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ABSTRACT

The main characteristics of the atmospheric water vapor cycle over the South American continent and the
adjacent oceans are investigated using the 22-yr period, from 1976 to 1997, of the National Centers for Envi-
ronmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) 40-Year Reanalysis Project
database. Precipitation rate and water vapor content fields obtained from this dataset are compared over the
region with newly available observed datasets, which combine ground-based and satellite-derived observations.
The temporal variation and spatial distribution of the atmospheric water vapor balance equation terms (precip-
itation rate, evaporation rate, and water vapor flux convergence) are examined with regard to their consistency
and relative importance. The net effect of the atmospheric water vapor transport, represented in the last term
of the balance equation, is decomposed into the horizontal and vertical convergence terms. The analysis of the
latter highlights those regions where the topographic uplift makes a substantial contribution to the total precip-
itation rate. The former term is further decomposed into the stationary and transient water vapor flux contributions.
The comparison of these terms with relevant characteristics of the large-scale tropospheric circulation provides
a better understanding of the different precipitation regimes in South America. The mean annual balance sat-
isfactorily closes over most of the oceanic regions. However, important imbalances found in the vicinity of high
topographic features, such as in the central Andes, are attributed to large errors in the local computation of the
atmospheric water vapor flux. The current results corroborate previous findings on the role of the stationary
water vapor flux convergence in the spatial distribution and seasonal variation of the rainfall rate in tropical
and subtropical latitudes and extend over the less-investigated continental midlatitudes. The magnitude of the
transient water vapor flux convergence is, in general, lower than that of the stationary flux. Nonetheless, in
some oceanic and continental regions, they are comparable and seem to be dynamically linked. This interaction,
which can be explained by means of a simple transport-gradient model of the transient water vapor flux, could
help to clarify the observed seasonal and interannual variability of the rainfall rate in the humid-to-dry transition
zone in the southern part of the continent.

1. Introduction

The atmospheric water, whichever phase considered,
actively participates in the energy transport process, the
generation of sources and sinks of heat, and the mod-
ulation of the exchange of solar and terrestrial radiation.
The understanding of the causes of climate variability
observed on different timescales and the reliable esti-
mation of climate changes produced by natural or an-
thropogenic factors depends, to a large extent, on a pre-
cise knowledge of the functioning of the water cycle in
each component of the climate system.

One of the most important processes in the atmo-
spheric branch of the water cycle—the water vapor and
liquid water transport by the atmospheric circulation—
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is not yet satisfactorily quantified at the regional scale
because of a poor geographic and temporal coverage of
aerological observations. This is more pronounced in
the Southern Hemisphere (SH), where satellite obser-
vations constitute the main source of upper-air infor-
mation over the extended ocean regions and even the
continents.

Understanding of the atmospheric water cycle has
notably improved in the last decade because of the im-
plementation of efficient global data assimilation and
analysis systems. Some of these procedures are routinely
used at climate analysis centers around the world, re-
sulting in comprehensive datasets that are particularly
suitable for atmospheric studies. Rasmusson and Mo
(1996), benefiting from newly developed analysis and
forecast methods, investigated the role of the rotational
and divergent components of the stationary and transient
water vapor flux in the hydrological balance at the global
scale and over the United States. Yanai and Tomita
(1998) studied the spatial distribution and the seasonal
and interannual variability of heat sources and water
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vapor sinks as well as the heating mechanisms that act
in different geographic regions of the world by analyz-
ing 15 yr of the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) Reanalysis Project (NNRP) dataset
(Kalnay et al. 1996).

The study of the possible effects of global warming
on different aspects of the water cycle is attracting grow-
ing interest. The use of general circulation models
(GCM) for theoretical investigation is currently one of
the most reliable procedures. Climate change estimates
are derived from long-term numerical experiments using
methods of analysis of the water cycle similar to those
applied in studies based on observations. As an example,
Watterson (1998) estimates the possible changes in the
atmospheric water vapor and precipitation distribution
on the global scale and their relation with changes in
the characteristics of the stationary and transient water
vapor fluxes using results from double CO2 equilibrium
climate experiments.

The analysis of new satellite-derived outgoing long-
wave radiation datasets as well as the European Centre
for Medium-Range Weather Forecasts (ECMWF) anal-
ysis of the upper-air wind and specific humidity fields
have resulted in improved comprehension of the annual
cycle of convective activity over South America and of
its relation with the large-scale circulation (Rao et al.
1996; Hastenrath 1997). Numerical experiments with
GCMs help to explain how some physical factors, such
as continental influence, orography, and sea surface tem-
perature distribution, may interact with the atmospheric
circulation to produce the spatial variation in the pre-
cipitation field observed over South America (Lenters
and Cook 1995).

The main objective of this work is to obtain a better
understanding of how some features of the large-scale
circulation are related to the spatial and seasonal vari-
ations in precipitation over the South American conti-
nent and adjacent oceans. Our study of the atmospheric
water vapor cycle is based on data that was provided
by the NNRP (Kalnay et al. 1996), one of the most
complete atmospheric databases currently available. The
general characteristics of the dataset are briefly de-
scribed in section 2 along with a presentation of the
fundamental equations that were used and the proce-
dures that were followed for the analysis of the water
vapor transport terms. The climatic features of some of
the variables involved in the atmospheric water vapor
balance, such as precipitation and evaporation rates and
atmospheric water vapor content, are described in sec-
tion 3. We do not attempt to make an exhaustive regional
validation of the NNRP products with regard to the
water cycle, because in most cases it would not be pos-
sible because of the lack of independent data. However,
observed climatic datasets for precipitation and water
vapor content do exist; consequently, a regional com-
parison of these variables has been made to judge the
reliability of our conclusions. This is also necessary

because our analysis involves the computation of the
water vapor flux field based on wind and water vapor
content estimates. This variable, further decomposed
into its stationary and transient components, is intro-
duced in section 4. A summary of conclusions and some
additional implications of our study are presented in
section 5.

2. Data and analysis procedures

The region of study includes the whole South Amer-
ican continent and the adjacent oceans, spanning from
208N to 658S and from 208 to 1108W. This research work
is mainly based on the NNRP database, derived from a
state-of-the-art global data assimilation system, applied
to a comprehensive set of atmospheric observations, and
kept unchanged over the initial reanalysis period of
1957–96 (now extending into the future). The 22-yr
period from 1976 to 1997 of the NNRP is used to es-
timate each term of the atmospheric water vapor balance
equation. The precipitation rate and the atmospheric wa-
ter vapor content obtained from the NNRP are compared
to shorter periods of newly available observed datasets
and well-known climatologies, which will be introduced
in the following section. The NNRP precipitation and
evaporation rates are available on a T62 Gaussian grid
(192 3 94 points). Wind components, specific humidity,
and covariance, which are needed for flux computations,
are provided on a uniform 2.58 lat 3 2.58 long grid at
eight standard pressure levels (1000, 925, 850, 700, 600,
500, 400, and 300 hPa).

