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Abstract1
2

The El Niño / Southern Oscillation (ENSO) phenomenon is one of the dominant drivers3

of environmental variability in the tropics.  In this study, we examine the connections4
between ENSO and the climate, ecosystem carbon balance, surface water balance, and5
river hydrology of the Amazon and Tocantins river basins in South America.6

7

First we examine the climatic variability associated with ENSO. We analyze long-term8
historical climate records to document the “average” climatic signature of the El Niño9
and La Niña phases of the ENSO cycle.  Generally speaking, the “average El Niño” is10
drier and warmer than normal in Amazonia, while the “average La Niña” is wetter and11

cooler.  While temperature changes are mostly uniform through the whole year and are12
spatially homogeneous, precipitation changes are stronger during the wet season13
(January-February-March) and are concentrated in the northern and southeastern14
portions of the basin.15

16
Next we use a land surface / ecosystem model (IBIS), coupled to a hydrological routing17
algorithm (HYDRA), to examine how ENSO affects land surface water and carbon18
fluxes, as well as changes in river discharge and flooding.  The model results suggest19

several responses to ENSO:20
21

• During the average El Niño, there is an anomalous source of CO2 from terrestrial22
ecosystems, mainly due to a decreased net primary production (NPP) in the23

north of the basin.  There is also a decrease in river discharge along many of the24
rivers in the basin, especially in the southeast, which causes a decrease in25
flooded area along the main stem of the Amazon.26

27

• During the average La Niña, there is an anomalous sink of CO2 into terrestrial28
ecosystems, largely due to an increase in NPP in the northern portion of the29
basin.  In addition, there is a large increase in river discharge in the Amazon30
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basin, especially from the northern and western tributaries.  There is a1
corresponding increase in flooded area, largely in the northern rivers.2

3

These results illustrate that changes in water and carbon balance associated with4
ENSO have complex, spatially heterogeneous features across the basin.  This5
underscores need for comprehensive analyses – using long-term observational data6
and model simulations – of regional environmental systems and their response to7

climatic variability.8
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1.  Introduction1
2

The Amazon is one of the most amazing and important watersheds on the planet.3

4
The freshwater systems of Amazonia – including a massive network of rivers,5
floodplains, streams and wetlands – play an important role in modulating the Earth’s6
hydrologic cycle.  Just in terms of river flow, the Amazon is the largest river system on7

Earth.  With nearly 20% of the Earth’s freshwater discharge, the Amazon carries more8
water than the 9 other largest rivers of the world combined.9

10
The Amazon basin also contains one of the largest areas of tropical rainforests left on11

Earth.  These forests account for roughly 10% of the world’s terrestrial productivity and12
biomass, and play an important role in regulating the Earth’s carbon cycle and climate,13
as well as providing habitats to countless plants and animals.14

15

The Amazon is also changing dramatically.  Over the last few decades, increasing16
population and development pressures have led to large areas of deforestation in the17
Amazon, mostly along the southeastern portion of the basin [Nepstad et al., 1999; Skole18
and Tucker, 1993; Skole et al., 1994].  In the coming years and decades, rates of19

deforestation are likely to increase as more roads are built through the core of the20
forest, and international markets continue to drive a demand for agricultural and forest21
products.22

23

Given the importance of changing environmental conditions in the Amazon basin, there24
has been increased attention paid to the region’s freshwater and ecological systems.  A25
major international partnership between scientists in Brazil, the European Union and the26
United States has led to the Large Scale Atmospheric Biosphere Experiment in27

Amazonia (or LBA) (see http://lba.cptec.inpe.br/lba/eng/science.htm). Specifically, LBA28
is examining the interactions between the climate, atmospheric chemistry, ecology and29
freshwater systems of the Amazon region.30

31
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One of the major priorities of LBA is to understand how Amazonia functions as a1
regional entity. Within this integrated context, we must understand the natural variability2
occurring within the region.  Variations in tropical climate, for example, can induce large3

responses in the ecological and freshwater systems of Amazonia, which because of the4
size of the basin could potentially affect the whole globe [Sud et al., 1996; Zhang et al.,5
1996]. Therefore, it is important to gain a clear understanding of how the Amazon6
system responds to natural climate variability in order to gauge how future natural and7

anthropogenic changes may impact the region.8
9

One of the most significant climatic variations of the tropics is the El Niño / Southern10
Oscillation (ENSO).  The impacts of ENSO are widespread, with strong changes in11

temperature and rainfall patterns extending across the globe [Bjerknes, 1969; Philander,12
1990; Rasmusson and Carpenter, 1983].13

14
The effects of recent ENSO events – especially the large events of the 1980s and15

1990s – on the environmental systems of the Amazon have been examined in a variety16
of studies.  For example, several authors have investigated the connection between17
ENSO and the water balance of locations within the Amazon and Tocantins basins. The18
source of data for these studies have included river discharge (e.g., Marengo et al.19

[1998]; Richey et al. [1989]), reanalyzed meteorological datasets (e.g., Zeng [1999]),20
and gauged or satellite-derived precipitation (e.g., Liebmann et al. [2001]; Marengo21
[1992]; Mason and Goddard [2001]; Zeng et al. [1999]). Other studies have linked22
ENSO with the terrestrial carbon balance of the Amazon basin using ecosystem models23

and satellite-based vegetation cover measurements [Asner et al., 2000; Potter et al.,24
2001; Prentice and Lloyd, 1998; Tian et al., 1998]. However, no single, comprehensive25
examination of the effects of ENSO on the ecological and freshwater systems of the26
Amazon basin has been conducted so far.27

28
Here we examine the connections between ENSO and the climate, ecosystem carbon29
balance, surface water balance, and river hydrology of the Amazon and Tocantins river30
basins of South America (Figure 1).  This study aims to describe the spatial and31
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temporal responses of Amazonian ecosystems and freshwater systems to ENSO during1
the last several decades.2

3

Our study has two major components:4
5

First, we examine long-term historical climate records to assess the impacts of ENSO6
on the Amazon region, rather than concentrating on individual ENSO events of the last7

decade or two.  By considering numerous ENSO cycles – including all those that8
occurred from 1950 to 1995 – we can more accurately assess the impacts of El Niño9
and La Niña events on the climate of the Amazon basin, and their statistical10
significance.11

12
Second, we use a land surface / ecosystem model (IBIS of Foley et al. [1996] and13
Kucharik et al. [2000]), coupled to a hydrological routing algorithm (HYDRA of Coe14
[2000] and Coe et al. [2002]), to evaluate how ENSO affects land surface water and15

carbon fluxes, as well as changes in river discharge and flooding.  By combining long-16
term historical climate records with ecosystem and hydrological models, we can17
evaluate ENSO-related variations in carbon and water cycles across the entire basin.18
This combination of historical climate data and models gives us a means for building a19

comprehensive picture of the regional variability in climate, carbon and water fluxes,20
and river hydrology.21

22
23

2. Variations in Climate24
25

Previous studies have shown that climate patterns within Amazonia exhibit strong26
variations from year to year.27

