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Abstract. In recent efforts to predict the climatic impacts of tropical deforestation an
extreme scenario of impoverished grassland has been used to represent the future
deforested landscape. Currently, deforested areas of the tropics are composed of a
mosaic of crops, bare soil, grassland, and secondary vegetation of various ages. The
dominant feature of deforested land is often secondary vegetation. Parameter values for
important forest replacement land covers, including secondary vegetation, have been
shown to differ from those of forest much less than that assumed in general circulation
model (GCM) deforestation experiments. For this study, the biosphere-atmosphere
transfer scheme (BATS) is run in uncoupled mode using measured input data in place of
GCM forcing and using the same parameter settings employed in recent deforestation
experiments. Model output is compared with measurements taken over seven different
deforested land surfaces in northern Thailand. Comparisons reveal that the simulation of
deforested land overestimates reflected shortwave radiation, the diurnal range of surface
temperature for secondary vegetation, surface soil moisture loss during periods without
rain, and surface soil moisture increase at the start of a rainy period and underestimates
net radiation, the diurnal range of surface temperature on recently used land surfaces, and
root zone soil moisture increase at the start of a rainy period at most sites. Most
deforested land surfaces, especially intermediate and advanced secondary vegetation, are
more similar, in terms of land surface-atmosphere interaction, to the model simulation of
forest than of deforested land as depicted in GCM experiments. These comparisons
suggest that modelers aspiring to make realistic simulations of deforestation should adopt

parameter settings representative of the diverse range of forest replacement land covers,

instead of again using the grassland scenario.

Introduction

Explosive growth in tropical deforestation rates during
the last several decades has made this an issue of critical
importance. Coincident with a fivefold increase in human
population during the past century, the area of human land
use has increased to approximately 32% of the Earth's land
surface [Food and Agriculture Organization (FAO), 1990].
Within the tropics, forest land is estimated to be diminish-
ing at an annual rate of about 14 million ha [Myers, 1991],
with new cropland accounting for more than 10 million
ha yr-! [Houghton, 1994). The chief concerns surrounding
rapid tropical deforestation are the consequent impacts on
species diversity, atmospheric chemistry, and land surface-
atmosphere interaction. The latter concern has led to nu-
merous attempts to identify possible regional and global
climatic impacts of large-scale tropical deforestation on the
basis of general circulation model (GCM) experiments.
Investigators have attempted to simulate the effects of the
shift in land surface characteristics, especially changes in
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radiative, aerodynamic, and soil hydraulic properties
[Wright et al., 1996], accompanying a shift from multi-
storied forest canopy to grassland. While early efforts
[Henderson-Sellers and Gornitz, 1984] used simplistic rep-
resentations of land surface processes, modelers now incor-
porate more realistic soil-vegetation-atmosphere transfer
schemes (SVATS) into their GCMs, allowing the effects of
deforestation to be represented by changes in a wide range
of parameters [Dickinson and Henderson-Sellers, 1988].
The biosphere-atmosphere transfer scheme (BATS)
[Dickinson et al., 1986, 1993] has been used extensively for
this purpose. Recent GCM simulations of complete trop-
ical forest removal [Henderson-Sellers et al., 1996;
McGuffie et al., 1995; Sud et al., 1996] have shown that
precipitation in the Amazon Basin and Southeast Asia
would be significantly reduced as a result of lower regional
evaporation and reduced moisture convergence (Table 1)
Recent simulation runs predicted evaporation for the
Amazon Basin would be reduced by 23 to 39% due to
conversion of tropical rain forest to grassland [Xue et al.,
1996]. Experiments have also indicated significant changes
in the atmospheric general circulation as a result of tropical
deforestation, affecting the climate of regions outside the
deforested areas. Henderson-Sellers et al. [1993a] found
diminished vertical ascent in the intertropical convergence

25,867



25,868

Table 1. Results of general circulation model (GCM)
Deforestation Experiment [Henderson-Sellers et al., 1996];
Changes in Simulated Values due to Deforestation

Instrument Amazon Southeast Asia
Mean maximum air temperature, K +1.4 +0.8
Mean minimum air temperature, K -0.3 -0.4
Mean maximum radiative

surface temperature, K +2.1 +0.8
Mean minimum radiative

surface temperature, K -1.1 -1.1
Evaporation, % -18 -10
Rainfall, % =21 -8

zone (ITCZ) over South and Central America and, to a
lesser extent, Southeast Asia. Associated Hadley cell des-
cent in the subtropics of both hemispheres was diminished
as well.

To ascertain whether any significant regional or global
climate changes due to tropical land surface change are
possible, modelers have elected, in most experiments to
date, to use an extreme scenario for the deforestation case,
usually described as degraded pasture or impoverished
grassland. In selecting grassland to represent the postforest
land cover, modelers have intentionally chosen a land cover
which contrasts strongly with forest in order to examine the
sensitivity of the simulated coupled climate system to land
cover change. As Henderson-Sellers and Gornitz [1984]
stated in describing the first GCM deforestation experi-
ment, the objective was to " . . . try to estimate the max-
imum impact likely to occur as a result of tropical defor-
estation by maximizing the changes important to climate."
This was clearly a sound strategy at the outset of such
experiments, in that were significant climatic changes not
predicted under the most extreme and extensive land
surface change, other less extreme scenarios would not then
need to be examined. But statements by modelers such as
Polcher and Laval [1994], who refer to the replacement of
the Amazonian forest by grassland as " . . . a realistic sce-
nario if deforestation continues at the present rate,"
encourage readers to forget that grassland was intentionally
selected as an extreme case.