The atmospheric water vapor balance equation, ver-
tically integrated between the surface level and the top
of the atmosphere and averaged in time, can be written
(following Peixoto and Oort 1992) as

P 5 E 2 ]W/]t 2 = · Q 2 (qv ) /(gr ), (1)s w

where overbar indicates time average, P is the precip-
itation rate, and E is the evaporation rate. The second
term on the rhs of (1) represents the time rate of change
of the total precipitable water W, defined as

p50

21W 5 (gr ) q dp, (2)w E
p5ps

where q is the specific humidity, rw is the density of
water, g is the acceleration of gravity, and the integral
extends from the surface (p 5 ps) to the top of the
atmosphere (p 5 0). The third term on the rhs of (1)
expresses the horizontal divergence of the vertically in-
tegrated horizontal water vapor flux vector Q, which is
defined as

p50

21Q 5 (gr ) qv dp, (3)w E
p5ps

where v is the horizontal velocity vector.
The last term on the rhs of (1) results from integrating
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FIG. 1. (a) Long-term annual mean precipitation minus evaporation
rate (P 2 E) minus the convergence of the total (stationary plus
transient) horizontal water vapor flux (2= · Q; mm day21). Computed
values are based on the 1976–97 period of the NNRP. Contour in-
terval: 2 mm day21. A solid line indicates the 0 mm day21 contour.
(b) Same as (a), but minus the convergence of the vertical water
vapor flux: (qv)s/grw.

the vertical divergence of the water vapor flux in pres-
sure coordinates, assuming that qv becomes negligible
at the top of the atmosphere and that the vertical velocity
at the surface is zero everywhere except where wind
blows over topography. The vertical integral of the con-
tinuity equation in pressure coordinates gives us an ex-
pression for the vertical velocity:

vs 5 2gra21(us cos21f]h /]l 1 y s]h /]f), (4)

where h is the height of the model topography, f is the
latitude, l is the longitude, r is the air density, and a
is the mean earth radius.

According to Peixoto and Oort (1992), the rate of
change of the total precipitable water is very small com-
pared to the other terms in (1), except for short intervals
of time and in the case of severe storms. Consequently,
a balance between P 2 E and the divergence of the
water vapor flux is expected when (1) is averaged over
a month or longer.

For a better understanding of the relationship between
specific features of the atmospheric circulation and the
spatial and seasonal precipitation variations, it is con-
venient to introduce the following decomposition of the
horizontal water vapor flux vector:

p50 p501
Q 5 Q 1 Q9 5 qv dp 1 q9v9 dp , (5)s E E1 2grw p5p p5ps s

where Qs is the stationary water vapor flux and Q9 is
the transient flux due to perturbations in the velocity
and humidity fields. The prime indicates a deviation
from the time average.

3. Thermodynamic components of the water vapor
balance equation

Before analyzing each term in (1), it is appropriate
to examine the extent of the balance in water vapor at
the annual scale by comparing the thermodynamic terms
P 2 E with the dynamic terms [= · Q 2 (qv)s/grw] on
a long-term annual mean basis. Two cases are ana-
lyzed—one considering only the horizontal flux diver-
gence (Fig. 1a) the other considering both horizontal
and vertical flux divergences (Fig. 1b).

In the first case, the average imbalance over the whole
region of study is 0.02 mm day21, which is about 0.6%
of the mean annual precipitation in the region. The mean
seasonal imbalance ranges from 0.09 mm day21 in the
SH winter (June–August) to 20.05 mm day21 in sum-
mer (December–February), that is, 3% and 0.2% of the
mean seasonal precipitation rate in the region, respec-
tively. Whereas over the oceanic areas there is a sat-
isfactory quasi balance, high elevation continental areas
exhibit considerable imbalance. Our approximate com-
putation of Q using a finite difference expression of (3)
is based on wind and specific humidity values inter-
polated from the original NNRP model sigma levels
onto standard pressure levels (NNRP output on CD-
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ROM). Below the ground level, velocity components
and specific humidity are set equal to the lowest model
sigma level values (i.e., no extrapolation). Nevertheless,
the vertical integrals in (1), (2), (3), and (5) comprise
grid points above the surface only (pressure levels lower
than the surface pressure). We do not expect any ap-
preciable difference between results based on variables
at sigma levels or standard pressure levels over flat ter-
rain. However, the interpolation procedure applied to
pressure levels above the surface can also be affected
by nonnegligible errors over steep topography, which
will propagate in the water vapor flux and flux diver-
gence computations. The large imbalance over the slope
of the Andes mountain range, which runs in the north–
south direction along the western side of the continent,
could be partly attributed to this factor.

In the second case, we consider the three-dimensional
flux divergence. The vertical component [last term in
(1)] contributes to the balance over sloping terrain being
almost negligible everywhere else (see Fig. 6, discussed
in later sections). Centered finite differences were used
to obtain the vertical velocity in (4), and the resulting
vertical flux divergence seems to be overestimated over
the slope of the central Andes between 108 and 208S.
This can be inferred from the large imbalance arising
in this region and also in the southern Andes, when the
vertical divergence term is included (second case, Fig.
1b). Even though the real magnitude of this term is
uncertain, it provides useful information about regions
where its contribution to the enhancement of the rainfall
rate is more likely.

a. The precipitation rate

Precipitation is one of the variables of the atmospheric
water cycle that has been observed over the continents
with greater detail and for longer periods. However, over
the extended oceanic surfaces of the SH, observations
are scarce and observations are also scarce and discon-
tinuous over the continents as compared with the North-
ern Hemisphere (NH).

A compendium and detailed analysis of the rainfall
in South America and other basic climate variables
linked to the hydrologic cycle can be found in Schwerdt-
feger (1976). Updated descriptions of the main rainfall
features over the continent can be found in Rao et al.
(1996), Hastenrath (1997), and Moura and Shukla
(1981).

The precipitation rate provided by the NNRP has the
great advantage of uniform coverage over the whole
region and throughout the period of study. However,
this variable is not derived directly from observations;
rather, it is a model product forced by the data assim-
ilation procedure and obtained from 6-hourly model
forecasts. It is appropriate to verify that regional climatic
features described in previous works and firmly sup-
ported by observations are also well represented in this

dataset. With this purpose, the NNRP mean precipitation
fields are compared with climatic observations.

Figures 2a and 2c show the SH summer and winter
mean precipitation rate in the South American region
for the period of 1976 to 1997 from the NNRP dataset,
the same period used in the computation of the other
terms in the balance Eq. (1), shown later for comparison.
This period is long enough to consider these fields as
a good approach to ‘‘climatic means.’’ Figures 2b and
2d show the corresponding fields from the Global Pre-
cipitation Climatology Project (GPCP) dataset (Huff-
man et al. 1997), obtained from the longest period avail-
able at the time of the study (9.5 yrs—from July 1987
to December 1996). Considering the characteristic year-
to-year variability in precipitation, the GPCP record is
rather short to produce truly climatic mean fields. How-
ever, it is long enough to capture the most outstanding
features of the seasonal rainfall pattern, providing a use-
ful mean for a descriptive comparison with the NNRP
products. Similarity between the fields is also assessed
by means of statistical measures, which are computed
using the 9.5-yr common period.