28
A significant part of the region’s climate variability, especially in northern Amazonia, is29
related to ENSO [Aceituno, 1988; Chu, 1991; Kousky et al., 1984; Marengo, 1992;30
Mason and Goddard, 2001; Molion, 1990; Philander, 1990; Rao and Hada, 1990;31
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Ropelewski and Halpert, 1987; Ropelewski and Halpert, 1989; Zeng, 1999]. During the1
cold phase of ENSO (La Niña) the region experiences higher-than-normal precipitation2
(Figure 2). During the warm phase of ENSO (El Niño), the main convection center shifts3

to central Pacific, convection over Amazonia weakens, and the precipitation totals drop4
below average (Figure 2).5

6
Here we analyze the relationships between ENSO and the climate over the Amazon7

basin.  Like Mason and Goddard [2001], we use the long-term climate data from the8
Climate Research Unit of the University of East Anglia, Norwich [New et al., 2000]9
(hereinafter referred to as the CRU05 dataset). CRU05 is a global, monthly mean data10
set of temperature, precipitation, humidity, and cloudiness, at 0.5° by 0.5°11

latitude/longitude resolution, for the period 1901-1995.  Over the Amazon, the climate12
record is most reliable after the 1940s; we therefore confine our analysis to the period13
between 1950 and 1995.  Furthermore, we focus our analysis on associations between14
ENSO and the precipitation and temperature of the Amazon.15

16
Several studies have considered the interannual variations of precipitation in the17
Amazon basin (e.g., Kousky et al. [1984]; Chu [1991]; Marengo [1992]).  However, most18
of these studies were based on only a few rainfall stations, so the spatial pattern of the19

variability could not be studied in detail. With the availability of gridded precipitation20
datasets, recent studies (e.g., Zeng [1999]; Mason and Goddard [2001]; Liebman and21
Marengo [2001]) have been able to show more detailed spatial patterns.22

23

In order to examine the long-term average connections between ENSO and the climatic24
variations from 1950 to 1995, we construct monthly composites of climate variables for25
each of three categories:  “El Niño months” (months that occur during El Niño events,26
according to Trenberth [1997]), “La Niña months” (months that occur during La Niña27

events, as defined by Trenberth), and Neutral months (months with neither an El Niño28
or La Niña event).  These monthly climate composites are constructed by averaging29
each of the twelve months of the year from 1950 to 1995, while separating months that30
occur during El Niño, La Niña, and Neutral conditions.  In the end, we look for31
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differences between the composites to assess the impacts of ENSO on the climate.  For1
example, the “average El Niño July” can be compared to the “average Neutral July” to2
indicate the average response of the system to El Niño in July.3

4
a.  Precipitation Variability5

6
Our analysis of the CRU05 climate data show that the average El Niño is dryer than7

neutral conditions in Amazonia, while the average La Niña is wetter.  On an annual8
basis, basin-wide precipitation is correlated (r = +0.50) with the Southern Oscillation9

Index (SOI).  On a month-by-month basis, we find that the maximum correlation10
between SOI and precipitation occurs with a time lag of two months (Figure 12), which11
is one month less than reported by Zeng [1999] with the Xie and Arkin [1996]12
precipitation data set for 1979-1996.13

14
Over the basin, the average El Niño precipitation rate is 83 mm yr-1 (4.0%) drier than15
neutral conditions, and the average La Niña is 64 mm yr-1 (3.1%) wetter.  Dividing the16
basin into the northern and southern sections (Figure 1), we find that the precipitation17
changes are stronger in the northern section – with a 120 mm yr-1 (4.8%) decrease of18

rainfall in the composite El Niño and a 215 mm yr-1 (8.5%) increase in the composite La19
Niña (Table 1). These results are consistent with Marengo [1992] and Mason and20
Goddard [2001].21

22

Seasonal precipitation changes associated with ENSO are also strongest in the23
northern part of the basin (Figure 3). During the average El Niño, northern precipitation24
decreases throughout most of the year and the seasonal cycle is shifted one month25
earlier when compared to Neutral years (not shown), consistent with the results of26

Marengo et al. [2001]. In the average La Niña, northern precipitation increases27
throughout the entire year, with greatest increase during the early wet season. In the28
southern part of the basin, we find that precipitation is slightly decreased during the wet29
season for both El Niño and La Niña composites (Figure 3), which was also reported by30

Mason and Goddard [2001].31
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1
2

b.  Temperature Variability3

4
Over the basin, we find that El Niño events are systematically warmer and La Niña5
events are systematically cooler [Halpert and Ropelewski, 1992]:  the coefficient of6
correlation between annual mean temperature and annual mean SOI over 1950-1995 is7

–0.61 (Table 1).  Furthermore, annual mean temperature changes are spatially8
homogeneous and occur during the whole year (Table 1). These changes are highly9
statistically significant, although their overall magnitude is fairly small (roughly 0.3˚ C).10

11

On a seasonal basis, the temperature anomalies are fairly uniform.  Figure 4 shows12
systematically hotter El Niño and cooler La Niña composites, compared to Neutral13
conditions.  In evaluating the monthly records, we find the maximum coefficient of14
correlation between SOI and basin-wide monthly mean temperature occurs with a three-15

month time lag (Figure 12).16
17
18

c.  Synthesis of ENSO Climate Anomalies19

20
In summary, we find that the Amazon basin is dryer and warmer during El Niño years,21
and wetter and cooler during La Niña periods. While temperature changes are largely22
uniform through the whole year and are spatially homogeneous, precipitation changes23

are stronger during the wet season and are spatially heterogeneous: over northern24
Amazonia, the average El Niño is much drier than normal, and the average La Niña is25
much wetter; in southern Amazonia, we find that both El Niño and La Niña composites26
are drier than neutral conditions.27

28
In particular parts of the basin, the precipitation anomalies can become fairly large29
(relative to the neutral conditions), whereas the temperature anomalies are relatively30
small.  ENSO-related changes in precipitation can (in a particular location) exceed 20%31
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of the neutral, while temperature changes generally do not exceed 0.3 ˚C (compared to1
a tropical climate where mean temperatures of 24 to 28 ˚C are normal).  As a result, the2
effects of these temperature swings on ecosystem and hydrological processes are likely3

to be fairly small. However, ENSO-induced changes in precipitation, with the resulting4
changes in soil moisture content and runoff, have a larger impact on the ecosystems5
and rivers of the Amazon basin.6

7

In any analysis of historical climate records, questions of data quality are always an8
issue.  Although we use a high-quality gridded climate dataset in this study, we must9
remember that this data is based on a very low-density station network, especially in10
Western Amazonia and for periods before 1970. The comparison of precipitation data11

and river discharge (Section 4, see also Coe et al. [2002]) indicates that, for the period12
of the available hydrological records, the spatial and temporal variability of the CRU0513
dataset precipitation patterns is consistent with most river discharge records except in14
mountainous western Amazonia.15

