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ABSTRACT

A multiyear simulation of the global climate uses a revised version of the National Center for Atmospheric
Research (NCAR) Community Climate Model Version 2 (CCM2) coupled to the Biosphere—Atmosphere Transfer
Scheme (BATS). It is compared with global and rain gauge precipitation climatologies to evaluate precipitation
fields and European Centre for Medium-Range Forecasts analyses to evaluate the atmospheric circulation. The
near-surface climate is compared with data from Amazonian field campaigns. The model simulation of the South
American climate agrees closely with the observational record and is much improved from past simulations
with previous versions of the NCAR Community Climate Model over this portion of the Tropics.

The model is then used to study the local and regional response to tropical deforestation over Amazonia. In
addition to the standard deforestation forcing, consisting mainly of increased albedo and decreased roughness
length, two additional sensitivity experiments were conducted to assess the individual contributions from these
forcings to the deforestation changes. The standard deforestation simulation shows slight increases in annually
averaged surface temperature (+1°C) and reductions in annually averaged precipitation and evaporation (—363
and —149 mm yr—1, respectively).

As expected, increases in surface albedo over Amazonia produce a reduction in net downward solar radiation
at the surface and conseguently a reduction in net surface radiation and surface latent heat flux. The roughness
decrease, on the other hand, reduces the surface latent heat fluxes through decreasesin the surface drag coefficient.
The regional changes in moisture convergence and precipitation during the Amazonian wet season display a
shift in the area of maximum precipitation rather than an overall decrease over the deforested area. These shifts
are evidently produced by a combination of the changes in the low-level circulation and a decrease in the
efficiency of precipitation recycling within Amazonia.
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1. Introduction

With the world’s largest rain forest, the Amazon is
of great ecological and climatic importance. Its climate
isamajor element of the overall tropical rainfall system.
Exploring how Amazon deforestation affects climate
improves our understanding of the interactions between
land-surface processes and the climate system. It also
hel ps us to better define the processes and details needed
by the land component of climate models.

Dramatic changes in vegetation cover, such as that
from tropical deforestation, are expected to affect the
climate at some scale, but how in detail tropical forests
affect precipitation and other climate elements is un-
clear. The spatial extent of present deforestation is still
too small to induce large-scale changes (Chu et al.
1994), being confined to small areas at local sites (e.g.,
Bastable et al. 1993; Culf et al. 1995; Wright et al. 1996).
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Hence, atmospheric scientists use a hierarchy of nu-
merical models to study the sensitivity of climate to
tropical deforestation, and in particular, a large number
of general circulation models (GCMs) have been used
to analyze the effects of tropical deforestation on re-
gional climate (reviewed in Henderson-Sellers et al.
1993; McGuffie et al. 1995). Most such studies find that
extreme tropical deforestation (i.e., the complete trans-
formation of all the area covered by tropical forest into
grassland) in Amazonia would result in a warmer and
drier climate in this region. Substantial differences exist
between the different models in the atmospheric para-
meterizations and among their simulations as to the
magnitude, sign, and other details of the changes (Table
1), especially with regard to the moisture convergence
(i.e., precipitation minus evaporation).

Three factors largely control the impact of defores-
tation: albedo, evaporation, and surface roughness
length (Sellers 1992). Most of the recent GCM defor-
estation studies presented in Table 1 modified the sur-
face boundary conditions to account for the change in
all three of these parameters. Some, however, have also
estimated their individual effects. In particular, Lean and
Warrilow (1989) investigated the changes due to albedo
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TaBLE 1. Annual regional response to tropical deforestation from various GCM studies.

Change in

moisture
Albedo Roughness AT AP AE con-

Study change change (°C) (mm) (mm) vergence
Dickinson and Henderson-Sellers (1988) 0.12/0.19 2.00/0.05 +3.0 0 —200 Inc.
Lean and Warrilow (1989) 0.136/0.188 0.79/0.04 +24 —490 -310 Dec
Nobre et al. (1991) 0.13/0.20 2.65/0.08 +2.5 —643 —496 Dec
Dickinson and Kennedy (1992) 0.12/0.19 2.00/0.05 +0.6 -511 —256 Dec
Mylne and Rowntree (1991) 0.135/0.200 — -0.1 -335 —176 Dec
Henderson-Sellers et al. (1993) 0.12/0.19 2.0/0.2 +0.6 —588 —-232 Dec
Lean and Rowntree (1993) 0.136/0.188 0.79/0.04 +2.1 —296 —201 Dec
Pitman et al. (1993) 0.12/0.19 2.00/0.05 +0.7 —603 —207 Dec
Polcher and Laval (1994a) 0.098/0.177 2.30/0.06 +3.8 +394 —985 Inc.
Polcher and Laval (1994b) 0.135/0.216 2.30/0.06 -0.1 —186 —128 Dec
Sud et a. (1996) 0.092/0.142 2.65/0.08 +2.0 —540 —445 Dec
McGuffie et al. (1995) 0.12/0.19 2.0/0.2 +0.3 —437 —231 Dec
Lean et al. (1996) 0.13/0.18 2.10/0.03 +2.3 —157 —296 Inc.
Manzi and Planton (1996) 0.13/0.20 2.00/0.06 -05 —146 -113 Dec
This experiment 0.12/0.19 2.00/0.05 +1.0 —363 —149 Dec

and roughness al one using separate 8-month simul ations
and concluded that the decrease in roughness dominated
the reduction in evaporation, whereas the increased al-
bedo was the main cause of a decrease in moisture flux
convergence determining the simulated decrease in pre-
cipitation. Dirmeyer and Shukla (1994) found in aseries
of sensitivity experiments, where the rain forest over
South America was replaced by grassland and net sur-
face albedos were modified from the control tropical
forest value to 0.06 and 0.09 lighter, that if surface
albedo was not increased appreciably (by more than
0.03), moisture flux convergence driven by the increase
in surface temperature could offset the other effectsand
increase precipitation. Recent simulations by Lean et al.
(1996), however, have indicated that the deforested cli-
mate is highly dependent on individual parameter
changes and strongly influenced by the nonlinear inter-
action of these changes.

