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Seasonal Variability in the Pole-to-Pole Water
Vapor Balance During the IGY
Jose P. Peixoto, Richard D. Rosen, and Mao-Fou Wu
Environmental Research & Technology, Inc., Concord, Mass.

A study of the vertically integrated fields of water vapor and its transport on a
planetary scale derived from aerological data taken during the IGY (International Geophysical Year) is presented. The focus is upon the seasonal variability in
these fields, with maps of the total zonal and the total meridional flux of water
vapor given for each of two semester seasons. The analyses are discussed in the
light of various climatological and hydrological considerations. Results from the
analysis of our aerological data are used to study the balance of water on zonal
and planetary scales, and comparisons are made with evidence provided from
climatological sources. The aerological approach to the study of the hydrological
cycle is seen to be a valuable one.

The role of the atmosphere in the hydrological cycle has long been recognized and
been of interest to both climatologists and hydrologists. However, quantitative studies of the gaseous hydrosphere and of its aerial runoff have only been possible in the
last two decades, with the develompent of an adequate aerological network.
The first attempts at deriving values for the water vapor flux across latitude zones
were based on the utilization of balance requirements for water substance at the
earth's surface. In this framework, the flux of water vapor across a latitude is
assumed to balance the total water transfer occurring at the surface of the earth
north of (i, through evaporation, precipitation, runoff and water storage. For annual
average conditions, matters simplify somewhat so that the meridional transport of
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water vapor across a given latitude balances the difference between precipitation and
evaporation north of that latitude, since the other terms involved in the yearly
hydrological balance can be disregarded (Sellers 1965).
Another approach to evaluating the water vapor flux, the so-called aerological
method, is based on the direct use of wind and moisture measurements obtainable
from aerological soundings. This method has been described by several authors (see
Peixoto 1973) and has been used by the present writers on various occasions. In a
previous paper using aerological data (Peixoto 1972), some aspects of the water
balance from pole-to-pole were discussed: in particular, the annual mean water
vapor transport field. However, the intra-annual variations of both the meridional
and the zonal transport fields are also very important for explaining the various
hydrological regimes which exist on zonal and global scales and for understanding
the influence of the interaction between northern and southern hemispheres on the
earth's hydrology. The purpose of the present paper, therefore, is to study and
discuss the intra-annual variability of the transport fields on a global basis. The
present effort can then be regarded as an extension of the material given in the paper
last mentioned above.
The present study is again based on aerological observations from the IGY during
which some 450 stations were available over the globe. In spite of some shortcomings
concerning the distribution of stations in the basic network, particularly in certain
areas of the southern hemisphere, the IGY data may still be regarded as the best
available on a global basis. Since, in general, the number of obervations at each
station is not very large, data samples were kept at a reasonable size in order to
obtain reliable statistics and results. Thus, for our intra-annual study, the year was
divided only into two separate seasons: April through September; and January
through March plus October through December. This choice of semesters will enable
us to deal with the most relevant aspects of the intra-annual variability of the moisture transport fields on a planetary scale.
Since the general formulation of the balance requirements for water vapor in the
atmosphere has been given before (eg. Peixoto, 1970), we will restrict our present
discussion to a general review of the main points. The basic quantities dealt with are
the specific humidity q, the eastward wind component u, and the northward wind
component v, with the horizontal vector wind field being given by v = u,iA + 5.At
cP
each station, the time averaged values of the net zonal transport
and of the
net meridional transport F y ~ @ / gwere computed for each semester at 1000, 850,
700, and 500 mb. (On occasion, computations were also made at 300 mb). For this
study, observations taken at all times of the day were incorporated. In these expressions, g is the acceleration due to gravity, and the overbar denotes a time average
over an interval T, i.e.
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In the present study, T = 6 months.
The total mean horizontal transport of water vapor Qabove a point on the earth's
surface may be written, assuming the atmosphere to be in hydrostatic equilibrium, as

-

&

and Gqrepresent, respectively, the total
where p, denotes surface pressure, and
mean zonal transport and the total mean meridional transport of water vapor in the
atmosphere. Similarly, the mean precipitable water content above a given pointon
the surface may be written as
Po
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The mean semester values of q, qu, qv, W, Q ~ a n d@for each station were plotted
on mercator projection maps, and the corresponding fields for each semester were
analysed by traditional methods. Grid point values were then extracted from the
analyses at every five degrees of longitude and latitude. From these grid point values,
[OA],and
were computed, where the operator
the mean zonal fields [ij],
[( )] is defined by

