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ABSTRACT
It is generally expected that the Amazon basin will experience at least two major environmental changes
during the next few decades and centuries: 1) increasing areas of forest will be converted to pasture and cropland,
and 2) concentrations of atmospheric CO 2 will continue to rise. In this study, the authors use the National Center
for Atmospheric Research GENESIS atmospheric general circulation model, coupled to the Integrated Biosphere
Simulator, to determine the combined effects of large-scale deforestation and increased CO 2 concentrations
(including both physiological and radiative effects) on Amazonian climate.
In these simulations, deforestation decreases basin-average precipitation by 0.73 mm day 21 over the basin, as
a consequence of the general reduction in vertical motion above the deforested area (although there are some
small regions with increased vertical motion). The overall effect of doubled CO 2 concentrations in Amazonia
is an increase in basin-average precipitation of 0.28 mm day 21 . The combined effect of deforestation and doubled
CO 2 , including the interactions among the processes, is a decrease in the basin-average precipitation of 0.42
mm day21 . While the effects of deforestation and increasing CO 2 concentrations on precipitation tend to counteract
one another, both processes work to warm the Amazon basin. The effect of deforestation and increasing CO 2
concentrations both tend to increase surface temperature, mainly because of decreases in evapotranspiration and
the radiative effect of CO 2 . The combined effect of deforestation and doubled CO 2 , including the interactions
among the processes, increases the basin-average temperature by roughly 3.58C.

1. Introduction
Deforestation in Amazonia has been occurring since
European settlers arrived in Brazil; however, the intensity of deforestation has increased dramatically in the
last few decades. Using remote sensing imagery, Fearnside (1993) estimated that, by 1991, 426 000 km 2 of the
Amazon forest had already been removed (10.5% of the
original forest area of 4 3 10 6 km 2 ). Between 1978 and
1988, deforestation occurred at an average rate of
22 000 km 2 yr21 , varying between 11 000 and 29 000
km 2 yr21 since then (Fearnside 1993; Krug 1998; Fig.
1a). The highest deforestation rates, which occurred in
the late 1970s and early 1980s, were a consequence of
the intensive migration of people into Amazonia (Page
1995).
Numerous studies have used atmospheric general cir-
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culation models (AGCMs) to examine the possible effects of Amazonian deforestation on global and regional
climates (Table 1). While it is difficult to give a comprehensive overview of all of the AGCM Amazonian
deforestation simulations performed to date, a few general results have emerged from these simulations. All
of the AGCM deforestation simulations show a significant increase in temperature, and a significant decrease
in evapotranspiration over the basin after deforestation.
In addition, most (but not all) of the deforestation simulations show a significant decrease in precipitation over
the Amazon basin in response to deforestation. However, these simulations totally disagree on the magnitude
(and even the sign) of runoff changes after deforestation.
Runoff is one of the most uncertain results of these
models, as it arises from the difference between two
relatively large quantities (precipitation and evapotranspiration).
Other important climatic factors may also change during the time frame of the anticipated deforestation. In
particular, atmospheric CO 2 concentrations may continue to rise during the next two centuries. For example,
Fig. 1b shows projections of Amazonian deforestation
(extrapolating the average 1978–96 rate forward in
time) and atmospheric CO 2 concentrations (using sce-
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There are at least two entirely different potential effects of CO 2 concentrations on the earth’s climate system. The most widely discussed is the radiative effect
of CO 2 molecules in the atmosphere as a greenhouse
gas, with the consequent changes in the atmospheric
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2. CO 2 and Amazonian climate: Radiative and
physiological effects

Reference

nario B of the 1990 Intergovernmental Panel on Climate
Change report until 2100 and an extrapolation using the
same growth rate thereafter). According to these scenarios, when the CO 2 levels reach twice their present
level, Amazonian deforestation will be nearly complete.
Of course, these simple scenarios should not be treated
as any kind of prediction of future environmental conditions; they are simply extrapolations of current trends.
Undoubtedly, these current trends will change over time,
in response to changing population and economic pressures. Nevertheless, it seems likely that, in the future,
Amazonia will experience an increasing area of deforested lands and higher CO 2 concentrations.
The natural question arises, What would be the combined effects of increased atmospheric CO 2 concentrations and deforestation on the climate of the Amazon
basin? This study makes use of a series of climate model
simulations with the GENESIS (version 2) AGCM to
analyze the response of Amazonian climate to deforestation, a doubling of atmospheric CO 2 concentrations,
and a combination of the two effects.

TABLE 1. Comparison of some recent AGCM Amazonian deforestation experiments designs and results.

