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ABSTRACT

The hydroclimatology of tropical South America is strongly coupled to low-frequency large-scale oceanic
and atmospheric phenomena occurring over the Pacific and the Atlantic Oceans. In particular, El Nifio—Southern
Oscillation (ENSO) affects climatic and hydrologic conditions on timescales ranging from seasons to decades.
With some regional differences in timing and amplitude, tropical South America exhibits negative rainfall and
streamflow anomalies in association with the low—warm phase of the Southern Oscillation (El Nifio), and positive
anomalies with the high—cold phase. Such dependence isillustrated in the hydroclimatology of Colombiathrough
several empirical analyses: correlation, empirical orthogonal functions, principal component, and spectral anal-
ysis, and discussion of the major physical mechanisms. Observations show that ENSO'’s effect on river discharges
occurs progressively later for rivers toward the east in Colombia and northern South America. Also, the impacts
of La Nifia are more pronounced than those of EI Nifio. Evidence is also presented to show that processes arising
from land—atmosphere interactions in tropical South America affect sea surface temperatures in the Caribbean
and the north tropical Atlantic. A hypothesis is formulated to explain these feedback mechanisms through
perturbations in precipitation, soil moisture, and evapotranspiration over the continent. To begin with, the oc-
currence of both phases of ENSO affects all those fields. The proposed mechanisms would constitute the *‘land—
atmosphere’”’ bridge connecting Pacific and Atlantic SST anomalies.

1. Introduction

The annual distribution of rainfall over tropical South
America is primarily influenced by the position of the
intertropical convergence zone (ITCZ). The main con-
trols of the rain space distribution are the presence of
the Andes mountains and the eastern Pacific, and west-
ern Atlantic Oceans, the atmospheric circulation over
the Amazon basin, and vegetation and soil moisture
contrasts. Large quantities of precipitation, evapotrans-
piration, soil moisture, and runoff are present in tropical
South America, as compared with world averages. The
region is a major center of convective activity, mostly
developed within large cumulonimbus clouds, from
which latent heat is continuously released into the at-
mosphere thus influencing the Hadley cells and overall
global circulation (Riehl and Malkus 1958). The excess
of precipitation over evapotranspiration in the region is
such that the combined runoffs of the Amazon, Orinoco,
and Magdalena rivers account for 18.3% of the total
inflow to the world oceans (Baumgartner and Reichel
1975, 95). The Atrato River in Colombia drains 35702
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km? of the wettest areas of the planet, producing a mean
annual discharge of 4557 m® s~* and an equivalent run-
off of 127.6 L s~* km~2, 5-6 times larger than the Am-
azon. The origin of this highly wet region over north-
western South America lies in the low-level westerly
flow from the Pacific Ocean over inland Colombia.
These winds are colder and moister than the dominant
easterly trades from the Atlantic and the Caribbean
(Lbpez and Howell 1967). The confluence of the two
winds, combined with the effects of surface warming
and orographic lifting, produces a highly unstable at-
mospheric profile causing strong convection and heavy
precipitation along the Pacific coast and western flanks
of the Cordillera Occidental. This region is favored for
development of tropical mesoscale convective com-
plexes (Velasco and Fritsch 1987).

On interannual timescales, low-frequency large-scale
ocean—atmosphere phenomena are highly coupled to the
hydroclimatology of the region. In particular, El Nifio—
Southern Oscillation (ENSO) is a major forcing mech-
anism of climatic and hydrological anomalies. The
physics of ENSO and its climatic consequences can be
found in Horel and Wallace (1981), van Loon and Mad-
den (1981), Rasmusson and Carpenter (1982), Glantz
et al. (1991), Ropelewski and Halpert (1987), Rasmus-
son (1991), Trenberth (1991), and Diaz and Markgraff
(1992).

The purpose of this paper is twofold: 1) to study the
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Fic. 1. Time evolution of the SOI (dotted line), the monthly discharges of the Cauca River,
Salvajina, Colombia (solid thick line), and average precipitation in the Amazon River basin.

Data have been low-pass (12-month) filtered.

interannual variability of hydrologic anomalies of rain-
fall and river dischargesin tropical South America, par-
ticularly Colombia and the Amazon River basin, and to
identify their relationship with ENSO, and 2) to present
evidence suggesting that hydrological processes in the
region can influence oceanic—atmospheric interactions
in the Caribbean and northern tropical Atlantic. We hy-
pothesize a model to explain the nature of this feedback
with the support of independent observations. In con-
clusion, the implications of long-term oscillations, such
as ENSO, for regiona hydroclimatology and water re-
sources planning, are discussed.