The interpretation of GCM simulations of tropical
deforestation is limited by substantial differences
among models and different assumptions made by
modeling groups. For continuity, this study assumes
deforestation changes similar to those in earlier studies
with several versions of the National Center for At-
mospheric Research (NCAR) Community Climate
Model (CCM; Dickinson and Henderson-Sellers 1988;
Dickinson and Kennedy 1992; Henderson-Sellerset al.
1993). All these used the Biosphere—Atmosphere
Transfer Scheme. This study should provide more re-
alistic and highly resolved precipitation patterns than
did previous deforestation studies, which, except for
Lean et al. (1996), used lower-resolution models. Sec-
tion 2 describes the model used in this study. Since we
believe that one of the main ingredients for a realistic
representation of the effects of tropical deforestation
in GCMs is a proper representation of the present cli-
mate by the control simulation, an extensive evaluation
of the model control climate over South America is

presented in section 3. Section 4 presents the results
from the deforestation experiment, while section 5 ex-
plores the relative contributions from albedo increase
and/or roughness decrease to the deforestation re-
sponse. Finally, section 6 summarizes and givesfurther
discussion of the results.

2. The model

The model used in this study is a revised version of
the NCAR CCM Version 2 (CMM2; Hack et al. 1993)
coupled to the Biosphere-Atmosphere Transfer Scheme
Version le (BATSle; Dickinson et al. 1993), named
RCCM2-BATS. It isaglobal spectral model developed
for a standard T42 spectral truncation (approximately
equivalent to a 2.8° X 2.8° transform grid), with 18
vertical levels and model top at 2.9 mb, and including
the boundary layer parameterization of Holtslag and Bo-
ville (1993), a simple mass flux scheme developed by
Hack (1994), shortwave radiative heating computed us-
ing the 6-Eddington parameterization with 18 spectral
bands (Briegleb 1992), and longwave parameterization
developed by Kiehl and Briegleb (1991). The standard
CCM2 includes only a minimal treatment of land-sur-
face processes but optional inclusion of BATS can pro-
vide more detailed treatment of land.

The standard CCM2 and CCM2-BATS reasonably
simulate most of the features of the present climate,
except for serious discrepancies in summer for surface
radiative fluxes and temperatures over midlatitude con-
tinents (Bonan 1994; Hahmann et a. 1995). The pa
rameterization of cloud optical properties was modified
(Hahmann et al. 1995) to address these discrepancies
by increasing the optical thickness of summer clouds
and more realistically representing the equivalent radius
of the water cloud drop size distribution accounting for
the differences between land and oceanic regions [sim-
ilar to that of Kiehl (1994)]. Improvements were (a)
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TABLE 2. Summary of model simulations.
Duration

Simulation Description (averaged years)
Stand. CCM2 Standard CCM2 20 yr (years 1-20)
CCM2/BATS Standard CCM2 + BATSle 10 yr (years 1-10)
RCCM2/BATS (FOREST) Standard CCM2 with revisions to cloud properties + BATSle 10 yr (years 6-15)
DEFOR RCCM2-BATS + land use changes over Amazonia 8 yr (years 8-15)
ALBEDO RCCM2-BATS + albedo increase over Amazonia 5 yr (years 8-12)
ROUGH RCCM2-BATS + roughness reduction over Amazonia 5 yr (years 8-12)

smaller differences in global annualy averaged ab-
sorbed solar radiation between CCM2-BATS and Earth
Radiation Budget Experiment (ERBE) data (from 6.5
to 3.3 W m=2) and improved top-of-the-atmosphere
(TOA) radiative balance (net radiative flux of 0.5 W
m-2 compared to 7.9 and 4.8 W m~2 in the standard
CCM2 and CCM2/BATS simulations), (b) better agree-
ment in Northern Hemisphere summer between model
and ERBE TOA fluxes (averaging 20 W m~2 in long-

Precipitation (mm/day)

STAND. CCM2

DJFM Precipitation (mm/day)

5. c

4 8 12

wave and 40 W m~2 in shortwave TOA fluxes in the
standard CCM 2 and CCM2-BATS simul ations) and sur-
face radiation budget (averaging over 60 W m=2 in the
CCM2-BATS simulation), and (c) improved summer
surface air temperatures. Surface air temperaturesin the
RCCM2-BATS simulation are 3.1°C warmer over North
America and only 0.6°C warmer over Asia than the
climatology (Legates and Willmott 1990a) compared to
6.4 and 5.2°C warmer in the CCM2-BATS simulation.

Precipitation (mm/day)

CCM2/BATS

- Precipitation (mm/day)

) Q’vé-zf;go _f*" d

1

LEGATES & WILLMOTT

16 20

Precipitation (mm/day)

Fic. 1. Ensemble-averaged wet season (December—March) precipitation (mm) simulated by
the (a) standard CCM2, (b) CCM2-BATS, (c) RCCM2-BATS models, and (d) the observations

by Legates and Willmott (1990b).
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Fic. 2. Comparison of the observed annual cycle of monthly precipitation for selected surface stations in Amazonia
with results from various CCM2 simulations.

3. The model’'s climate over South America

Three CCM2 simulations of the global climate (de-
scribed in Table 2) are analyzed. ** Stand. CCM2” isa
20-yr simulation using the standard version of CCM2,
and 'CCM2-BATS” is a 10-yr simulation of the stan-
dard CCM2 coupled to BATS1e. Revisions to the cloud
optical propertiesintroduced in the CCM2-BATS model
result in the simulation labeled ““RCCM2-BATS” in
Table 2. All simulations use the same seasonally varying
climatological (averages for the period 1950—79) sea
surface temperatures (SSTs) of Shea et al. (1992) and
ozone profiles.

A large region of intense convection centers over the
Amazon Basin in austral summer. Deep convection
[seen by the outgoing longwave radiation (OLR) data
analyzed by Horel et al. (1989)] resides over the Am-
azon Basin region from November to March. Associated
with this intense convection is a closed anticyclone in
the upper troposphere known as the Bolivian high and
a downstream trough located over the northeast coast
of South America. How a GCM responds to defores-
tation may depend on how well these features are sim-
ulated.

a. Precipitation

The precipitation of various versions of CCM2 isval-
idated with three sources of observational data: the glob-

a climatology of Legates and Willmott (1990b), the
global terrestrial climatology of Leemans and Cramer
(1991), and a 30-yr record of daily precipitation from
rain gauge stations for the Brazilian Amazonia (T.
Dunne 1995, personal communication).