[m,

[c9]

Mean Precipitable Water
IGY semester maps of the mean moisture content for the whole atmosphere (mean
atmospheric storage) were already presented in Figs. 1 and 2 of Peixoto (1972), where
a detailed discussion of the analyses was also given. In order to help further our
present discussion of the water balance, however, we will summarize here the main
points of that previous discussion.
The analyses of W show, as expected, that the water content at all latitudes is
greater in the summer hemisphere than in the winter hemisphere, with the largest
fluctuations occurring in subtropical latitudes. Seasonal variations tend to be more
prominent over continents than over oceans, particularly in the case of northern
hemisphere continents where the average change in storage between summer and
winter is around 0.80 gm cm-2. This stands in contrast to southern hemisphere
continents, whose average range in storage between seasons is 0.24 gm cm-2. However, the maximum absolute values of storage do occur in the southern hemisphere,
more specifically in South America and in western equatorial Africa, in proximity to
the Amazon and Congo river basins. The seasonal variability in these regions is very
small.
The difference in seasonal variability between the hemispheres results from the
difference in continental coverage, three times larger in the northern hemisphere than
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in the southern. As was shown in Table 1 and Fig.4 of Peixoto (1972), the moisture
content of the northern hemisphere as a whole is larger than that of the southern
hemisphere, due mainly to higher values in northern summer. The difference in
continentality is what is also responsible in large part for this behavior, as convective
activity tends t o be enhanced over land during summer.

Zonal Water Vapor Transport

The spatial distributions of the mean zonal flux of water vapor Qa for the two
semesters are shown in Figs. 1 and 2 of the present paper. An inspection of these

Fig. 1. Map showing the distribution of the vertically integrated mean field of zonal water vapor transport, GA(A,rp), in units of 102 g cm-1 s-l for the ICY April-September semester.
Positive values indicate flow from the west (W).
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figures immediately reveals that they reflect the main characteristics of the general
circulation in the lower part of the atmosphere, where, of course, water vapor concentration is highest. Thus, two belts of west-to-east water vapor flow extend over
the mid-latitude regions in both hemispheres, where westerlies are known to predominate. An almost continuous band of easterly water vapor flow is found over the
intertropical and equatorial zones, associated with both the high water vapor content
and the strong, persistent easterly winds which prevail in the tropics.
The configurations of the mean fields are by and large similar in the two semesters.
However, the profound influence o n water vapor transport exerted by local physiography a n d by land-sea contrast is apparent when northern and southern hemisphere
analyses are compared. Thus, the analyses appear much more regular over the
tend to occur over the oceans.
southern hemisphere. Highest values of

eA

Fig. 2. Map showing the distribution of the vertically integrated mean field of zonal water vapor transport,
in units of 102 g cm-1 s-1 for the ICY October-March semester. Positive values indicate flow from the west (W).

