Impact of the Ongoing
Amazonian Deforestation
on Local Precipitation:
A GCM Simulation Study
Abstract
Numerical simulation experiments were conducted to delineate
the influence of in situ deforestation data on episodic rainfall by
comparing two ensembles of five 5-day integrations performed with
a recent version of the Goddard Laboratory for Atmospheres GCM
that has a simple biosphere model (SiB). The first set, called control
cases, used the standard SiB vegetation cover (comprising 12
biomes) and assumed a fully forested Amazonia, while the second
set, called deforestation cases, distinguished the partially deforested regions of Amazonia as savanna. Except for this difference,
all other initial and prescribed boundary conditions were kept identical in both sets of integrations. The differential analyses of these
five cases show the following local effects of deforestation.
1)

2)

3)

A discernible decrease in evapotranspiration of about
0.80 mm d"1 (roughly 18%) that is quite robust in the averages
for 1 2-, and 5-day forecasts.
A decrease in precipitation of about 1.18 mm d~1 (roughly 8%)
that begins to emerge even in 1-2-day averages and exhibits
complex evolution that extends downstream with the winds. A
larger decrease in precipitation as compared to evapotranspiration produces some drying and warming. The precipitation
differences are consistent with the decrease in atmospheric
moisture flux convergence and are consistent with earlier
simulation studies of local climate change due to large-scale
deforestation.
A significant decrease in the surface drag force (as a consequence of reduced surface roughness of deforested regions)
that, in turn, affects the dynamical structure of moisture convergence and circulation. The surface winds increase significantly
during the first day, and thereafter the increase is well maintained even in the 2- and 5-day averages.

1. Introduction
In the last decade, numerous climate modeling
studies of land/vegetation-atmosphere interactions

'Current affiliation: General Sciences Corporation, Laurel, Maryland.
Corresponding author address. Dr. Y. C. Sud, Climate and Radiation
Branch, Laboratory for Atmospheres, NASA/GSFC Code 913,
Greenbelt, MD 20771.
In final form 30 October 1994.
©1995 American Meteorological Society

