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Trends in the hydrologic cycle of the Amazon basin
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Abstract. Although previous studies have considered the long-term variability of
precipitation and river discharge in the Amazon basin, other components of the hydrologic
cycle, such as evapotranspiration and the transport of water vapor, have not received the
same attention. This study examines the 20-year variability of the full hydrologic budget of
the Amazon basin, using a 1976-1996 time series from the National Centers for
Environmental Protection/National Center for Atmospheric Research reanalyzed
meteorological data set. Within this 20-year record, there is a statistically significant
decreasing trend in the atmospheric transport of water vapor both into and out of the
Amazon basin. This trend is associated with a general relaxation of the southeasterly trade
winds, a weakening of the east-to-west pressure gradient, and a warming of the sea surface
temperatures in the equatorial South Atlantic region. While the atmospheric transport of
water vapor through the Amazon basin has decreased, the internal recycling of
precipitation within the basin increased and basin-wide precipitation, evapotranspiration,
and runoff have remained nearly constant. Even though basin-average precipitation and
runoff have remained fairly stable, other components of the Amazon basin’s hydrologic

cycle have been altered significantly by large-scale changes in atmospheric circulation.

1. Introduction

The Amazon basin has received considerable attention from
the scientific community, largely because of the important eco-
systems and natural resources that reside there. In addition,
the Amazon is one of the major tropical heating centers that
fuels the general circulation of the atmosphere. Numerous
modeling studies have examined how the climate and hydro-
logical systems of the basin may respond to human activities,
including land use and deforestation (see review by Lean and
Rowntree [1997]). However, in order to evaluate possible an-
thropogenic perturbations to the Amazonian environment we
must first improve our understanding of the natural climatic
and hydrological processes operating within the basin.

Precipitation patterns within Amazonia exhibit strong vari-
ations from year to year. Some of this variability, especially in
northern Amazonia, is related to the El Nifio-Southern Oscil-
lation (ENSO) [Kousky et al., 1984; Richey et al., 1989;
Marengo, 1992]. However, ENSO is actually not the dominant
driver of precipitation extremes in much of Amazonia
[Marengo and Hastenrath, 1993; Neves, 1995]. Other important
drivers of precipitation variability include the strength of the
North Atlantic high, the position of the intertropical conver-
gence zone (ITCZ), and sea surface temperatures in the trop-
ical Atlantic. While numerous authors have examined interan-
nual variability in Amazonian climate, only a few studies have
considered longer-term modes of variability, using rainfall and
hydrological records.

The use of river discharge records as indicators of climate
change have several advantages and disadvantages: changes in

'Permanently at Departamento de Engenharia Agricola, Univer-
sidade Federal de Vicosa, Vicosa, Brazil.
Copyright 1999 by the American Geophysical Union.

Paper number 1998JD200126.
0148-0227/99/19987D200126$09.00

land use may increase or decrease the streamflow; construction
of dams may increase evaporation and is likely to change the
seasonality of the river; diversion of flow to irrigated lands also
decreases the streamflow; and gradual changes in river bed
formation through erosion or sediment deposition may be ig-
nored in calculating the rating curves used to estimate dis-
charge form the water level [Marengo et al., 1998]. On the other
hand, hydrologic records of streamflow have the advantage of
integrating spatial variability within the basin scale and is a
good alternative when the rain gauge density is very low
[Richey et al., 1989; Lettenmaier et al., 1994].

Gentry and Lopez-Parodi [1980] reported an increase in
flood frequency in the Ucayali (Amazon) River at Iquitos
(Peru) during a period when there were no significant changes
in precipitation (1962-1978). However, these results were chal-
lenged by Richey et al. [1989], who showed that the Amazon
River discharge at Manacapuru (downstream of Iquitos) did
not exhibit any significant increase during the entire 83-year
period between 1903 and 1985.