Figure 1 compares total precipitation in the austral
summer (December—March) for the three model sim-
ulations with the observational estimates of Legates
and Willmott. This 4-month period contains 50%—60%
of the annual precipitation in the Amazon Basin. As
Hack (1994) indicates, the standard CCM2 model tends
to overestimatetropical precipitation (zonally averaged
tropical rainfall rates by as much as 7 mm day—?),
especially over most of northern South America in-
cluding the Colombian Andes and eastern Brazil (Fig.
1a). Furthermore, the maximum appears to be shifted
eastward toward the semiarid region of northeast Bra-
zil. CCM2-BAT Sresults show moderateimprovement,
and the RCCM2-BATS simulation displays much clos-
er agreement with observed rainfall rates over this re-
gion. Past simulations with CCM1 at R15 resolution
have systematically shown an eastward shift in the area
of maximum precipitation. Moreover, Shaikh (1996)
examined the January precipitation distribution over
South America for different horizontal resolutions
(varying from R15 to T106) of the standard CCM?2.
These simulations show a westward shift of the pre-
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Wind
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Fic. 3. Comparison of the ensemble-averaged January 850-HPa wind field (a) simulated by
the RCCM2-BATS model and (b) that from the observationally derived ECMWF analysis. The
length of the arrows on the bottom right of each figure represents a wind speed of 15 m s

cipitation maximum with resolution increased from
R15 to T63, and only the small-scale featuresimproved
at T106 resolution. The present T42 resolution appears
to be in close agreement with observations, with ab-
solute differences between model and observations of
the order of 5 mm day—*, primarily a result of the
eastward shift of the precipitation maximum rather than
of an over- or underestimation of precipitation
amounts. Comparison of the model results to an alter-
nate precipitation climatology (Leemans and Cramer
1991) shows that the differences between these two
observational estimates (averaging 2 mm day-* over
the Amazon Basin region) is still substantially smaller
than the differences between the model-simulated pre-
cipitation (RCCM2-BATS) and the observations. The
secondary maximum in precipitation over the Andes
Mountains is apparently not seen with such a large
horizontal extent in either observational dataset asin
all the model simulations. However, observationscould

January Wind

I e e - =

200 mb

underestimate the amount of rainfall over this moun-
tainous region by largely sampling at lower elevations
(Legates and Willmott 1990b).

Three rain gauge stations in Amazonia, Boa Vista
(3.45°N, 60.43°W), Benjamin Constant (4.38°S,
70.03°W), and Borba (6.75°S, 58.93°W), have long ob-
servational records and are representative of different
annual cycles of monthly precipitation. Figure 2 shows
their location in the Amazon Basin and compares their
annual cycle of precipitation with the three simulations
for the model’s grid point closest to the respectiverain
gauge station. The RCCM2-BATS simulation captures
very well the seasonal cycle of monthly precipitation
over southern and western Amazonia, but the June—
July peak in precipitation is completely missed by all
model simulations over northern Amazonia (Boa
Vista). Rather, the models exhibit double peaksin pre-
cipitation, in May—June and October—November, evi-
dently aresult of the northward and southward migra-

January Wind

T W amw —a o~ e S =

/,- - ...\.\\\\N_.b—..
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200 mb ECMWF ANALYSIS

Fic. 4. Comparison of the ensemble-averaged January 200-HPa wind field (a) simulated by
the RCCM2-BATS model and (b) that from the observationally derived ECMWF analysis. The
length of the arrows on the bottom right of each figure represents a wind speed of 40 m s
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Fic. 5. Comparison of the model-simulated diurnal cycle of near-surface air temperature, net
surface radiation, and latent and sensible heat fluxes with those measured during the ARME field

campaign during April 1985.

tion of the model-simulated ITCZ during the year, as
similarly found by Nobre et al. (1991). Observations
of precipitation and OLR over northern South America
(not shown) suggest that in reality the displacement of
the maximum convective region does not follow asim-
ple north—south path but has a more northwest to south-
east track in the transition period from the Gulf of
Panama to the Amazon region (Horel et al. 1989), giv-
ing in a single wet period in some parts of northern
Amazonia.

b. Atmospheric circulation

The tropospheric circulation over the tropical South
American sector is evaluated using wind data from the
World Meteorological Organization (WM O)-European
Centre for Medium-Range Weather Forecasts
(ECMWEF) archive (Trenberth 1992), averaged over the
period 1985-92. The pressure levels of 850 and 200
HPa represent the low-level wind flow as affected by
the topographic features of the continent and the high-
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Fic. 6. Comparison of the model-simulated diurnal cycle of near-surface air temperature, net
surface radiation, and latent and sensible heat fluxes with those measured during the ARME field

campaign during August 1984 and 1985.

level tropospheric circulation as determined by the con-
vective activity in Amazonia. The upper-tropospheric
circulation is very similar in all models, apparently de-
termined by the strength and position of the area of
intense deep convection, so only the RCCM2-BATS
simulation is considered further. Figure 3 compares the
wind field at the 850-HPa surface for the January en-
semble-averaged model simulation with the ECMWF
analysis. Figure 3b displaysthe climatological low-level
circulation with the two midlatitude anticyclones over
the Pacific and Atlantic Oceans and theintense easterlies

over the northern South American coast. The low-level
flow entering the western Amazon Basin region be-
comes northeasterly and finally northerly, perhaps
turned by the Andes Mountains. The model simulation
(Fig. 3a) captures this pattern very well, except for the
intensity of the low-level flow over northeastern Brazil,
where weak easterlies are observed, versus the stronger
simulated easterlies (on the order of 10 m s7%).

Figure 4 compares the features of the upper-tropo-
spheric circulation, including the Bolivian high centered
over southern Peru and Bolivia and the downstream
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Fic. 7. Comparison of model-simulated, ensemble-averaged near-surface air temperature, net
surface radiation, latent heat flux, and precipitation with observed monthly averages estimated
from measurements taken during the ABRACOS field campaign. Model data is averaged over
a 8.4° area centered at 7°S, 59°W. ABRACOS-AWS estimates are derived from AWS mea-
surements at Reserva Duke, while ABRACOS-RJ are derived from micrometeorological mea-

surements at Reserva Jaru.

trough centered over the easternmost coast of Brazil
(Horel et al. 1989). The model simulation (Fig. 4a) is
remarkably similar to the ECMWF analysis (Fig. 4b) at
this level, except for the Northern Hemisphere west-
erlies. The model simulates a band of westerlies (with
amagnitude of approximately 20 m s—*) extending from
the Gulf of Panamainto the northern part of the Amazon
Basin, whereas the ECMWF analysis shows this west-
erly jet to be located farther north over the Caribbean.

c. Near-surface climate

Several field campaigns provide an excellent database
for model validation of the near-surface climate. Model
simulations of the diurnal cycle of near-surface tem-
perature and heat fluxes are assessed using microme-
teorological data collected during the Amazon Region
Micrometeorological Experiment (ARME) from the ear-
ly 1980s at the Reserva Duke, near the city of Manaus,
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Decid.
Broadleaf