FIG. 1. (a) Historic rates of Amazonian deforestation (Fearnside
1993; Krug 1998), (b) scenarios of Amazonian deforestation and
scenarios of atmospheric CO 2 (Houghton et al. 1990).
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energy balance and temperature climate (see Mitchell
et al. 1990; Kattenberg et al. 1996). In addition, there
is a separate effect of atmospheric CO 2 on climate
through the dependence of vegetation canopy processes
on CO 2 concentration; a higher partial pressure of CO 2
in the atmosphere often stimulates canopy photosynthesis and decreases stomatal conductance. The result
of these physiological effects may lead to an overall
decrease in canopy transpiration, hence affecting the
water and energy balance of the land surface.
Only a few modeling studies have examined the physiological effects of CO 2 on land surface processes and
climate. Pioneering studies exploring the physiological
effects of CO 2 on land surface processes and climate
were performed by Pollard and Thompson (1995) and
Henderson-Sellers et al. (1995). However, in these two
studies, the physiological effects of doubled CO 2 were
assumed to result in a halving of stomatal conductance,
which may be an exaggeration. A more realistic simulation was conducted by Sellers et al. (1996a), wherein
they coupled an AGCM to the physiologically based
SiB2 land surface model. Sellers et al. did not present
results for the Amazon basin specifically, but for the
Tropics they reported that a doubling of CO 2 caused
canopy conductance to decrease by 26% and annual
mean evapotranspiration to decrease by 4%. Furthermore, Sellers et al. compared the response of the climate
system to the combination of radiative and physiological
CO 2 effects. Over the tropical land masses, they report
changes in evapotranspiration (24.1, 15.1, and 11.8
W m22 ), precipitation (20.02, 10.22, 10.22 mm
day21 ), and temperature (10.4, 11.7, 12.18C) in response to physiological effects, radiative effects, and
the combination of the two, respectively.
At least one study has specifically focused on the
response of Amazonian ecosystems to the physiological
effects of doubled CO 2 concentrations. Costa and Foley
(1997) used the LSX land surface model of Pollard and
Thompson (1995) (modified to include physiologically
based formulations of photosynthesis and canopy conductance) with prescribed climate forcing. They reported that a doubling of atmospheric CO 2 concentrations decreased the average canopy conductance of the
rainforest and grassland regions by 34% and 32%, respectively. In addition, they found that annual mean
evapotranspiration decreased by 4.5% and 2.8% in rainforest and grassland regions, respectively.
However, the work of Costa and Foley (1997) neglects the potential importance of humidity feedbacks
on transpiration within the planetary boundary layer
(Jarvis and McNaughton 1986; Monteith 1995) and
changes in the climate that feed back on the hydrologic
cycle. In order to address fully the potential sensitivity
of freshwater resources to changes in CO 2 concentration, this study uses an AGCM to consider the complex
relationships among atmospheric, biophysical, and hydrological processes. Furthermore, these processes are

VOLUME 13

examined against a backdrop of potential changes in
land cover resulting from extensive deforestation.
3. Model description
This study is performed using the GENESIS AGCM
version 2. Thompson and Pollard 1995a,b; Pollard and
Thompson 1995). We employed the model at a R15
horizontal resolution (approximately 4.58 lat 3 7.58
long), with 16 levels in a hybrid sigma pressure vertical
coordinate system (sigma near the ground, pressure at
the top of the atmosphere). GENESIS also includes an
ocean model, in the form of a 50-m slab mixed layer
ocean model with sea ice.
We use R15 resolution in this study mainly for computational efficiency. However, R15 resolution is sometimes considered too coarse for some AGCM applications, as it may not be able to resolve some important
features of regional climates. On the other hand, using
high-resolution AGCMs does not always guarantee better results. For example, a state-of-the-art modeling
study [using the National Center for Atmospheric Research (NCAR) CCM3 at T42 resolution, or 2.88 3 2.88]
of Amazonian climate by Hahmann and Dickinson
(1997) simulated ;10 mm day21 precipitation in northeast Brazil where the climatology is ;6 mm day21 . In
addition, Costa and Foley (1998) evaluated the precipitation simulation from the high resolution National
Centers for Environmental Prediction–NCAR model reanalysis dataset, finding serious biases in the simulated
precipitation even at this very high spatial resolution.
A more important factor may be the AGCM cloud parameterization (Manzi and Planton 1996; cf. the experiments of Polcher and Laval 1994a,b).
This version of GENESIS has been coupled to the
Integrated Biosphere Simulator (IBIS) biosphere model
(Foley et al. 1996) to calculate the exchanges between
the land surface and the atmosphere. IBIS is built on
the original GENESIS land surface model (LSX; Pollard
and Thompson 1995), with the addition of canopy physiological functions, terrestrial carbon cycling, and vegetation dynamics. Further discussion of the biosphere
model was provided by Pollard and Thompson (1995)
and Foley et al. (1996).
Like the LSX land surface model, IBIS represents the
temperature of the soil and the vegetation canopies, as
well as the temperature and specific humidity within the
canopy air spaces. Changes in temperature and humidity
are forced by the radiation balance of the canopies and
the soil surface, as well as the diffusive and turbulent
fluxes of water vapor and sensible heat. The transfer of
solar radiation within each vegetation layer is described
using a two-stream approximation, with independent
calculations for direct and diffuse radiation in two wave
bands (0.3–0.9 and 0.9–4.0 mm). Longwave radiation
is simulated as if each vegetation layer is a semitransparent plane with a foliage-dependent emissivity. The
effective albedo of the vegetation is calculated rather
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than prescribed and depends on the amount of leaf area
(LAI) and the orientation and reflectance of leaves.
Wind speeds are modeled using a logarithmic profile
outside the vegetation canopies and using a simple diffusive parameterization within each vegetation layer.
The roughness lengths of each vegetation layer are also
computed during the process. A six-layer soil model
(layers of 0.10-, 0.15-, 0.25-, 0.50-, 1.00-, and 10.00-m
thickness, respectively) is used to capture the diurnal,
seasonal and interannual variations in soil temperature,
soil moisture, and soil ice. With this formulation, IBIS
is able to simulate surface runoff and deep drainage
(which are collectively referred as runoff in this paper).
IBIS simulates stomatal conductance as a function of
the photosynthesis rate, the carbon dioxide concentration in the leaf boundary layer, and atmospheric humidity, following the formulation of Leuning (1995).
Photosynthesis is simulated using the widely used Farquhar equations (Farquhar et al. 1980; Farquhar and
Sharkey 1982), where the rate of photosynthesis is a
function of absorbed light, leaf temperature, internal
carbon dioxide concentration, and the Rubisco enzyme
capacity for photosynthesis. The equations for photosynthesis and stomatal conductance are closed by considering the diffusion of CO 2 through the canopy boundary layer and the leaf (Collatz et al. 1991, 1992). These
formulations provide a robust and mechanistic description of canopy physiology and how physiological processes respond to the environment.
IBIS is also capable of simulating changes in vegetation cover, on both seasonal and long-term timescales.
On the seasonal timescale, the model simulates the phenology (including leaf drop and regrowth) of leaves of
the seasonal vegetation. In this simulation, however, the
long-timescale vegetation dynamics (which includes
vegetation growth and competition among plant types)
is turned off.
4. Experiment design
The following set of simulations is designed to elucidate the combined effects of deforestation and the
physiological and radiative effects of CO 2 . All of the
simulations were run for 15 yr, using the same initial
conditions; the last 10 yr are averaged to analyze the
results. The first 5 yr are left for the model to approach
an equilibrium state, specifically with respect to soil
moisture and ocean temperatures.
In this study, we conduct 4 simulations.
1) F, the control experiment: Rainforest cover as in Fig.
2; atmospheric concentrations of CO 2 are set to 345
ppmv (13).
2) D, the deforested experiment: All the rainforest covered grid cells in F are replaced by grasses; atmospheric concentration of CO 2 is set to 345 ppmv
(13).
3) FPR, the 2 3 CO 2 experiment: Vegetation cover as