In a more comprehensive study, Rocha et al. [1989] tested
two Amazonian River discharge and several precipitation
records for indications of decadal-scale and long-term variabil-
ity. They concluded that many precipitation and discharge
records contained increasing trends during the 1960s and early
1970s. However, the discharge and rainfall records returned to
their long-term average values in the late 1970s and 1980s. One
possible explanation for this behavior may be associated with
changes in the frequency and duration of the positive phase of
the Southern Oscillation [Molion, 1990]. During the interval
between 1961 and 1976, 11 out of the 16 years had below
normal sea surface temperatures in the equatorial Pacific be-
tween 90° and 160°W.

Using a set of rainfall time series between 15 and 62 years
long, Paiva and Clarke [1995] found statistically significant
trends in rainfall for the eastern (decreasing rainfall) and west-
ern (increasing rainfall) portions of the Amazon basin. In ad-

14,189



T
30°W

f/ 30°W
1 1 1 (]

Figure 1. Orientation map. The Amazon basin is repre-
sented on a 2.5° X 2.5° grid. The solid line rectangle refers to
the area presented in Figures 6 and 7. The dashed line rect-
angle refers to the area presented in Plate 1.

dition, Chu et al. [1994] reported that 15-year-long records of
satellite-based outgoing longwave radiation (OLR) measure-
ments show a significant decrease in OLR over time, which
may indicate an overall increase in atmospheric convection
over the basin. Chu et al. [1994] also reported an increasing
trend in precipitation at Belém and Manaus.

Marengo [1995] studied the long-term variability of hydro-
logical records of several South American rivers, including a
90-year-long time series of the Negro River water level at
Manaus, in the May—July season. For this river he concluded
that the time series did not reveal significant (at the 10% level)
trends over the period of recordings. He also remarked that
there was an increase in the river levels from 1970 to 1980, but
this increase is within the range of long-term cycles. However,
Curtis [1998] analyzed the same time series for the period
1958-1996 and concluded that the series (relative to the
months of January, February, and March) show an upward
trend significant at the 5% level; no significant trends were
found in the other months’ series.

More recently, Marengo et al. [1998] used the Mann-Kendall
test to evaluate trends in river discharges (3 months of highest
flow) in 8 points in the Amazon basin, where the length of the
time series varied between 22 and 90 years. They found no
significant (at the 5% level) trends in all records tested. They
also tested the trends in the rainfall records of several stations
in Amazonia in the three wettest months. All the series con-
sidered have at least 70 years of data. They concluded that the
records do not present any significant trend at the 5% level.

While the aforementioned studies have examined the long-
term variability of precipitation and river discharge in the Am-
azon basin, the other components of the hydrologic cycle, such
as evapotranspiration and atmospheric water vapor transport,
have not received the same level of attention. Considering all
of the components of the hydrologic cycle together can con-
siderably improve our understanding of the Amazon’s water
cycle.

Here we analyze the behavior of the Amazon’s hydrological
cycle using 20 years (1976-1996) of reanalyzed meteorological
data from the National Centers for Environmental Protection
(NCEP)/National Centers for Atmospheric Research (NCAR)
data set [Kalnay et al., 1996]. This reanalyzed meteorological
data set was constructed by assimilating a variety of land sur-
face, ship, rawinsonde, pibal, aircraft, satellite, and other qual-
ity-controlled data in a state-of-the-art numerical weather fore-
cast and analysis system. The NCEP/NCAR data set includes
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estimates of precipitation, evapotranspiration, runoff, atmo-
spheric humidity, and winds, allowing us to construct a full
three-dimensional water vapor budget of the basin.