2. Empirical analyses

Overall, there is a coherent pattern of hydrological
anomalies in tropical South America during extreme
phases of ENSO. Thisis clear in regions of Costa Rica
(Waylen et al. 1996); Panama (Estoque et al. 1985);
Colombia (Poveda and Mesa 1993; Poveda 1994; Po-
veda and Mesa 1995), Venezuela (Pulwarty et al. 1992),
some regions of Ecuador (Gessler 1995), Amazon basin
rainfalls and discharges (Vorosmarty et al. 1996; Kous-
ky and Kayano 1994; Marengo and Hastenrath 1993;
Marengo 1992; Obregon and Nobre 1990; Richey et al.
1989; Lau and Sheu 1988), and other regions of Brazil
(Kousky et al. 1984; Rao and Hada 1990; Hastenrath
and Greischar 1993; Kayano et al. 1988; Chu 1991).
Aceituno (1988, 1989), Rogers (1988), Kiladisand Diaz
(1989), Hastenrath (1976, 1990), and Halpert and Ro-
pelewski (1992) place this region in a broader hemi-
spherical and global context. Generally, negative anom-
aliesin rainfall and streamflows are associated with the
warm phase of ENSO (El Nifio), and positive anomalies
with the cold phase (La Nifia), although there are some

regional differences in timing and amplitude. As an il-
lustration, Fig. 1 shows smoothed monthly values of the
Southern Oscillation index (SOI, defined as the stan-
dardized difference between Tahiti and Darwin sealevel
pressures), the discharges of the Cauca River, Colombia
(1946-94), and the average rainfall over Amazon basin
(5.965 X 10° km?). The latter data are estimated from
the set produced by the Earth Observing System Am-
azon Project (Instituto Nacional de Pesquisas Espaciais,
Brazil, and the University of Washington, and provided
by the Global Hydrology and Climate Center of the
National Aeronautics and Space Administration), which
contains monthly rainfall gridded (0.2° lat X 0.2° long)
during the period 1972-92. A 12-month low-passdigital
filter is applied to remove higher frequencies associated
with annual and intraannual variability. The derived cor-
relation coefficient between SOI and the Amazon rain-
fall is 0.63, statistically significant at the 99.99% level
once the degrees of freedom are reduced according to
the scale of fluctuation of the processes (Vanmarcke
1988; Mesa and Poveda 1993).

To illustrate the effect of extreme phases of ENSO
on Colombian hydrology, Fig. 2 (top) presents the
monthly discharges of the Magdalena river at Puerto
Berrio, during El Nifio (triangles) and La Nifia (squares)
years, according to the classification given by Kiladis
and Diaz (1989). The hydrologic year is considered from
June (year 0) through May (year +1). Figure 2 (bottom)
illustrates the ratio of monthly mean discharges for the
whole record and those in extreme phases of ENSO.

a. Correlation analysis

Correlation analyses are cal cul ated between seven cli-
matic variables over the Pacific and rainfall in Colom-
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FiG. 2. Monthly anomalies of the Magdalena River at Puerto Berrio,
Colombia, with respect to the multiannual mean for El Nifio (trian-
gles) and La Nifia (squares) years (top). Ratio of the average monthly
discharges for El Nifio (triangles) and La Nifa (squares) to the mul-
tiannual averages (bottom).

bia. The variables used are the following: Southern Os-
cillation index (SOI), monthly mean sea surface tem-
perature (SST) at regions Nifio-1-2 (0°-10°S, 90°-
80°W), Nifio-3 (5°N-5°S, 150°-90°W), and Nifio-4
(5°N-5°S, 160°E-150°W), and monthly mean zonal
wind velocity in those regions (Uwin). All are extracted
from the Comprehensive Ocean—Atmosphere Data Set
(COADS; Slutz et a. 1985). The series are first
smoothed by using 12-month running meansto facilitate
the examination of correlations at interannual time-
scales. To ease interpretation of the results (Table 1) the
signs of the SSTs and some zonal wind indices are in-
verted. All coefficients are significant at the 95% level
and show that Colombian precipitation is most highly
correlated with the SOI, wind velocity at Nifio-4, and
SST at Nifio-4 (N4), Nifio-3 (N3), and Nifio-1-2 (N1).
Interestingly, the Nifio-4 region in the central Pacific
returns higher correlations than other regions closer to
South America. Results (not shown here) suggest that
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additional variables such as the specific humidity in the
Nifio-1-2 region, and the meridional gradient of SST
between the Colombian and Peruvian coasts are aso
correlated to precipitation variability over western and
central Colombia.