21

FIG. 2. Model grid for South America; the grid cells inside the
polygon have rainforest in the F experiments and pasture in the D
experiments. The numbers represent the leaf area index of the tropical
rainforest.

in F; atmospheric concentration of CO 2 is set to 690
ppmv (23), including both physiological (P) and
radiative (R) effects.
4) DPR, the 2 3 CO 2 and deforested experiment: Vegetation cover as in D; atmospheric concentration of
CO 2 is set to 690 ppmv (23), for both physiological
(P) and radiative (R) effects.
In order to isolate the physiological effects of CO 2 on
the Amazonian climate, we conduct two additional simulations.
5) FP: Vegetation cover as in F; atmospheric concentration of CO 2 is set to 690 ppmv (23), only considering physiological effects (P) (the radiative forcing of CO 2 is the same as in the 1 3 CO 2 case).
6) DP: Vegetation cover as in D; atmospheric concentration of CO 2 is set to 690 ppmv (23), only considering physiological effects (P) (the radiative forcing of CO 2 is the same as in the 1 3 CO 2 case).
In Table 1, we compare the simulations performed
here with the most recent deforestation experiments conducted by other authors. The major differences between
our work and the others include the interactive calculations of albedo and roughness length, the physiologically based calculations of stomatal conductance, and
the interactive seasonal phenology of the vegetation
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TABLE 2. Vegetation and soil input data used in the F and D
families of experiments.
Parameter

Maximum root depth
Percent of roots between 0 and 2 m
Percent of roots between 2 and 12 m
Albedo
Roughness length
Stomatal conductance
Maximum LAI
Reflectance in the 0.3–0.9-mm band
Reflectance in the 0.9–4.0-mm band
Orientation of leaves

F family
D family
(F, FP, FPR) (D, DP, DPR)
12 m
87
13
interactive
interactive
interactive
4.6–6.0
0.19
0.44
spherical

12 m
99
,1
interactive
interactive
interactive
2.7
0.25
0.58
half spherical,
half upright

TABLE 3. Annual-mean results for the control simulation for the
rainforest area, and comparisons with other studies. Here, P is precipitation, E is evapotranspiration, Tr is transpiration, T is temperature, LAI is leaf area index, a is albedo, and z0 is roughness length.

P (mm day21)
E (mm day21)

5. Control simulation
In this section, the results of the control simulation
are compared to observations from the Amazon Rainforest Micrometeorological Experiment (ARME) (Shuttleworth 1988) and Anglo Brazilian Amazonian Climate
Observation Study (ABRACOS) (Gash et al. 1996) experiments, among others. In the following sections, regional averages are calculated considering the region
covered by rainforest or pasture, according to Fig. 2.
First, we present a summary of the annual mean simulated climate over the Amazon basin (Table 3). Precipitation appears to be somewhat underestimated compared to the climatological data of Legates and Willmott
(1990). The simulated evapotranspiration is within the

Simulated
(F)

Other
studies

5.92
3.86

6.24
3.1
3.6
3.7–4.0
4.2

E/P (%)

cover. In addition, our simulations are somewhat longer
than many of the others, which increases the statistical
significance of the results and allows enough time for
the simulated climate to more closely approach an equilibrium state.
Table 2 summarizes the vegetation and soil boundary
conditions used in the F and D families of experiments.
In the D group of experiments, the tropical rainforest is
replaced by grasses. However, soil characteristics are held
constant for all of the experiments. In this study, we use
a total soil depth of 12 m to account for the recent findings
about deep water extraction by roots in Amazonia (Nepstad et al. 1994; Hodnett et al. 1996). The use of such
deep soils required a longer period for the model to reach
equilibrium (5 yr). The maximum LAI of the rainforest
is shown in Fig. 2, which is generally consistent with the
measured values reported by Roberts et al. (1996). In the
seasonal forest and in the pasture, the simulated LAI
varies during the year according to the soil moisture,
without going above the maximum LAI. In the deforested
experiment, the pasture was assigned a maximum LAI
of 2.7 (Wright et al. 1996) throughout the basin. The
reflectance of the leaves is calculated by weighting the
reflectance values suggested by Sellers et al. (1996b) to
the wave bands 0.3–0.9 and 0.9–4.0 mm, used by the
radiation code of GENESIS.
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65