C*(A,~I),
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The westerly circulation of water vapor appears more intense during summer than
winter in each hemisphere, due mainly to the higher summer values of humidity. The
easterly flow marked by various centers on both sides of the equator does not show
large interseasonal changes in intensity. Because of the light winds (doldrums) associated with the equatorial trough, the intensity here is slightly lower than in the
bordering regions. Examination of both maps also reveals the influence of monsoon
circulations, particularly in the eastern hemisphere, over eastern Africa and south
Asia. The summer and winter circulations of water vapor are nearly reversed over
these regions. Thus, the intense summer westerly center located over India shifts to
the south and weakens considerably in winter.
The westerly circulation belts extend to high latitudes in both hemispheres, though
more poleward during the corresponding summer season. In subpolar regions, several easterly centers are to be found in both hemispheres. The centers tend to be
more intense in the summer hemisphere.
The analyses presented here show very good agreement over those regions of the
globe that have been previously subjected to independent analysis. Reference is here
made to vapor flux studies over Australia (Hutchings 1961), Africa (Peixoto and
Obasi 1965) and North America (Rasmusson 1967; Bock et. al. 1967).
In order to study the vertical distribution of the zonal transport of water vapor,
cross-sections depicting the field of [qir]/g are presented in Fig. 3. Both seasonal and
annual mean conditions are shown. The cross-sections give evidence of two well
developed centers of westerly flow in middle latitudes, surrounded by easterly centers
in polar regions and in the intertropical zone. This pattern does not change substantially on a seasonal basis, except for changes in the intensity of the centers. The
westerly centers are stronger in the summer semester, whereas the opposite is true for
the easterly centers in the tropics.
In the tropics most of the flux occurs in the 1000-800 mb layer, and the main center
shifts from one hemisphere to the other, with the winter hemisphere dominating. The
situation in middle to high latitudes is very different. Here, the rapid increase of
westerly winds with height results in a maximum of zonal vapor flux at higher levels,
around 700 mb. The easterly transports which seem to prevail in the polar regions are
confined to a shallow layer of the lower atmosphere.
As the figure shows, the mean zonal flux [@I still has relatively high values at 500
mb. Although the specific humidity decreases almost exponentially with height, the
zonal wind tends to increase linearly with height. At 500 mb, therefore, it would
appear that the strong zonal winds are sufficient to result in the observed substantial
water vapor flux. It would seem, therefore, that with regard to the water balance of
the atmosphere the contribution to the zonal flux made at higher levels cannot be
disregarded. By the same token, the contribution made by the lower layer between
1000 mb and the surface (not included in our present analysis) may be important,
particularly in tropical regions where moisture is more abundant.
The zonally averaged values of the vertically integrated mean zonal flux of water
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Fig. 3. Meridional cross-sections of the zonally averaged values of the mean
zonal transport of water vapor, [ @ / g ] , for the IGY yearly and seasonal
conditions. Units are 10-1 g (cm s mb)+.

vapor for the annual and semester season periods are presented in Table 1 and in the
profiles of Fig.4. These profiles provide an easily visualized synthesis of the main
characteristics of the zonal transport of water vapor in the atmosphere. The values
are positive (westerly) in mid to high latitudes, with a maximum in each hemisphere
around 4 5 0 latitude. The southern hemisphere maximum values exceed those of the
northern hemisphere, as we have already indicated. In tropical and equatorial regions, the transport is easterly, with a maximum in each hemisphere surrounding the
relative minimum near the equator associated with the light winds there. The intensi-

.

Table 1 Distribution of zonally averaged values of total mean zonal transport of water vapor
yearly and seasonal data at specified latitudes in units of 102 g cm-1 s-1.

Year
Apr,Sep
OctlMar

Year
Apr/Sep
Oct!Mar

-

9.23 - 9.98 -11.11 -10.11
-10.58 -10.20 -10.55 -10.01
-7.04-9.76-11.68-10.19

- 9.23

-

8.41 - 7.00
-10.58 - 9 . 0 3 - 6 . 8 0
- 7.04 - 7.74 - 7.20

-

4.33
3.68
4.98

-5.90
-7.56
-3.26

0.14
-2.19
3.55

-0.62
0.20
-1.06

3.31
3.80
2.78

Northern Hemisphere
4.79 7.18 7.98 7.42
3.80 7.!6
9.48 9.45
6.29 7.23 6.71 5.44

3.59
4.12
2.67

1.98
2.15
1.84

1.34
1.66
1.15

0.80
0.99
0.46

0.46
0.78
0.03

0 11
0.11
0.12

Southern Hemisphere
6.88 10.44 13.45 14.51 12.71 8.48
7.14 10.64 14.29 16.85 16.10 12.07
6.38 9.49 11.62 12.74 11.39 8.00

4.11
6.81
3.98

1.61
2.16
1.53

0.50
0.25
0.67

0.14
-0.15
0.32

0.20
0.03
0.23
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Fig. 4. Meridional profiles of the vertically integrated mean field of zonal
for the IGY yearly and seasonall conditions.
water vapor transport
Units are lo2 g cm-2 s-1.

[oA]

ty of the westerly flux increases in both hemispheres from winter to summer, as the
maxima also move t o slightly higher latitudes. The easterly maxima are greater
during the winter semester in each hemisphere, while the relative minimum over the
equator is more pronounced in the northern hemisphere winter.