FiG. 8. T42 vegetation types and soil color [from light (1) to dark (8)] and texture [from
sand (1) to clay (C)] classes for South America. Soil texture classes A = 10, B = 11, and C
= 12. The evergreen broadleaf vegetation type was replaced by degraded grassland in the

deforestation experiments.

in central Amazonia. Data from three intensive field
campaign periods were used: August 1984 (ARMES84),
and April and August 1985 (ARMES8S). These three
months were selected because of their good data cov-
erage of hourly latent and sensible heat fluxes during
both the month and the day (at least a third of the days
of the month with at least 12 observations during the
day). The second dataset corresponds to automatic
weather station (AWS) observations and micrometeor-
ological measurements taken during the Anglo—Brazil-
ian Amazonian Climate Observational Study (ABRA-
COS). For comparisons against model simulated data,
we have used AWS measurements for Reserva Duke
(“RD”, 2°57'S, 59°57'W) and Reserva Jaru (‘*‘RJ",
10°05'S, 61°55'W) located in the Brazilian state of Ron-
donia.

Figures 5 and 6 compare the observed diurnal cycle
of surface temperature and surface fluxes with those

simulated by RCCM2-BATS at asingle grid point clos-
est to the Reserva Duke site. The model data are hourly
averages from the seventh year (year 12) of the 10-yr
control simulation. At the end of the wet season (April,
Fig. 5) the simulated net surface radiation and surface
fluxes are in close agreement with their observed coun-
terparts in both phase and amplitude. Latent heat fluxes
are slightly underestimated (by less than 100 W m~2)
in the early afternoon. Simulated near-surface temper-
atures are within 1°C of those observed during the night-
time and about 3—4°C warmer during the daytime. Some
of this disagreement may be an artifact of differences
in measurement level between the observed and simu-
lated temperatures. ARME temperatures were measured
at a height of approximately 45 m, slightly above the
forest canopy, while first model level air temperatures
refer to a height of approximately 70 m.

During the peak of the dry season in Amazonia (Au-
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l FOREST (Annual Averages)

Tropical Degraded gt st

Factor forest grassland 41 él T 1%3 T
Maximum vegetation cover 0.9 0.8** [SFeT = 287] [LNeF = 244]
Vegetation roughness length (m) 2.0 0.05** Ch = 47%
Rooting ratio 0.8 0.5%*
Vegetation albedo < 0.7 um 0.04 0.08*
Vegetation albedo = 0.7 um 0.2 0.3*
Minimum stomatal resistance (s m-1) 150 200**
Maximum leaf area index 6.0 6.0
Stem area index 2.0 2.0 s! sl L U F =
Light sensitivity factor (m? W-1) 0.06 0.02** 2351 1238 4051 TA%] Q?I 1553
Vegetation displacement height (m) 18.0 0.0**
Depth of upper soil layer (mm) 100 100 [shef=204] [L®T=59 |
Depth of root zone (mm) 1500 1000 Tor
Depth of total soil layer (mm) 5000 5000 R =145

* Changes included in the ALBEDO experiment.
**Changes included in the ROUGH experiment.

gust, Fig. 6), RCCM2-BATS appears to substantially
underestimate the latent heat flux during the daytime
hours, although observed latent heat fluxes differ by as
much as 100-150 W m~2 between two consecutive
years. These discrepancies are due in part to the exces-
sive dryness of the model simulation during the Ama-
zonian dry season. Figure 2 shows that the model sim-
ulates rainfall amounts of the order of 25 mm day?,
while Shuttleworth et al. (1991) indicate precipitation
amounts of the order of 100 mm day—* in the 3 months
prior to August 1984 and August 1985. Although BATS
has adeguate net surface radiation, the low precipitation
limits the amount of water available in the soil for
evapotranspiration. Furthermore, results from the
ABRACOS field campaign summarized in Wright et al.
(1996) suggest that root zone depths over Amazonia
may be severely underestimated in the model. Their
measurements show strong evidence at al forest sites
for soil water extraction by deep roots (i.e., those that
penetrate below depths of 3.5 m), while the BATS ev-
ergreen deciduous tree vegetation type assumes a root
zone depth of only 1.5 m. Temperatures are too warm
by as much as 8°C during the daytime hours, which is
also a consequence of the severe underestimation of
evaporation rates.

Small evaporation rates occur in RCCM2-BATS dur-
ing the dry season from the central to the southern Am-
azon. Figure 7 displays the seasonal cycle of air tem-
perature, net surface radiation, latent heat flux, and pre-
cipitation averaged over a 8.4° area centered at 7°S,
59°W. These model evaporation rates are consistently
smaller than ABRACOS-derived estimates of monthly
near-surface parameters for the period from May to Sep-
tember, as also are the rainfall rates. The simulation of
net surface radiation, however, matchesthe observations
during most of the year and is a considerable improve-
ment over previous CCM simulations (Dickinson and
Henderson-Sellers 1988; Dickinson and Kennedy
1992).
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Fic. 9. Annual surface and top-of-the-atmosphere energy budgets
for the FOREST simulation and the difference between the DEFOR
experiment and the control averaged over the Amazon region. Units
are in W m~2 or otherwise noted. Symbols are as follows. C, C,,,
and C, are low, middle, and high cloud fractions (in percentage),
respectively; S., S, and S are downward, upward, and net down-
ward shortwave fluxes at surface, respectively; L:, L., and L\ are
downward, upward, and net upward longwave fluxes at surface, re-
spectively; RN is the net radiation into the surface; S, §, and S
are downward, upward, and net downward shortwave fluxes at top,
respectively; LM is the outgoing longwave radiation at top; P, is
the precipitable water (in mm); and F, and F, are the surface upward
latent and sensible heat fluxes.