2. NCEP/NCAR Reanalysis Data

Reanalyzed meteorological data sets have many advantages
over other, more traditional data sets, including (1) most of the
variables are internally consistent, obeying the basic physical
laws of the numerical forecast model (except for land surface
water fluxes; see below), and (2) the quality of the data is
controlled, eliminating discontinuities in the record associated
with changes in the data assimilation system and data contain-
ing gross instrumental or human errors. However, because the
reanalysis procedure combines raw observations with numeri-
cal model analyses of the atmosphere, there may be model-
dependent biases in the data set [Kalnay et al., 1996]. Further-
more, some variables in the data set are entirely derived from
the model (e.g., latent heat flux) and therefore may include a
more significant bias than variables that are based on primary
measurements (e.g., wind speed and humidity).

In the NCEP/NCAR reanalysis, surface variables are avail-
able on a T62 Gaussian grid (1.875° X 1.905° resolution), and
atmospheric data are available on a 2.5° latitude by 2.5° grid
longitude, with 17 levels in the vertical. To construct a hydro-
logic budget of the Amazon basin (Figure 1), we use a variety
of surface data, including monthly mean precipitation, latent
heat flux (evapotranspiration), and surface runoff. In addition,
we use the atmospheric data necessary to calculate the column-
integrated advection of water vapor: monthly means of zonal
and meridional wind speed (u and v), specific humidity (g),
and the correlations between them (#'g’ and v'q"), from 1000
to 300 hPa (8 levels).

One serious disadvantage of the NCEP/NCAR data set for
hydrologic studies, however, is that the soil moisture values
were numerically restored (over several months) toward a
baseline climatological value [Mintz and Serafini, 1992]. This
procedure acted as a source or sink of water to the soil (see
section 4) and also reduced the interannual variability of the
soil-related water fluxes [e.g., Roads et al., 1999]. Implications
of this procedure to our analyses are discussed in the following
sections.

To evaluate the accuracy of the NCEP/NCAR data set in the
Amazon basin, we have compared some of the data to other

Figure 2. Imbalance of the surface water budget (P — E —
R) averaged over 20 years.
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data sets: the NASA Goddard Space Flight Center (GSFC)
Data Assimilation Office (DAO) reanalyzed data set [Schubert
et al., 1993] was used to evaluate the atmospheric water vapor
transport and evapotranspiration estimates; the EOS-Amazon
precipitation data sets was used to evaluate trends in precipi-
tation. In a previous study we compared six different precipi-
tation data sets, including the NCEP/NCAR data set, over the
Amazon basin [Costa and Foley, 1998].

3. Methods

In this study we have constructed an annual-average hydro-
logic budget of the Amazon basin for each hydrological year
between 1976 and 1996. All annual-average data are organized
in terms of the Amazon’s hydrological year (starting on Sep-
tember 1st and ending on August 31st), so that the rainy season
is not divided in two. In order to calculate the annual water
balance we use monthly mean values of precipitation, latent
heat flux (evapotranspiration), and surface runoff at each grid
cell within the basin. In addition, we calculate the column-
integrated transport of water vapor, using zonal and meridi-
onal wind speed (& and v), specific humidity (q), and their
covariance (u’q’, v"q") at the levels 1000, 925, 850, 700, 600,
500, 400, and 300 hPa. These levels are adequate for the
calculation of water vapor fluxes because water vapor is mostly
concentrated at the lower levels. Spatially integrating these
fluxes over the entire basin, we calculate the following basin-
averaged hydrological budget terms for each year: average
precipitation (P), average evapotranspiration (E), average
runoff (R), water vapor input (I), water vapor output (O),
and water vapor convergence (C, where C = I — O).