Actual land cover in tropical deforested regions is com-
posed of a mosaic of crops, bare soil, grassland, and
secondary vegetation of various ages. The cultural and
economic incentives to clear forest depend on location,
leading to different forest replacement covers in different
regions. Cleared land in Southeast Asia is commonly used
for swidden agriculture, in contrast to deforested areas of
tropical America where pasture is a more common re-
placement. But, contrary to the perception that Amazonian
forest is undergoing uniform conversion to pasture, Moran
et al. [1994] found land in some stage of secondary sticces-
sion to be the dominant feature of the Amazonian defor-
ested areas they studied. Parameter values for a variety of
forest replacement land covers in deforested areas of the
eastern Amazon and northern Thailand, including sec-
ondary vegetation at various stages of development, were
found to differ from those of forest much less than the set-
tings used in previous GCM deforestation experiments
[Giambelluca, 1996]. That study concluded that climate
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changes simulated for a more realistic deforestation sce-
nario, while likely to be significant, would be less pro-
nounced than those simulated in current deforestation
experiments. Dirmeyer and Shukla [1994] recently
demonstrated that significant precipitation decreases
predicted in deforestation experiments are dependent on the
magnitude of the prescribed albedo shift. Albedo changes
of 0.08 are typically used in such experiments, while albedo
of existing deforested areas of the Amazon and northern
Thailand may only be 0.03 to 0.04 higher than forest
[Giambelluca, 1996].

In this paper we examine land surface-atmosphere inter-
action for forest and deforested cases as depicted by the
BATS model in comparison with measured values for
seven different deforested land surfaces in northern
Thailand. For this study, BATS version le is run in
uncoupled mode using measured input data in place of
GCM forcing. BATS parameter settings are those used in
recent deforestation experiments. The objective of our
work is to evaluate the use of parameters defined by the
characteristics of impoverished grassland to represent
deforested land surfaces in GCM deforestation
experiments. Our intent is to compare simulated land
surface-atmosphere interaction of a deforested region of the
tropics as depicted in GCM experiments with that observed
over seven real tropical deforested sites. Our comparisons
are not intended as a critique of BATS. We have chosen
not to optimize the model, as one could by using parameter
settings measured for each of the field sites, but to run the
model with its "default" parameters.

SVATS Validation

Improvement of parameterizations of land surface-atmo-
sphere interaction is currently an area of active Yesearch
including efforts such as the Project for Intercomparison of
Land-Surface Parameterization Schemes [Henderson-
Sellers and Dickinson, 1992; Pitman et al., 1993;
Henderson-Sellers et al., 1993b, 1995; Love and
Henderson-Sellers, 1994; Henderson-Sellers, 1995; Pitman
and Henderson-Sellers, 1995] which is aimed at comparing
results of different SVATS. On the basis of these inter-
comparisons, Henderson-Sellers et al. [1995] strongly rec-
ommend further testing of SVATS. Comparison of simula-
tions with observed energy fluxes and land surface state
variables such as surface temperature and soil moisture of-
fer the best means of testing and improving existing
models. Much has been learned about parameterizations of
surface-atmosphere mass and energy exchange in SVATS
through large-scale field measurement programs such as
Amazon Region Micrometeorological Experiment (ARME)
[Shuttleworth et al., 1984a, b, 1991]; Hydrologic Atmos-
pheric Pilot Experiment - Modelisation du Bilan Hydrique
(HAPEX-MOBILHY) [4ndre et al., 1986], First ISLCP
Field Experiment (FIFE) [Sellers et al., 1988], and Anglo-
Brazilian Amazonian Climate Observation Study
(ABRACOS) [Wright et al., 1992, 1996; Culf et al., 1995;

Xue et al., 1996]. The data sets from these programs serve
as input to force SVATS and output against which SVATS-
simulated values can be validated [e.g., Noilhan and
Planton, 1989; Mahfouf and Jacquemin, 1989; Mahfouf,
1990; Jacquemin and Noilhan; 1990; Betts et al., 1993,
1996; Chen et al. 1996]. In addition, measurements taken
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Table 2. Biosphere-atmosphere-transfer-scheme (BATS)
version le Vegetation/Land Cover Parameters for Ever-
green Broadleaf Trees and Tall Grass [Dickinson et al.,
1993]

Type 6,

Evergreen Type 7,

Parameter Broadleaf Trees Tall Grass
Maximum fractional vegetation cover 0.90 0.80
Maximum fractional vegetation cover

minus cover at 269 K 0.5 0.3
Vegetation roughness length, m 2.0 0.1
Depth of the rooting zone soil layer, m 1.5 1.0
Depth of the upper soil layer, m 0.1 0.1
Fraction of water extracted by upper

layer roots (saturated) 0.8 0.8
Vegetation albedo < 0.7 pm 0.04 0.08
Vegetation albedo > 0.7 pm 0.2 03
Minimum stomatal resistance, s m™! 150 200
Maximum leaf area index 6.0 6.0
Minimum leaf area index 5.0 0.5
Stem and dead matter area index 2.0 2.0
Inverse square root of leaf dim., m"12 5 5
Light sensitivity factor (m? W-1) 0.06 0.02

in smaller-scale field measurement projects over various
land covers have been used to test SVATS simulations,
including those of the simple biosphere (SiB) model
[Sellers et al., 1986, 1989; Sellers and Dorman, 1987] and
BATS [Shuttleworth, 1988; Dickinson, 1989; Dickinson
and Henderson-Sellers, 1988].

