

Rasmusson (1971)

5
2 x lOS
7.3 x 10
5
5.3 x 10

Monthly mean
winds and
humidities
based on 12hourly data

12 hr

Monthly estimates of E generally
poor. Monthly mean geostrophic
winds grossly underestimated E.

Monthly ·,values of E fair to good.

TABLE 2

A summary of the atmospheric water-balance progrHms of recent large-scale field experiments

(from

Rasmusson et al~, 1974)
Arrav
Experiment

Location

Area
(km2 )

ATEX (1969)

Eastern Atlantic
Trades

2.8x10

BO~IEX

Western Atlantic
Trades

2.5x10

(1969)

No. Stations
5

5

BudQ:et Comuutations
sfc to
Vertical
(Mb)
Resolution

obs. frequency

3

8/day

700

4

IS/day

500

Variable

10 mb

References
Augstein et .,1. (1973)

Holland & Rasmusson (1973)
Nitta & Esbensen (1974)

.

IFYGL (1972)

Lake Ontario

1.4xl0

4

6

S/day

~

400,

oeca-

10 mb

Rasmusson & HcCulloch (1974

sionally
100

Eastern Atlantic
Tropical Ocean

1.1xl0

GATE - B array Eastern Atl antic
Hexagon (1974) Tropical Ocean

6.Sx10

GATE - Basic 8
array element
(1974)

4

4

3

·S/day

Tropopause

25-50 mb

Houghton (1974)

7

S/day

Tropopause

25-50 mb

Houghton (1974)
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Latitudin~lly

specific

3

averaged valuee

hu~idity

of

(from nort ar,Q

rasmusson, 1971)
0

lOoN

Pressure

0

30 N

60 N
JUL

(mb)

JAN

JUL

JA.'

JUL

JAN

1000

15.5

17.4

7.6

14.4

1.8

7.1

850

9.0

H.O

4.1

8.8

1.3

5.3

700

4.2

6.1

2.2

5.3

0.8

3.1

500

1.4

2.4

0.8

2.0

0.3

•

1.0

400

0.6

1.0

0.4

0.9

0.2

•

0.4

300

0.2

0.3

0.1

0.3

0.1

•

0.2 •

... Data believed to be biased toward high values.

SpH:tial~cales

of Tnet-80I'ol-o-g-ical ph-eno-

mena compared to

or basin

SCALE
SIZE

SiZ.8

.

l'ydrologi~~l p~e~omen~

(from Ferguson, 1973)

~lETEOROLOGICAL

""

CLASSIFICATIO~

1-1 km_ _

Small Scale

u,,,,, cU,""U.
CLASSIFICATIO»lS

--------

___ ~!0Je~ ___
Small to

Suh-Synoptic
Scale
1

Meso-Scale
100-1000 km

-1000

km_

- 1000 km

~lediurn-Sized

Operational Basins
10_200 km

----------Large Operational
Basins
>200 klll

-------- ----------------Synoptic or
Large Scale
1000-5000 km

Cyclonic Scale
1000-2500 km

--------jiOOO km_

DR
DASHI SIZE

Research or
Micro-Scale
...., __~l_k~ ___ Experiment.al Basins

< 100 km

!.-lOO km_

HYDROLOGICAL
PHENO~IENA

PHENmlENA

------Planetary
Scale
>5000 km

Macro-Scale

>2500 km

Regional ",d
Planetary \'later
Balances
>1000 km

I

T.!J. ~l.:-:
3~,mnl~.tp~

Pressure

u

fl'.l:x..,..f!i~'''?':rgt:>~''''~

~

n,:':l.~\~,.;.IB.t';::'t:8

~r~':;

~~""':"-'"!"'

2

3

4

5

6

7

8

9

q

Ou

oq

6U/6X

oq/o,

~

~

lH.l6q

Ox

(mb)

m/sec

c",

I gm/kg I m/secl

gm/kg

110-~-sec-l

. -9-1
10 'm

10- 9sec- 1

t;X

6x

10

_9

sec

-1

10

-9~- -1
sec'

,~,,~.j ~;~,~~;-~,~

(~lPr.>

10

11

u

q.

e

Im sec -1

I gm/kg

'"f:~~;!'"~

12

1$

14

ueq

uqe

ueqe

Ox
10 '9'sec -1

t;X

t;X

10- 9 sec- 1

10- 9 sec- 1

1000

8

10.5

0.6

0.20

S.O

;,0

8.0

3;,5

0.5

0.5

0.58

26.3

23.2

;'5

900

10

7.7

0.4

0.16

2.0

0.8

8.0

15.4

0.3

0.5

0.39

19.3

19.5

;'0

800

12

5.4

0.2

0.12

;'0

0.6

7.2

5.4

0.1

0.5

0.27

13.8

16.2

0.7

700

14

3.5

0.0

0.08

0.0

0.4

5.6

0.0

0.0

0.5

0.18

8.3

12.6

0.5

600

16

2.2

-0.2

0.06

.1.0

0.3

4.8

.2.2

D.O

0.5

0.11

5.5

8.8

0.3

500

18

1.2

-0.4

0.04

·;2,0

0.2

3.6

-2.4

b.o

0.5

0.06

3.0

5.4

0.2

400

20

0.6

-0.2

0.02

_1.0

0.1

2.0

-0.6

0.0

0.5

0.03

1.5

3.0

0.7

300

22

0.2

0.0

0.00

0.0

0.0

0.0

0.0

0.0

0.5

0.01

0.5

;'1

0.0

0,57

0.68

0.03

300

( ) !!E.
o

g

2.65

.3D

.27

i!io

TAFLE

r;
?