16
It is also important to note that ENSO is not the only important mode of climate17
variability in the Amazon basin.  A recent study applying principal component analysis to18
the Amazon climate data [Botta et al., 2002] shows that ENSO explains only19

approximately 21% of the total variance in annual mean precipitation and temperature.20
In fact, the dominant mode of climate variability in Amazonia has a period of 24-2821
years, and explains about 35% of the interannual variance of precipitation, and 56% of22
the temperature variance. Other proposed drivers of climate variability in Amazonia23

include changes the strength of the North Atlantic High, the position of the intertropical24
convergence zone (ITCZ), and wind stress and sea surface temperatures in the tropical25
Atlantic [Fu et al., 2001; Liebmann and Marengo, 2001; Marengo and Hastenrath, 1993;26
Marengo et al., 2001; Neves, 1995; Nobre and Shukla, 1996; Uvo and Graham, 1998].27

28
29

3. Variations in the Carbon Balance30
31
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The net carbon balance of the land surface, or Net Ecosystem Exchange (NEE), is1
defined as the difference:2

3

NEE = RH – NPP4
5

Where NPP is Net Primary Production, or the uptake of carbon by plants, and RH is6
Heterotrophic Respiration, or the loss of carbon from decaying plant litter and soil7

organic matter.  In this definition, positive NEE refers to a net source of CO2 to the8
atmosphere, while negative NEE refers to the net removal of CO2 from the atmosphere.9
NEE, NPP, and RH are typically reported in units of kg-C m-2 yr-1 (on a per unit area10
basis) or as Pg-C yr-1 (over a large area, where 1 Pg = 1015 g).11

12
Each term in the terrestrial carbon balance responds to climate in a particular way.13
Changes in temperature and precipitation can have especially strong impacts on NPP14
and RH.15

16
Kindermann et al. [1996] were the first to simulate the variations in net ecosystem17
carbon exchange over the Amazon associated with ENSO (for the period 1980-1993).18
They showed that the basin was a source of CO2 to the atmosphere (NEE > 0) during19

the 1982-1983 El Niño event and a sink (NEE < 0) during the 1984-1985 La Niña.20
21

Three additional studies [Potter et al., 2001; Prentice and Lloyd, 1998; Tian et al., 1998]22
used ecosystem models to further examine the effects of climate variability on the23

carbon balance of the Amazon basin.  These studies showed that the Amazon could24
have been a net carbon source to the atmosphere (of roughly ~0.4 to ~0.6 Pg-C yr-1) in25
1987 and 1992 (strong El Niño years), and a net sink of carbon (of roughly ~0.4 to ~0.626
Pg-C yr-1) in 1981 and 1993 (strong La Niña years).27

28
While these studies generally agreed on the variations of the basin-wide carbon29
balance, they differed in the regional details.  For example, Tian et al. showed that30
changes in carbon fluxes were scattered across the whole basin, while Potter et al.31
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found that the changes in carbon balance were largely confined to the northern part of1
the basin.  Unfortunately, there are no long-term measurements of NEE in the Amazon2
with which these simulations can be validated; the longest observations come from flux-3

tower studies that are typically less than a year (e.g., Grace et al. [1995]; Malhi et al.4
[1998]; Vourlitis et al. [2001]).5

6
Other studies have considered the response of vegetation to ENSO in the Amazon7

basin as well.  Asner et al. [2000] used satellite-based vegetation cover measurements8
(in terms of the Normalized Difference Vegetation Index, or NDVI) to estimate the9
changes in vegetation cover and phenology associated with El Niño and La Niña10
events.  Asner and colleagues concentrated their analysis on the seasonal cycle of11

vegetation cover in the basin, especially in how the amplitude of seasonal carbon12
exchange and leaf area was affected by ENSO.  They suggested that El Niño years13
generally increased the amplitude of the seasonal cycle in vegetation foliage cover,14
possibly due to greater water stress during the dry season, while La Niña periods had15

generally lower amplitude seasonal variations in foliage cover.16
17

In this study, we use IBIS, a land surface / ecosystem model [Foley et al., 1996;18
Kucharik et al., 2000] to examine how ENSO affects terrestrial carbon fluxes across the19

Amazon and Tocantins basins.  IBIS simulates a variety of land surface and ecosystem20
processes in a single, physically-consistent framework:  (a) the energy, water, and21
carbon balance of the land surface; (b) plant physiological processes, including22
photosynthesis and respiration; (c) vegetation phenology (budburst, senescence /23

dormancy); (d) plant growth and competition; vegetation dynamics; and (e) nutrient24
cycling and soil biogeochemistry.  This modeling framework allows us to simulate both25
the “fast” biophysical and physiological processes occurring on timescales of hours and26
days, as well as the “slow” ecological and biogeochemical processes occurring from27

months to years.28
29

We perform IBIS simulations over the entire Amazon and Tocantins drainage basins at30
0.5˚ latitude / longitude resolution (approximately 55.7 km on a side at the equator).31
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The simulations were performed for the period 1935 to 1995, even though we only1
analyze the results between 1950 and 1995.  In this simulation, the only changes in2
external boundary conditions are those in the climate record; atmospheric CO23

concentrations, nutrient inputs, and soil fertility remain fixed.  Land use patterns were4
not considered in this simulation, so the vegetation cover is actually the vegetation5
cover that is in equilibrium with the climate.  In order to let the model components reach6
near equilibrium conditions, including the long-lived soil carbon pools, we run the model7

through a repeating de-trended sequence of 1935-1995 climate records until the size of8
the carbon pools reach a steady state.  In this study, we analyze the model output from9
1950 to 1995, and follow the same monthly composite technique used in Section 2.10

11

Botta et al. [2000] used this same modeling framework to examine long-term ecosystem12
and carbon cycle processes in the Amazon, and their response to disturbance13
mechanisms.  A thorough analysis of the model results, and a comparison to available14
data from the Amazon, is presented in that paper.15

16
a.  Changes in Net Primary Production.17

18
In this analysis, we find that there is a simulated reduction in vegetation productivity (as19

measured by NPP) during the average El Niño, and an increase in productivity during20
the average La Niña (Table 1).  On average, El Niño years have 0.178 Pg-C yr-1 (3.1%)21
less NPP, and La Niña years have 0.216 Pg-C yr-1 (3.8%) more production.  By dividing22
the changes in NPP into the northern and southern portions of the basin (Figure 1), we23

see that most of the variability is occurring in the north.  The northern section of the24
basin has a 0.111 Pg-C yr-1 (5.1%) decrease in NPP in the composite El Niño, and a25
0.097 Pg-C yr-1 (4.4%) increase in NPP in the composite La Niña.26

27

Averaged over the whole basin, this result is roughly consistent with the results of other28
modeling studies, including Tian et al. [1998] and Asner et al. [2000]].  A comparison29
with the Tian et al. result with the TEM ecosystem model shows that the two models30
have very similar yearly variations in NPP (Figure 5); the coefficient of correlation (r)31
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between the two NPP simulations is +0.62, and is significant at the 98% level.1
Compared to the Asner et al. modeling study with the CASA ecosystem model, the2
correlation between annual NPP variations is also very high (r = +0.73) and significant3

at the 98% level.  Our results appear to qualitatively agree with those of Potter et al.4
[2001]] as well, but a direct comparison between the two studies is difficult, because5