346

G. K. Walker,* Y. C. Sud,
and R. Atlas

^rl^^TTT'
NASA/Goddard Space Flight Center,
Greenbelt, Maryland

have appeared in the literature. To grasp the essence
of these works, one can refer to a few comprehensive
reviews such as Mintz (1984), Rowntree (1988), Garrett
(1993), and Henderson-Sellers et al. (1993). Among
the key influences of vegetation are reduced surface
albedo causing an increase in the solar radiation
absorbed by the biosphere, increased evapotranspiration (ET), and increased turbulence in the surface
layer caused by increased surface roughness length.
By significantly increasing ET, particularly in the absence of water stress, vegetation indeed maintains a
cooler land environment. Cooler land would naturally
produce less outgoing longwave radiation at the surface, less surface heat flux, and less ground heat flux.
Thus, vegetation helps to increase ET by reducing all
of the other outgoing surface fluxes in addition to
absorbing more solar radiation. The foregoing vegetation-dependent effects have been shown to increase
the seasonal rainfall in almost all the GCM simulation
studies, most of which were conducted for summer
conditions (e.g., see Garrett 1993). By following heuristic arguments involving vegetation-related changes
in surface fluxes and their effect on the boundary layer
and cumulus convection, Sud et al. (1993) inferred a
positive feedback between vegetation and convective
rain by referring to fundamental elements of cumulus
convection as enunciated by Arakawa and Schubert
(1974). Specifically, deforestation (reduced vegetation) decreases surface fluxes of energy into the
boundary layer thereby reducing its moist static energy: cT+ gz+ Ag (equals sum of sensible, potential,
and latent energies). This together with decreased
turbulent mixing due to reduced height of roughness
elements of vegetation decreases the boundary-layer
growth.
In GCM simulation studies, often exaggerated vegetation changes have been introduced to capture the
climate sensitivity to changes in the biosphere in
relatively shorter integrations. This has been done in
a number of studies, some with and some without a
realistic model of the biosphere. Most of the recent
Amazon deforestation studies have analyzed the worst-
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case scenario invoking a total deforestation of the
region; this leaves one with scenarios as opposed to
an understanding of the climatic effects of a realistic
deforestation scene. Henderson-Sellers et al. (1993)
have comprehensively discussed and compared several GCM simulation studies of the local and regional
effects of Amazonian deforestation and have shown a
large number of similarities as well as some dissimilarities in the inferred results. Such differences may
emanate from the parameterization of land surface
fluxes and cumulus processes, cloud-radiation interaction processes, and even the numerical schemes.
Eltahir and Bras (1993) explained differences between the simulation results of Nobre et al. (1991) and
Dickinson and Henderson-Sellers (1988) by analyzing the influence of deforestation on the condensational cooling aloft and the boundary-layer heating
below and then combining them to determine the net
change in the lower-tropospheric circulation. They
showed how small differences in these fields can
produce vastly different planetary boundary layer (PBL)
wind field and convergence patterns.
Recently, Sud et al. (1994a) broadly reconfirmed
several findings of earlier tropical deforestation simulation experiments and delineated several globalscale climatic influences of deforestation. For extreme
scenarios, however, there is no direct way to validate
the predictions. Consequently, the interpretation of
results becomes fuzzy while the understanding of the
real effect of the current level of deforestation on
climate is left to the intuitive judgment of the scientist(s)
analyzing the simulated findings. Clearly, therefore,
the next stage of investigation must be to carry out
more realistic simulations with well-validated climate
models and eventually compare the simulated findings with observational data.
Pan (1990) and several others have shown that the
variation of land surface fluxes can affect midlatitude
weather on 1-5-day timescales. In the Tropics, where
land processes play a very significant role on the
moist convection, one should expect an even stronger influence. In this investigation we examine the
influence of the in situ deforestation in Amazonia on
the rainfall and the surface fluxes. For this purpose,
we use two ensembles, one with and one without
deforestation, of five 5-day forecasts produced by the
Goddard Laboratory for Atmospheres (GLA) GCM.
The key advantage of this exercise is that its results
can be better compared with observations. This investigation should also bridge the gap between longer
timescale climate simulation summarized by
Henderson-Sellers et al. (1993) and the diagnostic
inferences of Sud et al. (1993), both of which suggest
a positive feedback between forests and convective
rainfall.
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2. General circulation model
The GLA GCM is used in this investigation. It has a
resolution of 4° lat x 5° long x 17 layers and is fully
documented in Sud and Walker (1993, Table 1). It
uses the Sud et al. (1991 a) version of the Arakawa and
Schubert (1974) cumulus parameterization along with
a complementary parameterization for rain evaporation and cumulus downdrafts by Sud and Walker
(1993). The parameterization of horizontally uniform
stratiform precipitation and its reevaporation is a simplified case of the Sud and Molod (1988) parameterization of condensation and rain evaporation that can
handle horizontally nonuniform convective precipitation and rain reevaporation. The GCM uses the Xue et
al. (1991) version of the simplified simple biosphere
model (SSiB, hereafter SiB), which is a revised formulation of the original SiB of Sellers et al. (1986). In SiB,
the physical and morphological properties of vegetation are externally prescribed. These properties determine (i) the reflection, transmission, absorption, and
emission of radiative fluxes by the biosphere; (ii) the
interception and reevaporation of precipitation from
plant canopies; (iii) the infiltration, drainage, and storage of the residual precipitation in the soil; (iv) the
response of stomatal control to (a) the flux of incident
photosynthetically active radiation (PAR) and (b) the
ambient temperature, humidity, and soil moisture conditions; and (v) the surface roughness length (z0) as a
function of biomes and season.
The soil moisture in SiB is fully interactive. The land
surface runoff scheme of the model has been evaluated for the Mississippi Basin by Liston et al. (1994).
The investigation revealed some deficiencies in the
midlatitude hydrological processes; however, this
should not significantly affect the tropical rain forest
regions that are perpetually wet, particularly in the
rainy season. For Amazonia, SiB surface fluxes have
been validated against the in situ data of Shuttleworth
(1988). Some important aspects of land-atmosphere
interaction such as eolian and/or fluvial land erosion,
variations in sub-grid-scale vegetation cover, and
nutrient cycling are not parameterized at the present
time; therefore, we shall refrain from addressing and
interpreting those aspects of biogeophysical interactions in this investigation.
The vertical diffusion of moisture, dry static energy,
and momentum in the column atmosphere, including
Prandtl (surface) and Ekman (mixed) layers, are parameterized by the Helfand and Lebraga (1988) formulation, which is based on an improved version of the
Mellor and Yamada (1974) level 2.5 turbulence closure
scheme. The parameterized turbulent eddy processes
transport water vapor, potential temperature, and momentum across the layer boundaries through mixing.
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Kim and Sud (1993) and Sud et al. (1994a) have
shown evidence of sufficient credibility of the GLA
GCM simulations for undertaking tropical biosphereatmosphere interaction studies. The climatology of
the model compares well with observations, and its
evaluation against the Koeppen-Geiger system of
climate classification (Strahler and Strahler 1954) is
quite realistic (Fig. 1), particularly in tropical rain
forests and grassland regions.