We have used the GPCP merged analysis, incorpo-
rating precipitation estimates from low-orbiting-satellite
microwave data, geosynchronous-orbiting-satellite in-
frared data, and rain gauge observations. The data are
provided on a 2.58 latitude 3 2.58 longitude global grid.
Precipitation patterns during the transition seasons (not
shown in the figures) were also compared, and some of
their characteristics are commented on below.

Comparison of rainfall fields in Fig. 2 shows that the
NNRP data adequately reproduce many of the charac-
teristic features of the observed mean precipitation field.
The most noticeable are the maximum in the equatorial
Pacific and Atlantic oceans associated with the inter-
tropical convergence zone (ITCZ); the relative mini-
mum over the narrow band of oceanic upwelling in the
eastern equatorial Pacific Ocean (more noticeably dur-
ing the SH fall); the summer maximum over the northern
Andes (58N, 758W), which peaks during the austral
spring; the high rainfall rate in summer over the Amazon
basin; the minimum over northeast Brazil; the maximum
over the south Atlantic convergence zone (SACZ) (808S,
358W); the semiarid region, which traverses the south-
ern part of the continent from southern Peru and north-
ern Chile to the southeast of Argentina; and, finally, the
winter maximum over the southern Andes (458S, 758W).

Table 1 shows the seasonal and annual mean and
standard deviation of the rainfall rate for the whole re-
gion of study, obtained from the following sources: the
22-yr period of the NNRP database, the 9.5-yr period
of the GPCP dataset, and the observed climatic values
of Legates and Willmott (1990) and Jaeger (1976). The
observed data were previously interpolated onto the
NNRP grid. The mean seasonal precipitation rates ob-
tained from the NNRP are greater than those of Jaeger,
by about 1% to 8%, and of the GPCP, by 5% to 15%,
but lower than Legates and Willmott’s, by 7% to 17%.
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FIG. 2. SH summer (upper panels) and winter (lower panels) mean precipitation rate obtained from [(a) and (c)] the NNRP dataset, period:
1976–97, and [(b) and (d)] from the GPCP dataset, period: 1987–96. Contours at 0.5, 1.0, and 2.5 mm day21 and higher contours at 2.5 mm
day21 intervals.

Therefore, the NNRP mean precipitation rate is inter-
mediate among observed climatic values, and the dif-
ferences found among the observed climatologies are
equal to or greater than those between the observed
climatologies and the NNRP values. For instance, dif-

ferences between GPCP and Legates and Willmott’s
mean precipitation rates are about 5% to 35%, while
GPCP values seem to be slightly closer to Jaeger’s, with
differences of about 5% to 13%, depending upon the
season considered.



1904 VOLUME 13J O U R N A L O F C L I M A T E

TABLE 1. Mean m and std dev s of the seasonal and annual mean precipitation rate (mm day21), in the region from 208N to 658S and
from 208 to 1108W, obtained from NNRP, GPCP, Legates and Willmott (L&W) and Jaeger (J) climatic datasets.

Summer

m s

Fall

m s

Winter

m s

Spring

m s

Annual

m s

NNRP
GPCP
L&W
J

2.9
2.6
3.4
2.9

2.8
2.4
2.6
2.4

3.2
2.9
3.0
2.9

2.5
2.3
2.5
2.2

3.0
2.8
3.2
2.9

2.7
2.9
3.3
2.2

3.0
2.7
3.7
2.8

2.9
2.5
2.5
2.0

3.0
2.7
3.3
2.9

2.3
2.0
2.1
1.8

TABLE 2. Pattern correlation r, rms error « (mm day21), and the nondimensional measure of similarity M (see text for definition) between
seasonal and annual mean precipitation fields obtained from NNRP, GPCP, Legates and Willmott, and Jaeger climatic datasets. Limits of the
region and abbreviations as in Table 1.

Summer

r « M

Fall

r « M

Winter

r « M

Spring

r « M

Annual

r « M

NNRP–GPCP
NNRP–L&W
NNRP–J
L&W–GPCP
J–GPCP

0.77
0.63
0.74
0.81
0.81

1.9
2.4
1.9
1.7
1.5

0.53
0.42
0.52
0.54
0.60

0.80
0.74
0.72
0.83
0.76

1.6
1.8
1.8
1.4
1.6

0.58
0.53
0.50
0.62
0.55

0.73
0.63
0.75
0.82
0.67

2.1
2.7
1.8
1.9
2.2

0.51
0.41
0.52
0.60
0.43

0.72
0.55
0.68
0.78
0.63

2.1
2.7
2.1
1.9
2.0

0.50
0.35
0.44
0.51
0.42

0.75
0.65
0.73
0.81
0.69

1.6
1.9
1.6
1.4
1.5

0.52
0.44
0.50
0.56
0.47

In Table 2, a set of statistical measures of similarity
between the NNRP and the other referenced datasets is
presented. The complete 22-yr mean of the NNRP is
used to compare it with Legates and Willmott’s and
Jaeger’s climatologies, while the shorter period in com-
mon (9.5 yrs) is used to compare NNRP and GPCP mean
precipitation rates. The statistical measures of similarity
computed are the pattern correlation coefficient r, the
rms error «, and the nondimensional measure of agree-
ment M, defined as

M 5 (2/p) sin21{1 2 mse/[s1 1 s2 1 (m1 2 m2)2]},

(6)

where mse is the mean square error, s is the spatial
variance, m is the mean, and subindices 1 and 2 denote
the compared fields. Here M is a transformation of the
mean square error with useful properties. It is a bounded
(0 # M # 1) and always well-defined symmetric mea-
sure of agreement. It approaches one linearly as the
errors go to 0. Positive values of M indicate a certain
degree of matching between the series with respect to
permutations of the data values, and M equal to one
indicates a perfect agreement (Watterson 1996).

All measures of similarity indicate that the NNRP
precipitation fields have a better correspondence with
the GPCP fields than with the other two datasets. In
general, the similarity is greater in the SH summer–fall
than in the winter–spring. An exception occurs in the
SH winter, when the best agreement is found between
the NNRP and Jaeger’s datasets. In the same table, the
GPCP is compared with Jaeger’s and Legates and Will-
mott’s datasets to provide a context for the previous
statistics. The relation between values in Table 2 is better
understood if we think of a measure of similarity as a
distance between points in the N-dimensional space,

where N is the number of grid points in the region of
study. For instance, the measures of similarity between
the pairs of fields NNRP–GPCP and NNRP–Jaeger are
very close, but that of GPCP–Jaeger is rather low. This
can be interpreted as GPCP and Jaeger’s fields being at
a similar distance from the field of the NNRP but in
rather opposite directions.