Cross-correlation analyses between the SOI and dis-
charges suggest that the influence of ENSO appear ear-
lier in thewest coast of Colombiaand later in the eastern
parts of the country. ENSO anomalies lead the hydro-
logical anomalies by one month in the west, by 2—4
monthsin central Colombiga, and by as much as 6 months
in eastern South America, as reported for the Amazon
River by Richey et a. (1989) and by Eagleson (1994)
for the Trombetas River. The SOl exhibits the largest
correlation (Fig. 3) with LaVieja River (Cartago, Valle
del Cauca, 4°46'N, 75°54’'W) at 1-month lag (0.759),
with the Luisa River (Pavo Real, Tolima, 4°13'N,
75°12'W), at 2-months lag (0.59), with Sumapaz River
(El' Profundo, Cundinamarca 4°00'N, 74°30'W) at
4-months lag (0.637), and with Chivor River (Ubala,
Boyaca, 4°47'N, 73°09’'W) at 6-months lag (0.50). All
correlations are statistically significant at 95%. These
streamflow stations were chosen to have approximately
the same latitude, but the progressive delay of the effect,
as west longitude decreases, is observed everywhere.
As will be discussed later, hydrological processes play
arole in determining the velocity at which the anomaly
propagates over the continent. Indeed, precipitation, soil
moisture, and evapotranspiration anomalies at interan-
nual timescales interact to modulate river discharge
anomalies. Figure 4 presents a time—longitude diagram
of standardized precipitation anomalies at the interan-
nual timescale in the entire Amazon basin, for the 1972—
92 period. Time series have been smoothed using alow-
pass 12-month digital filter. Precipitation anomalies ap-
pear migrating eastward with time, in the period 1978
through 1981. The El Nifo effects during 1976-77,
1982-83, 1986-87, and 1991-92 are evident in Fig. 4,
as is the La Nifa of 1988-89.

b. Empirical orthogonal functions analyses

EOF analysisis applied to a dataset of rainfall records
at 88 stations distributed over Colombia (Fig. 5), which
are selected for the quality of their records between 1958
and 1990. The analyses were repeated on monthly,
3-month, and 12-month running averages, following re-
moval of the annual cycle by standardization (difference
from the monthly mean divided by the standard devi-
ation of the corresponding month). Up to 46% of the
variance can be explained with the first four EOFs, dis-
tributed as follows:

EOF no. 1 2 3 4
Explained variance (%) 31 7 4 4
Cumulative variance (%) 31 38 42 46

Figure 6 shows the first two EOFs for the 3-month
running mean series of precipitation over Colombia. The
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TABLE 1. Lag-zero correlation coefficients (%) between rainfall in Colombia and climatic indices over the Pacific Ocean (12-month
running averages).

Latitude Longitude

North West -SST N1 -SST N3 -SST N4 Uwinl -Uwin3 -Uwind SOl
Santa Rosa 6.64° 75.45° 25.7 40.6 50.6 25.0 —24.8 47.7 56.1
El Chuscal 6.07° 75.45° 50.0 51.4 57.7 8.9 55 65.6 68.2
Rionegro 6.16° 75.35° 45.1 53.6 59.1 16.9 -7.4 64.7 67.5
El Carmen 6.08° 75.32° 27.6 51.1 51.1 28.4 -15.1 60.9 60.9
El Retiro 6.06° 75.51° 40.2 51.5 60.1 133 19 66.5 70.0
Las Palmas 6.16° 75.53° 39.2 375 45.5 6.3 10.4 52.0 55.7
Vasconia 6.21° 75.47° 33.8 45.7 53.1 125 14 59.1 63.8
Mazo 6.27° 75.50° 42.1 45.0 54.3 7.8 7.4 63.3 64.3
La Mosca 6.31° 75.45° 36.3 40.9 48.6 -1.2 16.3 57.5 58.3
Guatapé 6.25° 75.15° 15.0 35.0 48.1 19 25.5 52.8 52.2
Corrientes 6.31° 75.26° 15.6 30.2 34.9 115 23.0 45.7 43.6
Ipiales 0.81° 77.63° 184 36.3 43.1 10.0 —39.0 41.2 43.7
Obonuco 1.20° 77.30° 33.1 41.6 47.2 -104 0.1 49.2 52.3
Sibundoy 1.18° 76.91° 13 9.1 20.0 -14.1 14.0 23.6 184
Observ. Nal 4.63° 74.10° 20.6 30.0 44.8 33 8.0 41.0 41.4
Encino 6.13° 73.11° 49.4 57.4 51.2 26.0 —-34 54.5 61.4
Clcuta 7.93° 72.52° -5.2 —-26.5 -1.4 —-44.1 56.6 114 35
Soledad 10.88° 74.78° 45.5 11.3 11.9 -10.6 34.8 335 16.1
Cenicafé 4.98° 75.58° 45.9 56.4 54.4 18.9 11.2 59.6 62.5
Pereira 4.82° 75.73° 24.6 311 44.4 17.3 —4.4 38.8 445
Palmira 3.52° 76.32° 35.0 39.7 51.1 28.2 -22.0 43.0 43.0
Piendamo 2.68° 76.53° 25.2 9.3 27.3 —-29.0 29.5 36.9 32.7
Rioabajo 6.25° 75.31° 22.0 37.7 40.4 124 13.3 51.6 53.1