Potter et al. aggregate their results over the Brazilian states of Amazonia (the “legal”6
Amazonia), while our analysis aggregates the carbon fluxes over the Amazon and7
Tocantins drainage basins (the “hydrological” Amazonia).  It should be noted that a8
comparison between our study and those of Tian et al. and Asner et al. is also9

somewhat indirect:  Our model simulations assume the region has “potential” natural10
vegetation (without human land use), while Tian et al. and Asner et al. use current-day11
satellite derived land cover maps as input.12

13

On an annual basis, our simulated basin-average NPP is correlated with the Southern14
Oscillation Index (SOI); between 1950 and 1995, the correlation is low but significant (r15

= +0.39). On a monthly basis, we find that the maximum correlation between SOI and16

NPP occurs with a time lag of three months (not shown), compared to a two-month lag17
between precipitation and SOI and a three-month lag between temperature and SOI.18

19
While there is a strong relationship between ENSO and basin-average productivity, the20

spatial pattern of the NPP anomalies is not homogeneous throughout the region. NPP21
changes occur mainly when and where water availability is the limiting factor for22
vegetation growth, which is mainly during the dry season in the relatively dry regions of23
the basin.  As a result, NPP anomalies associated with ENSO are strongest in the24

northern and southeastern portions of the basin (Figure 6). During the average El Niño,25
precipitation decreases throughout most of the year in the northern part of the basin,26
causing a significant decline in primary production; in the average La Niña, the opposite27
occurs (Table 1).28

29

The seasonal cycle of NPP also experiences significant changes during ENSO events.30
For example, we find that the average El Niño has a lower seasonal amplitude in NPP,31
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while the average La Niña year has an increased seasonal amplitude (Table 1).  This1
result is generally consistent with the findings of Potter et al. [2001] and Asner et al.2
[2000].  However, Asner et al. found that the maximum change in seasonal foliage3

cover and NPP was located in the southeastern part of the basin, while we find that the4
maximum change in seasonality in carbon fluxes in the northeastern part of the basin.5
There are several possible explanations for this disagreement.  First, the satellite6
measurements of vegetation cover used by Asner et al. are most reliable in the7

southeastern portion of the basin, which has the least extensive cloud cover and where8
the NDVI measurement is least likely to become saturated.   Second, the IBIS model9
simulates that there is forest cover in parts of the southeastern portion of the basin10
where there is actually an ecotone between tropical forest and cerrado (cerradão),11

which could decrease the sensitivity of our simulated vegetation phenology to climate12
variability.13

14
b.  Changes in Net Ecosystem Exchange15

16
Several prior studies – including short-term CO2 flux measurements [Grace et al., 1995;17
Malhi et al., 1998], long-term biomass measurements [Phillips et al., 1998] and18
modeling studies [Prentice and Lloyd, 1998; Tian et al., 1998] – have suggested that the19

Amazon basin was acting as a net sink of carbon during the 1980s and 1990s. Such a20
carbon sink could actually result from several mechanisms – including the fertilization21
effects of increasing CO2 concentrations, recovery from past land use, and long-term22
changes in climate.23

24
Rather than focusing on the explanations for this hypothesized carbon sink, we are25
concentrating on the year-to-year variations in carbon balance instead.  In evaluating26
our model results, we normalize the results by subtracting the long-term average27

simulated carbon balance, so that our model simulated NEE averages to zero during28
the period between 1950 and 1995.  Here we analyze only the perturbations from this29
basic, carbon neutral condition.30

31
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Separating the 1950-1995 period into Neutral, El Niño and La Niña composites, we find1
that the basin-averaged NEE can switch from being a relative source (NEE increases by2
0.215 Pg-C yr-1 during the average El Niño) to a relative sink (NEE decreases by 0.2733

Pg-C yr-1 during the average La Niña). Because changes in RH are relatively small, NEE4
anomalies nearly mirror the patterns of NPP.5

6
On an annual basis, we find that basin-average NEE is correlated with the Southern7

Oscillation Index (between 1950 and 1995, r = -0.37).  On a monthly basis, we find that8

the maximum correlation between SOI and simulated NEE occurs with a time lag of9

three months (Figure 12), compared to a two month lag between precipitation and SOI10
and a three month lag between temperature and SOI.11

12
During the average El Niño, precipitation decreases throughout most of the year in the13

northern part of the basin, causing an anomalous source of carbon to the atmosphere14
(NEE > 0); during the average La Niña, the region is an anomalous sink of carbon (NEE15
< 0).  In our simulation, the northern part of the basin is responsible for half of the NEE16
variability, even though it occupies only one third of the basin area.  In this northern17
region, there is a 0.149 Pg-C yr-1 NEE increase during the average El Niño, and a 0.10918

Pg-C yr-1 NEE decrease during the average La Niña (Figure 7).19
20

Averaged over the whole basin, this result appears to be consistent with the results of21
Tian et al. [1998].  Year-by-year comparisons show that the two models have very22

similar variations in NEE (Figure 5); the coefficient of correlation (r) between the two23

NEE simulations is +0.72, and is significant at the 98% level.  However, the spatial24

pattern of the NEE anomalies is extremely different between the two simulations.25
26
27

c.  Synthesis of ENSO and Carbon Fluxes28
29

Several ecosystem modeling studies – including Kindermann et al. [1996], Tian et al.30
[1998], Prentice and Lloyd [1998], Asner et al. [2000], Potter et al. [2001]], and this31
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study – have examined how year-to-year variations in climate affect the carbon balance1
of the Amazon basin.  All of these studies indicate that the net uptake of carbon by the2
basin is significantly correlated to El Niño / Southern Oscillation events.  Each model3

suggests that the basin is a significant carbon sink during La Niña events, and a4
significant carbon source during El Niño events.  Furthermore, these modeling studies –5
including ours – agree that variations in the carbon balance are related to changes in6
precipitation during ENSO:  during El Niño years the basin is dryer and productivity is7

inhibited, during La Niña years, the basin is wetter and productivity is enhanced.8
9

It is important to note that our model results suggest that changes in carbon balance are10
largely driven through changes in net primary productivity (NPP), and not through11

changes in heterotrophic respiration.  For example, during El Niño years, lower12
precipitation and higher temperatures result in a higher annual drought stress that limits13
NPP. The opposite climate anomalies associated with La Niña periods result in lower14
drought stress that favors increased NPP. Overall, heterotrophic respiration changes15

associated with ENSO are an order of magnitude smaller than NPP changes.16
17

These modeling studies show surprisingly similar results for the variations in carbon18
balance averaged over the entire basin.  However, the geographic and seasonal19

variation in these changes is still quite different from model to model.  This likely results20
from differences in the way the models were driven, including different treatments of21
climate, vegetation cover, and land use.  We note that climate datasets still show22
dramatic differences in precipitation patterns over the Amazon [Costa and Foley, 1998],23

which may be at least partly responsible for the differences in the simulated carbon24
balance.25