4. Model sensitivity to tropical deforestation

The model used to represent tropical deforestation
(simulation labeled “DEFOR™ in Table 2) has a com-
plete replacement of the tropical forest vegetation (Ev-
ergreen Broadleaf Trees class in BATS1e) by a new
vegetation class composed of ranchland or Degraded
Grassland over Amazonia. The deforested area is ap-
proximately 6.7 X 10° km?, about two-thirds of the total
area of Brazil, and is located in the northern part of
South America as indicated in Fig. 8. Table 3 presents
the BATS parameters for both Tropical Forest and De-
graded Grassland vegetation types, largely the same as
those used by Dickinson and Henderson-Sellers (1988)
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TABLE 4. Annually averaged climatic changes over Amazonia.
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Variable (units) FOREST DEFOR—FOREST ALBEDO—FOREST ROUGH—FOREST
Precipitation (mm) 2186 —-363 —-302 —128
Evaporation (mm) 972 —149 -97 —105
Moisture convergence (P—E; mm) 1214 —214 —205 -23
Total runoff (mm day~?) 2.8 -05 -05 -0.0
Surface runoff (mm day~?) 22 -0.2 -0.5 -0.1
Available root zone soil moisture (%) 64.9 —10.0 -15.3 -29
Surface air temperature (°C) 27.3 +1.0 +0.1 +1.2
Maximum temperature (°C) 34.0 +19 +0.1 +2.2
Minimum temperature (°C) 22.1 +0.4 +0.1 +0.6

and Dickinson and Kennedy (1992). Besides changes
to some vegetation parameters, the soil texture classis
increased by 2 (thus increasing soil porosity and de-
creasing soil saturated hydraulic conductivity), and the
soil color class is reduced by 2 (thus increasing its al-
bedo by 2%) over the deforested area (Fig. 8). Of these
changes, those in vegetation albedo and roughness are

DJF _ Total Precipitation (mm/day)

DEFOR - FOREST

DJF  Surface Air Temperature (K)

DEFOR - FOREST

believed to be the most important in simulating the cli-
mate sensitivity to tropical deforestation.

The DEFOR simulation was started from initial con-
ditions from the middle of June of the third year (year
7) of the RCCM2-BATS simulation and was integrated
for 8.5 yr. The first 6 months of this simulation were
not used in the analysis that follows.

DJF Total Precipitation
- b
%
DEFOR - FOREST
DJF Surface Air Temperature
, B 7 d

%7

R
N

//%g

%

DEFOR - FOREST

Fic. 10. DJF changes (DEFOR — FOREST) in (a) precipitation (mm day-1), (c) surface air
temperature (°C), (e) evaporation (mm day~1), and (g) ratio of root zone available soil moisture
(%) for the South American continent. (b), (d), (f), and (h) Respective Student’s t-tests at the
95% (light hatch) and 99% (dark hatch) significance levels.
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a. Annual local response to deforestation

The annual response to tropical deforestation is ex-
amined over a rectangular box (extending from 11.2°S
to 2.8°N in latitude and from 71.7° to 52.0°W in lon-
gitude) contained within the deforested region and
roughly corresponding to that used in previous defor-
estation studies. Figure 9a presents the annually aver-
aged surface and top-of-the-atmosphere (TOA) energy
budget averaged over this box for the control (RCCM2—
BATS, named FOREST from this point on) simulation.
The differences between DEFOR and the control ex-
periment are presented in Fig. 9b. Table 4 concentrates
on the hydrological cycle quantities and the surfacetem-
peratures for the control and experiment minus control,
annually averaged over the same area box.

The albedo increase imposed in the DEFOR simu-
lation by itself should have resulted in alarge decrease
in net shortwave radiation at the surface, that is,
15 W m~2 (Dickinson and Kennedy 1992). However, a
decrease in cloud cover fraction, especialy in middle
(—4%) and high (—3%) clouds, allows for an increase
in downward solar radiation (+13 W m~2), which large-
ly cancels the effect of the albedo change, so that the
net decrease in net downward solar radiation at the sur-

DJF

Evaporation (mm/day)
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face is only 2 W m~2. The changes in the net upward
longwaveflux (+8 W m~2) are dominated by an increase
in upward longwave flux of 7 W m~2 resulting from the
increase in surface temperature (Table 4). The changes
in cloud cover fraction and precipitable water (reduction
of 1.8 mm) have little effect on the downward longwave
flux (—1 W m~=2). The solar and longwave changes to-
gether imply adecrease of 10 W m~2in the net radiation
at the surface, and this is dominated by the longwave
part of the surface energy budget. The TOA changes
are al'so dominated by the changesin outgoing longwave
radiation with an increase of 8 W m~2 over the defor-
ested area. The largest relative impact of the defores-
tation process in the surface energy budget is in the
latent heat flux, with areduction of 14 W m~2 (—15%)).
In addition, the sensible heat flux increasesby 3 W m~2,
and correspondingly, the Bowen ratio changesfrom 0.58
in the forest to 0.73 in the degraded grassland environ-
ment.

Total annual precipitation shows a modest annual de-
crease of 363 mm over the deforested box area. This
value is somewhat smaller than that simulated with pre-
vious versions of CCM1 coupled to BATS, that is, —511
mm in Dickinson and Kennedy (1992), and —588 mm

Evaporation

f

DJF

774

DEFOR - FOREST

DJF Available Soil Moisture (%)

DEFOR - FOREST

DEFOR - FOREST

Available Soil Moisture

DEFOR - FOREST

FiG. 10. (Continued)
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and —437 mm in Henderson-Sellers et al. (1993) and
McGuffieet al. (1995), respectively. Thelast two studies
used smaller changesin roughness length (Table 1). An-
nual evaporation decreases are aso relatively small
(—149 mm) compared to those found in the previous
deforestation experiments; that is, they are smaller than
the decrease in precipitation, or equivalently, thereisa
decrease in the convergence of moistureinto thisregion.
Soil moisture changes show an interesting behavior.
While surface and total soil water show slight increases
(+0.9 mm and +0.7 cm, respectively), the root zone
available soil moisture (defined as the ratio of excess
moisture in soil above wilting point to the field capacity
of the root zone soil layer) shows a decrease of ap-
proximately 10% over the deforested area, largely a
result of the change in root zone depth and soil texture.

There is considerable spatial variability in the defor-
estation minus control differences, especially in the pre-
cipitation (see next section). Consequently, the spatial
location of the averaging box may strongly affect the
inferred statistics.

b. Seasonal regional response

Figure 10 displays the December—February (DJF) re-
gional changes in precipitation, surface air temperature,
evaporation, and fraction of available root zone soil
moisture that result from deforestation in the RCCM2—
BATS simulation. Next to each difference map
(DEFOR — FOREST) are shown the Student’st-test con-
tours of the statistical significance of these differences
at the 95% and 99% levels (computed using a two-
sample t test with 16 degrees of freedom).

The changes in precipitation (Fig. 10a) display an
interesting bimodal pattern with decreases over central
Amazonia extending east and north over the northern
coast of South America and south into central Brazil
and northern Argentina, and large increases concen-
trated over northeastern Brazil. These changes are only
marginally significant, because of the large interannual
variability in the precipitation field in this region (even
with fixed seasonal SSTs). Figure 10c shows a large
region of temperature increase of over 2°C, roughly
overlapping the deforested area, a direct result of the
decrease in roughness length and in evaporative cooling
by the latent heat flux from the surface (Fig. 10€). No
bimodal pattern is seen in the temperature and evapo-
ration fields because of compensating changes in net
radiation and soil moisture over northeastern Brazil. Ad-
ditionally Fig. 10g shows that a decrease in the fraction
of soil moisture available for plants.