Biosphere-Atmosphere Transfer Scheme (BATS)

BATS is a comprehensive model of landsurface pro-
cesses for climate and climate models with emphasis on the
proper description of the role of vegetation in modifying
the surface moisture and energy budgets. BATS was ini-
tially used primarily as the land surface interface for the
community climate model (CCM) of the National Center
for Atmospheric Research [Dickinson et al., 1986, 1993]
but has since been used widely for a variety of on-line and
off-line applications. As in other SVATS, the primary
functions of BATS are determination of the fraction of
incident solar radiation absorbed by different surfaces and
their net exchange of thermal infrared radiation; calculation
of transfers of momentum, sensible heat, and moisture
between the Earth's surface and the atmosphere; determina-
tion of wind, humidity, and temperaturc of the atmosphere
within canopies and at surface reference level; and determi-
nation of temperature and moisture quantities at the Earth's
surface, including soil moisture content of different soil
layers and runoff from excess rainfall. When BATS is
coupled with the CCM, parameter settings are assigned to
terrestrial areas on the basis of the categorization of each
grid square as one of 18 vegetation/land cover types, 12 soil
texture classes, and eight soil color classes.

In simulating the climatic effects of tropical deforesta-
tion, BATS has been used several times with the CCM
[Dickinson and Kennedy, 1992; Henderson-Sellers et al.,
1993a, 1996]. In these experiments, control runs are made
with tropical forest areas represented by vegetation/land
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Table 3. BATS Version le Soil Parameter Settings for Soil
Texture Classes Used in Recent Deforestation Experiments
[Dickinson et al., 1993]

Class 10, Class 12,

Parameter forest deforested
Porosity 0.60 0.66
Minimum soil suction, mm 200 200
Saturated hydraulic conductivity, mm s 0.0016 0.0008
Ratio of saturated thermal

conductivity to that of loam 0.80 0.70
Exponent "B" defined in

Clapp and Hornberger [1978] 9.2 10.8
Moisture cont. relative to saturation

at which transpiration ceases 0.487 0.542

cover parameters set for evergreen broadleaf trees and soil
parameters based on representative soil texture and color
classes. Results of the control run are compared with those
of an experimental run in which tropical forest areas are
assigned land cover parameters for tall grass and in which
soil parameters are shifted to a finer texture class and a
lighter color class. Table 2 lists parameter settings for
evergreen broadleaf trees and tall grass as given by
Dickinson et al. [1993] for use with BATS version le.
Table 3 gives the BATS version le parameter settings for
the two soil texture classes used in recent deforestation
experiments. Table 4 gives those for soil color classes.

Methods

Research Strategy

BATS can be operated uncoupled from its parent GCM
by providing the time-dependent atmospheric forcing vari-
ables. In this study, BATS was used to simulate land sur-
face-atmosphere interaction over a deforested region in
northern Thailand. Measured downward shortwave radia-
tion, rainfall, air temperature, humidity, and wind speed
served as forcing for the model in uncoupled mode. Two
model runs, using parameter settings for forest and defor-
ested cases, were made using the same input data set.
Selected model output from each of the two runs, namely,
reflected shortwave radiation, canopy temperature, net radi-
ation, soil moisture in the upper 10 cm, and root-zone soil
moisture, were compared with field measurements of those
variables at a variety of different deforested sites. These
comparisons allow us to evaluate the extent to which land
surface-atmosphere interaction, especially canopy radiative

Table 4. BATS Version le Soil Parameter Settings for Soil
Color Classes Used in Recent Deforestation Experiments
[Dickinson et al., 1993]

Parameter Class 4, Class 2,
forest deforested
Dry soil albedo < 0.7 pm 0.18 0.22
Dry soil albedo > 0.7 pm 0.36 0.44
Saturated soil albedo < 0.7 pm 0.09 0.11
Saturated soil albedo > 0.7 pm 0.18 0.22
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Figure 1. Study site locations, Pang Khum, Thailand.

exchange and soil moisture change, simulated in GCM ex-
periments of future deforestation resembles that measured
over real present-day tropical deforested sites.

Land cover change alters fluxes of energy and mass and
results in mutual adjustments of the states of the surface
and the atmosphere. Use of a single measured data set to
force BATS in an off-line mode for simulations under two
different parameter settings does not allow atmosphere-land
surface feedbacks that would be present in reality. The ex-
istence of these feedbacks is an important reason why
coupled GCM-SVATS must be used to predict the effects
of tropical deforestation.