26
Finally, it is important to recall that ENSO is not the only mode of climate and ecological27

variability in the Amazon basin. In fact, other, longer-term modes may be important to28
the carbon balance as well, since ENSO explains only 33% of the interannual variability29
of NPP, and 44% of the interannual variability of NEE in the Amazon region [Botta et al.,30
2002].31
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1
2

4.  Variations in Water Balance, River Discharge, and Flooding3

4
Climatic variations associated with ENSO – including changes in precipitation and5
temperature – can also have considerable influence on the surface water balance. Here6
we examine how climatic variations affect hydrological processes in the Amazon basin.7

8
In order to consider changes in the surface water balance, we use the IBIS land surface9
/ ecosystem model.  In addition to the carbon dynamics described in the previous10
section, this model also explicitly simulates several components of the surface water11

balance, including evapotranspiration terms (transpiration from leaves, evaporation from12
intercepted water, and evaporation from the soil surface) and runoff terms (surface13
runoff, and groundwater drainage).  IBIS has been used to study the hydrology of the14
Amazon basin in several previous studies [Coe et al., 2002; Costa and Foley, 1997;15

Costa and Foley, 2000].16
17

While IBIS simulates the surface water balance, we use the HYDRA hydrological model18
[Coe, 2000] to transport runoff across the basin.  HYDRA uses the surface runoff and19

groundwater drainage generated by IBIS, and a linear-reservoir representation of water20
transport coupled to prescribed river paths [Costa et al., 2002] to simulate the time-21
varying river discharge and storage of water in lakes, and to diagnose the time-transient22
extent of flooded area adjacent to rivers.  HYDRA operates on a 5 by 5 minute23

horizontal resolution grid (about 9 km by 9 km near the equator).24
25

a.  Changes in Surface Water Balance and Runoff26
27

Only a handful of previous studies have examined the linkages between climate28
variability and the surface water balance of Amazonia.29

30
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Zeng [1999] used meteorological data from the Goddard Space Flight Center reanalysis1
project and found that annual runoff averaged over the whole basin was correlated with2
SOI for the period 1979-1996.  Furthermore, Zeng determined that there were no3

significant links between ENSO and interannual variations in evapotranspiration – a4
result that was also found by Costa and Foley [1999], who examined NCEP/NCAR5
reanalysis data over the period 1976-1996.6

7

In our analysis, like that of Zeng, we find that variations in actual evapotranspiration8
(AET) are not strongly correlated with the Southern Oscillation Index.  In fact, there are9
almost no gridcells where the AET changes associated with ENSO are statistically10
significant at the 90% level, and the seasonal changes of AET averaged over the11

northern and southern regions are very small (not shown).  In the wetter parts of the12
basin, this is most likely because AET is driven mostly by the net radiation (which is not13
strongly correlated with ENSO) and the storage of moisture in the soil column. In the dry14
parts of the basin, the impacts of temperature and precipitation changes compensate15

each other so the resultant AET changes are negligible.16
17

The deep-rooted vegetation of the Amazon basin has access to a large soil water18
reserve, potentially damping the effect of precipitation variability on ecosystem and19

hydrological processes [Delire and Foley, 1999; Nepstad, 1994]. The annual changes of20
soil moisture associated with ENSO are small, but they become significant on monthly21
and seasonal scales. Our analysis finds that rainfall anomalies stay in the soil column22
for a few months before being manifested in terms of runoff, especially for El Niño23

events.24
25

We find that year-to-year changes in runoff are closely correlated to the phases of26
ENSO; annual runoff anomalies are correlated to the SOI with a coefficient of27

correlation (r) of –0.48.  These interannual variations in runoff are closely associated28

with variations in precipitation.29
30
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Runoff is best correlated with the SOI at a four-month time lag, which is two months1
longer than the lag between precipitation and SOI (Section 2).  This delay likely results2
from the time needed for precipitation anomalies to be transmitted through the soil3

column and into groundwater recharge.4
5

Runoff anomalies associated with ENSO follow the same spatial patterns as those of6
precipitation (Figure 3 and 8). Simulated annual mean runoff is decreased by less than7

10% throughout the basin in the composite El Niño (Table 1). This decrease affects the8
whole basin, particularly during the wet season (Figure 8). For the composite La Niña,9
the total simulated runoff of the basin is increased by about 8% (Table 1). This increase10
is concentrated in the northern portion of the basin where there is an 18% increase in11

the runoff, and is greatest at the beginning of the wet season (February-March). Runoff12
changes associated with La Niña in the southern portion of the basin are as patchy as13
the precipitation changes; as a result the average anomaly is near zero for the region14
(Table 1, Figure 8).15

16
b.  Changes in River Discharge17

18
A number of studies have shown a link between ENSO and river discharge in the19

Amazon basin.20
21

The most convincing evidence so far comes from Richey et al [1989].  Richey et al.22
reconstructed river discharge records for the Amazon at Manacapurú for the period23

1903-1985 and found that low discharge years are strongly correlated with El Niño24
events, particularly the large events of 1925-26 and 1982-83. For this time period,25
Richey et al. found that river discharge at Manacapurú was most strongly correlated26
with SOI with roughly a six-month time lag.27

28
Furthermore, Zeng [1999] found a correlation between ENSO and river discharge at29
Óbidos (near the mouth of the Amazon) and Altamira (on the Xingu river) for the period30
1985-1993, with low discharge during the El Niño phase and high discharge during the31
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La Niña phase. Like Richey et al., Zeng found that a 12-month running mean of the1
discharge at Óbidos during this period was most strongly correlated with ENSO with a2
six-month time lag.3

4
Finally, Molion and Moraes [1987] found that the discharge on the Rio Trombetas (in the5
eastern part of the basin) and Ji-Paraná (in the southwestern portion of the basin) are6
strongly correlated with ENSO.7

8
These studies provide strong evidence for a link between ENSO and patterns of river9
discharge across the Amazon basin.  However, until recently, an understanding of the10
response of individual sub-basins within the Amazon basin has been limited by a lack of11

data.  Here we use an extensive set of historical river discharge data (provided by12
ANEEL, the Brazilian National Agency for Waters and Electrical Energy and compiled13
by Costa et al. [2002]), combined with simulated discharge results, to examine the14
interannual variations within individual basins in the Amazon region.15