Along the northeastern coast of South America, the
coastline divides decreases in evaporation over land
from increases over the adjacent Atlantic Ocean. The
changes in roughness length over land act to increase
the boundary layer winds over the deforested area, by
about 3 m st at the first model level above the surface.
This aerodynamic effect extends farther out over the
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adjacent ocean, where drag coefficients are fixed and
soil moisture content is not a limiting factor, and there
causes an increase in latent heat flux. Over land, how-
ever, wind speed increases are not large enough to com-
pensate for the decrease in the drag coefficient.

5. Albedo versus roughness sensitivity

The deforestation simulation, as described in the pre-
vious section, combines the effects of both albedo in-
crease and surface roughness decrease on the climate
of South America, as expected for deforestation. How-
ever, to better understand the processes involved and
how they respond to deforestation changes, we examine
separate sensitivity simulations of the effects of albedo
and surface roughness. For this, two additional 5-yr sim-
ulations were performed using the RCCM2-BATS mod-
el. First (ALBEDO in Table 2), only vegetation albedos
and soil color classes were changed as in DEFOR, cor-
responding to the radiative forcing of the deforestation
process. Second (ROUGH in Table 2), only the plant
physiological properties (e.g., vegetation cover fraction,
roughness length, vegetation displacement height) were
changed, corresponding mainly to an aerodynamic forc-
ing of the deforestation process. All BATS parameters
modified in one or another of these simulationsarelisted
in Table 3. Neither simulation contains the changes to
soil texture and soil depth introduced in DEFOR. Both
were started from the sameinitial conditionsas DEFOR,
with again the first 6.5 months of integration discarded.

Besides the decrease in roughness length, the
ROUGH simulation also incorporates changes to other
BATS ecological parameters. The sensitivity of BATS
evapotranspiration and temperature to changes in these
parametersareindicated by several past studiesthat used
multiple integrations of off-line versions of BATS. Hen-
derson-Sellers (1992) showed that BATS is sensitive to
a relatively small number of its parameters, which in
decreasing order of importance are the vegetation rough-
ness length, the vegetation albedos, and the light-sen-
sitivity factor. However, the importance of the light-
sensitivity factor decreases when it is considered over
grass instead of tall vegetation. Gao et al. (1996) de-
termined that BATS is most sensitive to fractional veg-
etation cover and roughness length. The decrease in
vegetation cover fraction may accentuate the increase
in surface temperatures, but its effect is probably much
smaller than that of the reduced roughness effect.

a. Annual local response

Figure 11 shows how the surface and TOA energy
budgets for ALBEDO and ROUGH differ from the con-
trol simulation. Surface radiation budget changes are
especially pronounced. Cloud cover changes most in
ALBEDO and results in increases in surface downward
solar flux in both simulations (+9 and +5 W m=2in
ALBEDO and ROUGH, respectively). Solar surface net
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Fic. 11. Annual surface and top-of-the-atmosphere energy budget
differences (experiment—FOREST) for ALBEDO and ROUGH av-
eraged over the Amazon region. Symbols as in Fig. 9.

radiation decreases (—5 W m=2) in ALBEDO from the
imposed increased in albedo, but in ROUGH, this pa-
rameter actually increases by 4 W m-2, The downward
longwave flux changes nonlinearly in response to
changes in high cloud cover and atmospheric boundary
layer temperatures. In both cases, the increase in at-
mospheric boundary layer temperatures is not large
enough to compensate for the effect of the reduction in
high-level clouds, and hence downward longwave ra-
diation at the surface is reduced. In ROUGH, however,
high-level cloudsincrease slightly (especially during the
Amazonian wet season), which, with the boundary layer
temperature increases, increases downward longwave
flux at the surface. Increasesin upward longwave fluxes
simply result from the increased surface temperatures.

The changesin surface net radiationin ALBEDO (—8
W m~2) and ROUGH (—3 W m~2) appear to add almost
linearly to that of the DEFOR simulation, which has a
—10 W m~2 change in surface net radiation. In AL-
BEDO, the decrease in net surface radiation results di-
rectly in alatent heat flux reduction of 9 W m~—2, whereas
the sensible heat flux change is too small to be signif-
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icant. In ROUGH, the decreased roughness, hence drag
coefficient, also decreases the surface evaporation, but
this is largely balanced by an increase in sensible heat
flux, which is consistent with the large increase in sur-
face temperatures. Consequently, the Bowen ratio
changes from 0.58 in FOREST to 0.66 and 0.73 in AL-
BEDO and ROUGH, respectively, compared to 0.73 in
DEFOR. The sensible and latent heat fluxes for the in-
dividual sensitivity studies do not add linearly to the
results from DEFOR.

The changes to the annually averaged hydrological
cycle and surfacetemperaturesfor ALBEDO and ROUGH
are summarized in Table 4. Both show decreases in
precipitation (—302 and —128 mm yr-1, respectively)
and surface runoff (—0.5 and —0.1 mm day—*, respec-
tively). However, the ROUGH simulation shows a neg-
ligible decrease in moisture convergence, and during
the Amazonian wet season, it displays an increase in
precipitation. Together with the general decrease in
evaporation, thisincrease resultsin an increase in mois-
ture convergence over the deforested region. As ex-
pected, ALBEDO shows no significant changes in sur-
face temperature, but large changes (+1.2°C inthedaily
average of surface air temperature and +2.2°C in its
maximum) occur in the ROUGH simulation. In all sim-
ulations the soil has dried relative to the control, es-
pecialy in ALBEDO, which shows a decrease of 15%
in the root zone available soil moisture.