4.1–4.6
39
65
65–74

Tr (mm/day21)
Tr/E (%)
T (8C)
LAI

2.82
73
25.6
5.32

3.14
75
24.8
25.7
25.7
4.63
5.38
5.7
6.1

a (%)
z0 (m)

13.5
1.51

13.2
2.35

Source/notes
Legates and Willmott (1990)
Lesack (1993); water
balance; catchment
Shuttleworth (1988);
Manaus
Rocha et al. (1996);
simulation
Costa and Foley (1997);
simulation
Leopoldo (1982)
Lesack (1993); water
balance; catchment
Costa and Foley (1997);
simulation
Franken and Leopoldo
(1984)
Costa and Foley (1997)
Costa and Foley (1997)
Culf et al. (1996); Ji-Paraná
Culf et al. (1996); Manaus
Culf et al. (1996); Marabá
Roberts et al. (1996);
Ji-Paraná
Roberts et al. (1996);
Marabá
McWilliam et al. (1993);
Manaus
Roberts et al. (1996);
Manaus
Culf et al. (1996); average
of three sites
Wright et al. (1996)

range of several published estimates, especially with
respect to Rocha et al. (1996), which is probably the
best available estimate of evapotranspiration in the Amazon rainforest. The ratios of evapotranspiration to precipitation (E/P) and transpiration to evapotranspiration
(Tr/E) are in good agreement with our previous estimates made with the off-line version of IBIS (Costa and
Foley 1997). The simulated albedo (a) matches the average albedos in the three sites reported by Culf et al.
(1996), while the surface roughness length (z 0 ) differs
from the estimated value by 36% (0.84 m).
Figure 3a presents the seasonal cycle of precipitation,
averaged over the forested area, compared with the climatology of Legates and Willmott (1990). The seasonality of evapotranspiration (Fig. 3b) compares very well
with the ARME estimates made by Shuttleworth (1988)
in Manaus.
A comparison of the simulated spatial patterns of precipitation for the three rainiest (January–March: JFM)
and driest (July–September: JAS) months with the climatology of Legates and Willmott (1990) is presented
in Fig. 4. Simulated precipitation patterns at R15 are
very limited, including the results of this simulation.
The simulated patterns for JFM generally agree with the
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FIG. 3. Seasonal variation of simulated and observed (a) P and (b) E.

observed, with the exception of a precipitation maximum in northeast Brazil, which is outside the rainforest
area. Results look reasonable for northern Amazonia in
JAS, but southern Amazonia is drier than observed during this period.
Due to the nature of this study, it was not possible
to prescribe the sea surface temperatures (SSTs). Instead, a simple mixed layer ocean model is used, but
because it does not represent the ocean circulation, some
features of the SST pattern are in error. As a conse-

quence, the SST on the coast of northeast Brazil in JFM
is very high (not shown), which probably caused the
high convection and high precipitation (Fig. 4a) in
northeast Brazil.
We also compare the simulations of albedo (averaged
over three grid cells) to observations made by Culf et
al. (1996) (Fig. 5a). The seasonality of albedo in the
model results is much smaller than observed, although
there is a large intersite variability in the observed data.
This variability may be a consequence of different tree
species present in the sites (Roberts et al. 1990;
McWilliam et al. 1996; Sá et al. 1996), and their associated differences in optical properties. However, the
variability of canopy radiative properties among different species is very hard to include in the current generation of models.
Because of the strong dependence of seasonal LAI
on geographic position, we compare simulated and observed LAI at two sites (Manaus and Ji-Paraná), instead
of the basin-wide average. There are currently no direct
measurements of seasonal changes in LAI reported in
the literature, so we are presenting the results from Roberts et al. (1996), who used the litter method, which is
more representative of the annual mean LAI. At the
Manaus site, the model shows that the LAI stays nearly
constant (at around 6.0) during the entire year. However,
at the Ji-Paraná site, the model shows a strong seasonal
cycle of LAI. The annual mean LAI reported by Roberts
et al. (1996) for this site (LAI 5 4.7) is in the range of
the simulated LAI annual extremes for the correspondent grid cell.
6. Effects of deforestation
In this section, results for the deforested simulation
(D) are presented. The results are evaluated against

FIG. 4. Spatial patterns of precipitation (mm day21 ) for (a) simulated (F ) values for JFM, (b)
observed values for JFM, (c) simulated (F ) values for JAS, and (d) observed values for JAS.
Observed values are from Legates and Willmott (1990).
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FIG. 5. Seasonal variation of simulated and observed (a) forest a
and (b) forest LAI.

ABRACOS observations and comparisons are made
with other AGCM studies. The differences between this
simulation (D) and the control simulation (F) establish
the sensitivity of the model to deforestation.
A summary of the annual mean simulation results for
the deforested simulation is presented in Tables 1 (climatic response) and 4 (biophysical characteristics). Precipitation decreases after deforestation (D 2 F), consistent with most AGCM experiments. Evapotranspiration also decreases after deforestation, a common result of all tropical deforestation studies (modeling,
theoretical, or observational). The decrease in transpiration (53%) is much larger than the decrease in the
total evapotranspiration (16%), which indicates that
evaporation from the surface partially compensated for
the drop in transpiration. Manzi and Planton (1996) and
Costa and Foley (1997) found similar results. The response of the model to deforestation might have been
greater if the roughness length of the forest (and the
change in roughness length) were higher.
The average LAI of the deforested land in this simulation is within the range of published measurements.
However, the LAI of grasses is one the most difficult
parameters to work in this type of simulation. The LAI
of pastures depends on several factors, including 1) the
species planted (which is hard to simulate), 2) the seasonal characteristics of the grass (possible to simulate),
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FIG. 6. Seasonal variation of simulated and observed (a) pasture
LAI and (b) pasture a, in the D simulation.