first EOF (Fig. 6a), explaining more than 30% of rainfall
variability, has the same sign over the entire region,
suggesting coherence in regional hydrological behavior
at interannual timescales. The corresponding spatial
variability broadly represents rainfall responseto ENSO
forcing, with central and western regions more affected
than those on the Caribbean coast and the east. Physical
mechanisms associated to the second EOF (Fig. 6b) are
not clear, although they could be features of distinctive
rainfall forcing either from the Pacific, the Atlantic, and
the Amazon basin. The corresponding time series of the
first principal component (PC) of rainfall (Fig. 7a) con-
firms that El Nifio events are associated with negative
rainfall anomalies and La Nifla with positive ones. A
Fourier analysis of the first PC also identified important
spectral peaks in the frequencies associated to ENSO at
54, 43, and 26 months (Fig. 7b). The origin of the spec-
tral peak at 26 months (Fig. 7b) is an open question,
although it could be a manifestation of the influence of
the quasi-biennial oscillation (QBO). ENSO exhibitsan
important quasi-biennial (QB) component, not clearly
related to the stratospheric QBO.

Principal components are also computed for monthly
river discharges from 55 stations (locations in Fig. 5)
in the period 1959-90. All discharges are rescaled by
the corresponding monthly standard deviations to fa-
cilitate comparison across basin scales. Basins whose
rainfall inputs are affected by ENSO, show even higher
correlations to SOI than rainfall (see Fig. 1). Basins act
as filters to smooth out the variability and intermittency
inherent in rainfall, but soil moisture and evapotrans-
piration are also affected by ENSO via temperature,

wind, and moisture anomalies that vary coherently. The
latter concept will be explored more fully.

Figure 8 maps isocorrelations between the SSTs of
the Pacific and Indian Oceans and the first principal
component of Colombian river discharges. Regions of
greatest negative correlations are the central and eastern
equatorial Pacific and the area of the Indian monsoon.

c. Discussion

These analyses are consistent with observations of
the physical phenomena governing the hydroclimatol-
ogy of Colombia during the extreme phases of ENSO.
El Nifo forcing brings low rainfall and discharges, and
La Niflais even more strongly related to higher precip-
itation and streamflows. Correlation analyses suggest
that ENSO may explain up to 50% of the observed
variance in Colombian hydrology beyond the annual
cycle, assuming a linear relationship. Several remarks
must be made about these statistics. First, the annua
cycle has been removed from both signal's, by traditional
standardization. Second, smoothed records (3-12-
month low-pass filters or running means) are employed
to filter out the annual cycle and higher frequencies.
Third, al the analysis thus far belongs solely to the
linear domain, yet the relationship of ENSO to hydrol-
ogy is highly nonlinear, and therefore aspects of this
type of dependence may be absent. The context of this
search for cause-and-effect relationships is more com-
plex than in a simple mechanical system, due to non-
linear interactions between different subsystems (at-
mosphere, ocean, soil, biosphere, cryosphere) all of
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FiG. 3. Behavior of the cross correlations between the SOI and the
streamflows of four rivers in Colombia. From west to east: La Vieja
(Cartago, Valle del Cauca, 4°46'N, 75°54'W), Luisa (Pavo Real, To-
lima, 4°13'N, 75°12'W), Sumapaz (El Profundo, Cundinamarca
4°00'N, 74°30'W), and Chivor (Ubala, Boyaca, 4°47'N, 73°09'W).
Negative lags correspond to the SOI leading the hydrology. Notice
that the peaks of the cross correlations occur later as the stations are
farther east. The correlations are statistically significant at the 99.9%
level.

which change at widely diverging timescales. Finally,
the statistical significance of crosscorrelationsisclearly
affected by the autocorrelation of each series (Brown
and Katz 1991), for that reason significance figureswere
adjusted according to the scale of fluctuation of the pro-
cesses (Vanmarcke 1988; Mesa and Poveda 1993).