16
Observations of River Discharge.  First we evaluate river discharge measurements that17
have been compiled for 122 gauge locations in the Amazon and Tocantins river18
systems [Costa et al., 2002]. The data are generally limited to the 1960s-1990s with an19

average series length of about 15 years.20
21

The observed discharge at Óbidos, which is the furthest downstream station on the22
main stem (integrating more than 4 million km2 of drainage area), is well correlated with23

the SOI for the years 1970-1995. A 12-month running mean of the Amazon discharge24
(at Óbidos) shows a six- to seven-month lag in the peak coefficient of correlation with25
SOI (Figure 12, r = 0.53 at 6 months, r = 0.3 at 0 month lag), which is comparable to26

the results of Richey et al. and Zeng.  This time lag is likely the result of the combined27
delay of precipitation to SOI (~3 months, see Section 2), the residence time of runoff in28
soils, and the transport time for river water to reach Óbidos from the tributaries.29

30
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Our analysis of observed annual discharge at Óbidos for the period 1970-1995 shows1
that discharge is increased by about 7% during the average La Niña (Figure 10). These2
changes at Óbidos are predominantly due to input from tributaries in the northern and3

western portions of the basin (Solimões, Negro, Juruá and Içá) (Figure 10); the greatest4
increase occurs on the Solimões (13%), particularly during the wet season and5
beginning of the dry season. During the average El Niño, we find that changes to river6
discharge at Óbidos are close to zero (Figure 10).7

8
This analysis yields a somewhat different result than that reported by Zeng, who9
indicated a fairly strong response of Óbidos discharge during El Niño years.  The10
differences between the two studies could lie in the length of record used (we used 2511

years of discharge records, from 1970 to 1995, while Zeng only used 8 years, between12
1985 and 1993) or the analysis technique (we average numerous El Niño and La Niña13
events into composites, while Zeng looked at the correlation between discharge and the14
SOI over the whole record).15

16
We find that the southeast portion of the basin (including the Madeira, Tapajós, Xingu17
and Tocantins Rivers) behaves very differently than the northwestern portion. In the18
southeastern basins, discharge is consistently decreased during the average El Niño19

and the anomaly is greatest (> 10%) in the easternmost basins (Xingu and Tocantins,20
Figure 10). The southeastern basins only see a very small (<5%) change in discharge21
during the average La Niña.22

23

Simulations of River Discharge.  Hydrological routing models can be used to extend the24
discharge records throughout the basin. In this study we also present results from25
simulations of discharge made with HYDRA [Coe et al., 2002].26

27

In most cases the changes in the simulated discharge between the La Niña, El Niño,28
and Neutral composites agree well with the observations for the same time periods29
(Figure 10). Some differences from the observations include the discharge at the30
Madeira and Tapajós stations, which are decreased by > 10% in the simulations and <31



23

5% in the observations for the average El Niño (Figure 10).  Additionally, the response1
of the simulated discharge from the Japurá and Purus rivers, although small, is in2
opposition to the observed discharge for La Niña and El Niño. As pointed out by Coe et3

al. [2002], this discrepancy may be related to poor estimates of precipitation in those4
portions of the basin outside of Brazil.5

6
At Óbidos, a 12-month running mean of the simulated discharge is well correlated with7

the SOI and shows greatest correlation six months after SOI, which is similar to the8
observations  (r = +0.62 for the period 1970-1995; Figure 12).  An analysis of the9

simulated discharge for the time period 1950-1995 (Table 2) shows results for La Niña10
and El Niño composites are similar to those for the period of observations although less11
robust. The coefficient of correlation with SOI is considerably less (0.41 vs. 0.62 with a12
six month lag for the period 1970-1995).13

14
15

c.  Changes in River Flooding16
17

Estimates of seasonal flooding for the Amazon are difficult to obtain due to the large18

size of the basin. Only a few studies have explored the relationship between ENSO and19
the extent of flooding on the Amazon River system. Sippel et al. [1998] used passive20
microwave observations of surface brightness temperature from SMMR (on the Nimbus-21
7 satellite), combined with an empirical model, to estimate flooded area on the main22

stem of the Amazon River on a monthly basis for the period 1979-1986. Their study23
found that the greatest flooding occurred in 1982 (consistent with a strong La Niña24
event in 1981) and the least amount of flooding occurred in 1983 (consistent with the25
strong El Niño event of 1982-83).26

27
Sippel et al. [1998] used the river stage record at Manaus to extend their flooding28
estimates for the main stem to the period 1903-1996. Their reconstruction shows that29
the year with least simulated flooding occurred in 1926 – consistent with the very strong30

El Niño of 1925-26 and of reports of severe drought and wildfires (documented by31
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Sternberg [1987]). Although many factors contribute to the inter-annual variability, other1
years of relatively low flooded area in the Sippel et al. reconstruction correspond to2
known El Niño events (e.g. 1952, 1982, and 1993), while many years of relatively large3

flooded area correspond to La Niña events (e.g. 1946, 1962, 1989).4
5

Here we report on the simulated extent of flooding area, using a new algorithm in the6
HYDRA transport model [Coe et al., 2002] for composite Neutral, La Niña and El Niño7

conditions (Figure 11).8
9

During the maximum flooding season (April, May, June), the simulated flooded area is10
increased by about 8% (14,000 km2) in the composite La Niña relative to neutral, and11

decreased by about 12% (20,000 km2) in the composite El Niño (Table 3, Figure 11).12
During the dry season (November, December, January), total flooded area is increased13
in both extremes of the ENSO cycle (12% for El Niño, 35% for La Niña, Table 3). The14
maximum coefficient of correlation between the simulated total flooded area of the basin15

(summed from the Brazilian border to Óbidos) and the SOI is reached at a 4-5 month16
time lag (Figure 12).17

18
19

d.  Synthesis of ENSO and Water Balance / River Hydrology20
21

Observational and modeling studies – including those by Richey et al. [1989], Molion22
and Moraes [1987], Zeng [Zeng, 1999] and this study – have shown a correlation23

between ENSO and the variations of the surface water balance and river hydrology of24
the Amazon basin throughout much of the 20th century. These studies indicate that25
increased runoff, discharge and flooding (centered in the northern portion of the basin)26
are associated with La Niña, while decreased runoff, discharge and flooding, centered27

in the southeastern portion of the basin are associated with El Niño. These studies28
suggest that the correlation of the surface water balance with ENSO is a direct result of29
variations in the precipitation across the basin rather than the AET (which is not30
correlated with ENSO).31
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1
The impact of ENSO on the water balance is strongest during the wet season when2
runoff and discharge are greatest. Furthermore, the correlation of the water balance3

terms lags ENSO as a result of the residence time of the waters within the ecosystem.4
For example, the best correlation with ENSO for the runoff occurs with an about 4-5
month lag (due to the precipitation lag and residence time of water in soils), while for the6
discharge at Óbidos the best correlation is with a lag of about 6 months (due to the7

combined lags of the precipitation, runoff, and transport in the river).8
9

Although these studies show that ENSO extremes have important implications for the10
surface water balance of the Amazon River system, they do not explain all (or even11

most) of the variability. As described by Botta et al. [2002] and Coe et al. [2002] longer12
time-scale variability (28 year) explains more of the inter-annual variability in the long-13
term historical record. Furthermore, Janicot et al. [2001] point out that the correlations14
between climate variables and ENSO in the tropics also vary on longer timescales,15

suggesting that the relative “strength” of ENSO in the Amazon may be affected by long-16
term modes of climatic variability.17