Meridional Water Vapor Transport

The spatial distributions of the mean meridional flux of water vapor &for the two
semesters are shown in Figs.5 and 6. The analyses reveal considerable detail, with
positive (southerly) transport centers interspersed with negative (northerly) transport
centers. The patterns reflect the main characteristics of the general circulation in the
lower troposphere and the influence of the inhomogeneity of the earth's surface. The
importance of land-sea distribution and of topography is immediately apparent. The
most intense centers of meridional flux are found over the oceans and also near the
fringes of continents. These latter are associated with diabatic effects arising from
thermal land-sea contrasts and display marked reversal with season.
Examination of Figs.5 and 6 reveals a much larger seasonal variability in the
nature of the meridional flux of water vapor than was evident for the zonal transport
field. The location and intensity of the centers, and occasionally even the sign associated with the direction of the transport, change substantially from winter t o summer in both hemispheres. At middle and high latitudes, the net flux is poleward in
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both seasons. This transport is accomplished mainly by the baroclinic disturbances
which develop along the polar front, and by the large semipermanent subtropical
anticyclones found in both hemispheres over the Atlantic, Pacific and Indian Oceans. Thus, in these latitudes the poleward flux is due mainly to the action of the
transient and standing eddies in the atmosphere. The intensity of the centers of
transport polcward of 300 tend to be slightly higher during the winter season of
each hemisphere.
In the subtropical and low latitude belts, seasonal differences are much more
substantial than at higher latitudes. The seasonal changes observed in Figs.5 and 6
for the intertropical zone form a basic component of the global hydrological cycle,
indicating the existence of strong interaction between the hemispheres. In this region,
the flux is mostly equatorward, with resulting convergence into the ))meteorological
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Fig. 5. Map showing the distribution of the vertically integrated mean field of meridional water
vapor transport, Q ( A , q ) , in units of 102 g cm-1 s-1 for the ICY April-September semester.
.cP
Positive values i n d ~ c a t eflow from the south (S).
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equator((, the average location of which is about 50N. However, it shifts from a n
extreme southern position near 50s during the southern summer to a n extreme
northern position near 120N during the northern summer. There is, concurrently, a
strong northward transequatorial flow of water vapor during the northern summer
and a somewhat weaker southward flow during the northern winter. For the year as
a whole, the net flow is northward across the equator, in conjunction with the
positioning of the yearly mean intertropical convergence zone and its concomitant
precipitation at about 50N, as we have already noted.
The distribution and configuration of the various centers in the sub-tropical and
tropical belts show the effects of monsoon influence, particularly in the northern
hemisphere in the regions over central and eastern Africa, the Arabian Sea, India,
south and southeast Asia. The centers change in sign from positive (northward)

Fig. 6. Map showing the distribution of the vertically integrated mean field of meridional water vapor transport,
(A,cp),in units of 102 g cm-1 s-' for the IGY October-March semester.
'P
Positive values indicate flow from the south (S).
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during the northern summer to negative (southward) during northern winter. Similar, though less marked seasonal effects may be observed in some portions of the
southern hemisphere, for example over southern Africa and eastern Australia. Comparison of analyses for both seasons thus reveals that it is the monsoon circulations
of the eastern hemisphere which are the large scale features imbedded in the lower
branch of the mean Hadley cell most responsible for the intra-annual variability in
the meridional transport of water vapor. In sub-equatorial regions, the transport is
accomplished mainly by the strong and persistent trade winds of lower levels. Therefore, the role of the Hadley circulation is dominant in transporting water vapor into
these lower latitudes, thereby not only maintaining the high moisture contents observed in this zone, but also feeding the precipitation processes which occur there.
mean zonal values of the
Using grid point values obtainable from the maps of
meridional flux
have been evaluated. The results for this quantity multiplied by
27ra coscpare presented in Table 2 and in profile form in Fig.7, wherein annual and
semester season curves are given. These profiles provide a concise format in which
the main characteristics of the meridional flux of water vapor may be displayed, and
they summarize some of the discussions already presented. The largest positive
(northward) values occur around 4 0 0 N and 5 0 S , whereas the largest negative (southward) values occur in the vicinity of 1 0 0 - 1 5 0 N and 4 0 0 s . The locations of the extreme
values in the tropics change slightly during the year, following the movement of the
sun, while the extremes in middle latitudes do not change location appreciably
during the year.
So far as the intensity of the extreme values in Fig.7 is concerned, there is a
marked seasonal variation over the subtropical and intertropical regions. The meridional flux in these regions is, as we have said, dominated by the lower branch of the
mean meridional winter hemisphere Hadley cell, and the intra-annual variability
may be understood in this context. The strongest transequatorial flux is accomplished by the southern hemisphere Hadley cell during the April-September semester, when it intensifies and extends into the northern hemisphere. In middle and high
latitudes, the seasonal variability in intensity is quite small, the transports being