Correlations between climatic variables over the Pa-
cific Ocean and the Colombian rainfall and runoff series
are larger when those lead the Colombian hydrology by
3-4 months. This fact provides good possibilities of
developing adequate hydrological predictive models.
Certainly, use of such techniques contributesto improve
hydrological forecasting, with tremendous practical
consequences.

The overall relation between the indices of ENSO
and the hydrologic variablesisvery consistent and phys-
ically reasonable, although these statistics suggest only
association and are not proof of dependence. There are
instances in which rainfall anomalies are not associated
with extreme phases of ENSO, and vice versa. The
1982-83 El Nifio event is the strongest in the record,
but it did not produce intense dry anomalies. During
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1957-60 Colombia experienced one of the more pro-
longed dry seasons in the record, but the 1957-58 El
Nifio was not particularly marked in either duration or
intensity. One of the rainiest years on record (see Fig.
7a) was 1971, which was accompanied by only a mod-
erate La Nifia event. Clearly, other factors affect Co-
lombian hydrology besides ENSO, and their dependence
is probably nonlinear. A good candidate is the North
Atlantic oscillation (NAO), which exhibits significant
correlations with the Colombian hydroclimatol ogy (Po-
veda and Mesa 1996). Moreover, other large-scale cli-
matic phenomena may change the degree, and even the
sign of the relation. Discussion of the physical mech-
anisms involved follows.

3. Feedbacks

It has been observed that the north tropical Atlantic
and the Caribbean experience positive, though weaker,
anomalies in sea surface temperature during, or after,
the warm phase of ENSO (e.g., Covey and Hastenrath
1978; Hastenrath and Wu 1982; Pan and Oort 1983;
Halpert and Ropelewski 1992; Curtis and Hastenrath
1995; Nobre and Shukla 1996; Wagner 1996). This
warming tends to be stronger during the March—-May
period. Physical mechanismsthat are responsible for the
links between the two oceanic basins remain elusive
(Lau and Nath 1994), athough Curtis and Hastenrath
(1995) show that the warming of the tropical Atlantic
is the result of wind field perturbations.

We speculate that land—atmosphere interactions over
tropical South America contribute to transmitting the
signal from the Pacific to the Caribbean and the Atlantic,
once El Nifio is established. Figure 9 maps correlations
between the first principal component of the monthly
streamflows (3-month running means, 1959—90) and the
SSTs at the Caribbean and the Atlantic, for the hydrol-
ogy leading the SSTs by 1-6 months. Correlations in-
crease in both absolute value and areal extent when the
hydrologic variable leads the SSTs, reaching a maxi-
mum at 4-5 months. The region of higher correlation
appears to travel eastward with time. Similar correla-
tions (not shown) for the tropical South Atlantic exhibit
lower values. By comparison, lagged correlations be-
tween the SOI and the SSTs over the Atlantic (Fig. 10)
arelower and less extensive. Correlations maps between
the Niflo-3 SST record and those for the Caribbean and
the tropical North Atlantic (not shown) exhibit even
lower correlations. These results could be suggesting
that precipitation, soil moisture, and evapotranspiration
are important mechanisms in establishing the impor-
tance of the South American ‘‘land—atmosphere
bridge,”” which would connect the anomalies in the Pa-
cific with those over the Atlantic. There is an imperfect
understanding of the physical processesinvolvedin such
forcing, but the overall hydrological situation of tropical
South America intimates strongly the existence of the
bridge.
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Fic. 4. Time-longitude diagram depicting rainfall anomalies in the whole Amazon basin during the 1972-92 period. Anomalies have been
smoothed using a low-pass 12-month digital filter.