18
19

5.  Summary and Conclusions20
21

There are significant variations in the climate of Amazonia, including strong interannual22
variations that are correlated to ENSO.  By analyzing the long-term records of the CRU23

climate dataset, we find that the effects of ENSO appear to be largely manifested24
through changes in the seasonal patterns of precipitation, and some relatively small25
changes in temperature and cloud cover.26

27

Generally speaking, El Niño years are drier and warmer in Amazonia, while La Niña28
periods are wetter and cooler.  Temperature variations associated with ENSO are29
relatively small, and are spatially homogeneous across the basin.  Precipitation changes30
associated with ENSO can be fairly large (up to about 20% of the neutral annual31
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rainfall), and are extremely spatially heterogeneous.  Over northern Amazonia, the1
average El Niño is much drier than normal, and the average La Niña is much wetter.  In2
the southern portion of the basin, El Niño and La Niña composites are both drier than3

normal conditions.4
5

These climate changes affect the spatial and seasonal patterns of the ecological and6
freshwater dynamics of the Amazon basin, altering the net carbon flux to the7

atmosphere, discharge of water through the river system, and seasonal inundation of8
the floodplains.9

10
Computer simulations of terrestrial carbon balance suggest that the basin is an11

anomalous source of ~0.215 Pg-C yr-1 carbon to the atmosphere during El Niño years,12
and an anomalous sink of ~0.273 Pg-C yr-1 during La Niña years.  Furthermore,13
ecosystem models suggest that these changes in carbon balance are largely driven by14
changes in ecosystem productivity – linked to changes in soil moisture and drought15

stress.  Simulated variations in vegetation productivity linked to ENSO are strongest in16
the northern portion of the basin, as a result of precipitation changes during the dry17
season.18

19

Variations in the surface water budget of the basin are closely linked to changes in the20
precipitation.  Generally speaking, evapotranspiration does not significantly change21
during an ENSO cycle, but runoff does.  In the composite El Niño, basin average runoff22
decreases by roughly 10%; in the composite La Niña, runoff increases by nearly 8%.23

As a result, there are strong variations in river discharge across the Amazon basin24
during ENSO cycles.  At Óbidos – which represents most of the discharge of the25
Amazon basin – discharge is increased by about 15% in the composite La Niña, and26
stays nearly constant in the composite El Niño.  The changes at Óbidos are27

predominantly due to input from tributaries in the northern and western portions of the28
basin (Solimões, Negro, Juruá and Içá). Furthermore, averaged over the entire basin,29
the maximum flooded area increases by almost 10% in the composite La Niña and30
decreases by greater than 10% in the composite El Niño.31
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1
These conclusions are based on a synthesis of historical climate records, observations2
of river discharge, and simulations of ecological and hydrological processes.  By3

examining long-term historical climate records and other data sources to assess the4
impacts of ENSO on the Amazon region, rather than concentrating on individual ENSO5
events of the last decade or two, we can more accurately assess the statistical6
significance of El Niño and La Niña events, and their impacts on the regional climate,7

water balance, carbon balance, and hydrology of the Amazon basin.8
9

These results suggest that ENSO is strongly associated with important variations in10
ecological and hydrological processes in the Amazon.  However, it is important to note11

that this statistical analysis cannot directly demonstrate a mechanistic, cause-and-effect12
relationship between ENSO and variations in ecosystem and hydrological processes.13
Nevertheless, these results can be used to help describe – and ultimately, predict – how14
El Niño and La Niña events are manifested in the Amazon region.15

16
An additional outcome of this work is to help pinpoint the geographic patterns of ENSO-17
related climatic variations, and their associated impacts on ecosystems and rivers. We18
are able to see that particular regions of the Amazon have their own particular response19

during the ENSO cycle, including significant changes in carbon balance, water balance,20
and river dynamics.  These results can be tested against long-term field measurements21
and satellite observations.  By characterizing the spatial and temporal patterns of22
ENSO-related variability, these results can help guide the deployment of future field23

campaigns and monitoring programs to observe the long-term patterns of ecological24
and hydroclimatic processes in Amazonia.25

26
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Table 1.  Climate, Carbon Balance and Water Balance Conditions for the Amazon1
Region.  We report annual mean climate (Precipitation, Temperature), carbon balance2
(Net Primary Productivity, NPP; Net Ecosystem Exchange, NEE) and water balance3

(Runoff) conditions for Neutral, El Niño, and La Niña periods between 1950-1995.4
Precipitation and temperature are derived from the CRU climate data; NPP, NEE and5
Runoff are simulated by the IBIS land surface / ecosystem model.  Each variable is6
presented for the region (Total), and separately for the North and South regions as7

defined in Figure 1.  Note:  NEE is defined so that positive values represent a source of8
carbon to the atmosphere.9

10

Precipitation

(mm yr-1)

Temperature

(ºC)

NPP

(Pg-C yr-1)

NEE

(Pg-C yr-1)

Runoff

(mm yr-1)

Neutral

      North

      South

      Total

2529

1853

2072

25.81

24.36

24.83

2.185

3.490

5.675

–0.0197

0.0196

–0.0001

1122

743

866

El Niño - Neutral

      North

      South

      Total

–120

–65

–83

+0.27

+0.33

+0.31

–0.111

–0.064

–0.175

+0.1493

+0.0657

+0.2150

–49

–60

–57

La Niña - Neutral

      North

      South

      Total

+215

–8

+64

–0.28

–0.29

–0.29

+0.097

+0.117

+0.214

–0.1094

–0.1633

–0.2727

+207

+9

+73
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Table 2.  Simulated River Discharge in the Amazon and Tocantins Basins.  Using1
the HYDRA river transport model [Coe, 2000], we analyze river discharge for Neutral, El2
Niño, and La Niña conditions.  The discharge values are reported for stations indicated3

in Figure 1.4
5

Lat. / Lon. Neutral

(m3/s)

El Niño – Neutral

(m3/s)

La Niña–Neutral

(m3/s)

Amazon at Óbidos -1.92 / -55.42 125,646 -2,513 15,078

Negro near Manaus -2.96 / -60.63 22,976 -689 3,676

Japurá at Acanauí -1.83 / -66.50 9,879 -198 1,383

Solimões at Itapeuá -4.08 / -63.00 52,545 0 6,831

Juruá at Gavião -4.92 / -66.67 5,160 -155 155

Purus at Arumã-Jusante -4.75 / -62.08 10,922 -437 1,311

Madeira at Manicoré -5.83 / -61.25 20,222 -2,224 202

Tapajós at Barra São Manoel -7.33 / -58.00 11,766 -1,647 -588

Xingu at Altamira -3.25 / -52.17 13,672 -684 -137

Tocantins at Tucuruí -3.83 / -49.67 13,569 -271 -678
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Table 3.  Simulated Flooded Area of the Amazon River for Neutral, El Niño and La1
Niña Conditions.  The HYDRA model is also used to estimate the extent of flooding2
along the Amazon main stem, and several of the major tributaries (see Figure 11).3