and 3) in real conditions, the consumption of grasses
by cattle (currently difficult to simulate). The simulated
annual-mean albedo (a) of deforested land matches the
average albedos reported by Culf et al. (1996), and the
roughness length (z 0 ) of deforested land is also well
simulated by the model (Wright et al. 1996).
Observed seasonal variations in LAI (Fig. 6a, from
Roberts et al. 1996) clearly shows that pasture LAI has
strong intersite variability. The simulated LAI (Fig. 6a)
is calculated using the average of all deforested grid
cells and overestimates the observed values. In our interpretation, this happened because we choose a uniform
pasture for the whole area, with maximum LAI 5 2.7,
as recommended by Wright et al. (1996). In future simulations, it will probably be better to allow variations
in the pasture LAI from one grid cell to another, to
include the effect of species variability among farms
and regions.
The seasonal behavior of simulated (D) and observed
albedo (Culf et al. 1996) for pasture systems (Fig. 6b)
demonstrates that, despite the species variability and the
problems with the LAI, the simulated seasonal albedo
agrees with the observed, although the simulated seasonality is still smaller than the observed.
Figure 7 shows the seasonal variation of precipitation,
evapotranspiration, runoff, and temperature in the F and
D experiments. Precipitation is lower in the deforested
case in all months except December, but the difference
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FIG. 7. Seasonal variation of (a) precipitation, (b) evapotranspiration, (c) runoff, and (d) surface
temperature in the F and D experiments. Values marked with a m (small square) are different at
the 5% significance level, acording to the t test.

is statistically significant at the 5% level (according to
the t test) in only half of the months (Fig. 7a). The
seasonality of the precipitation did not change significantly, with the rainy season and dry season occurring
in the same periods in both experiments.
The differences in evapotranspiration are statistically
significant in all months (Fig. 7b). There are several
reasons why pasture evapotranspiration is smaller than
in the forest. The main reasons are the changes in albedo
and roughness length, which have about the same importance (Lean and Rowntree 1997; Hahmann and Dickinson 1997). Pasture albedo is higher, causing less energy to be absorbed by the surface, while the reduced
roughness length in the pasture implies reduced turbulent transfer between the atmosphere and the land
surface. However, differences in leaf area and rooting
depth also play an important role. Forest evapotranspiration is controlled by the availability of energy; its
12-m root system always supplies water to the trees,
even in the dry season. On the other hand, because most
pasture roots are above 1.0 m in the soil column, pasture
evapotranspiration is also controlled by the soil moisture, and it reaches the maximum during the rainy season
and the minimum in the dry season.
Runoff, which is the residual of the balance between
TABLE 4. Annual mean of the biophysical characteristics of the
pasture and comparisons with other deforestation experiments and
ABRACOS results.

LAI (m2 m22)
a (%)
z0 (m)

Simulated
(D)

Other
studies

2.53
17.3
0.055

0.5–4.0
17.7
0.053

Source
Roberts et al. (1996)
Culf et al. (1996)
Z0 5 0.10 hc, hc 5 0.53 m
(Wright et al. 1996)

precipitation and evapotranspiration, is one of the hardest parts of the hydrological cycle to simulate in an
AGCM. Previous AGCM simulations of deforestation
have reported a wide range of changes in runoff after
a deforestation, which range from 20.9 to 10.4 mm
day21 (Table 4). In this study, annual mean runoff is
somewhat reduced by deforestation. In addition, there
is a strong increase in the seasonality of runoff in the
deforested case (Fig. 7c). During the rainy season, D
runoff is greater than F runoff; the inverse happens during the dry season.
On the annual average, the deforestation scenario results in a 1.48C temperature increase, which is within
the range of other published AGCM studies (Table 1).
During the seasonal cycle, temperature is significantly
higher after deforestation in all months except January
(Fig. 7d).
Changes in the hydrologic cycle resulting from deforestation are manifested throughout the basin. Changes in precipitation (D 2 F) for the periods JFM and
JAS show considerable differences (Fig. 8), mainly in
the northern part of the deforested area. The spatial
pattern of the difference (D 2 F) in evapotranspiration
is presented in Fig. 9. In JFM, the decrease in the evapotranspiration is small, and the region of maximum decrease is associated with the drop of precipitation in the
same area (Fig. 8a). In JAS, evapotranspiration is considerably smaller in D than in F. This result shows how
the pasture is more dependent on the soil moisture than
the forest. In the southern part of the basin, which has
a dry season of the same intensity in both the F and D
cases (change in the precipitation is small; see Fig. 8b),
the evapotranspiration is considerably smaller in the
pasture system than in the forest.
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FIG. 8. Spatial patterns of the modeled difference (D 2 F ) in
precipitation (mm day21 ) for (a) JFM and (b) JAS. Shaded regions
indicate that the D and F values are different at the 5% significance
level, according to the t test.

FIG. 9. Spatial patterns of the modeled difference (D 2 F ) in
evapotranspiration (mm day21 ) for (a) JFM and (b) JAS. Shaded
regions indicate that the D and F values are different at the 5%
significance level, according to the t test.