To complete this picture, we examine of the annual
cycle of these changes. Figure 12 shows the ensemble-
averaged annual cycle of surface air temperature, pre-
cipitation, evaporation, and root zone available soil
moisture. It also quantifies the significance of these
changes by displaying the interannual variability of the
control monthly averages. Surface air temperature in-
creases, as expected, in ROUGH throughout the year,
but the changes in DEFOR are significant only for the
period from September to April. With the large inter-
annual variability of precipitation, deforestation-
induced changes are significant only at most during
some months of the year (March of al deforestation
experiments and September for DEFOR and ROUGH).
The significant evaporation changes, occurring through-
out the year, are especially large at the end of the dry
season and at the beginning of the wet season (Septem-
ber—November), suggesting that the onset of the wet
season is somewhat delayed in ALBEDO and DEFOR.
Changesin available soil moisturein the root zone layer
during the Amazonian dry season follow changesin net
water input from the previous wet season. In ALBEDO,
precipitation decreases most during March and April,
which, with the smaller decreases in evaporation and
runoff (not shown), determine very low soil moisture
amounts within the root zone layer.

b. Regional response to albedo and roughness
changes

Figure 13 shows the DJF regional changes in precip-
itation and evaporation induced by the changesin albedo
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Fic. 12. Monthly values of area-averaged surface air temperature (°C), precipitation (mm
day—1), evaporation (mm day—1), and ratio of root zone available soil moisture (%) for the control
simulation (FOREST) and the three deforestation experiments (DEFOR, ALBEDO, and
ROUGH). The shaded area in each time series is FOREST values plus or minus one standard

deviation of the ensemble monthly means.

aone (ALBEDO — FOREST). As in DEFOR, a bi-
modal pattern of precipitation changes emerges. The
area of maximum precipitation shifts eastward produc-
ing the pattern shown in Fig. 13a: large differences in
precipitation over central Brazil, with a maximum de-
crease of about 4 mm day~*, and large increases over
northeast Brazil (up to 5 mm day—*). However, only the
central portion of these areas is statistically significant
(Fig. 13b). Evaporation (Fig. 13c) decreases over most

of northern South America, with a maximum decrease
over central Amazonia and small areas of significant
increase over the central Andes and the northeast tip of
the continent.

The changes introduced in ROUGH induce a very
different pattern in the precipitation field. Figure 14a
shows increases in precipitation (about 1 mm day—?)
over southern Amazonia with small decreases along the
northern coast of South America. Thisdifference pattern
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Fic. 13. DJF changes (ALBEDO-FOREST) in (@) precipitation (mm day-*) and (c) evap-
oration (mm day 1) for the South American continent. (b) and (d) Respective Student’s t-tests
at the 95% (light hatch) and 99% (dark hatch) significance levels.

suggests a southward shift of the precipitation field, but
with limited significance. The changes in evaporation
overlap the deforested area and display the previously
mentioned pattern over land and ocean along the coast-
line.

Changes in the precipitation pattern over Amazonia
areintrinsically related to changesin its supply of mois-
ture. Hence, we have computed the vertically integrated
water vapor flux and water vapor flux convergence, as
written in

Q 1 (P — R —

— = —-— V-qVv dp + E — P, 1

pr - jo qv dp (1)
where Q isvertically integrated atmospheric water vapor
content; g is acceleration of gravity; p,, is density of
water; p, is surface pressure; V is the horizontal diver-
gence operator; g is water vapor specific humidity; V
is horizontal wind velocity; E and P are evaporation and
precipitation rates, respectively; and the overbar indi-
cates climatological means. Theintegral term giving the
moisture convergence (C) can be divided into its time-
mean and transient components:

o 1 Ps - 1 Ps o
C= ——f vV-qV dp — —j VgV dp (2
gpw 0 ng 0

where the primes denote deviations from the 3-month
climatological mean. Lenters and Cook (1995) have
shown from GCM-derived atmospheric water budgets
over South America that the Amazonian precipitation
maximum is primarily associated with large-scale con-
vergence (87% of the regional precipitation rate), with
only asmall fraction of water vapor transported by tran-
sient eddies (—18% of the regional precipitation rate).
Following their findings, the quasi-steady moisture con-
vergence term, which is the first integral in (2), is used
as a proxy for moisture convergence over Amazonia.
Seasonal (e.g., DJF) water vapor fluxes and moisture
convergence fields are computed from specific humidity
and wind fields initially averaged over each season for
all available years and then averaged over these years
to represent an ensemble-averaged seasonal value.

As expected, the horizontal pattern of the vertically
integrated water vapor flux (Fig. 15a) for the DJF season
is amost identical to that of the low-level wind field
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FiG. 14. DJF changes (ROUGH-FOREST) in (a) precipitation (mm day—*) and (c) evaporation
(mm day~*) for the South American continent. (b) and (d) Respective Student’s t-tests at the
95% (light hatch) and 99% (dark hatch) significance levels.

depicted in Fig. 3afor January. Evidently, the Southern
Hemisphere summer circulation is maintained almost
intact throughout the season and most of the moisture
is transported by the low-level flow. This flow from the
Atlantic Ocean penetrates the South American continent
al along its northern coast, supplying moisture to the
Amazonian convective activity, with some transported
south into central Brazil and northern Argentina. The
moisture convergencefield in Fig. 15b closely resembles
the precipitation distribution over this region, confir-
mation that most of the moisture transport over this
region is provided by the large-scale moisture flow. Its
maximum is associated with the counterclockwise turn-
ing of the northeasterly trade winds crossing South
America and their convergence with the easterlies em-
anating from the South Atlantic high (Lenters and Cook
1995).

Figure 16 shows how moisture flux changes in the
various deforestation experiments. The scale of the ar-
rows in this figure is twice the scale of the arrows in
Fig. 15b. In ALBEDO (Fig. 16b), the moisture flux
changes within Amazonia are mainly westerly with a
maximum magnitude of 70 kg m-* s, suggesting a

reduction in the moisture flux in central Amazonia and,
as a result, a reduction in the moisture convergence
(about 2 mm day—*) and precipitation over this region.
The changes in the low-level moisture flow also point
to a displacement of the area of maximum convergence
farther east, thus producing the changes in precipitation
displayed in Fig. 13a. The precipitation is further re-
duced by the decrease in evaporation. The changes in
the water vapor flux have a very different appearance
in the ROUGH simulation (Fig. 16¢). Easterly water
vapor fluxes increase from the mouth of the Amazon
River region to central Amazonia by about 50 kg m—*
s1, a pattern that results in increased moisture conver-
gence over most of southern Amazonia by as much as
2mmday—* and, hence, anincreasein precipitation (Fig.
13b).