Some regional differences are easily noticed in Fig.
2. The outstanding SH summer rainfall maximum in the
central Andes (108–308S, 658W), shown in the NNRP
field (Fig. 2a), is not seen in the other three datasets
(GPCP is the only one shown in Fig. 2b). This maximum
is about 60% due to vertical moisture flux convergence,
25% due to evaporation, and 15% due to horizontal
moisture flux convergence (stationary plus transient) ac-
cording to numerical model estimates of Lenters and
Cook (1995). Comparing observed precipitation records
in Bolivia, Peru, and northwestern Argentina from
Schwerdtfeger (1976) with the NNRP precipitation field
and taking into account the NNRP model topography
(not shown in figures), it is verified that the reanalysis
overestimates precipitation rates at higher levels on the
eastern slope of the central Andes (i.e., above 2000 m)
and underestimates it in the lowlands. A model orog-
raphy smoother and much lower than reality may con-
tribute to an inaccurate partition between the flux over
and around this massive mountain barrier, affecting both
the vertical and horizontal flux convergences.

During the SH summer, rainfall is abundant through-
out the Amazon basin. However, while the observations
indicate a maximum at about 88S, 608W, in the NNRP
fields, it is located at 58S and 438W (see Figs. 2a and
2b). The possible causes of this disagreement are ex-
amined in the following sections in relation to the other
terms of the water balance equation.
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TABLE 3. Mean m and std dev s of the seasonal and annual mean precipitable water in the total atmospheric column (mm), obtained
from the NNRP database and from the NVAP observed dataset. Limits of the region as in Table 1.

Summer

m s

Fall

m s

Winter

m s

Spring

m s

Annual

m s

NNRP
NVAP

29.5
29.4

10.3
11.3

29.7
29.8

11.5
12.8

27.2
26.6

12.6
14.3

27.7
27.6

12.2
13.9

28.5
28.3

11.3
12.6

TABLE 4. Annual mean precipitable water m in the total column
and in the lower, middle, and upper layer of the atmosphere (mm)
obtained from the NNRP database and from the NVAP observed
dataset. Pattern correlation r, rms error « (mm), and the nondimen-
sional measure of similarity M between both datasets. Limits of the
region as in Table 1.

Layer
mNNRP

(mm)
mNVAP

(mm) r
«

(mm) M

Surface–700 hPa
700–500 hPa
500–300 hPa
Total column

21.7
5.2
1.6

28.5

21.9
5.2
1.5

28.3

0.97
0.98
0.89
0.98

2.2
0.7
0.4
2.7

0.84
0.84
0.68
0.86

It is interesting to note that the NNRP satisfactorily
reproduces the summer maximum precipitation rate in
the southeastern part of the continent between 208 and
258S, which extends farther southeastward into the south
Atlantic Ocean (Figs. 2a and 2b). This rainfall maximum
is a manifestation of the SACZ and is associated with
a rather narrow band of intense convective activity (Ko-
dama 1992).

During the SH winter, a band of relatively high pre-
cipitation appears farther south (at about 308S) over the
eastern part of the continent, affecting southern Brazil
and all of Uruguay, and extends southeastward into the
Atlantic Ocean (Figs. 2c and 2d). Its location is similar
to that of the SACZ. This rainfall maximum is related
to a relatively high frequency of baroclinic perturbations
within the so-called storm track. In the zonal average,
the SH winter storm track is located at about 508S, de-
pending upon the latitude of the maximum standard de-
viation of the meridional wind component at the 300
hPa pressure level (Berbery and Vera 1996; Trenberth
1991). Across the southwestern Atlantic Ocean, how-
ever, the storm track shifts slowly to the north, reaching
358S near the continent.

b. The atmospheric water vapor content

The horizontal water vapor flux is the vertical integral
of the wind vector weighted by the specific humidity
[see (3)]. To a large extent, it reflects the flow pattern
in the lower troposphere, where most of the water vapor
is concentrated. An accurate computation of Q and its
divergence field requires a precise knowledge of the
total content and vertical distribution of water vapor as
well as of the horizontal wind field. We have compared
the horizontal and vertical distributions of the specific
humidity obtained from the NNRP with that of the Na-

tional Aeronautics and Space Administration (NASA)
Water Vapor Project (NVAP) (Randel et al. 1996) for
the period of 1988 to 1995.

The specific humidity is a class B variable within
NNRP classification, a product of observational data
with a strong model influence. The NVAP is a global
water vapor dataset that combines radiosonde, Special
Sensor Microwave/Imager, and Television Infared Ob-
servation Satellite (TIROS) Operational Vertical Sound-
er retrievals. The data are provided for three layers in
the atmosphere—1000–700, 700–500, and 500–300
hPa—and in the total column, on a uniform grid of 18
lat 3 18 long resolution. The NNRP total or the layer
water vapor content is computed using (2). For the sta-
tistical comparison, the shorter period of the NVAP da-
taset was considered, and the data were interpolated onto
the NNRP uniform grid.

The seasonal and annual values of the mean and the
standard deviation of the total water vapor content ob-
tained from the two datasets are compared in Table 3.
The same statistical measures of likeness used for com-
paring precipitation fields are now used for comparing
the NNRP and NVAP water vapor content fields. The
mean and the measures of similarity by layer are shown
in Table 4. It is encouraging to find a good degree of
similarity between the two sources of atmospheric hu-
midity data, as inferred from the large pattern correla-
tion, small rms error, and M values higher than 0.8,
except in the 500–300-hPa layer. A less similar water
vapor distribution is found in the uppermost layer, but
this makes a relatively small contribution to the total
water vapor content.

The spatial distribution and the seasonal variation of
the total water vapor content obtained from the NNRP
(Figs. 3a and 3c) are in agreement with the observed
NVAP climatology (Figs. 3b and 3d), as anticipated by
the statistical comparison. However, some regional dif-
ferences can be readily appreciated in these figures.

One of the outstanding differences is a higher water
vapor content over the ITCZ in the NVAP than in the
NNRP dataset throughout the year. Yet the seasonal
change in location and intensity of this equatorial max-
imum over the Pacific and Atlantic oceans is consistent
with the corresponding variations in the precipitation
maximum (Figs. 2a and 2c). In winter, for instance, the
precipitable water maximum intensifies in the eastern
equatorial Pacific at about 108N when the ITCZ is reach-
ing its northernmost position.