&,

[e9]

-

Table 2 Distribution of zonally averaged values of the mean meridional transport of water vapor 2 T a
c o s y [ n ~ ]across the specified latituted in units of 10" g s-1 for yearly and seasonal data.
lat

0

5

10

-

15

Year
AprISep
Oct/Mar

4.48 4.38 - 6.10 -5.06
11.00 4.62 1.30 -1.82
- 3 . 0 8 - 1 3 . 1 5 - 1 4 . 3 0 -8.31

Year
AprlSrp
OctiMar

4.48 8.84 7.13
11.00 12.85 10.94
- 3 . 0 8 1.31 3.84

20
-1.99
-0.86
-2.40

3 2 5 -1.88
1.92 -2.50
2.68 -0.38

25

45

50

Northern Hemisphere
1.23 4.19 6.82 7.14 6.22
1.20 4.12 6.78 7.07 6.30
1.27 4.26 6.85 7.23 6.16

30

35

40

4.50
5.04
4.42

55.
2.57
2.70
2.50

60

65

1.56
1.24
1.92

1.12
0.61
1.32

70

75

80

0.41 0.17 0.03
0.23 4 . 1 0 -0.05
0.68 0.24 0.09

Southern Hemisphere
-4.46 -5.44 -6.22 -7.54 -7.10 -5.45 -3.26 -1.22 4 . 5 7 4 . 2 0 -0.10 -0.05
-4.81 -5.17 -6.17 -7.11 -6.88 -5.48 -3.60 -1.90 4 . 6 3 -0.26 4 . 1 5 -0.07
-3.05 -5.60 4 . 3 0 -7.60 -7.20 -5.31 -2.68 -1.01 4 . 4 8 4 . 2 0 4 . 1 0 -0.05
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Fig. 7. Meridional profiles of the vertically integrated mean field of meridional water vapor transport, 2 x a coscp[Gq], across latitude walls in the
atmosphere for the IGY yearly and seasonal conditions. Units are lOfl g s-'.

slightly stronger during winter. As mentioned earlier, the poleward flux here is
accomplished mainly by the transient and standing eddy features of the general
circulation, although the smaller contribution made by the indirect mid-latitude cells
is also in the same direction. The circulation around the semi-permanent subtropical
highs favors a net poleward transport of water vapor from this region, since the
poleward flow on the western side contains warmer and moister air than the equatorward flow on the eastern side. Similarly, the transient perturbations which form
along the polar front in middle to high latitudes readily effect poleward fluxes of
moisture because of the high correlations between v and q associated with their
structure.

Zonal and planetary Water Balance
Most of the discussion that now follows deals with the implications of our previous
results for the balance of water on zonal and planetary scales. The discussion will be
centered on the presentation of the water vapor balance equation in its various forms
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(see Peixoto 1973). The basic time-averaged equation of water balance for a unit
mass at a given level may be written as:

where s(q) represents the rate of formation or loss of water vapor per unit mass. In
our case, the main sources and sinks of water vapor are associated with evaporation
and condensation. Therefore, we may write
s(q) = e

-

(6

c

where e is the rate of evaporation and c is the rate of condensation per unit mass.
Using a (A, 9, p, t ) coordinate system, Eq. (5) takes the form:

where a is the mean radius of the earth and o ~ d p l d ist the so-called ))verticalpvelocity((. Integration of (5) in the vertical with respect to pressure leads to the
general balance equation.

where E a n d Pdenote, respectively, the mean evaporation and mean precipitation at
the surface of the earth. This equation simply states that the maintenance of the
mean water vapor distribution in the atmosphere in light of losses by precipitation
and gains by evaporation is accomplished by the divergence of the total water vapor
transport field in the gaseous hydrosphere. In spherical coordinates, Eq. (8) may be
written as