Figure 16a shows that the water vapor flux changes
in DEFOR appear to combine the effects of increased
albedo and reduced roughness length in some regions.
Over western Amazonia, easterly water vapor fluxesin-
crease while changes over eastern Amazonia are small,
so that the water flux divergence increases over central
Amazonia and convergence increases to the west and
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Fic. 15. DJF vertically integrated water vapor flux (kg m-* s%)
(a) and vertically integrated moisture convergence (mm day~%) (b)
for the control simulation (FOREST). The length of the arrow on the
bottom right of (a) represents a water vapor flux of 400 kg m=* s2,

east. The largest differences in water vapor flux are
found over southeast Brazil, with an increase in its
southern component. The moisture convergence
changes suggest a northeasterly displacement of the re-
gion of intense convergence in the South Atlantic con-
vergence zone.
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6. Summary and conclusions

A multiyear simulation of the global climate using a
revised version of the NCAR CCM2 model coupled to
BATS (RCCM2-BATYS) is evaluated against a variety
of observational datasets for the tropical South Amer-
ican region. A realistic representation of the effects of
tropical deforestation in GCMs requires a proper rep-
resentation of the present climate by the control simu-
lation. Therefore, the validation of the RCCM2-BATS
model both globally (Hahmann et al. 1995) and re-
gionally over northern South America is emphasized.
Overall, the model simulation of the South American
climate agrees closely with the available observational
record.

Global and rain gauge precipitation climatologies are
used to eval uate precipitation fields over South America,
showing that the revisions to cloud optical properties
introduced in the RCCM2-BATS model not only give
radiative quantities but also a hydrological cyclein bet-
ter agreement with observations. Both the climatolog-
ical distribution and the annual cycle of precipitation
improve. The model still overestimates the precipitation
in the Amazonian wet season and underestimates it in
the the dry season. The model-simulated climatology of
the low- and high-level wind fields over South America
is remarkably similar to that observed in the ECMWF
analyses.

The model-simulated annual and diurnal cycle of se-
lected near-surface parameters are compared against
several datasets from fields campaigns executed in Ama-
zonia. The net surface radiation and surface fluxes are
in very close agreement during April, the period of tran-
sition from the wet to the dry seasons. During the dry
season (August), RCCM2-BATS seriously underesti-
mates the latent heat fluxes during the daytime hours,
apparently aresult of the excessive dryness of the model
during this period and an underestimation of the model
root zone depths over Amazonia. The net surface ra-
diation is consistent with observations during most of
the year and is a considerable improvement over that
in previous CCM simulations.

The RCCM2-BATS model is then used to study the
sensitivity of the Amazonian and South American cli-
mate to tropical deforestation. Three model simulations
are conducted: DEFOR, where all surface parameters
are changed according to previous deforestation exper-
iments, and ALBEDO and ROUGH, where changes to
individual deforestation parameters, mainly surface al-
bedo and surface roughness, are tested. The DEFOR
experiment shows an annual increase in surface tem-
perature (+1°C) and a decrease in evaporation (—149
mm) and precipitation (—365 mm) in an area centered
over the deforested region.

The moisture convergence and precipitation fields
during the Amazonian wet season (December—Febru-
ary) change regionally by a shift in the areas of max-
imum precipitation rather than by an overall decrease
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Fic. 16. DJF differences in vertically integrated water vapor flux (kg m-* s-%) for () DEFOR
— FOREST, (b) ALBEDO — FOREST, and (c) ROUGH — FOREST. The length of the arrow on
the bottom right of each panel represents awater vapor flux of 200 kg m= s~* (half the magnitude

of the arrows in Fig. 15a).

over the deforested area. In DEFOR the maximum pre-
cipitation region is displaced southeastward, while in
ALBEDO and ROUGH it is displaced eastward and
southward, respectively. Dirmeyer and Shukla (1994)
show a similar eastward shift in the precipitation field
when rain forest albedos are increased by 0.06. GCM
deforestation simulations by Manzi and Planton (1996)
also display coherent shifts in precipitation, especially
in their simulation with changes to the roughness length
alone. However, the short duration of their sensitivity
experiments (only 3 months) makes the significance of
their results questionable. The observed shifts in pre-
cipitation appear to combine changes in the low-level
circulation with a decrease in the efficiency of the re-
cycling of water vapor within Amazonia as follows. In
general, water vapor advected into Amazonia from the
Atlantic Ocean precipitates near the Amazonian coast.
Part of this water is reevaporated to the atmosphere and
transported farther inland by the low-level wind field
where it is precipitated and reevaporated. Estimates of
basin-wide precipitation recycling range from 50% (Sal -
ati 1987) to 25% (Eltahir and Bras 1994). Decreasesin

surface evaporation induced by the roughness decrease
and albedo increase decrease the efficiency of the ree-
vaporation of precipitated water (from transpiration or
interception) and so increase precipitation near themois-
ture source and decrease it inland. Changes to the low-
level circulation, however, are probably as important as
the above mechanism.

The RCCM2-BATS model responds to tropical de-
forestation in a very pronounced bimodal pattern, es-
peciadly in the precipitation field. Previous GCM de-
forestation studies have shown similar but less pro-
nounced patterns (e.g., Dickinson and Henderson-Sell-
ers 1988; Dirmeyer and Shukla 1994; Sud et al. 1996;
Manzi and Planton 1996). This bimodality is problem-
atical for the comparison of results among GCM de-
forestation studies, because it implies that the inferred
area-averaged changes induced by deforestation depend
on the position of the averaging box. Some of the area-
averaged changes in precipitation and moisture conver-
gence shownin Figs. 9 and 11 and Table 4 would change
considerably or even reverse sign if the averaging box
were displaced eastward.
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Neither ALBEDO nor ROUGH simulations included
the modifications of soil characteristicsincluded in DE-
FOR. Pitman et al. (1993) considered such modification
in aseries of simulations using CCM1 coupled to BATS
and found that the additional disturbances produced by
brighter and finer soil gave a slight decrease in annual
surface temperatures and small decreasesin annual pre-
cipitation and evaporation, about one-fifth and one-
third, respectively, smaller than those produced by their
standard deforestation experiment (Table 1).

Several questions remain unanswered. What is the
global impact of the deforestation changes? Global dif-
ference and significance plots of surface air temperature
and precipitation (not shown) display very little sensi-
tivity outside the South American sector, and no co-
herent pattern could be identified. Evidently, the sim-
ulations are still too short to reveal any such global
connections. The work by Zhang et al. (1996) has ex-
tensively explored this subject. Also, what is the impact
of climatological versus observed sea surface temper-
atures and their feedbacks? Koster and Suarez (1995)
suggest that feedbacks associated with land-surface pro-
cesses may amplify precipitation anomalies induced by
SSTs and thus reduce or conceal the impacts of tropical
deforestation on regional climate. Zeng et al. (1996), in
considering deforestation in a mechanistic model cou-
pled to a mixed layer ocean, suggest that a decrease in
the SST gradient across the equatorial Atlantic Ocean,
which might influence the climate over coastal Ama-
zonia.
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