3. Simulation experiments
In our simulation experiments, the deforested areas of Amazonia were delineated from the Skole and
Tucker (1993) analysis of Amazonian deforestation
and habitat fragmentation that, in turn, is based on the
in situ deforestation records as of 1988 (Fig. 2a). The
jagged regions represent the reality of the observed
deforestation with lanes and alleys for roads and side
streets. The map was subjectively translated into
deforested grid boxes of the GLA GCM on a 4° x 5°
horizontal resolution (Fig. 2b). Thus, the forested
regions that are shown shaded in the figure were
replaced by savanna (SiB biome type 6), which we
believe is a better approximation of a deforested
scene as compared to pasture and is consistent with
characteristics of the deforested regions of the past.
Since savanna includes forested patches and bare
land, gridded representation of a largely uneven deforestation scenario does not lead to an unreasonable
approximation. It is well known that a forested region
under identical atmospheric forcing and soil moisture
absorbs more solar energy and produces larger evaporation and surface drag than a savanna region. The
idea here is to determine how the vegetation-atmosphere interaction can influence rainfall on the timescale of a few days. By ensemble averaging such
effects for a set of forecasts, we can hope to assess
the influence of deforestation on local rainfall and
climate.
The control simulation is a 3-yr-long integration in
which a fully forested Amazon Basin is assumed. This
integration used the normal SiB vegetation distribution. An ensemble of five "forecasts" that produced
copious amounts of rain in the following 5 days in the
vicinity of deforested Amazonian regions (Fig. 1 b) was
needed for our investigation. A visual examination of
a slow-motion animation of the circulation and rainfall
simulated in the control case enabled us to pick out
five initial states, each of which was followed by
significant episodic rainfall in the next 5 days in the
vicinity of the deforested regions. The five 5-day
integrations were started on 28 February 1979 and 7,
11, 14, and 26 March 1979 of the control case,
348

respectively. We chose contiguous cases in the wettest month of the year to avoid statistical hazard of
selective sampling, which is prone to subjective elimination of nonconforming cases. The deforested forecasts were generated from the initial conditions of the
control simulation. The sea surface temperature and
snow and ice boundaries for both integrations were
derived from Reynolds (1988) analysis and were
identical to those used in the AMIP (Atmospheric
Model Intercomparison Project) experiments.
The SiB-specific parameters for the two vegetation
types—tropical rain forests and savanna—are given
in Table 1a. In particular, the amount of soil water
available to a given vegetation type is determined by
the soil moisture stress factor f(y/2), which depends on
the soil moisture potential of the second layer y/2
containing the vegetation roots and on the soil-vegetation characteristics reflected in the wilting value of
soil water potential y/0. These are defined by constants
and C2 in the curve-fitted soil water potential equation of Xue et al. (1991):

f(y,2) = 1 -

\C2

f
Vo

where \j/0 = -exp (C^.

(1)

The values of the constants vary considerably
among the biomes (vegetation categories). In this
way, the effect of vegetation characteristics on
evapotranspiration gets included through CA and C2.
The other vegetation parameters such as leaf area
index, greenness fraction, canopy resistances, aerodynamic resistances, and ground-to-surface resistances are also quite different among different biomes;
however, all the vegetation influences ultimately manifest through changes in evaporation, sensible heat
fluxes, and/or surface radiative fluxes and momentum
exchange.

4. Results
We have examined the interactions between dynamics and thermodynamics and rainfall on 1-5-day
timescales in response to in situ Amazonian deforestation. The imposed vegetation change—rain forests
to savanna—is a much more realistic representation
of the actual level of deforestation based on in situ data
(Skole and Tucker 1993) for the coarse resolution of
the GCM. We hope to isolate the effects of Amazonian
deforestation on the evolution of future rainfall episodes in the deforested regions and use the results to
estimate change in the rainfall climatology of the
region. In sections 4a-4d, the model-simulated influences of Amazonian deforestation on the local rainfall,
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FIG. 1. Climate simulation of the GLA GCM vis-a-vis analysis of observation according to Keoppen's climate classification.
(Software written and provided by M. Fiorino of PCMDI.)
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FIG. 2a. Deforested regions of Amazon Basin up until 1988. In the in situ data analysis, deforestation is confined to forest strata. (Courtesy
of D. Skole of the University of New Hampshire.)

evaporation, moisture convergence, surface winds,
and surface stresses are analyzed.

deforested as well as forested regions. In the second
case, started on 7 March 1979 (Fig. 3b), there is a
large reduction in rainfall in the deforested regions

a. Rainfall simulation
Figures 3a-e (top panels) show that significant
amounts of rainfall indeed occurred in each of the five
selected cases. Compared to the control, the rainfall
anomalies, defined by rainfall differences among deforested minus control cases are much smaller (bottom panels). The simulated rainfall anomalies for each
of the five cases are briefly summarized herein.
In the first case (Fig. 3a), started on 28 February
1979, the rainfall anomalies in the deforested regions
for the 1 - and 2-day averages are largely negative
along with some rainfall increase in the surrounding
regions. However, in the 5-day averages, the results
are quite mixed; that is, there are both reductions and
increases in rainfall in the deforested regions. The
cellular patterns of rainfall anomalies, which also
appear in the other four cases, suggest significant
F.G. 2b. Discretized representation of deforested areas of Fig. 2a
grid-scale responses due to the influence Of vegeta- represented as savanna on the GLAGCM grid resolution: 4° latx 5°
tion modifications, coexisting side by side, in the long.
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TABLE 1 a. Some major SiB-specific parameters for rain forests and savanna.