Table 1. Estimates of Evapotranspiration for the Amazon
Basin
E,
Source mm d~! Method Notes

Molion [1975] 3.1 climatonomical 30 years
Villa Nova et al. 32 Penman 30 years

[1976]
Korzun [1978] 35 Budyko
Marques et al. 35 atmospheric water 1 year

[1980] balance
Willmott et al. 33

[1985]
Matsuyama 3.1 atmospheric water 1 year (FGGE)

[1992] balance
Eltahir and Bras 3.1 ECMWF 6 years

[1994a] assimilated data
Vorosmarty et 33 Thornthwaite 5 years

al. [1996]

Rao et al. 4.5 atmospheric water ECMWEF assimilate
[1996] balance data, 5 years
Costa and Foley 3.7 land-surface driven by 30-year
[1997] model climatologies
NASA GSFC 4.6 reanalyzed data 8§ years
NCEP/NCAR 4.3 reanalyzed data 20 years

(before
correction)
NCEP/NCAR 3.8 reanalyzed data 20 years
(after
correction)

FGGE, First Global Atmospheric Research Program (GARP)
Global Experiment; ECMWEF, European Centre for Medium-Range
Weather Forecasts; GSFC, Goddard Space Flight Center; NCEP-
National Centers for Environmental Protection; and NCAR-National
Center for Atmospheric Research.
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Table 2. Estimates of Runoff for the Amazon River
Runoff,

Discharge, mm

Source Site 10° m3 s ! yr!

UNESCO [1978] Obidos 157 1060

Milliman and Meade mouth 200 1024
[1983]

Vérosmarty et al. Obidos 170 1160
[1989]

Russell and Miller mouth 200 1086
[1990]

Mintz and Serafini mouth 190 965
[1992]

Matsuyama [1992] Obidos 155 1054

Matsuyama [1992] Amazon at 164 1014

Obidos +
Xingu

Oki et al. [1995] Obidos 1053

Vorésmarty et al. Obidos 1086
[1996]

Costa and Foley Obidos 162 1106
[1997]

This study mouth 937

The input of water vapor at each grid cell I' is computed
using (1), following Peixoto and Oort [1993, p. 274]:

Ay Pse

I=97 (ug +u'q’) dp

300

or o

Ax Pste o
I_gAf (vg + v'q’) dp
300

where A4 is the area of the Amazon basin, ¢ is the acceleration
due to gravity, and Ax and Ay are the length of the zonal and
meridional grid cell boundaries, respectively. The total input to
the basin [ is the sum of the inputs in all grid cell boundaries.
The output O is calculated similarly. The convergence C is
computed from the difference I — O.

We estimate the basin-wide precipitation recycling ratio (p)
using

PEETT )

derived from the expression used by Eltahir and Bras [1994a],
which assumes that water vapor is well mixed in the atmo-
sphere. Despite the data from the Atmospheric Boundary
Layer Experiment (ABLE) [Harris et al., 1988] supporting this
assumption, there is still some controversy about this issue.

Although we acknowledge that the well-mixed assumption
may not be satisfied everywhere, it is our opinion that p is a
stronger estimator of the precipitation recycling ratio than
others used before. Moreover, if p is not an unbiased estimator
of the precipitation recycling ratio, at least it is a good estima-
tor of the proportion of local sources of water vapor to the
total sources of water vapor to the basin.

4. Climatological Water Balance

In a balanced hydrological system the long-term rate of
precipitation equals the sum of evapotranspiration and runoff
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Table 3. Time Series and Climatologies of the Components of the Hydrologic Cycle in the Amazon Basin After the