For a region of area A bounded by contour l ( 8 ) may be transformed using Gauss'
theorem into

where is the 'butward normal unit vector on the boundary 1 and the operator <()>
represents the areal average with respect to A. When A represents a zonal belt
bounded by the latitude circles cp, and q,. Eq. (10) may be written as

<->
at

t

1
-

1

((G+COS+)~

-

( $ C O S $ J ) ~ )adh

=

<F> - < P >

where now A = 27ra2 (sincp, - sin9 ,) is the area of a zonal belt. This equation may be
expressed more concisely for hydrological purposes as
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where. AT
denotes the mean change in water vapor storage and F y the mean total
transport (i.e., aerial run-off) across a vertical wall at latitude vi.
Thus, the excess or deficit of evaporation over precipitation in a zonal belt must be
balanced by a change in either the precipitable water over the belt or by a net flux of
water vapor through the latitudinal walls, or both. When the change in water vapor
. as is often the case in dealing with lengthy
storages can be disregarded ( ~ 7 . 4O),
periods of record, then it must be the net flux which balances the difference between
evaporation and precipitation. The same may be said, of course, in connection with
(8), thus illustrating directly the importance of the divergence field V Q for the
balance of water substance.
Maps of the seasonal spatial distributions of the mean fields of water vapor
divergence v-~durin~ the IGY were presented in Peixoto (1972, Figs.8 and 9). There,
a detailed dizussion of these fields was also given, focussing on the main regional
hydrological features of the earth's surface. It was found that by and large the study
of the V@ field constitutes a useful tool for investigations of regional and global
hydrologzal balances. Implications of our results for the divergence fields for aspects
of air-sea interaction were also studied. Thus, the present discussion will be confined
to the application of the more fundamental flux results, rather than the derived
divergence computations, to the study of the mean zonal and planetary water balances on a seasonal basis.
Assuming that(a W / Zt)is negligibly small for our purposes, then the zonally averaged form of (9) becomes

-

-

Thus, the slope of the profile curves given in Fig.7 can be simply interpreted in terms
of the mean zonal value of [ E F]. There is convergence of vapor and thereby an
excess of precipitation over evaporation a t all latitudes in which a [&]/aq< 0,and
divergence of vapor where a[Gq]/aq >O. The extremes of
where a [@]/a9 0,
separate regions of convergence from those of divergence. Therefore, Fig.7 shows
that there is vapor convergence (In >
at latitudes higher than 400 in both
hemispheres and in the equatorial belt. The convergence in this latter region is
particularly large, with peak values in the Oitober-March semester. In the zones
between 100 and 400 of each hemisphere, there is vapor divergence with a concomitant surplus of evaporation over precipitation. These regions thus represent the main
sources of moisture for the gaseous hydrosphere. A portion of this moisture is then
exported into more poleward latitudes by the standing and transient eddy perturbations, where it is realized as a precipitation excess associated with the polar fronts of
both hemispheres. The other portion of the excess vapor made available in the 100400 belts of each hemisphere is transported into the equatorial region and so feeds the

-

[q4,

[a)
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precipitation associated with the intertropical convergence zone. More will be said
on this subject later. The seasonal variation of evaporation rates in the tropics
between 100 and 400 is less pronounced in the southern hemisphere than in the
northern. However, the individual values are higher in the southern hemisphere
because of the greater extent of ocean coverage there.
- for latitudiUsing independent climatological estimates of the difference
nal belts, the values for
. ~ o2n
,
a cos 9 [Qd given in Table 2 can be tested using
equation (12). This has already been done for the annual values of [Qq] and the
agreement with the estimate of
- published by Sellers (1962) can be considered
to be excellent (Starr, Peixoto, and McKean, 1968, Table 9; Peixoto, 1972, Table 2).
Since reliable estimates of
and
are not readily available on a seasonal basis;
we will confine our present discussion to some qualitative aspects of the seasonal
water balance. Preliminary seasonal values of profiles of [E-a deduced from the
aerological method have been presented previously (Peixoto 1972, Fig.7).
The transequatorial flow of water vapor shows a very marked seasonal variation
with a flux into the northern summer hemisphere in the amount of 11 x 1011 g s -1,
and a flux out of the northern winter hemisphere in the amount of 3 x 1011 g s -1. For
the year as a whole, then, the net influx for the northern hemisphere is about 4.5 x
10" g s -I. The seasonal variation implies (see Eq. (12)) an excess of precipitation over
evaporation in the summer hemisphere, with a much larger excess in the northern
hemisphere than in the southern. On an annual basis, as we have noted, the southern
hemisphere supplies a substantial amount of moisture to the northern hemisphere.
This explains the excess of precipitation over evaporation for this hemisphere on an
annual basis (approximately 65 mm year-I; see Palmen and Newton 1969), as well as
the reverse condition for the southern hemisphere (Sellers 1965; Newton 1972). The
evaporation maps published by Budyko (1963) reveal that the mean northern hemisphere summer value (43 g cm-2) is slightly lower than the value (49 g cm-2) for the
northern hemisphere winter semester. This contributes to the large excess of precipitation over evaporation in the northern hemisphere summer, when also the intertropical convergence zone lies furthest to the north and extensive convective precipitation
develops over the continents.