Average values
P a r a m e t e r / p r o p e r t y or field

Units

Range

Rainforest

Savanna

Rain forest

Savanna

Vegetation properties
Leaf area index

(frac)

5.01

3.2

None

1.19-5.21

Roughness length

(cm)

265.0

85.0

None

72.8-97.2

Vegetation cover

(frac)

0.98

0.3

None

None

Greenness fraction

(frac)

0.904

0.69

None

0.57-0.87

1.0; 35.0

10.0; 18.0

None

None

Upper/lower vegetation
heights (21 ;Z2)

(m)

Resistances
Canopy resistance (rb)

(srrr')

7.21

30.0

None

16.4-44.7

Stomatal resistance (rs)

(s m-1)

40.0

175.0

23.4-46.5

166.8-184.1

Ground/canopy (rd)

(sm~1)

504.0

339.0

None

269.0-448.0

1.0

0.5

General parameters
Root depth

||

i

Constants* C;, C2
Soil depth for layers 2 and 3

(m)

1.2; 6.25

1.80; 5.67

1.48; 2.0

1.48; 2.0

Soil properties
Porosity

0.42

0.42

Soil moisture fraction at wilting

0.29

0.31

Soil moisture fraction
at field capacity

0.70

0.68

*Soil water stress constants in Xue et al. (1991).

along with a significant increase in rainfall in most of
the surrounding regions. The anomalies emerge in all
the averages—1, 2, and 5 days—and the magnitude
of the anomalies increases with time. In the third case,
started on 11 March 1979 (Fig. 3c), the rainfall reductions in the deforested region are small and mixed at
the end of the first day, but in the subsequent 2- and
5-day averages the rainfall anomalies firm up a bit and
are restricted to deforested regions. Nevertheless,
there is not much similarity in the rainfall anomaly
patterns of the first three cases. In the fourth case,
started on 14 March 1979 (Fig. 3d), the rainfall anomalies in the northern deforested region corroborate the
rainfall anomalies of the first two cases, but for the
southwestern region, the rainfall anomaly is found
downwind on the first day and produces mixed rainfall
anomalies (some increases some decreases) in the
subsequent 2- and 5-day averages. Thus, the influence of the dynamical evolution of circulation is strongly
evidenced in this simulation. Even with the mixed

Bulletin of the American Meteorological Society

outcome at the end of the first day, the simulated
rainfall anomalies of the subsequent 2- and 5-day
averages agree with the findings of the second case.
In the fifth case, started on 26 March 1979 (Fig. 3e),
the rainfall reductions occur around the deforested
regions for all three averaging periods as was noted
previously (for the second case). However, the structure of the rainfall anomalies in the vicinity of the
deforested regions is quite different in each case,
which shows that each disturbance approaches the
region with very different intensities and magnitudes
and leaves significantly different signatures. Here
again, the role of the dynamical evolution of circulation
is strongly evidenced, and despite the expected similarities, there are considerable differences on a caseby-case analysis. This shows that the atmospheric
response strongly depends upon the tropical disturbance; evidently, therefore, it is not a simple matter to
infer what would be the response of any given weather
system to deforestation. However, we can make a
351
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TABLE 1 b. Differences between rain forests and savanna.

P a r a m e t e r or s i m u l a t e d field

Simulated values for the deforested
r e g i o n s of A m a z o n i a w i t h in situ
Rain forest
Savanna

Units

<%)

Surface albedo

9.26

2

1380

Savanna minus
rain f o r e s t
4.54

Shortwave surface

(W m )

177.2

172.1

-5.1

Longwave surface

(W nr2)

28.8

37.1

8,3

2

(W m )
liMgMgiigliigi
( W rrr 2 )

148.4

135.0

-13.4

188.8

188.5

0,3

Latent flux

(W m-2)

122.2

99.2

-23.0

Sensible ftux

( W nrr 2 )

27.5

28.7

1.2

-0.47

-0.67

-0.20

( - 1

1.21

>1.66

-0.45

(m s-2)

0.98

2.02

1.04

Net radiation surface
OLR

U surface layer
V surface layer
Wind magnitude

• H i

2

(m s- )

IHB^HBB

Temperature—surface

(K)

297.0

297.4

0.4

Temperature—ground

(K)

296.6

298.1

1.5

Temperature—vegetation

(K)

296.7

298.9

22

Specific humidity—surface

(9 kg ')

22.66

22.11

-0.55

Relative humidity—surface

(%)

88.7

84.7

-4-0

siiilililll

Total precipitation

(mm d_1)

15.03

13.85

-1.18

Convective precipitation

(mm d-'i

12.72

11.81

-0.91

Evapotranspi ration

(mm d~1)

4.21

3.42

-0.79

climatological estimate by averaging these cases together. The results of such averages make much
better sense and are easier to interpret as follows.
In the five-case averages, a very clear pattern of
rainfall reduction in the deforested regions emerges
(Fig. 3f). It shows much smaller rainfall reductions by
the end of the first day; however, the differences
appear to grow with time. The 2-day average differences show a clear pattern of reduced rainfall in the
deforested regions with some increases toward the
eastern and western sides of the region. The same
can be noted in the 5-day averages except that the
rainfall reductions become large and rainfall increase
in the surrounding areas become smaller. Two key
processes affect the overall outcome: (i) advective
processes carry the humidity anomalies farther downstream, and (ii) diabatic heating anomalies begin to
influence the strength of the wind anomalies in the
region, particularly trade winds across the northeastern coast of the Amazon Basin. The aim here is not to
352