7. Physiological and radiative effects of CO 2

mm day21 . Therefore, in Amazonia, the radiative and
the physiological effects of CO 2 act in different directions, but the radiative effect is stronger, leading to an
overall increase in evapotranspiration.
The physiological and radiative effects of CO 2 both
contributed to an overall increase in precipitation over
the Amazon basin. In the FPR simulation, the annual
mean precipitation increases 0.28 mm day21 (compared
to the control run, Table 5), of which only 0.08 mm
day21 can be attributed to the physiological effects (appendix A).
The seasonal cycles of precipitation, evapotranspiration, runoff, and temperature for the F and FPR simulations are shown in Fig. 10. The changes in precipitation between the two simulations are not significant
during most of year except in April and December. On
the other hand, the FPR evapotranspiration is significantly higher than the F evapotranspiration in most
months of the year. The most noticeable regional climatic change is an increase in the temperature, as expected from the radiative forcing of CO 2 .
Figure 11 presents the spatial pattern of the difference

In this section, results for the 2 3 CO 2 simulation of
the forested scenario (FPR) are presented. The differences between this simulation and the control simulation
(F) establish the sensitivity of the model to the physiological and radiative effects of CO 2 on the climate of
Amazonia. A discussion about the physiological effects
alone (without radiative forcing) can be found in appendix A.
Because very few studies of 2 3 CO 2 have considered
both the physiological and radiative effects of CO 2 , one
must be very careful when comparing the results of this
simulation with other 2 3 CO 2 experiments. The physiological effects can either enhance or weaken the radiative effect, depending on the variable considered and
the region of the world (Sellers et al. 1996a).
The effects of 2 3 CO 2 on the precipitation are highly
uncertain and will depend largely on the AGCM used
(see review in section 2). However, the effects on evapotranspiration may be somewhat more conclusive, and
they tend to cancel each other: while the physiological
effect tends to decrease evapotranspiration through an
increase in the water use efficiency of plants, the radiative effect tends to increase evapotranspiration by
providing more energy to this process.
In this study, the annual mean evapotranspiration in
the FPR experiment exceeds the annual mean evapotranspiration in the control run (F) by 0.14 mm day21
(Table 5). The annual-mean change in evapotranspiration in the FP experiment (see appendix A) is 20.10

TABLE 5. Summary of the results for the main experiments.

DP
DE
DR
DT

(mm day21)
(mm day21)
(mm day21)
(8C)

D

FPR

DPR

20.73
20.61
20.12
11.4

10.28
10.14
10.18
12.0

20.42
20.40
20.04
13.5
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FIG. 10. Seasonal variation of (a) P, (b) E, (c) R, and (d) surface temperature in the F and
FPR experiments. Values marked with a m (small square) are different at the 5% significance
level, according to the t test.

(FPR 2 F) in precipitation resulting from a doubling
of CO 2 . No significant changes happened in JFM, while
there is an increase in the precipitation in the northeast
of the area of during JAS. These changes are consistent
with the results presented in the 1995 IPCC report (Kattenberg et al. 1996).
The changes in the evapotranspiration resulting from
CO 2 effects (Fig. 12) are of much smaller magnitude

than in the deforestation case (Fig. 9). An increase in
evapotranspiration is found throughout the region, except in southern Amazonia in JAS (Fig. 12b), which is
probably a combined effect of drier soils and lower LAI
from leaf senescence.
8. Combined effects of deforestation and CO 2
In this section, results for the combined experiment
(DPR), which includes both the effects of deforestation
and of 2 3 CO 2 , are presented. As before, both the
physiological and radiative effects of CO 2 are explicitly
considered. The differences between this simulation and
the control simulation (F) establish the sensitivity of
the model to the combined effects of deforestation plus
the physiological and radiative effects of CO 2 on the
climate of Amazonia.
a. Surface climate and biophysical characteristics

FIG. 11. Spatial patterns of the modeled difference (FPR 2 F ) in
precipitation (mm day21 ) for (a) JFM and (b) JAS. Shaded regions
indicate that the FPR and F values are different at the 5% significance
level, according to the t test.

As seen in sections 6 and 7, deforestation and CO 2
have opposing effects in the two major components of
the water balance of the Amazon basin. While deforestation tends to decrease precipitation and evapotranspiration, CO 2 tends to increase these terms. Overall, it
appears that the effects of deforestation are the dominant
of the two factors. In the combined DPR experiment,
the annual mean precipitation decreased by 0.42 mm
day21 , while the annual mean evapotranspiration decreased by 0.40 mm day21 . The DR is only 20.04 mm
day21 .
Figure 13 shows the differences in precipitation,
evapotranspiration, runoff, and temperature between the
F and DPR experiments. The changes in the precipitation are significant only in the transition from the dry
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F (Fig. 14) is basically the same as in D 2 F (Fig. 8).
The decrease in evapotranspiration noted in JFM in
northern Amazonia in D (Fig. 9a) is repeated in DPR
(Fig. 15a), although attenuated by the effect of the CO 2 .
In JAS, the PR effect increased evapotranspiration a
little in northern Amazonia (Fig. 15b), but in southern
Amazonia the deficit of water in the soil dominated and
the pattern is similar to D 2 F (Fig. 9b).
b. Atmospheric circulation

FIG. 12. Spatial patterns of the modeled difference (FPR 2 F ) in
evapotranspiration (mm day21 ) for (a) JFM and (b) JAS. Shaded
regions indicate that the FPR and F values are different at the 5%
significance level, according to the t test.

to the rainy season. The DPR evapotranspiration, however, resembles the D behavior (Fig. 7b), which indicates that the D effect dominates over PR. The annual
mean change in the runoff is nearly zero, although the
amplitude of the DPR curve is higher, again following
the D case.
The spatial pattern of precipitation change in DPR 2