Study Area

Field data for the model simulation were collected dur-
ing January through May 1993 in Chiang Mai Province,
northern Thailand, an area of active deforestation.
Measurements were made near the village of Pang Khum
located at an altitude of 1250 m in the mountainous region
north of the city of Chiang Mai (Figure 1). Pang Khum
was originally settled 200 years ago by the ethnic hilltribe

group known as the Karen. During the past 20 years a
group of Lisu people has joined the Karen residents of the
village. The villagers of both groups practice swidden agri-
culture on the slopes surrounding the settlement [Fox et al.,
1994]. Paddy rice is also grown on terraced fields in the
valley bottoms. While in the past, agriculture consisting of
swidden crops was chiefly for subsistence, now vegetables,
fruit, barley, and cut flowers are also grown for sale outside
the village. Because of government- and international aid
agency-sponsored incentives as well as police enforcement,
the once prevalent opium poppy is now grown only in a
few small plots. Natural vegetation in the region can be de-
scribed as lower montane forest. Richards and Flint [1994]
show that extensive forest loss in northern Thailand during
the 100 years ending in 1980 was coincident with expan-
sion of cultivated land and grass/shrub land. In a study of
vegetation in an area with similar terrain about 70 km ENE
of Pang Khum, Hansen [1992] declared that no undisturbed
primary forest remains. This is probably also true of the
Pang Khum area, although stands of mature old growth and
exploited primary forest are in evidence. The population of



GIAMBELLUCA ET AL.: SOIL-VEGETATION-ATMOSPHERE PROCESSES

25,871

Table 5. Characteristics of Measurement Sites at Pang Khum, Chiang Mai Province, Northern Thailand; Measurement

Period for Meteorological and Soil Moisture Measurements

Vegetation
Map Elevation Slope® Aspect® Height® Meteorological Data  Soil Moisture Content
Code? Land Cover (m) (degree) (degree) (m) Start End Start End
1 Secondary vegetatioh (8 year) 1290 21 300 32 Jan, 24 March 7 Jan 17 May 27
2 Secondary vegetation (2 year) 1220 18 35 1.9 March 7 March 13 March 9 May 27
3 Harvested barley 1240 17 65 0.3 March 13 March 21 - -
4  Irrigated exposed soil 1120 9 270 0.0 March 24 March 30 - -
5 Secondary vegetation (3 year) 1170 3 75 1.7 March 30 April 8 - -
6  Secondary vegetation (25 year) 1240 14 310 5.6 April9  April 21 April 9 May 27
(and) May 11 May 24
7  Fallow rice paddy 1120 0 - 0.0 April26  May 11 - -
8  Harvested corn 1245 10 87 0.2 - - Jan. 17 May 27
9  Exploited primary forest 1245 5 270 25.0 - - Feb. 2 May 27

8 Refer to site numbers shown in Figure 1.

b Slope and aspect pertain to a spatial scale of approximately 100 m.

€ Mean vegetation height.

the village as well as the surrounding region is growing
rapidly [Fox et al., 1995]. The increased land pressure has
reduced fallow periods and expanded the area of cultivation
at the expense of old growth forest. The climate of the
region is monsoonal, with a well-defined annual rainfall
cycle. The rainy season extends from mid-May through
October or early November, during which approximately
90% annual rainfall occurs. Mean annual rainfall in the
area is approximately 1000-1200 mm, although data from
recorded at Doi Mon Ang Get (1300 m elevation), a station
close to Pang Khum, averaged about 3000 mm over a six
year period, suggesting that at least some areas receive
greater amounts of rainfall due to orographic effects, Mid-
November through late February is the cool season with
mean air temperatures of around 17°C. During the hot sea-
son, March to mid-May, air temperature averages about
25°C, reaching daytime highs above 30°C.

Field Data

Meteorological measurements were taken in Pang Khum
using a single set of sensors which were moved from site to
site to produce a sequence of observations for seven differ-
ent land covers. During the course of field work, five soil
moisture measurement stations were established, three of
which are located at meteorological measurement sites.
Meteorological and soil moisture measurement sites are

Table 6. Sensors and Data Recorders

described in Table 5; locations are shown in Figure 1.
"Exploited primary forest" refers to an area where large old
growth trees remain but where canopy, understory, and soil
characteristics have been affected by limited wood harvest-
ing and the presence of livestock. Meteorological and soil
field instruments and data recording equipment are listed in
Table 6. Meteorological measurements were sampled at a
5-s interval with 10-min means recorded at all sites except
site 1, where hourly means were logged. Measurement
results are described in detail by Giambelluca [1996]. Soil
moisture measurements were made for five or more depth
ranges at each of the five sites using a time-domain reflec-
tometry (TDR) device [cf. Dalton, 1992]. Soil probes were
installed and remained in place throughout the measure-
ment period at each site. Soil moisture readings were gen-
erally taken on a weekly interval. Canopy and soil param-
eters derived from data measured at each site are given in
Table 7 [Giambelluca, 1996].