isolate or emphasize the patterns of rainfall anomalies
but to show how the biospheric changes on the local
rainfall begin to form even in an ensemble of five short
forecasts extending up to 5 days. The tongue of
negative rainfall anomaly that extends westward into
the forested regions will be explained in section 4d.
For brevity, we shall describe only the ensemble
mean results of our experiments in all of the subsequent discussions hereafter, although case-by-case
plots were produced and examined for each of the
fields.
b. Evapotranspiration fields
The ensemble mean evapotranspiration anomalies
(Fig. 4a) are much more robust compared to the
corresponding rainfall anomalies. This is quite consistent with the Sud et al. (1994a) deforestation simulation study with the same GCM in which results of two
3-year integrations—one control with tropical rain
forests and one experiment with deforestation of all
Vol. 76, No. 3, March 1995
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FIG. 3a. Shown from left to right are 1 2-, and 5-day-average precipitation in mm d~1 fields for the control case (top panels) and deforested
minus control case (bottom panels). Contors of positive (negative) differences are drawn solid (dotted). Precipitation case 1, 28 February
1979.

FIG. 3b. Same as in Fig. 3a but for precipitation case 2, 7 March 1979.

tropical rain forests—were compared. The time average pattern shows a reduction in evapotranspiration of
about 0.5-1.0 mm d~1 (average 0.79 mm d_1) over the
Bulletin of the American Meteorological Society

entire deforested region, but this reduction is only a
fraction of the simulated rainfall reduction (average
1.18 mm d~1). Thus, the change is rather small, but this
353
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FIG. 3C. Same as in Fig. 3a but for precipitation case 3,11 March 1979.

FIG. 3d. Same as in Fig. 3a but for precipitation case 4,14 March 1979.

should be expected because the period of analysis is
the wettest for the Amazon Basin, implying that the
surface evaporates at about the potential rate while
354

the incoming solar radiation does not change much
(not shown) because the cloudiness in the model is
inferred from relative humidity that does not change
Vol. 76, No. 3, March 1995
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FIG. 3e. Same as in Fig. 3a but for precipitation case 5, 26 March 1979.

much between control and anomaly forecasts. For the
forested control cases, the rainfall interception and its
reevaporation also contribute to the increased evapotranspiration anomaly. It is interesting to note that
there is virtually no change in evapotranspiration
anywhere else'in tropical Amazonia because not only
is the vegetation undisturbed in those regions but
without soil water stress and change in the solar
income, vegetation exhibits the ability to yield virtually
identical evapotranspiration in the ensemble mean.
c. Moisture convergence
The rainfall anomalies in the deforested regions
and vicinity are quite consistent with the column moisture convergence anomalies (Fig. 4b). This is particularly true in the 2- and 5-day averages. Therefore, a
significant role of surface roughness and PBL moisture convergence anomalies is established quite naturally. The differences in the PBL moisture convergence (Fig. 4c) are compared with the entire column
moisture convergence; it shows that the two are quite
different. In the tropical regions, there is significant
moisture in the upper levels; hence, the PBL convergence does not determine the entire outcome, but its
structure in the 5-day averages is quite similar to the
rainfall anomaly structure. This is to be expected
because tropical moisture convergence is known to
occur up to the 700-mb level. Clearly, surface drag or
surface albedo changes do not directly contribute to
Bulletin of the American Meteorological Society

the changes in upper-level convergence whereas the
condensation heating does. This is particularly true of
equatorial regions where reduction (increase) in pressure produces horizontal convergence (divergence).
d. Streamlines and divergence
Since forecast differences are produced by vegetation changes, the primary effect must emerge from
changes in the PBL processes. We notice that PBL
divergence is reduced in the deforested regions; it
increases in the neighboring forested regions almost
all around the deforested areas (Fig. 5a). This appears
quite strong in the 1-day average; the differences
show diverging streamlines over almost all of the
shaded deforested areas. Indeed, the circulation
anomalies cannot have shapes like grid squares. The
patterns do change in the 2-day averages but still
largely surround the deforested regions. In the 5-day
averages, however, the divergence fields evolve into
complex patterns that also extend into nondeforested
areas. The divergence patterns also spread westward
of the northern region of deforested Amazonia, which
is characterized by strong northeasterly trades near
the surface. It appears that reduced diabatic heating in
deforested simulations, caused by reduced condensation heating and decreased solar absorption by
land-atmosphere systems, begins to exert its influence even on a 5-day timescale. The net effect is to
weaken the northeasterly trade winds that carry oce355
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FIG. 3f. Same as in Fig. 3a but for the five-case ensemble mean.