An extended maximum in the water vapor content is
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FIG. 3. Southern Hemisphere summer (upper panel) and winter (lower panel) mean total precipitable water obtained from [(a) and (c)]
the NNRP database, period: 1976–97, and [(b) and (d)] from the National Aeronautics and Space Administration Water Vapor Project, period:
1988–95, database. Contour interval: 8 mm.

prominent over the Amazon basin during the SH sum-
mer, which is in good agreement with other observa-
tions. Notice, however, that the location of the rainfall
rate maximum over the Amazon basin in the NNRP

summer field (about 58S, 438W) is coincident with nei-
ther its position in the observed climatologies nor with
the location of this precipitable water maximum (Figs.
2a and 3a).
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TABLE 5. Seasonal and annual mean evaporation minus precipi-
tation rate E2P (mm day21), for the total region indicated in Table
1 and for the continental and oceanic subregions, obtained from the
NNRP database.

Summer Fall Winter Spring Annual

(E2P)TOTAL

(E2P)OCEAN

(E2P)LAND

0.2
0.9

21.9

0.1
0.7

21.7

0.1
0.4

20.8

20.1
0.3

21.6

0.1
0.6

21.5

Another precipitable water maximum clearly seen
during the SH summer is the one located over the SACZ,
which is in good correspondence with the precipitation
maximum (Figs. 2a and 3a), a characteristic already
noticed by Rao et al. (1996). However, higher atmo-
spheric water vapor content is not associated with the
winter precipitation maximum indicated by the NNRP
farther south of the SACZ summer location and with
similar orientation, as described in the previous section.

In the SH winter (Figs. 3c and 3d), the ridge in the
precipitable water field, which extends southward in the
subtropical central part of the continent during summer,
recedes toward lower latitudes, which is in correspon-
dence with a northward shift of the Amazon basin rain-
fall maximum.

c. The evaporation rate

Like precipitation, NNRP evaporation data are a mod-
el product forced by the data assimilation procedure.
Surface fluxes of heat, moisture, and momentum are
parameterized following the Monin–Obukhov similarity
theory. The formulation is based on Miyakoda and Si-
rutis (1986). Once the turbulent exchange coefficients
have been computed, bulk aerodynamic formulas are
used to obtain the fluxes. The model uses a temperature-
independent latent heat of evaporation coefficient. Then,
multiplying the latent heat flux (W m22) by the appro-
priate factor (0.034 56), the evaporation rate is obtained
in mm day21.

An observed climatology of the evaporation rate is
not available for comparison within the whole region.
However, data from the First International Land Surface
Satellite Climatology Project (ILSCP) Field Experiment
(FIFE) in Kansas were used by Betts et al. (1996) to
assess the diurnal and seasonal cycles of the land surface
energy budget in the NCEP–NCAR reanalysis. A good
agreement was found in a climatic sense, though a more
detailed daytime and nighttime comparison of surface
fluxes show some discrepancies.

When the annual mean of the balance equation, (1),
averaged over the region of study, is considered, the
precipitation and the evaporation rates are almost equal,
and they amount to about 3 mm day21. However, the
mean evaporation rate over the continent increases up
to 4 mm day21 in summer and decreases to 2.8 mm
day21 in winter. Over the adjacent oceans, the annual
variation is much smaller in amplitude, with a maximum
of 3.3 mm day21 in fall and a minimum of 3.0 mm day21

in spring. As a result of the relative variation of P and
E, the continental area behaves as a sink of atmospheric
water vapor averaged over the year, with maximum ab-
solute value of P 2 E in summer and minimum in
winter. Instead, the adjacent oceans behave as a per-
manent source of atmospheric water vapor, with max-
imum intensity in summer and minimum intensity in
winter–spring (see Table 5).

Figures 4a and 4b show the SH summer and winter

mean evaporation rate obtained from the NNRP. Com-
plementing the regional statistics provided in Table 5,
the summer and winter spatial distribution of P 2 E
shown in Figures 4c and 4d indicate the location of the
main sinks and sources of atmospheric water vapor.

The highest evaporation rates in the region are found
on the equatorial side of the tropical anticyclones, with
a maximum in the SH winter. Along the Perúvian and
Ecuadorian coasts north of 208S and in the eastern equa-
torial Pacific, oceanic upwelling and the resulting lower
sea surface temperature is associated with low evapo-
ration rates. Consistently, the generally high precipita-
tion rates in low latitudes have a relative minimum in
the equatorial zone when the ITCZ is next to the region.
However, this minimum fades away during spring when
the ITCZ is located in its northernmost position far from
the Equator.

The evaporation rate is high over the warm Brazilian
Current and relatively low over the cold current of Mal-
vinas (Falkland). The contrast is clearly seen in the area
of confluence of both currents in the southwestern At-
lantic between 358 and 408S. Another evaporation rate
maximum occurs to the east of the de la Plata river
mouth during the SH fall and winter. This can contribute
to the frequent development of baroclinic synoptic dis-
turbances that characterize the region, as indicated by
the eddy growth rate estimates of Berbery and Vera
(1996). High evaporation rates also occur in the rela-
tively warmer water of the continental shelf from 408S
to the southern end of the continent.

No relative maximum in the summer field of evap-
oration rate can be appreciated in the SACZ (Figs. 2a
and 4a). This shows that local evaporation is not the
main cause of the precipitable water and rainfall maxima
and the associated intense convective activity in the re-
gion. This will be later confirmed when analyzing the
atmospheric water vapor flux field.

During the SH summer, the abundant precipitation,
increased evapotranspiration, and intense warming pro-
duce high evaporation rates all over the Amazon basin
and the southeastern part of the continent (southern Bra-
zil, eastern Paraguay, and northeastern Argentina).
However, we cannot discern any evaporation maximum
at about 58S, 438W, where the NNRP data locate the
highest rainfall rate in the region (Figs. 2a and 4a). This
maximum should be linked to the atmospheric water
vapor transport, as will be seen in the next section.

A narrow strip of high evaporation rate extends along
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FIG. 4. Upper panel: Southern Hemisphere (a) summer and (b) winter mean evaporation rate obtained from the NNRP database, period:
1976–97. Contours at 0.5 and 1.0 mm day21 and higher contours at 2 mm day21 intervals. Lower panel: (c) summer and (d) winter mean
precipitation minus evaporation rate. Contour interval: 2 mm day21. A solid black line indicates the 0 mm day21 contour.
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the eastern slope of the central Andes up to about 308S
during spring–summer, which agrees with a seasonal
rainfall peak in the same region (Fig. 2a). Farther south,
the scarce precipitation and the limited soil water avail-
ability in the semiarid subtropical part of the continent
is consistent with the low evaporation rate throughout
the region.

In the southern end of the continent, on the lee side
of the Andes, there is a maximum in the evaporation
rate in spring–summer. This can be the combined result
of a large amount of water available in the soil due to
snow melting, the intensity and persistence of the pre-
vailing westerly flow, and the increment in the net in-
coming solar radiation as the snow coverage decreases.