Fw

[a [n

[a [n
[n [a

Circulation of Moisture and the Hydrological Cycle
On the assumption that the storage term is negligible, zonally averaging Eq. (7) yields

am/

since [
aA] = 0. This equation implies that a Stokes water vapor streamfunction
yq can be defined by
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where F , measures the flux of liquid water in the vertical. Using the values of the
zonal transport [ F ]measured at various isobaric levels, Eq. (15) can be integrated in
the vertical, taking as an obvious boundary condition Yq = 0 at the top of the
atmosphere. The derived field ofYq thus obtained can be used in equation (16) to
deduce the general features of the distribution of the vertical flux of water substance
(see Hantel 1974).
Fig. 8 gives meridional cross sections through the atmosphere of the streamlines
for the mean meridional transport of water substance for annual and seasonal condiS t r e a m f u n c t ~ o n vq

l0l0 g

sec-'

(IGY)

Fig. 8. Streamlines of the mean meridional transport of water vapor in the
atmosphere, UJq (cp, p), for IGY yearly and seasonal conditions. Units are
10'0 g s-1.
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tions. Because of the existence of sources and sinks at the earth's surface, the streamlines begin and end there. The manner of presentation made possible through use of
the streamline approach is a very attractive one, as the amount of water vapor
transported at various heights across latitude walls and the water flux across the
surface of the earth are readily viewed. The figure clearly portrays the seasonal
variability in water transport, particularly in tropical and equatorial regions. The
meridional flux depicted in Fig.8 occurs principally in the lowest part of the atmosphere and the centers of maximum transport are located well within the planetary
boundary layer, much below the maximum zonal transport centers.
Those streamlines that begin at the earth's surface indicate the existence of moisture sources with an excess of evaporation over precipitation, while lines that end at
the earth's surface reveal the existence of moisture sinks with a precipitation excess.
Let us now examine first the October-March cross section. In the northern winter,
approximately 200 x 1010 g s-1 of water leave the earth's surface between 50N and
350N. About 80 10"J g s-1 are then exported into middle and high latitudes, while
the remaining 120 x 1010g s-1 flow equatorward, with most of this contributing to the
high precipitation excess between 50N and 100s. In the southern summer, there is
divergence at the surface between 10% and 250S, with part of this flux going north to
reinforce the equatorial precipitation and part flowing south towards higher latitudes.
In the April-September semester, there is now a strong divergence of water at the
surface between 200s and 50s amounting to approximately 160 x 1010g s-1 of which
some 120 x 1010 g s -1 is fed into the northern summer hemisphere. In turn, of this
amount some 90 units feed the precipitation excess in the northern equatorial zone,
and the remaining 30 units flow towards regions poleward of 500N. The source
region located between 200N and 350N provides about 50 1010 g s-1, all of which is
exported poleward into higher latitudes, thus reinforcing the moisture originating
from the 200s 50s belt and so augmenting the heavy precipitation observed all year
round north of 400N.
The cpnfiiuration of the streamlines for the annual mean condition shows !hat an
excess of evaporation over precipitation exists between 10% and 400s which is
considerably large (some 150 x 1010 g s-I). The bulk of this moisture is exported to
the northern hemisphere equatorial belt and falls as precipitation in the intertropical
convergence zone. Into this zone also flows a small fraction of the 110 x 1010 g s-1
made available in the northern hemisphere source zone between 150N and 350N.
Most of this latter moisture, however, is transported to the more northern sink
regions.
The dominant role played by the mean meridional cells in the intertropical and
equatorial zones becomes apparent on viewing Fig.8. Thus, the large seasonal variations in the vapor flux discussed above follows closely the seasonal variability of the
intensity and latitude of the mean meridional Hadley cells. Winter hemisphere cells
are the more intense and represent an effective mechanism for exporting moisture