Data Set Preparation

Sequentially measured data sets from the seven study
sites at Pang Khum covered the period from January 24 to
May 23, 1993. Our strategy called for developing a contin-
uous input data set to force BATS for the entire period,
consisting of 19,679 10-min intervals. To do so, we com-
bined measurements taken at the different sites, adjusted

Instrument Company Location Model
Shortwave radiation
downward Eppley Laboratory Newport, R.I. 8-48
reflected Eppley Laboratory Newport, R.I. PSP
Net all-wave radiation REBS Seattle, Wash. Q*6
Canopy temperature Everest Interscience Fullerton, Calif. 4000ALCS
Air temperature and humidity Vaisala Helsinki, Finland HMD30UYB
Wind velocity R.M. Young Traverse City, Mi. 27005UVX
Rainfall rate Campbell Sceintific Logan, Utah TE525
Soil water content Soilmoisture Equipment Santa Barbara, Calif. 6050X1 Trase System 1
Soil hydraulic conductivity Franklin Precision Eng,. Brookvale, Australia CSIRO disk permeameter
Data loggers Licor Lincoln, Neb. LI-1000
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Table 7. Canopy and Soil Characteristics of Meteorological Measurement Sites, Pang Khum Thailand

[Giambelluca, 1996]

Site o d® z K4 Representative Species®
1 0.115 216 0.41 3.3x10° Lithocarpus elegans (Bl.) Hatus. ex Soep. (Fagaceae)
_ Gluta tavoyana Wall. ex Hk. f. (Anacardiaceae)
2 0.134 132 0.25 L1x104 Ageratina adenophorum (Spreng.) R. King and H. Robinson (Compositae)
Coffea arabica L. var. arabica (Rubiaceae)
3 0.163  0.00 0.04 54x10° no live vegetation
0.085  0.09 0.02 1.2x10% no live vegetation
5 0.171 121 0.23 8.4x10° Imperata cylindrica (L.) P. Beauv. var. major (Nees)
C.E. Hubb. ex Hubb. & Vaugh. (Gramineae)
Thysanolaena latifolia (Roxb. ex Horn.) Honda (Gramineae)
6 0.135 3.80 0.73 2.9x 104 Lithocarpus elegans (Bl.) Hatus, ex Soep. (Fagaceae)
Gluta tavoyana Wall. ex Hk. f. (Anacardiaceae)
7 0.141 0.01 0.001 2.5x10°% Fimbristylis aestivalis (Retz.) Vahl. var. gestivalis (Cyperaceae)
Digitaria seigera Roth ex Roem. & Schult. var. setigera (Gramineae)
"Shortwave albedo (ratio)

bZero plane displacement height, m.
‘Roughness length, m.
9S0il saturated hydraulic conductivity, m s™.

*Vegetation taxonomy by F. Maxwell, Biology Department, Chiang Mai University.

height-sensitive measurements to a comparable reference
level, and employed several techniques to fill gaps in the
measurement record resulting from moving instruments
between sites and temporary instrument failures.

Air temperature, humidity, and wind measurements,
recorded at two or three heights above the canopy at each
site, were standardized to a reference level 5 m above the
zero plane displacement height (Table 7) by interpolating or
extrapolating linearly from the two nearest sensors
(Table 8).

Wind data at all sites were adjusted to the reference
height using the following relationship:

In(5.0+d)~In(z,)
Uecn= AV ra)— )
s0=Y In(z +d)—1n(zy) &

where Us g is the wind speed adjusted to the reference level

of 5 m above the zero plane displacement height; U, is the
measured wind speed; z is the measurement height; d is the
zero plane displacement height; and zj is the roughness
length. The parameters d and zj (Table 7) were estimated
previously using wind profile measurements at each site
[Giambelluca, 1996].

Rainfall was estimated from under-canopy rainfall col-
lection to total approximately 50 mm for the period May
11-18, during which the rain gage was rendered inoperative
by an infestation of ants. Six storm sequences totaling
53 mm taken from the adjacent record were substituted into
the data gap at times when net radiation and relative
humidity suggested rainfall.

Ten-minute data were interpolated from hourly data at
site 1. Missing values within data gaps longer than 3 hours
were computed as the mean of values recorded at the same
time of day during the preceding and following one to two

Table 8. Heights of Sensors and Reference Level at Each Site

: Dar: a b b b c
Site Period Zu rirmy, %(1RH), YTIRH), %50
1 Jan. 24-30 7.56 5.56 7.56 - 7.16

Jan. 30 to March 2 10.32 7.45 9.90 - 7.16
March 4-7 10.32 1.40 9.90 - 7.16
2 March 7-13 6.50 3.77 6.04 - 6.32
3 March 13-24 5.21 2.48 4.75 - 5.00
4 March 24-30 5.20 0.70 2.35 4.75 5.09
5 March 30 to April 8 6.99 2.44 4.06 6.57 6.21
6 April 9-21; May 1124 11.90 9.82 11.45 13.95 8.80
April 21-25 11.90 9.82 2.00 13.95 8.80
7 April 26 to May 11 4.62 0.70 2.17 422 5.01

2 Height of wind sensor.
b Heights of the temperature/humdity sensors.

€ Reference height to which wind, temperature, and humidity measurements were adjusted.
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Figure 2. Daily means of (a) solar radiation, (b) rainfall, (c) air temperature, (d) relative humidity,
(e) and wind speed derived from measurements at Pang Khum, Thailand, January 24 to May 23, 1993.

days. Values for gaps smaller than 3 hours were interpo-
lated linearly from the values immediately before and after
the gap. Missing downward shortwave radiation for sites 1,
2, 6, and 7 were filled using linear regression equations
relating solar and net radiation based on concurrent
measurements at each site. Coefficients of determination
(r2) were all greater than 0.99.