We propose the mechanisms to explain the possible
influence of tropical South America land—surface pro-
cess on the north tropical Atlantic SST, at interannual
timescales, as follows. The anomalous warming of the
Pacific in the Nifio-4 and Nifio-3 regions acts as a Ross-
by wave source. The resultant changes in atmospheric
circulation produce anomalies in the global circulation
that propagate to the east as shown by Yasunari (1987,
see his Fig. 7 with the sea level pressure composite
anomaly) and Hsu (1994, see his Figs. 1aand 10a show-
ing the global anomalies in OLR). Those oceanic—at-
mospheric perturbations attain the familiar echelon pat-
tern throughout the central-eastern tropical Peacific, al-
most symmetrical about the equator, leading toward the
Americas and similar to the SST anomalies during El
Nifio. Notice that the anomalies over tropical South
America exhibit an inverse sign to those of the tropical
Pacific. Tropical rainfall response is quite different over
the Pacific where convection and precipitation are in-
tensified during El Nifio events, while negative anom-
alies prevail over continental South America.

Anomalous high surface pressure is established in
tropical South America[Fig. 11.27aof Gill (1982), Fig.
7 of Yasunari (1987), and Fig. 5 of Aceituno (1988)],

particularly during the DJF period, seemingly the result
of an anomalous Hadley cell that subdues the ascent of
moist air and the associated convection and precipita-
tion. This pattern appears as a common feature of
ENSO, because it has been identified during El Nifio
events of 198283, 1986-87, and 1991-92 (Rasmusson
and Mo 1993). The areal extent of those anomalies is
much more broader than tropical South America. That
very observation confirms the importance of the inter-
action between the land and atmosphere in tropical
South America to influence the tropical Atlantic cir-
culation. The impact of interannual variability of the
land—atmosphere system in tropical South America is
so large that the whole upper-atmospheric circulation
and the divergent flux are perturbed beyond itsfrontiers.
There are modeling results (Zeng et al. 1996) that sug-
gest that deforestation scenarios of the Amazon basin
(in many ways similar to the effects of the warm phase
of ENSO), would produce a weakening of the sea sur-
face temperature gradient along the tropical Atlantic
Ocean, and also it could affect the global atmospheric
circulation through perturbations of both the Walker and
the Hadley cells (Zhang et al. 1996). Indeed, rainfall in
the Amazon basin has been recognized as a modulator
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of convection in the Atlantic ITCZ and over the eastern
Pacific (Silva Dias et a. 1987).

The anomalous increase in sea level pressure over
tropical South America during ElI Nifio contributes to
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the displacement and maintenance of the center of con-
vection of the ITCZ toward the west and the south of
its normal position (Pulwarty and Diaz 1993). During
El Nifo, the meridiona gradient of SST between Co-
lombian coastal waters and the cold tongue diminishes.
This produces a decrease in the low-level cross-equa-
torial westerlies winds and the advection of moisture
from the Pacific thus contributing to the drought. On
top of that, there is a reduction in Atlantic weather sys-
tems activity over northern South America (Frank and
Hebert 1974; Gray and Sheaffer 1991), thereby decreas-
ing moisture advection and precipitation events over
northern South America, including Colombia. Thus, El
Nifio could contribute to cooling of the troposphere over
this region due to a decrease in the release of latent heat
of condensation associated with negative anomalous
precipitation, despite the surface warming due to de-
creased evaporation and cloudiness (see Fig. 2a of Ni-
gam 1994).

The interannual anomalies in precipitation (Lau and
Sheu 1988; Hsu 1994; Kousky and Kayano 1994) force
negative anomalies in soil moisture, at the same time-
scale. In tropical South America this fact has been re-
ported by Nepstad et al. (1994) and by Jipp et al. (1997),
from experimental data gathered in the Amazon basin
forests and pastures: soil moisture deficits associated to
the 199192 El Nifio event persisted until 1994. The
obvious hydrological connection between soil moisture
and river discharges validates the conclusions drawn
from the isocorrelation maps shown in Fig. 9. Modeling
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Fic. 6. The first two EOFs for the Colombian monthly rainfall (3-month running means), which explain 30.7% and 6.5% of the total
variance, respectively.
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Fic. 7. (a) Time series of the first principa component (PC) for the Colombian streamflow
river discharges. Monthly values have been smoothed as 3-month running means. (b) Fast Fourier
transform of the first PC. Frequency is relative to the total record length (396 months), and the
corresponding period (months) is estimated as 396/relative frequency.

results confirm the interannual modul ation of soil mois-
ture at ENSO timescales. Temporal variability of month-
ly soil moisture anomalies in tropical South America
has been examined through estimates of average ground
wetness (aratio of soil moisture to the maximum mois-
ture, w/ws, ws = 150 mm) for the globe (see detailsin
Schemm et al. 1992). Figure 11 presents the temporal
evolution of monthly average ground wetness anomalies
over the Amazon, Orinoco, and Magdalena River basins
for the period 1979-92. Data have been smoothed using
a 12-month low-pass filter (thick line). Long-term per-
sistent behavior of soil moisture at the interannual scale
is clearly observed, as are the modulation of soil mois-
ture by the El Nifios of 1982—83 and 1986-87 and by
the La Nifia of 1988.