Figure 16 shows the combined effects of deforestation
and 2 3 CO 2 on the atmospheric circulation and the
surface temperature, by representing the difference between the experiments DPR and F. Changes in the surface wind (Figs. 16a and 16b) are similar to the sum of
the individual effects of deforestation and CO 2 . Furthermore, changes in vertical motion at the s 5 0.5
level in JFM and JAS (Figs. 16c and 16d, respectively)
are very similar to the changes produced in the deforestation case (not shown).
Changes in temperature (Figs. 16e and 16f) show the
large-scale warming pattern characteristic of a 2 3 CO 2
scenario. However, the amplitude of the temperature
change is substantially enhanced by deforestation:
warming is now more than 58C in northern Amazonia
during JFM and more than 98C in western Amazonia
during JAS. Such large increases in temperature (adding
to an average temperature that typically exceeds 358C
in JAS) could have profound ecological implications.
For example, at such high temperatures, the enzymatic
reactions of plants are often severely inhibited, leading
to the closure of stomata and a further decrease in evapotranspiration (and an additional increase in canopy temperature). These processes are already represented in

FIG. 13. Seasonal variation of (a) precipitation, (b) evapotranspiration, (c) runoff, and (d) surface
temperature in the F and DPR experiments. Values marked with a m are different at the 5%
significance level, according to the t test.
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FIG. 14. Spatial patterns of the modeled difference (DPR 2 F) in
precipitation (mm day21 ) for (a) JFM and (b) JAS. Shaded regions
indicate that the DPR and F values are different at the 5% significance
level, according to the t test.

IBIS, so the high temperatures simulated in the DPR
experiment already represent this additional effect.
We also analyze the vertically integrated water vapor
transport, which is calculated using
Ql 5

P1
g

P
Qf 5 1
g

E
E

s 51

s 50
s 51

s 50



 ,
qy ds 

qu ds

(1)

where Q is the vertically integrated transport of vapor,
l refers to the zonal transport, f refers to the meridional
transport, P1 is the pressure at s 5 1, g is the acceleration due to the gravity, q is the specific humidity, u
is the zonal wind, y is the meridional wind, and s 5
P/P1 . The products qu and qy are calculated every time
step and accumulated through the month before being
vertically integrated.
Transport of water vapor in the DPR experiment
(Figs. 16g and 16h) increased significantly along the
equatorial region and northern Amazonia, especially in
JAS. This caused the annual mean input (output) of
water vapor into (out of ) Amazonia (as defined in Fig.
2) to increase by 1.21 (1.26) mm day21 , compared to
the F experiment.
9. Summary and conclusions
The goal of this study is to examine the sensitivity
of the Amazonian climate to the combined effects of
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FIG. 15. Spatial patterns of the modeled difference (DPR 2 F) in
evapotranspiration (mm day21 ) for (a) JFM and (b) JAS. Shaded
regions indicate that the DPR and F values are different at the 5%
significance level, according to the t test.

deforestation and doubled atmospheric CO 2 concentrations. While it is difficult to construct an accurate scenario of future tropical land use and global atmospheric
CO 2 concentrations, it is likely that both will play an
increasing role in determining Amazonian climate.
Therefore, it is important to consider how these two
anthropogenic perturbations to Amazonian climate can
interact.
This study illustrates how tropical deforestation and
doubled CO 2 concentrations may affect precipitation,
evapotranspiration, and temperature in two very different ways (Table 5). For precipitation and evapotranspiration, the effects of deforestation and CO 2 act in opposite
directions, weakening each other. For temperature, however, the effects of deforestation and CO 2 enhance each
other. Furthermore, it appears that, on the annual mean,
the combined effects of tropical deforestation and 2 3
CO 2 may be roughly approximated as the linear sum of
the individual effects, especially in the cases of the precipitation and temperature (Table 5). In the cases of the
evapotranspiration and runoff, the nonlinear term is
higher, probably a consequence of the markedly different physiological effect of CO 2 in the rainforest and in
the grasses (see Figures A1 and B1).
The combined effects of deforestation and doubled
CO 2 concentrations on precipitation, evapotranspiration, and temperature may be considered further.
R Precipitation. Deforestation makes the simulated precipitation decrease by 0.73 mm day21 over the region,
which is a consequence of the general decreased ver-
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FIG. 16. Spatial patterns of the difference (DPR 2 F) between some modeled atmospheric circulation and related features. (a) Horizontal
wind speed in JFM (m s21 ); (b) horizontal wind speed in JAS (m s21 ); (c) vertical velocity for JFM, in cPa s 21 (1 cPa 5 0.01 Pa); (d)
vertical velocity for JAS, in cPa s21 ; (e) surface temperature in JFM (8C); (f ) surface temperature in JAS (8C). Shaded areas represent the
differences that are significant at the 5% level.

tical motion in the atmosphere above the deforested
area (although there are some small regions with increased vertical motion). According to Eltahir (1996),
the reduction in the net surface radiation after deforestation cools the upper atmosphere over the deforested area, inducing a thermally driven circulation that
results in subsidence. CO 2 does not introduce a significant effect on precipitation or the vertical motion,
except in the northeastern part of the rainforest area
in JAS. The overall effect of CO 2 in Amazonia is an
increase in the precipitation of 0.28 mm day21 . The

combined effect of DPR, including the full nonlinear
interactions among the processes, is a decrease in the
precipitation of 0.42 mm day21 .
R Evapotranspiration. Deforestation significantly decreases evapotranspiration through changes in albedo
(less energy absorbed), reduced roughness length,
shallower roots, and lower leaf area. However, the net
effects of 2 3 CO 2 cause a slight increase in evapotranspiration. The combined effects of deforestation
and 2 3 CO 2 (DPR 2 F) are a decrease in evapotranspiration of the order of 0.40 mm day21 . In these
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TABLE 6. Simulated water balance of the rainforest area. Here R
is the runoff; I and O are the advected input and output of water
vapor to the region, respectively; C is the convergence of water vapor;
and r is the precipiation recycling ratio. Units are mm day21, or %,
where noted.