Standard error of the mee;n flux diyereence as a fun.ctj,on of basin are'8. (1..,,), !'umher of

peri-

meter observations (n x.!'!) and standard error of the normal flux component (~.i ".gle IJscpnt)

~~dium-large

Operational Basins

4 2
L=200 km (A=4x10 km ),

Regional Water Balances

E(gm/em sec)
Nx

50

100

200

4

2.16

4.32

16

1.08

64

E(gm/ em sec)
300

400

8.64

12.96

17.28

2.16

4.32

6.48

0.54

1.08

2.16

256

0.27

0.54

1024

0.14

0.27

~I

6 2
L=1000 km (A=10 km )

50

100

200

300

400

4

0.35

0.69

1.38

2.08

2.76

8.64

16

0.17

0.35

0.69

1.04

1.38

3.24

4.32

64

0.08

0.17

0.35

0.52

0.69

1.08

1.62

2.16

256

0.04

0.08

0.17

0.26

0.35

0.54

0.81

1.08

1024

0.02

0.04

0.09

0.13

0.18

Nx M

t
Large Operational Basins

5 2
L=500 km (A=2.5xl0 km )

Regional Water Balances

E(gm/em sec)

E(gm/em sec)
50

100

200

300

400

4

0.12

0.23

0.46

0.69

0.92

2.76

16

0.06

0.12

0.23

0.35

0.46

1.04

1.38

64

0.03

0.06

0.12

0.17

0.23

0.35

0.52

0.69

256

0.014

0.03

0.06

0,08

0.12 .

0.17

0.26

0.35

1024

0.007

0.014

0.03

0.04

0.06

50

100

200

300

400

4

0.69

1.38

2.76

4.15

5.53

16

0.35

0.69

1. 38

2.07

64

0.17

0.35

0.69

256

0.09

0.17

1024

0.04

0.09

Nx M

6 2
L=3000 km (A=9xl0 km )

Nx M

TAF1..E 7
,:::sf;imc.+'E'rJ

Basin Size

~;-"P

va.l.1Je;:; c[d:ained

f"~om

'""'TJ-::1"':::.ti('!"':"!1

-'~,lit:'1V1""'''''~~'

Small Scale
< 100 kl1l.

Meso-Scale
100-1000 kill

,.lat~,

Planetary Scale

> 5000 km

-

mon~h

1 month - 1 year

Climato~~giCal S~a~ist~cs

multi-year)

Not well resolved by opera~
tional rawinsonde network.

Useful results unlikely.

Useful results may be possible
for a fe\~ of the larger basins
in this class which are locat.ed
in regions of dense rawinsonde
coverage.

Useful result.s lI,ay be possi~
b Ie for a fe,,· of the larg~r
basins in this class which
are located in the regions
of dense rawinsonde CoVerage.

!>Iarginally resolved in regions of good rawinsonde
coverage. but stations .will
generally not be op~imumly
located with respect to
drainage divides.

Useful results may be
possible in selected
cases, but results likely
to be erratic.

Useful results possible for a
few carefully selected basins.
Sub-synoptic time/space scale
variations likely to be a
major problem in coastal regians of moderate relief.

Useful results possible in
:regions where sub-synoptic
time/space scale variations
are small i,e. interior
continental areas with
li ttle relief and no major
lakes.

Regional Water
Balances
1000~3000 km

Resolvable by rawinsonde netw
work, but lack of optimum
location of rawinsonde statiollt;', .::mtl 5u[)-::;ynoptic time/
space scale variations may
sti 11 pose a problem for the
smaller basins in t.his class.
Dat.a from diffe~nt observational systems must be carefully intercompared and corr~ctcd to a common base.

Useful results possib Ie
for selected cases (heavy
precipitation episodes;
periods of no precipitation) .

Useful. results' possible in
many areas,. Care must be
taken t.o avoid the use of data
from st.ation!:> which are strongly
influenced by sub-synoptic scale
circulation features.

Very useful results possible
in many are as. Care must be
taken to avoid the use of
data from s~atio::'ls strongly
infl uen'ced by sub -synoptic
circulation features.

Regional and
Planetary
Balances
,. 3000 km

Highly reliable results
possible. Care must be taken
to use homogeneous data Le.
data from different observational systems must be carefully intercornp,ared. and cor_
rected to a common base.

Accurate results possible.

Highly
ble.

Small-medium
ODer3tional
10-200 km
Large
Operational
200-S00 km
Large
Operational
500-1000 km

Large Scale
looO-SOOO km

General Remarks
< 1

Experinlental
Basins < 10 km

"_..•.-.~---

('of"

Averaging Period

"'"'

Cla.ssification

----"._"."

'11~a1i+'y

accur~te

results possiw

. Highly accurate results
possible.

U1

o