The daily means from the 10-min data set for solar
radiation, rainfall, air temperature, humidity, and wind
speed are shown in Figure 2. Periods of observation
corresponding to each of the seven meteorological
measurement sites are shown along the time axis.
Estimation, interpolation, and extrapolation of values to fill
periods when measurements were missing was done only
for the purpose of allowing a continuous model simulation
run. In direct comparisons among model output and
measured data that follow, we will exclude all periods
without a complete measured input data set.

Figure 2 demonstrates that climatic conditions varied
significantly during the observations that spanned the
period from the end of the "cold" (and dry) season in late
January and early February through the "hot" (and dry)
season of March and April into the beginning of the rainy
season in May. We should emphasize here that measure-
ments at different sites were not made simulateously.
Therefore direct comparisons among sites are not possible
because of the changing ambient condtions.

Model Runs

In the off-line version of BATS, diffuse shortwave radia-
tion is approximated as a constant fraction of solar radia-
tion. We modified the code to estimate the diffuse com-
ponent using the empirical relationship determined by Erbs
etal. [1982]:
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Table 9. BATS Initial Conditions and Parameter Settings
for Forest and Deforested Runs

Variable Forest Deforested
Fractional vegetation cover 0.90 0.80
Landcover/vegetation category 6 7
Starting root zone soil moisture, mm  570. 484.
Starting total soil moisture, mm 3821. 4924,
Starting upper soil moisture, mm 34, 45,
Soil texture category 10 12
Soil color category 4 2
Time step (second) 600 600
1.0-0.09Mt 0.0 Mt<0.22
|0.9511-0.1604Mt +4.388Mt>
I -16.638Mt> -12.336Mt*  0.22<Mt<0.80 (2)
0.165 0.80 <Mt

where I, is hourly diffuse radiation, / is hourly solar radia-
tion, M, = I/Iy, and Iy is hourly extraterrestrial solar radia-
tion on a horizontal surface.

Settings for forest and deforested runs are those used in
recent GCM deforestation experiments (Table 9). Starting
soil moisture content values are based on field measure-
ments.

GIAMBELLUCA ET AL.: SOIL-VEGETATION-ATMOSPHERE PROCESSES

Model Output

Figure 3 summarizes selected BATS output variables for
the forest and deforested runs using the Pang Khum data
set. Shown are daily time series of reflected shortwave
radiation, minimum and maximum surface temperature, net
radiation, surface soil moisture change, root zone soil mois-
ture change, evaporation, and sensible heat flux. Table 10
gives a statistical summary of the model output for the two
runs. As expected, reflected shortwave radiation
(Figure 3a) closely resembles the course of daily solar
radiation (Figure 2a) with much higher amounts reflected
by the simulated deforested surface (40 W m2 on average)
than the simulated forest (26 W m-2). Despite having more
than 50% greater reflected radiation, the simulated defor-
ested surface had daily maximum surface temperatures
(Figure 3b) more than 7 K higher than the simulated forest.
The model predicts lower daily surface temperature minima
after deforestation, so that the overall mean is about 1.4 K
lower due to deforestation, while the diurnal range is
greatly increased. Greater shortwave reflection and higher
daytime surface temperature result in lower net radiation
(Figure 3c) for the deforested run as compared with the
forest.

Soil moisture for the surface layer (Figure 3d) and the
root zone (Figure 3e) is given in terms of the change from
the start of the simulation. From the beginning of the simu-
lation to the third week of April, the Southeast Asian winter
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Figure 3. Biosphere-atmosphere-transfer-scheme (BATS) model output summary forest (thick lines)
and deforested (thin lines) runs for Pang Khum, Thailand: (a) daily means of simulated reflected
shortwave radiation; (b) daily minima and maxima of simulated surface temperature; (c) daily means of
simulated net radiation; (d) change in daily means of soil moisture content in the upper 0.1-m layer; (e)
change in daily means of simulated soil moisture content in the root zone (forest, upper 1.5-m layer;
deforested, upper 1-m layer; (f) daily means of simulated evaporation; and (g) daily means of simulated
sensible heat flux in Pang Khum, Thailand, January 24 to May 23, 1993.
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Figure 3. (continued)

monsoon prevailed, and the dry season was interrupted only
briefly during the second week of March. Surface soil
moisture during that period dropped more rapidly in the
deforested case because the reduced vegetative cover in the
simulation produces higher direct soil evaporation. In
comparing root zone soil moisture change, note that root
depth is set at 1.5 m for forest and 1.0 m for the deforested
case. Dry season reduction of root zone soil moisture is
greater for the forest primarily because of the greater root
depth and hence larger soil moisture reservoir available to
the forest. After the rains begin, surface soil moisture for
the two runs are very similar, while root zone moisture
increases more rapidly for the deforested case. Evaporation
rates (Figure 3f) are remarkably similar for the two cases
throughout the dry season and differ significantly only after
the rain begins. A comparison of the evaporation rates for
the rainy period suggests that the slower root zone soil
moisture gains for forest seen in Figure 3e are due to higher
rates of evaporation (more intercepted water and lower
canopy resistance to transpiration). During most of the dry
season, sensible heat flux (Figure 3g) is greater for forest
than for the deforested case, despite lower daytime surface
temperature. Presumably this is due to the relatively higher
nighttime temperature and greater roughness length for the

forest. During the rainy period, forest sensible heat flux is
highly variable in comparison with the deforested case.