-
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into the summer hemisphere. This action is stronger for the winter of the southern
hemisphere than for the winter of the northern hemisphere, thus leading to the
annual net northward transequatorial flow mentioned before. The mechanisms responsible for the transport of water vapor polewards from the subtropical source
zones are different however. Here, as we noted earlier, the transports are accomplished largely through the actions of the large-scale standing and transient eddy
perturbations of the general circulation.

Final Remarks
Before concluding our present efforts, some remarks of a supplementary nature are
in order. These we enumerate below:
(1) The values of the mean zonal transport of water vapor QAare in general larger
than the corresponding ones for the meridional transport, so that the vector transport field g = O&A+ @jq has a predominant zonal character. Nonetheless, the
meridioialcomponent
is by far the more important, at least so far as the water
balance of the earth and gaseous hydrosphere on a planetary scale is concerned. To
be sure, however, gAdoes play a very important role in effecting a net water vapor
transfer between oceans and continents, because of the configuration and distributior of the continents. On a regional scale, both components of flux can be of equal
importance in the study of water budgets.
(2) Considering the hydrosphere in toto, there must, on the average, be a compensating meridional flux of water substance in the liquid hydrosphere flowing in opposition to the one observed in the gaseous hydrosphere. Balance considerations thus
require a southward transport by the rivers and ocean currents in the middle latitudes of the northern hemisphere, across the equator, and in the southern hemisphere sub-equatorial zone. In the other latitude belts, the total meridional flux of
liquid must be northward. Preliminary results indicate that the contribution to the
meridional flux of liquid water associated with the north-south component of the
run-off from major rivers is detectable, though relatively small when compared to the
ocean contribution (Dr. K. Bryan, private communication).
(3) Since the mean change in water vapor storage
may be determined from
aerological observations, estimates of [PIfor various latitude belts may be obtained
as a residual in Eq. (12), providing that reliable climatological values of [Q are
available (Rasmusson in Newel1 et.al. 1972). This would permit a quantitative description of the broad scale features of the hydrological cycle on a planetary scale. It
seems, however, that actual estimates of
or
on a monthly, or even on a
seasonal, basis are not sufficiently well defined to permit this approach for more than
a qualitative description.

dq

[d
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(4) Two somewhat different approaches to analyzing the data have been taken here.
In the first approach, horizontal analyses are made first at individual levels and then
integration in the vertical is performed, as in the case of the streamline functions.
These results agree fairly well with the picture obtained through use of the second
approach, in which vertical integral quantities (such as 0)are first computed and
then subjected to horizontal analysis. It seems, however, that the latter approach,
being more straightforward, is more useful for hydrological purposes.
(5) Although the streamline analyses are very illustrative in depicting some of the
main aspects of the circulation of moisture in the atmosphere, they must be viewed
cautiously because of the limitations in data sampling and the small number of levels
used here. They provide in some sense a metaqualitative image of the mean conditions of an idealized type of flow, which nevertheless shows that the theory of in situ
evaporation-precipitation cannot be accepted.
(6).In the present work, we have not given the actual numerical results of decomposing the various transport fields into their mean and eddy components, though we
have referred to such results on occasion here when discussing the main mechanisms
involved in effecting the transports. A recent analysis by Wu (1975) has provided new
theoretical grounds on which to point to the large scale atmospheric eddies as being
of fundamental importance to the hydrological cycle.
(7) We have confirmed again here the importance of €he subtropical and tropical
regions for the behavior of the hydrological cycle on a planetary scale. The intensity
of the various fields which characterize the dynamics of the gaseous hydrosphere is
by far the greater in these equatorial regions. It is, of course, in this area where solar
radiation provides the bulk of the energy that sets in motion the hydrological cycle as
a whole. Part of this solar energy is redistributed through the hydrological cycle via
phase transitions in the water substance. Considering in addition the role of water
vapor and clouds in the absorption and disposition of radiant energy, we see that the
hydrological cycle is a very important component of the dynamics of climate.
ry
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