4. The water vapor transport and the large-scale
circulation over South America

The relationship between the annual precipitation cy-
cle and relevant characteristics of the atmospheric cir-
culation in South America is discussed in this section
on the basis of an analysis of the stationary and transient
components of the atmospheric water vapor flux, as de-
fined in (5). Some brief comments about previous find-
ings are appropriate here.

Using cloud winds derived from geostationary sat-
ellite images, Virji (1981) describes the summer cir-
culation in the upper- and lower-tropospheric levels over
northern and central South America up to 358S. This
study conforms to previous findings based on a rather
sparse network of aerological observations about the
existence of an extended anticyclonic circulation in the
summer upper troposphere, known as the Bolivian high,
and a trough over northeast Brazil. The Bolivian high
is maintained by a warm-core system whereas the down-
stream trough over northeast Brazil is characterized by
a cold core (Chu 1985). An intense cross-equatorial flow
linking the anticyclonic circulation with the Northern
Hemisphere jet stream, generalized ascending motions
over the Amazon basin, and descending motions over
northeast Brazil are some of the outstanding upper-level
circulation features first noticed by Virji (1981). In the
lower troposphere, in addition to the northeastern trade
winds blowing from the north Atlantic deep into the
Amazon basin, the same author highlights the existence
of a northwestern jet-like flow along the eastern slope
of the central Andes. In summer, a low pressure system
intensifies in the Paraguay–Argentinean Chaco (258S,
588W), and this jet flow merges with the Atlantic an-
ticyclonic circulation on the southeastern side of the
continent.

The vertically integrated horizontal flux of water va-
por over South America is investigated by Rao et al.
(1996) using a 5-yr period of the ECMWF analysis. This
study emphasizes the importance of the northeastern
trade winds and the tropical anticyclonic circulation
over the South Atlantic Ocean in conveying water vapor
toward the Amazon basin during summer and, even far-

ther, across the southeast coast of Brazil back to the
Atlantic. The convergence of this tropospheric flow be-
comes important over central Brazil in October, reaches
its maximum in January, and begins to fade away in
April, as it is evidently associated with the evolution of
the rainfall season in the region. Likewise, Rao et al.
(1996) point out the correspondence between water va-
por flux convergence and precipitation in northeastern
Brazil during April and in the extreme northwest of
South America during July. These authors consider the
contribution of the water vapor transport by the transient
flux less important than that of the stationary flux in
low latitudes and midlatitudes. Our results show that
the convergence of both flux components reaches com-
parable magnitude in some regions south of 308S, hav-
ing also an opposite influence on the rainfall distribu-
tion.

Zhou and Lau (1998) relate the outstanding climatic
features of the rainfall and the tropospheric circulation
over tropical and subtropical South America, providing
arguments about the existence of a large-scale monsoon
circulation. They emphasize the importance of the sen-
sible and latent heating over the Bolivian plateau and
southeastern Brazil during summer with regard to the
generation and maintenance of a continent–ocean ther-
mal contrast, which is able to develop such an extended
circulation. This is in agreement with the recent results
of Lenters and Cook (1997), confirming the role of the
latent heating over the Amazon basin, central Andes,
and SACZ in the generation and maintenance of the
Bolivian high and the northeast Brazil Low.

The results described in the next sections validate
many of the features of the vapor transport indicated in
earlier studies. However, little information about the fac-
tors affecting the atmospheric water vapor balance south
of 358S is provided in the previous works. Our analysis
encompasses the entire South American continent for a
time period longer than that of any preceding study and
focuses on the interaction between the stationary and
transient components of the water vapor flux in the hu-
mid-to-dry transition zone in the southern part of the
continent.

a. The stationary water vapor flux Qs

Figure 5 shows the stationary water vapor flux Qs

and, by means of contour levels, its horizontal conver-
gence field (2= · Qs) during the SH summer and winter.
From this figure, an intense westward water vapor flux
stands out throughout the year between 108N and 58S,
in correspondence with the equatorial band of trade
winds and the relatively high levels of precipitable water
in these latitudes. An even narrower band of water vapor
flux convergence is seen inside the area of westward
vapor flux over the equatorial oceans and adjacent con-
tinental zones. This feature is consistent with the intense
convective activity and high rainfall rates typical of the
ITCZ. The convergence is fed by the vapor flux coming
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FIG. 5. Horizontal stationary water vapor flux field Qs: (a) summer
and (b) winter. The magnitude is expressed in mm m s21, and the
vector scale is indicated in the bottom right. The convergence of the
vector field (2= · Qs) is indicated by contour lines, with a contour
interval of 2.5 mm day21. A solid black line indicates the 0 mm day21

contour.

from the equatorial side of the subtropical anticyclones,
oceanic areas characterized by high evaporation rate and
water vapor flux divergence, especially during each
hemisphere’s winter. Two maxima are distinguished
within the near-equatorial convergence zone. One is lo-
cated on the western side of the continent and extends
toward the Pacific Ocean during the SH winter (Fig. 5b)
and spring, when the ITCZ is in its northernmost po-
sition. The other is symmetrically located on the eastern
side of the continent and extends toward the Atlantic
Ocean during summer (Fig. 5a) and fall, when the ITCZ
is in its southernmost position.

The presence of high elevations in the northern Andes
at about 58N possibly contributes to channeling the east-
erly water vapor flux along the northern and southern
slopes of the obstacle. This, in turn, could develop zonal
convergence on the windward side and meridional con-
vergence on the lee side. This is a more noticeable fea-
ture during the SH winter–spring, when the ITCZ is far
north of the equator, and the region consistently expe-
riences its highest rainfall rates.

The high rainfall rate over the Amazon basin is the
combined result of convergence in the stationary water
vapor flux and intense evaporation. In particular, the
summer precipitation maximum on the eastern side of
the Amazon basin (about 58S, 438W) is the consequence
of a maximum in the flux convergence (Fig. 5a). How-
ever, this center should be located 158 to the west inorder
to agree with the observed location of the rainfall max-
imum (Fig. 2b).

According to Lenters and Cook (1995), the water va-
por convergence over the Amazon basin is mainly zonal
and is associated with a counterclockwise rotation of
the northeasterly trade winds as they flow into the con-
tinent, becoming northwesterly winds when they reach
the Andes foothills. The Hastenrath (1997) study sug-
gests that the summer 200 hPa level circulation (not
shown in the figures) links the nucleus of high convec-
tive activity and precipitation rate over the Amazon ba-
sin with the nucleus of subsidence in the southern flank
of the north Atlantic anticyclone. The latter could, in
turn, affect the strength of the northeasterly trade winds
that feed water vapor into the high convective region,
suggesting a positive feedback.