Comparison of Simulations With Observations

Comparisons of simulated and observed reflected short-
wave radiation, surface temperature, and net radiation are
given graphically for 2-day sample periods at each
measurement site in Figures 4-6, and in terms of period-of-
measurement summary statistics in Table 11. Root-mean-
square-error (RMSE) computed from differences between
observed and simulated values for each model run are given
in Table 12. In Figures 4-6, sites are arranged from most
disturbed (bare soil) to least disturbed (25-year secondary
vegetation), rather than chronologically. For site 6 (25-year
secondary vegetation), two 2-day periods are shown, before
(g) and after (h) the start of the rainy season. Simulated
and observed surface and root zone soil moisture change
are shown for the entire measurement period at each TDR
site in Figures 7 and 8. Again, direct comparisons among
sites are not possible because measurements were not made
simultaneously and differ because of varying ambient con-
ditions.
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Table 10. Statistics of BATS-Estimated Outputs (Reflected Shortwave Radiation, Surface Temperature,
Net Radiation, Surface Soil Moisture Change, Root Zone Soil Moisture Change, Evaporation, and Sensible
Heat flux) for Forested and Deforested Cases for Pang Khum, Thailand, During January 24 to May 23,

1993
Mean Daily Mean Daily Standard
Climate Variable Case Mean Minimum Maximum Deviation
Reflected shortwave radiation, W m Forested 26.3 0.0 107.7 36.5
Deforested 40.1 0.0 164.4 55.7
Surface temperature, K Forested 295.4 290.6 303.1 49
Deforested 294.0 285.3 310.3 8.8
Net radiation, W m™ Forested 107.1 -96.3 713.0 268.9
Deforested 96.8 -74.7 615.4 2259
Surface soil moisture change, mm Forested -5.4 -6.3 -4.5 7.1
Deforested -11.8 -12.7 -10.9 10.4
Root zone soil moisture change, mm Forested -55.0 -56.3 -53.8 21.6
Deforested -39.6 -40.6 -38.6 16.5
Evaporation, W m™ Forested 55.2 -42.1 395.1 1114
Deforested 47.5 -1.6 200.7 66.0
Sensible heat flux, W m™ Forest 52.1 -234.0 596.6 222.0
Deforested 49.3 -64.3 389.9 134.8

In accordance with the site albedo values given in
Table 7, measured reflected shortwave radiation is lower at
every site than simulated for the deforested case (Table 11
and Figure 4). On the basis of RMSE (Table 12), measured
reflection is more similar to the model forest than to the
model deforested surface except at the two sites with the
highest albedo, sites 3 (harvested barley; albedo, 0.163) and
5 (3-year secondary vegetation; albedo, 0.171). At site 4
(bare soil; albedo, 0.085), observed reflection is low
because the so0il was kept wet and thus dark by irrigation
during the measurement period. The effect of irrigation on
albedo of the bare soil is particularly noticeable near the
beginning of the 2-day sample period, which follows an
irrigation round, and near midday on the second day when
reflection drops abruptly in response to another round of
irrigation. Reflection for agricultural and young secondary
vegetation surfaces (sites 2, 3, 5, and 7) generally lies
between those of the two simulations. For 8- and 25-year
secondary vegetation (sites 1 and 6; albedo, 0.115 and
0.135, respectively), observed reflected shortwave radiation
is very similar to that of the model forest.

In general, the divergence from observations of simu-
lated shortwave reflection for the deforested run stems from
the use of an excessively large albedo shift. As mentioned
earlier, the observations reported for this study area and for
a deforested area of the eastern Amazon suggest an upward
albedo shift of 0.03 to 0.04 rather than the 0.08 commonly
used to represent the effects of deforestation [Giambelluca,
1996].

Surface temperature estimated by the model is derived
from estimated leaf and soil surface temperatures, weighted
on the basis of the fractional vegetation coverage (Table 2).
Because leaf temperature involves radiative and turbulent
canopy-ground and canopy-atmosphere energy exchange
processes, surface temperature is a very useful diagnostic
variable for assessing model performance. As was evident
in Figure 3b and Table 10, modeled surface temperature for

the deforested simulation has a similar mean but a signifi-
cantly higher-amplitude diurnal cycle than that of the forest
simulation (Figure 5). During the 2-day sample (Figure 5),
bare soil observations are reasonably close to the deforested
simulation except when the soil surface was wet from ir-
rigation during the early daylight hours of the first day and
the afternoon of the second day. In the mean (Table 11),
measured surface temperature at the bare soil site was
lower than either simulation and thus closer to the defor-
ested run than to the forest simulation. Mean measured
values were higher than either simulation for the fallow rice
paddy and the 3-year secondary vegetation sites and
between the two simulations for the 2-year secondary vege-
tation (site 2). For the harvested barley surface (site 3),
where a very dry soil surface was almost fully exposed,
extremely high daytime surface temperatures were
observed, exceeding those of the deforested simulation by
nearly 12 K. Surface temperature of the fallow rice paddy
(site 7) and 3-year secondary vegetation (site 5) resembled
that of the simulated deforested surface during the day and
the simulated forest at night. The diurnal range of
measured surface temperature was greater than either simu-
lation for the bare soil and harvested barley sites; between
the two simulations for the fallow rice paddy, and 2-year, 3-
year, and 8-year secondary vegetation sites; and lower than
either simulation for the 25-year secondary vegetation site.
For the 2-year secondary vegetation (site 2), which
experienced a significant premonsoon rainfall during its
observation period, and for 8-year and 25-year secondary
vegetation (sites 1 and 6), measured surface temperature
appears to be very well depicted by the forest simulation
(Figure 5). Surface temperature RMSEs for observed
versus modeled forest at those three sites are between 1.29
and 1.62 K, lowest of the forest simulations and lower than
all sites for the deforested simulation (Table 12). Surface
temperature for harvested barley, exposed soil, and 3-year
secondary vegetation (sites 3, 4, and 5) had lower RMSEs
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Figure 4. Representative 2-day samples of reflected shortwave radiation simulated by BATS for forested
(thin black line) and deforested (grey line) sites and measured (thick black line) over (a) irrigated bare soil,
(b) harvested barley, (¢) fallow rice paddy, (d) 2-year secondary vegetation, (e) 3-year secondary
vegetation, (f) 8-year secondary vegetation, (g) 25-year secondary vegetation before rainy period, and