Correction
Hydrological P, E,7 R, 1, o, C, I+E—-P-0, P - FE — R, C — R,
Year mm mm mm mm mm mm P mm mm mm
1976-1977 2127 1328 794 3434 2678 757 28% —43 5 -38
1977-1978 2351 1319 990 3374 2442 932 28% —100 42 -59
1978-1979 2250 1307 891 3109 2115 994 30% 51 52 103
1979-1980 2287 1325 943 3526 2583 943 27% —20 19 0
1980-1981 2329 1295 990 3344 2315 1030 28% —4 44 40
1981-1982 2193 1365 900 3475 2603 872 28% 44 =72 -29
1982-1983 2427 1458 960 3519 2524 995 29% 26 9 34
1983-1984 2585 1436 1102 3534 2432 1102 29% —47 47 0
1984-1985 2456 1438 1046 3442 2450 992 30% -26 —28 —-54
1985-1986 2375 1418 1005 3217 2256 960 31% 3 —48 —45
1986-1987 2297 1452 870 3266 2471 795 31% =50 =25 =76
1987-1988 2271 1420 869 3137 2389 748 31% —103 —-18 —120
1988-1989 2546 1401 1077 3170 2045 1125 31% -20 68 48
1989-1990 2490 1442 988 3280 2242 1038 31% -10 60 50
1990-1991 2459 1431 1056 3208 2220 988 31% —40 —28 —68
1991-1992 2285 1451 927 3213 2448 765 31% —-69 -93 —162
1992-1993 2244 1435 891 2998 2261 737 32% =72 -82 —154
1993-1994 2151 1349 833 3193 2421 772 30% -30 -31 —61
1994-1995 2159 1314 810 2946 2146 800 31% —45 35 —11
1995-1996 2150 1302 804 2710 1952 758 33% -90 44 —46
Long-term 2322 1384 937 3255 2350 905 30% =32 0 =32
average

We report estimates of basin-average precipitation (P), evapotranspiration (E), runoff (R), water vapor input (I), water vapor output (O),
water vapor convergence (C = I — O), and precipitation recycling (p) for each hydrological year from 1976 to 1996. The last three columns
show the imbalance in the atmospheric, surface, and atmospheric + surface levels, respectively.

(P = E + R). However, analyzing the land-surface hydro-
logical budget terms in the NCEP/NCAR data set, we find that
there is a small imbalance. Long-term basin-average precipi-
tation (P) minus evapotranspiration and runoff (E + R) is
—179 mm yr—!, suggesting a source of water inside the basin,
which, we believe, was artificially added during the reanalysis
procedure (see discussion in section 2). A map of this residual
(Figure 2) shows that its value is not constant, and in parts of
the basin it is actually acting as sink of water. This artificial
addition of water to the soil during the reanalysis procedure
could cause an increase in the rates of evapotranspiration

Table 4. Estimates of Annual Precipitation for the
Amazon Basin

Series
Series Length, Estimate,
Source Span years mm yr~!
Leemans and Cramer [1990] 1930-1960 30 2126
Legates and Willmott [1990] 1920-1980 up to 60 2166
Russell and Miller [1990] 1950-1979 30 1900
Global Precipitation 1988-1995 7 1895
Climatology Project
[Janowiak and Arkin,
1991]
Eltahir and Bras [1994a] 1985-1990 6 1950
Vorosmarty et al. [1996] 1979-1984 5 2302
Earth Observer System- 1972-1992 20 2120
Amazon Project
NASA GSFC reanalyzed 1985-1992 8 2152
data set
NCEP/NCAR reanalyzed 1976-1996 20 2322
data set

| I=140
A/m'
P=100
Atmosphere
Surface _ /
E=62 \ Re38
(a) NCEP/NCAR o
66
[~ I=141
e
P=100
Atmosphere
Surface _
E‘Ss\\ 4/ R=42
(b) Eltahir and Bras (1994) o

Figure 3. Comparison of the Amazonian hydrologic budget:
(a) National Centers for Environmental Protection (NCEP)/
National Center for Atmospheric Research (NCAR) reana-
lyzed data set (this study), P = 100% = 2320 mm yr ', and
(b) European Centre for Medium-Range Weather Forecasts
(ECMWEF reanalyzed data set [Eltahir and Bras, 1994a], P =
100% = 1950 mm yr .
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Figure 4. Twenty-year trends in the components of the hydrological cycle in the Amazon basin. Here we plot
the annual departures (from the 20-year mean) of each component of the hydrologic cycle plus a linear
regression of these departures over time. A dashed line indicates that the trend is not significant at the 5%
level; a thin (thick) solid line indicates that the trend is significant at the 1% (0.01%) level according to