P
E
E/P (%)
Tr
Tr/E (%)
R
I
O
C
r (%)
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F

D

FPR

DPR

5.92
3.86
65
2.80
73
2.06
6.23
4.16
2.07
38%

5.19
3.25
63
1.30
40
1.94
6.70
4.78
1.91
33%

6.20
4.00
65
2.81
70
2.24
6.87
4.70
2.17
37%

5.50
3.46
63
1.27
37
2.02
7.44
5.42
2.02
32%

simulations, deforestation decreased runoff, while 2
3 CO 2 increased it. The combined effects nearly cancelled each other.
R Temperature. Deforestation resulted in increased surface temperature, because of a decrease in evapotranspiration. The physiological effects of CO 2 also tend
to increase the surface temperature, associated with
the decrease in the evapotranspiration. The radiative
effect of CO 2 is also to increase the surface temperature. The combined effect of DPR, including the interactions among the processes, is an increase in the
temperature of the order of 3.58C.
Most Amazonian deforestation simulations conducted
so far [with the exception of Hahmann and Dickinson
(1997)] have calculated the moisture convergence to the
deforested area using the difference P 2 E, without
specifically calculating the water vapor transport in the
atmosphere. Table 6 presents a summary of the major
components of the simulated water balance of the rainforest area for the four main simulations. Both deforestation and 2 3 CO 2 changes caused an increase in the
input and output of atmospheric water vapor. Therefore,
the DPR experiment (Figs. 16g and 16h) has a large
increase of water vapor input and output. There is a
small decrease in the net convergence in DPR, which
is a balance between the decreased convergence seen in
D and increased convergence seen in FPR.
The precipitation–recycling ratio (calculated following Eltahir and Bras 1994) remains nearly constant in
both the forested (F and FPR) and deforested (D and
DPR) suite of experiments. However, precipitation recycling drops by nearly 5% (absolutely) from the forested (F or FPR) to the deforested (D or DPR) simulations. This result is expected, because of the decreased
evapotranspiration rates over pastures. In the end, this
means that an Amazonia covered by pasture is more
dependent on external sources of water vapor than the
same region covered by forest.
While the first simulations of Amazonian deforestation predicted strong changes in regional climate, more

recent studies are suggesting that phenomena not considered in these pioneer experiments may act to weaken
such climate changes. Some of these processes include
the compaction of the subsoil due to the deforestation
itself (Lean and Rowntree 1997), water extraction by
the deep roots of grasses (Kleidon and Heimann 1999,
manuscript submitted to Climate Dyn.), and the effects
of increasing CO 2 concentrations (this study).
However, because deforestation and CO 2 tend to
change precipitation and evapotranspiration in different directions, the magnitude of each individual effect
is decisive in determining the sign of the combined
effect. In addition, the climatic response to changes in
surface conditions may depend on the AGCM resolution and parameterizations, such as the boundary layer, convective, and cloud parameterizations. Since the
magnitude of those effects critically depends on the
model used, we recommend that further studies (using
different models) should be performed to confirm these
results.
APPENDIX A
Physiological Effects of 2 3 CO 2 on Forested
Conditions (FP 3 F)
In this appendix, results for a 2 3 CO 2 simulation
(FP) on the surface climate are presented. Only physiological effects are considered, and the vegetation cover is the rainforest. A comparison with the control simulation results establishes the sensitivity of the model
to the physiological effects of CO 2 on the climate of
Amazonia in forested conditions.
Figure A1 shows the seasonal variation of precipitation, evapotranspiration, runoff, and surface temperature in the F and FP experiments. No significant changes in the precipitation are found, but there is a significant
decrease in the evapotranspiration in all months, except
in the period from May to August. Consequently, the
runoff increases, but the difference is significant only
in April and May. The temperature is a little higher in
all months, although the difference is significant only
in July and September.
APPENDIX B
Physiological Effects of 2 3 CO 2 on Deforested
Conditions (DP 3 D)
In this appendix, results for a 2 3 CO 2 simulation
(DP) on the surface climate are presented. Only physiological effects are considered, and the vegetation cover is the pasture. A comparison with the deforested simulation results establishes the sensitivity of the model
to the physiological effects of CO 2 on the climate of
Amazonia in deforested conditions.
Figure B1 shows the seasonal variation of precipitation, evapotranspiration, runoff, and surface temperature in the D and DP experiments. Also in this case,
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FIG. A1. Seasonal variation of (a) P, (b) E, (c) R, and (d) surface temperature in the F and FP
experiments. Values marked with a m are different at the 5% significance level, according to the
t test.

there is no significant effect of the change in plant physiology in the precipitation. Similar to the off-line results
of Costa and Foley (1997), no significant change in the
evapotranspiration is found, except in November. A
small increase (not significant) in the evapotranspiration
in the beginning of the year may be a consequence of
a increase in the precipitation in the same period. The
runoff and the surface temperature follow the behavior
of precipitation and evapotranspiration.
Comparing the results in appendixes A and B, the
conclusion is that the physiological effects of CO 2 are
much more important in the rainforest than in grasses.
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