During the SH summer, the area of water vapor flux
convergence over the Amazon basin extends southward
along the eastern part of the continent, accompanying
the geographical expansion of the rainy season toward
southern Brazil, northeastern Argentina, eastern Para-
guay, and Uruguay. It also extends southeastward to-
ward the Atlantic Ocean between 208 and 308S, con-
sistent with the development of the SACZ. This ex-
tended convergence zone is the result of the confluence
of the northwesterly winds flowing parallel to the Andes
foothills toward the fully developed continental low, the
northeasterly winds coming from the South Atlantic
high, and the midlatitude westerly flow on the southern
boundary. The area of convergence over the eastern
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FIG. 6. Annual mean field of the vertical water vapor flux con-
vergence—(qv)s/grw [see (4)]. Contour interval: 2.0 mm day21. A
solid black line indicates the 0 mm day21 contour.

portion of the continent begins to withdraw during fall,
signaling the onset of the dry season. It reaches a min-
imum extension in winter (Fig. 5b), when the conti-
nental low almost disappears and the equatorial water
vapor flux becomes approximately zonal.

A conspicuous convergence maximum is observed on
the northeastern and eastern slope of the central Andes
between 108 and 208S throughout the year. It intensifies
during the SH summer months in correspondence with
a short rainy season characteristic of this part of the
continent. In the NNRP fields, this convergence maxi-
mum is located at a lower level over this slope of the
Andes than the rainfall maximum, and it is possibly
overestimated (see comments on computation errors in
Q in section 3). Consequently, a significant negative
imbalance occurs in the region, as shown in Fig. 1a.
The vertical convergence of the water vapor flux could
be another important contribution to the rainfall rate
along the same slope of the central Andes due to forced
topographic uplift of the north-northwesterly flow, as
Fig. 6 indicates. Qualitatively, these results agree with
those derived from numerical experiments by Lenters
and Cook (1995). However, this contribution also seems
to be overestimated, increasing the negative imbalance
(cf. Figs. 1a and 1b).

On the western slope of the central Andes the vertical
convergence is equal to or greater than that on the east-
ern slope. According to results of the aforementioned
numerical experiments, this should be compensated by

horizontal divergence in correspondence with typical
low rainfall rates throughout the region (Schwerdtfeger
1976). This is not the case in the NNRP results, which
also show a large imbalance on the western slopes of
the central Andes (Fig. 1b).

Between the two meridional bands of water vapor
flux convergence and high rainfall rate, one on the east-
ern slope of the central Andes and the other along south-
eastern Brazil, there is a narrow band of stationary water
vapor flux divergence during summer (Fig. 5a). This
band overlies a region of relatively low precipitation
rate in the NNRP field not noticeable in any of the sets
of observed data considered (Fig. 2a). Thus, this par-
ticular feature of the stationary water vapor flux cannot
be confirmed.

South of 208S and along the central part of the con-
tinent, there is a narrow band of convergence in the
stationary water vapor flux present throughout the year.
It seems to be an extension of the maximum over the
eastern slope of the central Andes, but it has some dis-
tinctive features. During the SH winter, it reaches 308S,
while in summer, it extends up to 408S but is always
limited to the south by the latitude of the westerly flow.
As it will be seen in the next section, the divergence of
the transient water vapor flux almost balances this center
of stationary convergence, producing a steep meridional
rainfall gradient over the subtropical part of the conti-
nent.

South of 408S, westerly winds prevail throughout the
year. A north–south elongated area of water vapor flux
convergence is found where the westerly vapor flux hits
the southern Andes. This area of convergence increases
in longitudinal extension and intensity during fall and
winter as the westerly flow extends farther north. During
this time of year, the northward shift of the Pacific an-
ticyclone and the development of a ridge in the surface
pressure field over the continent south of 408S
(Schwerdtfeger 1976) produce a zonal component in the
pressure gradient over the western side of the continent.
As a result, a southward component in the wind flow
appears as it enters the continent. The corresponding
water vapor flux vector rotation (Fig. 5b) and the uplift
forced by the Andes (Fig. 6) increase the stationary
water vapor flux convergence, consistent with an in-
crease in the rainfall rate during the cold season. The
semiarid plateau of Patagonia to the east of the southern
Andes is in contrast with the rainy western slope. It has
an annual rainfall average of less than 200 mm, which
reflects the effects of the horizontal (Fig. 5) and vertical
(Fig. 6) divergence of the stationary water vapor flux
during most of the year. This stationary divergence is
partly balanced by transient flux convergence, as will
be shown below.

b. The water vapor flux due to transient
perturbations Q9

Figure 7 shows the transient water vapor flux Q9 and
its horizontal convergence (2= · Q9) for the SH summer
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FIG. 7. Horizontal transient water vapor flux field Q9: (a) summer
and (b) winter. The magnitude is expressed in mm m s21, and the
vector scale is indicated in the bottom right. Note the change in the
vector scale with regard to Fig. 5. The convergence of the vector
field (2= · Q9) is indicated by contour lines. Contour interval: 1.0
mm day21. A solid black line indicates the 0 mm day21 contour.

and winter. South of the equator, the water vapor flux—
due to wind and specific humidity transient perturba-
tions—has a dominant southward component and a
smaller eastward component throughout the year. The
transient flux is, in general, an order of magnitude lower
than the stationary flux and in the opposite direction of
the gradient of tropospheric water vapor content. The
southward component of the transient flux in the ocean
regions reaches a maximum intensity between 308 and
508S, feeding water vapor into the region of the storm
tracks (Trenberth 1991), and its magnitude becomes
comparable to the same component of the stationary
flux.

An outstanding climatic feature of the water vapor
transport due to perturbations is a dipole structure in
the field of the water vapor flux convergence over the
continent (Fig. 7), which could be related to the rainfall
spatial distribution. It is located between about 208 and
408S and shows a latitudinal displacement as well as
changes of intensity throughout the year. One pole of
the couplet is an area of transient water vapor flux con-
vergence located over the region of scarce precipitation,
running across the continent from northern and central
Chile up to extreme southeastern Argentina. This pole
is also coincident with an area of divergence in the
stationary flux. The other pole of the couplet is an area
of transient water vapor flux divergence located over
the rainy region to the northeast and east of the previous
one and approximately coincident with an area of con-
vergence in the stationary flux. The magnitude of the
convergence/divergence couplet in the transient flux is
even greater than the mean precipitation rate in the zone.
However, the transient flux brings water vapor into the
dry continental belt while the stationary flux drains wa-
ter vapor out of this region. Within the relatively humid
zone to the northeast of the semiarid lands, the transient
and stationary flux components have an opposite be-
havior. The net effect of the transient flux convergence
is the narrowing and tempering of the continental sub-
tropical dry zone. The semiarid zone is bounded to the
north by the region of the subtropical summer rainfall
regime. The location of this boundary seems to depend
critically on the time and space variation of the ap-
proximately in-balance stationary and transient water
vapor fluxes over the region.