Mann-Kendall test.

and/or runoff. Comparisons of the NCEP/NCAR evapotrans-
piration and runoff data with other estimates (Tables 1 and 2)
suggested that evapotranspiration (not runoff) was overesti-
mated. On the basis of this observation we apply a correction
term to the NCEP/NCAR evapotranspiration estimates, re-
moving the long-term water imbalance (179 mm yr—'). Besides
reducing £ and making the overall water balance closer to
other estimates, the only extra effect of this correction is re-

ducing our estimate of precipitation recycling ratio, which
dropped by 2.5% (absolutely) after the correction. Because of
this basic correction to the NCEP/NCAR water balance, we
conduct the remainder of this study using yearly anomalies so
that the difference in the long-term average water balance does
not affect the results.

The corrected basin-average water balance (Table 3) shows
the average annual atmospheric transport of water vapor into
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Figure 5. Schematic map of the Amazon basin in a 2.5 X 2.5
grid. The thick lines represent borders where there is a trend in
the annual mean water vapor transport significant at the 5%
level according to the Mann-Kendall test. See text for details.

20°S|

(I = 3255 mm yr ') and out of (O = 2350 mm yr ') the
Amazon basin and the split of precipitation (P = 2322 mm
yr~') between evapotranspiration (1384 mm yr—!, which is
~60% of P) and runoff (937 mm yr—!, which is ~40% of P).
These values are comparable to other estimates of the Amazon
basin’s hydrologic budget (Table 4 and Figure 3; see also Table
4 by Matsuyama [1992]).

1
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Table 5. Matrix of Correlations

AP AE AR Al AO AC Ap
AP 1.00
AE 0.58  1.00
AR 094 044 1.00
Al 041 022 0.47 1.00
AO —011 016 —0.05 0.81 1.00
AC 084 0.13 0.86 046  —0.16 1.00
Ap -0.04 038 -019 -081 —-0.66 —036 1.00

Considering the entire land-atmosphere water budget, mass
conservation implies that the long-term average convergence
of water vapor transport in the basin (C = 905 mm yr ')
should be matched by runoff of water out of the basin (R =
937 mm yr~'). However, in the NCEP/NCAR data a small
difference (32 mm yr~') remains unaccounted for. This error
in the land-atmosphere water budget is ~3.5% of the net water
vapor convergence (or <0.7% of the total water vapor input to
the atmosphere, I/ + E) and may be a consequence of the
assumption (in the NCEP/NCAR data set) that there is no
water vapor above 300 hPa [Kalnay et al., 1996].

Our estimate of the precipitation recycling ratio p is 30%,
which is similar to the 25% value found by Eltahir and Bras
[1994a]. Some of the older estimates of precipitation recycling,
which do not assume well-mixed water vapor, place p between
48% and 52% [Molion, 1975; Marques et al., 1977].

Typically in the literature, the atmospheric water vapor
transport is integrated above 1000 hPa, instead of the surface
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Figure 6. Mean 1976-1996 circulation patterns at 1000 hPa and trends in the circulation for the months of
January, April, July, and October. Trends in the atmospheric circulation are depicted as changes in wind
vectors over the 20-year record, as calculated by the end-points of a linear regression of the entire record of
wind data. Shaded areas indicate where the trend is significant at the 5% level.
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Figure 7. As in Figure 6, but for 850 hPa.

pressure, as we did in this study (equation (1)). In regions that
have high-altitude borders, such as the Andes in the Amazon
basin, this methodology can introduce biases, underestimating
the water vapor convergence. For example, Rao et al. [1996],
using 5 years of European Centre for Medium-Range Weather
Forecasts (ECMWF) data, calculated a convergence to the
Amazon basin around 1.5 X 107> kg H,O m 25~ ! (equivalent
to 473 mm yr~ '), which is much smaller than our estimate (905
mm yr~ ). Also, Matsuyama [1992], who also used ECMWF
data for the First Global Atmospheric Research Program
(GARP) Global Experiment (FGGE) period, had to multiply
the water vapor convergence by 1.37 to match the observed
runoff of the basin.