Simulations of flooded area are reported for the high-flood (April, May, June) and low-4
flood (October, November, December) seasons during Neutral, El Niño and La Niña5
conditions.6

7

Minimum Flooded Area (km2) Maximum Flooded Area (km2)

Neutral 20,378 170,079

El Niño - Neutral +2,483 -20,203

La Niña - Neutral +7,049 +13,979
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Figure 1. The Amazon and Tocantins Drainage Basins.  The geographic extent of1
the basins is indicated on a five minute latitude / longitude grid (each gridcell is2
approximately 9 km on a side at the equator).  The main tributaries of the river network3

are also indicated.  The basins have been divided into two major regions (light grey,4
dark grey) to indicate the timing of precipitation:  the light grey area has maximum5
rainfall between December and March, while the dark grey area has maximum rainfall6
between April and June.7

8
Figure 2. Changes in the Walker Circulation During (a) La Niña and (b) El Niño9
Periods. During La Niña, the Amazon region experiences higher-than-average10
precipitation. During El Niño, the main convection center shifts to central Pacific,11

convection over Amazonia weakens, and the precipitation totals drop below average.12
Note that during El Niño periods there is a weakened convection over the Amazon13
basin, instead of subsidence, as is usually depicted in similar diagrams.14

15

Figure 3. Precipitation over the Amazon Region During Neutral, El Niño and La16
Niña Conditions.  The CRU climate data show very different precipitation rates for the17
wet (January, February, March) and dry (July, August, September) seasons of18
Amazonia between 1950 and 1995.  Differences between La Niña or El Niño conditions19

and Neutral conditions are shown as differences; only changes that are statistically20
significant at the 90% level are shown. Precipitation changes are stronger during the21
wet season and are spatially heterogeneous.  Over northern Amazonia, the average El22
Niño is much drier than Neutral, and the average La Niña is much wetter.23

24
Figure 4. Temperature over the Amazon Region During Neutral, El Niño and La25
Niña Conditions.  CRU data are analyzed to show temperature for the wet (January,26
February, March) and dry (July, August, September) seasons of Amazonia between27

1950 and 1995.  The changes between La Niña or El Niño conditions and Neutral are28
shown as differences; only changes that are statistically significant at the 90% level are29
shown.  Temperature changes are mostly uniform through the whole year and are30
spatially homogeneous.31
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1
Figure 5a. Comparison of Simulated Net Primary Production (NPP) for the2
Amazon Region.  Three different simulations of NPP are compared for the time period3

between 1980 and 1994, including results from IBIS (this study), TEM [Tian et al., 1998]4
and CASA [Asner et al., 2000]. In order to compare the variations in NPP among the5
models, we normalize the model results so that the 1980-1994 average is zero.  The6
three models have very similar yearly variations in NPP: the coefficient of correlation (r)7

between the IBIS and TEM NPP simulations is +0.62, and is significant at the 98% level.8
The correlation between IBIS and CASA NPP simulations is also very high (r = +0.73)9

and significant at the 98% level.10
11

Figure 5b. Comparison of Simulated Net Ecosystem Exchange (NEE) for the12

Amazon Region.  Two different simulations of NEE between 1980 and 1994 are13
compared: IBIS (this study) and TEM [Tian et al., 1998]. Like the NPP comparison14
(Figure 5a), we normalize the model results so that the 1980-1994 average is zero. The15
two models have very similar variations in NEE; the coefficient of correlation (r)16

between the two NEE simulations is +0.72, and is significant at the 98% level.  NEE is17
defined so that positive values represent a source of carbon to the atmosphere.  Both18
models simulate strong carbon sources for the 1982-1983, 1987, and 1991-1992 El19

Niño events.20
21

Figure 6. Simulated Net Primary Production (NPP) over the Amazon Region22
During Neutral, El Niño and La Niña Conditions.  We use the IBIS land surface /23

ecosystem model to simulate NPP for the wet (January, February, March) and dry (July,24
August, September) seasons between 1950 and 1995. Differences between La Niña or25
El Niño conditions and Neutral conditions are shown as differences; only changes that26
are statistically significant at the 90% level are shown.27

28
Figure 7. Simulated Net Ecosystem Exchange (NEE) over the Amazon Region29
During Neutral, El Niño and La Niña Conditions.  IBIS also simulates NEE for the30
wet (January, February, March) and dry (July, August, September) seasons between31
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1950 and 1995. Differences between La Niña or El Niño conditions and Neutral1
conditions are shown as differences; only changes that are statistically significant at the2
90% level are shown.  During the average El Niño, there is an anomalous source (NEE3

> 0) of CO2 from terrestrial ecosystems to the atmosphere, mainly due to a decreased4
net primary production (NPP) in the north of the basin during the dry season.  During5
the average La Niña, the northern and western portions of the Amazon are an6
anomalous carbon sink.7

8
Figure 8. Simulated Runoff over the Amazon Region During Neutral, El Niño and9
La Niña Conditions.  These maps show IBIS simulated patterns of runoff for the wet10
(January, February, March) and dry (July, August, September) seasons of Amazonia11

between 1950 and 1995.  The changes between La Niña or El Niño conditions and12
Neutral are shown as differences; only changes that are statistically significant at the13
90% level are shown.  Runoff changes largely mirror changes in precipitation (see14
Figure 3).15

16
Figure 9. Simulated River Discharge over the Amazon Region During Neutral, El17
Niño and La Niña Conditions.  Using the HYDRA river routing model, we simulate18
patterns of river discharge across the Amazon and Tocantins basins.  These maps19

show Neutral river discharge and differences from Neutral for the high-flow (April, May,20
June) and low-flow (October, November, December) seasons of the Amazon between21
1950 and 1995.22

23

Figure 10.  Changes in Simulated and Observed River Discharge During El Niño24
and La Niña Conditions.  Using river discharge observations and simulations from the25
HYDRA model, we calculate the differences in annual average river discharge during26
the El Niño and La Niña phases of ENSO.27

28
Figure 11. Simulated Flooded Area over the Amazon Region During Neutral, El29
Niño and La Niña Conditions. Using the HYDRA river flooding model, we simulate30
patterns of river flooding along the main stem of the Amazon River.  These maps show31
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the extent of Neutral flooding and differences from Neutral for the high-flooding (April,1
May, June) and low-flooding (October, November, December) seasons of the Amazon2
between 1950 and 1995.3

4
Figure 12. Lagged Correlations Between Selected Variables and the Southern5
Oscillation Index (SOI).    We compare several variables – averaged over the Amazon6
and Tocantins basins – to the Southern Oscillation Index (SOI). The Southern7

Oscillation Index – which represents the atmospheric pressure differences between8
stations in Tahiti and Darwin, Australia – is negative during the El Niño phase of ENSO,9
and positive for the La Niña phase.  All of these variables show a significant correlation10
to the SOI, often with a two to six month delay.11
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