The subtropical ocean zones, where the stationary
circulation is dominated by the South Pacific and South
Atlantic anticyclones, are characterized by a strong tran-
sient flux divergence on their polar side. Combining this
with the stationary water vapor flux results in a south-
ward extension of the total flux divergence zone. An
exception, however, occurs during the SH spring and
summer, when an area of stationary flux convergence
develops next to the continent in the southwestern At-
lantic between 208 and 308S (Fig. 5a), exceeding in
magnitude the transient flux divergence. This yields a
net water vapor flux convergence (the total water vapor
flux field is not shown in the figures) consistent with
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FIG. 8. Schematic representation of the interaction between the
stationary and transient components of the water vapor flux. (a) Water
vapor trough produced by a stationary flow in the same direction of
the water vapor content gradient (=W) and the associated convergent
water vapor flux due to transient perturbations. (b) Water vapor ridge
produced by a stationary flow in the opposite direction to the water
vapor content gradient and the associated divergent water vapor flux
due to transient perturbations.

the rainfall maximum that characterizes the SACZ. In
this oceanic region, there is an association between the
stationary and transient flux components, characterized
by their comparable magnitude and opposite sign, sim-
ilar to that over the continent.

5. Discussion and conclusions

The characteristics of the main components of the
atmospheric water vapor balance over South America
and adjacent oceans were analyzed using the 22-yr pe-
riod, spanning from 1976 to 1997, of the NCEP–NCAR
reanalysis project database. A special emphasis was giv-
en to clarify the role of the large-scale atmospheric cir-
culation in the spatial and seasonal variation of the rain-
fall rate.

The NNRP mean seasonal fields of precipitation and
atmospheric water vapor content were compared with
the GPCP and NVAP observed datasets, respectively.
A good statistical level of similarity between the re-
analysis and observations is found in both variables over
the region of study. However, some disagreement in the
precipitation rate over the eastern slope of the central
Andes and in the location of the maximum rainfall over
the Amazon basin has been noticed.

The vertically integrated water vapor flux was de-
composed into its stationary and transient components,
and the corresponding divergence fields were computed.
The physical consistency of the seasonal and spatial
variation of all these fields was examined. The annual
mean balance adequately closes over the ocean regions
and most of the continental area; however, large im-
balances are observed over mountainous regions. These
imbalances are likely due to errors in the finite differ-
ence computation of the vertically integrated water va-
por flux and its divergence in the vicinity of high to-
pography. The interpolation procedure applied to pres-
sure levels above the surface can also be affected by
nonnegligible errors over steep topography, which will
propagate in the water vapor flux and flux divergence
computations. Far from the Andes, the analysis per-
formed lets us judge the relative importance of the local
evaporation rate and of the stationary and transient water
vapor flux components in the resulting spatial distri-
bution of the mean seasonal precipitation rate.

The stationary water vapor flux convergence plays an
important role in producing the following rainfall rate
maxima: over the ITCZ and on both slopes of the north-
ern Andes throughout the year, in the Amazon basin,
along the eastern slope of the central Andes, in the
southeastern part of the continent and the SACZ during
summer, and on the western slope of the southern Andes
during winter.

The direction of the vertically integrated transient wa-
ter vapor flux is in general downgradient of the total
precipitable water, and its magnitude reaches a maxi-
mum in midlatitudes, where wind velocity perturbations
are larger. As Watterson (1998) suggests, this compo-

nent of the water vapor transport is potentially consistent
with a Fickian theory for small-scale turbulent eddy
transfer. In the one-dimensional case, it could be ex-
pressed as

]Qx/]t 5 2Kx]W/]x, (7)

where Kx is a positive eddy-diffusion coefficient, which
can be made proportional to the magnitude of the eddy
velocity components through an appropriate mixing-
length scale.

Although the magnitude of the transient water vapor
flux convergence is, in general, lower than that of the
stationary flux, in some oceanic and continental regions
they are comparable, and a dynamic link may exist be-
tween them. A simple transport-gradient model of the
transient flux, like (7), may also help to clarify this
particular functioning. Two representative cases of the
mechanisms involved are sketched in Fig. 8. In one of
them (Fig. 8a), a jetlike stationary flow in the direction
of the specific humidity gradient produces a dry tongue
(trough) in the humidity field. Note, we have adopted
in Fig. 8 the mathematical definition of gradient, =W,
instead of the meteorological usage, 2=W. Perturba-
tions of the velocity field coming from the region of
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FIG. 9. SH summer mean wind vector (m s21) and specific humidity
(g kg21) fields, at the 925-hPa pressure level, obtained from the NNRP
database. A dashed line indicates the boundary between the conver-
gent and divergent zones in the transient water vapor flux, shown in
Fig. 7a.

lower specific humidity will produce negative humidity
perturbations away from it. Negative (positive) wind
velocity perturbations perpendicular to the stationary
flow tend to be positively (negatively) correlated with
specific humidity perturbations to the south (north) of
the water vapor trough axis, while wind velocity per-
turbations parallel to the stationary flow tend to be neg-
atively correlated with specific humidity perturbations
everywhere. This results in a convergent water vapor
transient flux toward the dry tongue. A similar reasoning
explains the divergence of the transient water vapor flux
away from the humidity ridge produced by a stationary
flow in the opposite direction to the specific humidity
gradient (Fig. 8b). In both cases, the net effect of the
transient flux is to erode the relative extremes in the
humidity field created by the stationary flow. A further
question arises here: how would the atmospheric cir-
culation and stationary and transient flux respond to a
relative maximum in the atmospheric water vapor con-
tent created by a relative maximum in the P 2 E rate?

As already noticed by Lenters and Cook (1995), an
example of the case depicted in Fig. 8b can be found
in SACZ during summer (cf. Figs. 3a, 5a, and 7a). In
this region, the convergence in the stationary flux cre-
ates a ridgelike pattern in the water vapor content, while
the divergence in the transient flux tends to smooth it
out.

An example of combined ridge–trough patterns is
seen over the continent, associated with a dipole struc-
ture in the convergence of the transient water vapor flux.
Figure 9 shows the summer mean wind vector and spe-
cific humidity fields at the 925-hPa pressure level. Also
indicated in this figure is the boundary between the poles
of the couplet in the transient water vapor flux conver-
gence field shown in Fig. 7a. A noticeable northeasterly
flow over the central and eastern part of the continent
and a southwesterly flow over the western side contrib-
ute to create the observed ridge–trough structure in the
specific humidity field, north of 408S. As Fig. 7a in-
dicates, a divergent transient water vapor flux develops
over the low-level humidity ridge and a convergent flux
develops over the trough. Both patterns, similar to those
depicted in Fig. 8b and 8a, respectively, tend to temper
the strong water vapor gradient throughout the region.
It is important to notice that this kind of interaction
between the stationary and transient components of the
water vapor flux can determine the seasonal location of
the boundary between the humid and dry zones in the
southern part of the continent. This interaction could
help to explain the relation between anomalies in the
atmospheric circulation and interannual or longer rain-
fall rate fluctuations over very productive agricultural
regions in the southern part of the continent.
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