5. 20-Year Trends

In order to evaluate the 20-year trends in the hydrologic
budget of the Amazon basin we examine the time series of
each of the components of the annual budget (Figure 4). For
each we use the Mann-Kendall statistical test to determine the
direction and significance of trends. According to our analysis,
there is no significant (at the 5% level) 20-year trend in basin-
average precipitation, evapotranspiration, runoff, or water va-
por flux convergence.

However, there are decreasing trends in water vapor input
and output (significant at 1% level) and an increasing trend in
precipitation recycling (significant at the 0.01% level). Inspect-
ing the hydrological budget terms at each grid cell, we find that
the trends in annual mean atmospheric water vapor transport
are occurring in the eastern part of the basin, where water
vapor is advected in from the tropical South Atlantic (Figure
5). In the NCEP/NCAR data set, of the total input of water
vapor to the Amazon basin, 64% enters through the eastern

border, while 34% enters through the northern border of the
basin. No trend was found in the annual mean meridional
inflow through the northern border of the basin, although
significant increasing trends were found in some months. Since
this study concentrates on annual mean fluxes we focused our
analysis in the eastern border.

Upon further examination we find that there are strong
correlations between the interannual variations in water vapor
input (/) and output (O) and between the interannual varia-
tions in precipitation recycling (p) and water vapor input (/)
(Table 5). As a result, we believe that external factors are
causing the decrease in the water vapor input; the decreasing
trend in the water vapor output and the increasing trend in the
precipitation recycling are a consequence of the trend in the
input (as implicit in equation (2)).

We repeated this analysis with the NASA GSFC DAO re-
analyzed meteorological data set. Although the DAO data set
covers a shorter period (1985-1993), the same general features
emerge from the analysis. Again, there are decreasing trends in
water vapor input and water vapor output, increasing rates of
precipitation recycling, and nearly steady rates of precipitation
and evapotranspiration.

6. Discussion

The decreasing trend in the atmospheric transport of water
vapor into the basin could be a result of several processes
occurring near the eastern border of the basin: (1) a decrease
in the mean flow in from the ocean, (2) a decrease in the total
precipitable water (vertically integrated water vapor content)
in the region, or at least in some borders, (3) a decrease in the
eddy flow, or (4) some combination of the three. In order to
isolate which mechanism is responsible for the trend we break
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Plate 1. Trends in the (a) sea level pressure (SLP) and (b) sea surface temperature (SST), for the months
of January, April, July, and October. Trends in SLP (SST) are depicted as changes in pressure (temperature)
over the 20-year record as calculated by the end-points of a linear regression of the entire record of

atmospheric pressure (SST) data.

apart the transport equation (1) and consider each term sep-
arately. We find that the trend in water vapor input is a con-
sequence of a decrease in the transport by the mean flow.
There are no significant trends in precipitable water, except for
southeastern Amazonia in the months of June (when there is a
decreasing trend) and December (when there is an increasing
trend). Also, there is no significant trend in the transport by the
eddy flow. Physically, this represents a decrease in the strength
of the southeasterly trade winds, which is a major source of
water vapor into the basin.

Decreases in the strength of the trade winds along the east-
ern border of the Amazon basin is not a localized phenomenon
but rather a large-scale one, extending for 1000 km or more

into the South Atlantic. We analyze the wind patterns over the
South Atlantic at 1000 and over the continent at 850 hPa in the
NCEP/NCAR data set to characterize the 20-year average
circulation patterns and any significant circulation changes
(Figures 6 and 7). Twenty-year trends in the atmospheric cir-
culation (Figures 6b and 7b) are depicted as changes in wind
vectors, as calculated by the end-points of a linear regression of
20-year wind data. Along the eastern border of the basin we
see that the easterly winds are significantly weakened and, in
some cases, reverse direction.