Due to soil moisture depletion during El Nifio, evapo-
transpiration rates are also reduced. This affectsthe par-
titioning of the surface energy balance, especially be-
tween latent and sensible heating. Nepstad et al. (1994)
report a 28% reduction in evapotranspiration during an
El Nifio (1992-93), compared to non-El Nifio years
(1991 and 1994) over Amazonian forests and a 42%
decline above pastures. Evapotranspiration isclearly re-
duced in pastures and secondary forests of the Amazon
basin during dry seasons, in particular during those
forced by El Nifio (Hodnett et al. 1996). Similar re-
ductions in evapotranspiration are reported by Voros-
marty et al. (1996) from water balance estimates for the

whole Amazon River basin during the period September
1983-August 1984, following the 1982-1983 El Nifio
event. Interannual anomaliesin soil moisture and evapo-
transpiration are more critical than those caused by the
annual cycle. Assuming that during normal years water
is not the limiting factor to determine the Bowen ratio,
the Amazon basin could be seen as an ocean. During
ENSO events, water can be the limiting factor, due to
the amplitude and length of the dry period, and therefore
its anomaly is much more critical. As a consequence,
the system responds in a completely different manner.

Reductions in evapotranspiration lead to further pre-
cipitation deficits, as large proportions (35%-50%) of
rainfall in the Amazon basin are believed to be derived
from evapotranspiration recycling (Shuttleworth 1988;
Elthair and Bras 1994). This is a crucial aspect of the
feedback mechanisms of land—atmosphere interactions
during ENSO over tropical South America. The latent
heat rel eased into the atmosphere over the Amazon basin
during La Nifia events is approximately 190 W m~2
(1988-89) and reduces to 150 W m-2in El Nifio events
(1991-92). Precipitation reduction is also consistent
with the development of an anomalous position and di-
rection of the Hadley cell toward the equator. Implicit
here is the existence of a positive feedback effect be-
tween the tropical precipitation and the Hadley circu-
lation (Numaguti 1993).

During the warm phase of ENSO, the cooperative

Fic. 8. Isocorrelations (%) between sea surface temperatures at each location and the first
principal component of the Colombian monthly streamflows (3-month running averages). Notice
the high values of the correlation coefficients at the regions of the central Pacific Ocean and
the region of the Indian monsoon.
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Fic. 9. Lagged isocorrelations (%) between the first principal component of the Colombian river discharges (3-month running means) and
sea surface temperatures at each location. Streamflows are leading the Atlantic SSTs from 1 to 6 months. Notice that the region of larger
correlations is traveling eastward and gaining areal extent with time, and peaks at 4-5 months.

effect of alower sealevel pressurein the North Atlantic
(Nobre and Shukla 1996) and the increased surface at-
mospheric pressure in tropical South America contrib-
utes to reduce the surface pressure gradient between the
two regions. Figure 12 presents the time series of stan-
dardized anomalies for both the mean sea level pressure
gradient between the Azores Islands (25°-35°W, 30°—
40°N) and northern South America (50°-70°W, 3°S-
10°N), as well as precipitation over the latter region, for
the period 1982-94, as obtained from the The National
Centers for Environmental Prediction (NCEP)—National
Center for Atmospheric Research (NCAR) reanalysis
project. It can be seen that negative precipitation anom-
alies over the region are well associated to anomalous
negative sea level pressure gradient (lower North At-
lantic High and higher tropical South America). These
mechanisms in turn contribute to the weakening of the
northeast trades, triggering oceanic warming over the
Caribbean and the north tropical Atlantic.