anic moisture into coastal Amazonia thereby reducing
the moisture convergence and rainfall. This change
also affects downstream regions—containing southwestern regions of deforested Amazonia—in a complex way by mitigating the moisture divergence in the
southwestern deforested region (found in the 1-2-day
averages). This result is quite consistent with the PBL
moisture convergence patterns that show divergence
in the deforested regions and compensatory
convergences all around it. With passage of time, such
changes in the mass and moisture convergences can
be expected to progress into other regions because of
the overriding influence of thermodynamics vis-a-vis
the local (grid point) land-PBL-cumulus interactions.
e. Surface wind stresses
The surface wind stress and its anomalies are
shown in the top and bottom panels of Fig. 5b. As
expected, the surface stresses are larger over land
and smaller over the oceanic regions in the control
case. The surface stress anomalies show that wind
stresses are reduced in the deforested regions but not
as much as indicated by the relationship
CD = CD(h, z0, Q, where h is the PBL height, z0 is
surface roughness length, and f is surface-layer stability. This happens because CD reduction is partly
compensated by an increase in the wind speed. Stronger winds increase the wind stress particularly downstream of deforested regions where the winds hit the
356

forested regions and produce convergence. Thus,
changes in surface wind stresses are complex byproducts of increased surface winds and reduced
surface drag over deforested land. Nevertheless, in
deforested regions, the changes in PBL moisture
convergence are comparatively small.

5. S u m m a r y and conclusions
The primary motivation of this note is to determine
the local climatic consequences of the ongoing Amazon deforestation. This is done by including the in situ
deforestation data into the state-of-the-art biosphere
model of the GLA GCM and then performing an
ensemble set of five 5-day forecasts, with and without
deforestation, and examining its influence on rainfall
episodes. The results show the following.
1) A discernible decrease in evapotranspiration (0.79
mm d_1; about 18%) that is quite robust in all the
averages: 1-, 2-, and 5-day periods.
2) A decrease in precipitation of about 1.18 mm d~1
(about 7%-8%) in the deforested areas that
emerges even on 1 -2-day timescales and exhibits
complex evolution that extends into forested regions in the 5-day averages. For deforested regions, the decrease in precipitation is larger than
the decrease in evapotranspiration, which hapVol. 76, No. 3, March 1995
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FIG. 4a. Shown from left to right are ensemble mean evapotranspiration in mm d~1 for 1 2-, and 5-day-average fields for the control cases
(top panels) and deforested minus control cases (bottom panels). Contours of positive (negative) differences are drawn solid (dotted).

intensity as well as the extent of deforestation since
the reduced evaporation upstream can also affect the
rainfall downstream (Sud et al. 1994a).
A cautionary note on the interpretation of results of
this study is warranted because of the inherent inconsistency of initial conditions to the suddenly implanted
deforested savanna. Using a long integration as nature run is tantamount to the atmosphere being fully
adjusted to forested land while for the deforested
savanna the land-atmosphere equilibrium isdisturbed.
However, this deficiency is not judged to be too
Sud et al. (1994a) found that the evaporation (pre- deleterious to our conclusions because the adjustcipitation) was reduced by 1.22 (1.48) mm d-1 in a 3-yr ment timescales of winds in the Tropics is of the order
integration in which entire Amazonia was deforested of a day and the results of the experiment hold even if
and converted into pasture. However, the annual mean the first day is ignored. Moreover, the change of
rainfall for Amazonia in that simulation was only about forests to savanna is not as drastic as a change to
6.0 mm d_1. By comparison, the corresponding differ- pasture, and the incoming disturbances (easterly
ences in the current investigation are much smaller waves) are largely driven by the large scale. Thus, we
(see Table 1 b), but the results are consistent because argue that the results of this investigation appear to be
the deforestation in this investigation was not as robust.
severe as in Sud et al. (1994a). In addition, the positive
The evolution of rainfall anomalies westward of the
feedback between the biosphere and circulation did northeastern deforested region, found in the 5-day
not have a chance to mature fully during the period of averages, has been explained by the thermodynamic
short forecasts. If the simulated scenario is assumed response. Moreover, because the change in surface
to be real, then Amazonian deforestation would not roughness length of savanna is much less (Table 1a)
make the local precipitation reduce to the level of other than that of the pasture, its effect on reducing the
agricultural or grassland regions, but it is most likely to moisture convergence and rainfall may not be as
decrease and this should be detectable in observa- important as in the Sud et al. (1994b) investigation.
tions. Indeed, the overall effect must depend upon the This experiment includes more realistic changes in the
pens due to the decrease in atmospheric moisture
flux convergence.
3) A decrease in the surface drag (as a consequence
of reduced surface roughness of deforested regions) affects the dynamical structure of moisture
convergence and circulation. In the deforested
region, the surface winds pick up significant wind
speed anomalies within a day that are well maintained thereafter as may be noted in 1 -, 2-, and 5day averages.
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FIG. 4b. Column atmosphere moisture convergence field in mm d~1 following the pattern of Fig. 4a.

FIG. 4C. PBL moisture convergence in mm d~1 following the pattern of Fig. 4a.

biosphere associated with the 1988 level of Amazonian deforestation by considering the region as savanna as opposed to smooth pasture. The latter
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assumption leads to excessive reduction in surface
roughness length that was also pointed out by
Henderson-Sellers et al. (1993).
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FIG. 5a. Shown from left to right are ensemble streamlines and mass divergence for 1 2-, and 5-day averages for the control cases (top
panels) and deforested minus control cases (bottom panels). There is a preponderance of divergent anomalies in the shaded deforested
regions. Contors of positive (negative) differences are drawn solid (dotted).