Using surface wind observations from the Comprehensive
Ocean-Atmosphere Data Set (COADS) data set, Wagner
[1996] also noted that the strength of the southeasterly (north-
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easterly) trade winds in the Atlantic sector decreased (in-
creased) between 1951 and 1990, which is consistent with our
results. Wagner [1996] also mentions trends in the atmospheric
transport of water vapor, but his results are not comparable to
ours because he did not calculate the three-dimensional water
vapor budget.

Over this 20-year record of the NCEP/NCAR data set we
also find that sea level pressure is increasing (decreasing) over
the western (eastern) tropical South Atlantic (Plate 1). This
causes a weakening of the east-to-west pressure gradient over
the tropical South Atlantic sector, which agrees with the chang-
ing wind patterns.

Changes in wind speed have an important role on the sea
surface temperatures in this region through the evaporative
cooling of the ocean surface [Curtis and Hastenrath, 1995]. In
the NCEP/NCAR data we see that the general reduction of
surface wind speeds is associated with a significant warming of
sea surface temperatures in the tropical South Atlantic (Figure
8b). This warming trend has also been well documented by
surface observations [Hastenrath, 1990; Parker and Folland,
1991; Hastenrath and Wolter, 1992; Cane et al., 1997; Latif et al.,
1997; Venegas et al., 1997].

Although some atmospheric general circulation model
(AGCM) experiments of Amazonian deforestation suggest
that the South Atlantic temperatures would rise after a com-
plete deforestation of the basin [Zeng et al., 1996; Sud et al.,
1996], it is not clear that this warming is associated with the
on-going Amazonian deforestation. For example, an empirical
orthogonal function (EOF) analysis of the tropical Atlantic sea
surface temperatures (SSTs) [Parker and Folland, 1991, Figure
7] shows a 60-year trend in the SST dipole pattern (i.e., warm-
ing in the south equatorial Atlantic, cooling in the north equa-
torial Atlantic), while intense deforestation in Amazonia has
been a relatively recent phenomenon.

7. Conclusions

This analysis suggests that there has been a decrease in the
main source of water vapor into the Amazon basin. This
change in the water vapor budget is associated with large-scale
changes in the general circulation of the tropical atmosphere.
While the annual mean flow of water vapor into the basin has
decreased over these 20 years, the flow of water vapor out of
the basin has also decreased, with no statistically significant
change in the net water vapor convergence. In addition, the
proportion of the basin’s water vapor contributed through local
evapotranspiration (i.e., the recycling ratio) has significantly
increased, and no significant trends have been noticed in terms
of the basin-average precipitation and runoff.

This result raises another issue: scenarios of increased de-
forestation [Dickinson and Henderson-Sellers, 1988; Lean and
Warrilow, 1989; Shukla et al., 1990; Nobre et al., 1991; Dickinson
and Kennedy, 1992; Henderson-Sellers et al., 1993; Lean and
Rowntree, 1993; Diermayer and Shukla, 1994; Eltahir and Bras,
1994b; Polcher and Laval, 1994; Walker et al., 1995; Gash et al.,
1996; Sud et al., 1996; Zeng et al., 1996; Lean and Rowntree,
1997] and of increasing CO, concentrations (related to the
physiological effects on canopy transpiration) [Friend and Cox,
1995; Henderson-Sellers et al., 1995; Pollard and Thompson,
1995; Sellers et al., 1996; Costa and Foley, 1997] both exhibit
large decreases in Amazonian evapotranspiration. If changes
in water vapor transport were to continue, combined with
these anticipated decreases in evapotranspiration, all of the
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sources of water vapor into the Amazonian atmosphere would
be significantly altered. Future studies will need to examine
how precipitation patterns and freshwater resources within the
basin would respond to such conditions.
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