Coupling between the reduction (enhancement) of the
easterly trade winds and warming (cooling) of the trop-
ical north Atlantic and pressure gradient reduction (in-

creasing) during or after the warm (cold) phase of ENSO
has been reported by Horel et al. (1986), Marengo
(1992), Pulwarty (1994), Curtis and Hastenrath (1995),
and Nobre and Shukla (1996). Interestingly, Carton and
Huang (1994) argue that during the Atlantic warm
events the ocean acts as a passive guide through which
heat is shifted from west to east in response to changes
in the wind field. This kind of eastward displacement
would be manifest in the correlation maps of Fig. 9.
The observations and the proposed mechanisms pre-
sented here are also in agreement with the suggestion
of Zebiak (1993) that SST variability over the tropical
Atlantic may be related to land—surface interactions and
to large-scale forcing related to ENSO, and also with
the proposed positive feedback between land-surface
and atmospheric processes in the South America-At-
lantic ocean—atmospheric circulation (Zeng et a. 1996).
Oncethe SSTsincrease over the Caribbean and the north
tropical Atlantic, coupled ocean—atmosphere phenom-
ena carry the signal through the rest of the Atlantic
toward Africa, as suggested by Carton and Huang
(1994).
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Fic. 10. Lagged isocorrelations (%) between the Southern Oscillation index (SOI) and sea surface temperatures at each location. SOl is
leading the SSTs from 1 to 6 months. Notice that the correlations are lower than those shown in Fig. 9.

4. Conclusions

Large-scale coupled ocean—atmosphere phenomena
force hydrologic anomalies in tropical South America
at interannual scales. Extensive data analyses illustrate
the influence of ENSO on the hydrology of tropical
South America. Broadly, El Nifio stimulatesdry periods
and La Nifiais associated with excessive moisture, rain-
fall, and river discharges. The impact of La Nifia is
stronger than El Nifio's impact. Because of multiple
nonlinear interactions among diverse geophysical phe-
nomena, the relationship is not a simple one, exhibiting
differences in amplitude, timing, and duration, but the
zero-order effect is clear. There is evidence of an east-
ward propagation of ENSO effects in streamflow in Co-
lombian and other tropical South American rivers. The
situation over the Atlantic is also important in modu-
lating the influence of ENSO over the region, as the
North Atlantic oscillation exhibits an interesting cou-
pling with the hydrometeorology of tropical South
America. The influence of large-scale ocean—atmo-
sphere phenomena on hydrologic anomalies needs to be
accounted for in water resources systems planning, and

management. In the past, during droughts associated
with El Nifio, Colombia has attempted cloud seeding to
sustain reservoir levels (Lopez 1966). The 1991-92 El
Nifio event caused losses of about $1 billion to the na-
tional economy, due to prolonged electricity shortages
forced by the drought. Colombianow carefully monitors
the evolution of the climatic situation, especially over
the Pacific, with a view to the operation of its water
resource systems and their future expansion.
Hydrological anomalies are not passive spectators of
the ““surrounding climate” but can contribute to its
shaping. The case of tropical South Americais an ex-
ample of such feedback. We have hypothesized the
mechanisms by which the hydrology of tropical South
America plays an important role in constructing the
““land—atmosphere bridge” connecting SST in the Pa-
cific to those of the tropical north Atlantic and Carib-
bean, once an El Nifio event develops. In particular,
surface pressure, precipitation, temperature, evapotran-
spiration, soil moisture, and river runoff are highly in-
terconnected in a coherent system. The resulting effect
would produce weakening of the trade wind field that
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Fic. 11. Time evolution of monthly average ground wetness anomalies for the combined
Amazon, Orinoco, and Magdalena River basins during 1979-92. Monthly averages have been
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smoothed using a 12-month low-pass filter (thick line).

ultimately contributes to the warming of the Caribbean
and the tropical North Atlantic. Dry conditions induced
by El Nifio are self-reinforced through the dynamics of
precipitation recycling and hydrological processes over
the region. Soil moisture over the continent playsasim-
ilar role that of sea surface temperature over the oceans
in driving the dynamical partition of water and energy
budgets at the land—atmosphere and ocean—atmosphere
interfaces, respectively. This paper presents evidence of
long-term persistent behavior of soil moistureanomalies
at interannual timescales over the Amazon, Orinoco, and
Magdalena River basins, which suggest that soil mois-
ture over the region is an important component of

0.6
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Fic. 12. Time evolution of standardized anomalies for the mean
sea level pressure gradient between the Azores Islands (25°-35°W,
30°-40°N) and northern South America (50°-70°W, 3°S-10°N), and
precipitation over the latter region, for the period 1982—94. Datafrom
the NCEP-NCAR reanalysis project.

ENSO. More detailed soil moisture datasets need to be
collected and analyzed over the region to confirm these
results.
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