FIG. 5b. Same as Fig. 5a except for surface wind stresses in 10~6 N rrr 2 and wind vector anomalies. Larger anomalies are associated
with larger surface stress anomalies.
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Modeling investigations of the influence of deforestation invoke some idealizations and/or assumptions
that distance the simulations from reality. Global climatic integrations are prone to systematic errors particularly in regions that are difficult to simulate accurately, such as in the vicinity of large orography;
evidently, such errors can affect the results through
teleconnections. Mesoscale models have the advantages of better resolution and much stronger regional
focus but cannot account for feedbacks from outside
the targeted regions. Since local changes usually
have significant global effects, as demonstrated for El
Nino and La Nina sea surface temperature anomaly
episodes, constrained feedbacks naturally raise questions about the overall validity of the simulated findings. In our short forecasts, the 1-5-day timescale is
considered sufficient for local affects to mature but is
short enough for the global-scale feedbacks to develop. By ensemble averaging the forecasts, we have,
in essence, attempted to delineate the local effects of
deforestation while circumventing the issue of globalscale feedbacks. In any event, global-scale issues
have been well addressed in the earlier studies cited
in the introduction.
Acknowledgments. The continued support of our modeling research by Dr. Kenneth Bergman of NASA headquarters is immensely appreciated. Thanks are also due to Drs. D. Skole and C.
Tucker for providing the in situ color map of Amazon deforestation
up to 1988.

References
Arakawa, A., and W. H. Schubert, 1974: Interaction of cumulus
cloud ensemble with the large-scale environment, Part I. J.
Atmos. Sci., 31, 674-701.
Charney, J. G., 1975: Dynamics of deserts and drought in the
Sahel. Quart. J. Roy. Meteor. Soc., 101,193-202.
Dickinson, R. E., 1980: Effect of tropical deforestation on climate.
Blowing in the wind: Deforestation and long range implication,
studies in the Third World societies. Pub. No. 14, Dept. of
Anthropology, College of William and Mary, 411 -441.
, and A. Henderson-Sellers, 1988: Modeling tropical deforestation: A study of GCM land parameterization. Quart. J. Roy.
Meteor. Soc., 114,439-462.
Dorman, J. L., and P. J. Sellers, 1989: A global climatology of
albedo, roughness length, and stomatal resistance for atmospheric general circulation models as represented by simple
biosphere model (SiB). J. Appl. Meteor., 28,833-855.
Eltahir, E. A. B., and R. L. Bras, 1993: On the response of tropical
atmosphere to large-scale deforestation. Quart. J. Roy. Meteor. Soc., 119, 779-793.
Garratt, J. R., 1993: Sensitivity of climate simulations to landsurface and atmospheric boundary-layer treatments—A review. J. Climate, 6,419-449.
Helfand, H. M., and J. C. Lebraga, 1988: Design of a non-singular
level 2.5 second order closure model for prediction of atmospheric turbulence. J. Atmos. Sci., 45,113-132.
Henderson-Sellers, A., R. E. Dickinson, T. B. Durbidge, P. J.

360

Kennedy, K. McGuffie, and A. J. Pitman, 1993: Tropical deforestation: Modeling local to regional scale climate change. J.
Geophys. Res.,98(D4), 7289-7315.
Kim, J.-H., and Y. C. Sud, 1993: Circulation and rainfall climatology
of a 10-year (1979-1988) integration with the Goddard Laboratory for Atmospheres General Circulation Model. NASA Tech.
Memo. No. 104591, NASA Goddard Space Flight Center,
Greenbelt, MD, 236 pp.
Lean, J., and P. R. Rowntree, 1993: A GCM simulation of the
impact of Amazonian deforestation on climate using an improved canopy representation. Quart. J. Roy. Meteor. Soc.,
119,509-530.
Liston, G. E., Y. C. Sud, and E. F. Wood, 1994: Evaluating land
surface hydrology parameterizations by computing river discharge using a runoff routing model: Application to the Mississippi Basin. J. Appl. Meteor., 33,394-405.
Mellor, G. L., and T. Yamada, 1974: A hierarchy of turbulence
closure models for planetary boundary layers. J. Atmos. Sci.,
31,1791-1806.
Mintz, Y., 1984: The sensitivity of numerically simulated climates
to land surface boundary conditions. The Global Climate, J. T.
Houghton, Ed., Cambridge University Press, 70-105.
Nobre, C. A., P. J. Sellers, and J. Shukla, 1991: Amazonian
deforestation and regional climate change. J. Climate, 4 , 9 5 7 987.
Pan, H.-L., 1990: A simple parameterization scheme of evapotranspiration over land for the NMC medium-range forecast
model. Mon. Wea. Rev., 118,2500-2512.
Reynolds, R. W., 1988: Real-time sea surface temperature analysis. J. Climate, 1, 75-86.
Rowntree, P., 1988: Review of general circulation models as a bias
for predicting the effects of vegetation change on climate. Proc.
of the United Nations University Workshop on Forest, Climate,
and Hydrology Regional Impacts, Tokyo, Japan, United Nations University.
Schemm, J., S. Schubert, J. Terry, and S. Bloom, 1992: Estimates
of monthly mean soil moisture for 1979-1989. NASA Tech.
Memo. 104571, Goddard Space Flight Center, Greenbelt, MD,
252 pp.
Sellers, P. J., 1985: Canopy reflectance, photosynthesis and
transpiration. Int. J. Remote Sens., 6(8), 1335-1372.
, Y. Mintz, Y. C. Sud, and A. Dalcher, 1986: A simple biosphere
model (SiB) for use within general circulation models. J. Atmos.
Sci.,43, 505-531.
Shuttleworth, W. J., 1988: Evaporation from Amazon rainforest.
Proc. Roy. Soc. London B, 233,321-346.
Skole, D., and C. Tucker, 1993: Tropical deforestation and habitat
fragmentation in the Amazon: Satellite data from 1978 to 1988.
Science,260,1905-1910.
Strahler, A. N., and A. H. Strahler, 1954: Modern Physical Geography. John Wiley and Sons, 148-167.
Sud, Y. C., and A. Molod, 1988: The roles of dry convection, cloudradiation feedback processes and the influence of recent improvements in the parameterization of convection in the GLA
GCM. Mon. Wea. Rev., US, 2366-2387.
, and G. K. Walker, 1993: A rain-evaporation and downdraft
parameterization to complement a cumulus updraft scheme
and its evaluation using GATE data. Mon. Wea. Rev., 11,
3019-3039.
, P. J. Sellers, Y. Mintz, M.-D. Chou, G. K. Walker, and W. E.
Smith, 1990: Influence of the biosphere on the global circulation
and the hydrologic cycle—A GCM simulation experiment. For.
Meteor.
AGMET,52,133-179.
, W. C. Chao, and G. K. Walker, 1991a: Contributions to the
implementation of Arakawa-Schubert cumulus parameterization in the GLA GCM. J. Atmos. Sci., 48,1573-1586.

Vol. 76, No. 3, March 1995
Unauthenticated | Downloaded 01/09/23 09:28 AM UTC

, G. K. Walker, and W. E. Smith, 1991 b: An analysis of a GCM
simulation of the atmospheric response to the observed seasurface temperature anomalies of January and February 1983.
J. Climate, 4,108-115.
, and
, 1992: A review of recent research on improvement
of physical parameterizations in the GLA GCM. Physical Processes in Atmospheric Models, D. R. Sikkaand S. S. Singh, Ed.,
Wiley Eastern Ltd., 422-479.
, W. C. Chao, and G. K. Walker, 1993: Dependence of rainfall
on vegetation: Theoretical considerations, simulation experiments, observations, and inferences from simulated atmospheric
soundings. J. Arid Environ., 2 5 , 5 - 1 8 .

, G. K. Walker, J.-H. Kim, G. E. Liston, P. J. Sellers, and K.-M.
Lau, 1994a: Biogeophysical effects of a tropical deforestation
scenario: A GCM simulation study. J. Climate, submitted.
, and
,
,
,
, and
, 1994b: A simulation study
of the importance of surface-roughness in tropical deforestation.
Special Volume on TROPMET-94, Indian Institute of Tropical
Meteorology, Pune, India, in press.
Xue, Y. K., P. J. Sellers, J. L. Kinter III, and J. Shukla, 1991: A
simplified biosphere model for global climate studies. J. Climate,
4,345-364.

X
y

Portland, Oregon
18-22 My 1994

© I 994 American
Meteorological
Society. Softbound,
B & W , 6 8 7 pp.,
$50.00 list/$35.00
m e m b e r s (includes
s h i p p i n g a n d 111
handling), 1 1

Bulletin of the American Meteorological Society

\

Preprint
¥oiume

Please send prepaid
orders to: O r d e r
Department,
American
Meteorological
Society, 45 B e a c o n
St., Boston, M A
W
02108-3693.

361
Unauthenticated | Downloaded 01/09/23 09:28 AM UTC

Weatherwise
The magazine
about the
weather

take*

& cwctiXve Leek at tLe wciLb c^ wjecAJb&i
Ositixt&i
tvp^X4
the V^id^/huZAy to tl^e
extMC'iJ^yJiAAf,
tJLe aXw^ififLeiAsC
It
^K^iu/e*
ccLct
a^icu/hJ* tJLe
wcilA,
ccvesui^e
t(he Lateit x/h* ^eteC^t^^caL
tec&sh£>Lc£y. ft \a

a,

MJecdLeA, e^Jt^MM^i^U c^ att

a^ei.

Weatherwise is published bimonthly by Heldref Publications, a division of the nonprofit Helen
Dwight Reid Education Foundation, in association with the American Meteorological Society.
The annual individual subscription rate is $32, $25.60 for AMS members. The institutional
shipping rate is $54. An additional $12 should be added for foreign subscriptions. Send
prepaid orders to Heldref Publications, 1319 18th Street, N.W., Washington, D.C. 20036.
362

Vol. 76, No. 3, March 1995
Unauthenticated | Downloaded 01/09/23 09:28 AM UTC