(h) 25-year secondary vegetation during rainy period.
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Figure 5. Representative 2-day samples of surface temperature simulated by BATS for forested (thin black
line) and deforested (grey line) sites and measured (thick black line) over (a) irrigated bare soil, (b) har-
vested barley, (c) fallow rice paddy, (d) 2-year secondary vegetation, (e) 3-year secondary vegetation,
(f) 8-year secondary vegetation, (g) 25-year secondary vegetation before rainy period, and (h) 25-year

secondary vegetation during rainy period.
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Figure 6. Representative 2-day samples of net radiation simulated by BATS for forested (thin black
line) and deforested (grey line) sites and measured (thick black line) over (a) irrigated bare soil,
(b) harvested barley, (c) fallow rice paddy, (d) 2-year secondary vegetation, (e) 3-year secondary vegeta-
tion, (f) 8-year secondary vegetation, (g) 25-year secondary vegetation before rainy period, and (h) 25-
year secondary vegetation during rainy period.
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Table 11. Statistics of Measured Solar Radiation and BATS-Estimated and Measured Reflected Shortwave Radiation,

Surface Temperature, and Net Radiation for Each Site

Reflected Shortwave

Solar Radiation, W m2 Radiation, W m2 Surface Temperature, W m-2 Net Radiation, W m2
Mean Mean Mean Mean Mean Mean Mean  Mean

Daily Daily Daily Daily Daily Daily Daily  Daily

Site Description Mean Min  Max Mean Min Max Mean Min Max Mean Min Max
1 Measured 221.1 0.0 8414 29.1 0.0 101.3 293.0 2894 3002 1384 -84.7 705.5
Forest 28.5 0.0 1033 2935 289.5 299.1 113.2 -103.5 666.8
Deforested 433 0.0 156.9 291.8 2833 3062 102.7 -79.1 570.2

2 Measured 87.1 0.0 766.8 16.4 00 1113 2935 285.6 3022 70.5 -49.0 686.9
Forest 13.9 00 946 293.7 290.3 3013 29.2 -83.8 6263
Deforested 214 0.0 1453 291.5 285.0 3094 29.6 -62.7 5479

3 Measured 2381 0.0 961.0 38.8 0.0 1396 2982 287.1 3229 112.8 -66.6 650.8
Forest 278 0.0 111.2 295.0 289.7 302.7 115.6 -101.6 728.9
Deforested 42.4 0.0 1692 2929 2834 311.0 106.8 -764 6268

4 Measured 2278 00 9772 19.3 0.0 85.7 295.5 2879 3145 1450 -53.7 791.3
Forest 26.7 0.0 1133 298.1 2922 304.1 1043 -100.5 759.7
Deforested 40.6 0.0 1722 296.0 287.1 3129 969 -857 669.0

5 Measured 2185 0.0 7784 37.7 00 1234 299.7 2924 310.5 957 -65.1 544.1
Forest 25.8 00 909 299.6 2944 3054 932 -1054 5746
Deforested 39.5 00 1394 2983 288.7 312.7 83.0 -86.6 4843

6 Measured 190.9 0.0 961.8 29.8 0.0 1352 296.8 2925 305.6 139.6 -62.2 809.5
Forest 25.7 00 116.6 296.8 292.0 306.6 108.4 -90.8  796.7
Deforested 394 0.0 1788 296.4 287.5 315.1 96.5 -734 688.6

7 Measured 1202 0.0 588.8 323 0.0 1498 2989 2934 311.1 138.7 -513 780.5
Forest 25.5 00 1188 298.1 292.6 306.9 1173 -81.9 821.6
Deforested 39.0 0.0 181.6 2969 2880 3154 1048 -599 721.8

for the deforested than the forest simulation. Comparisons
indicate that except for the most heavily disturbed sites, the
deforested simulation overestimates the diurnal range of
surface temperature. This finding is consistent with the fact
that grassland represents the most extreme among the vari-
ety of land covers that replace tropical forest.

Net radiation is controlled by variations in solar radia-
tion, reflected shortwave radiation, and surface tempera-
ture. Greater shortwave reflection and higher daytime sur-
face temperature result in lower daytime net radiation for
deforested surfaces; lower nighttime surface temperature
reduces the magnitude of negative net radiation at night.
Mean measured net radiation was higher than either
simulation and appeared to be closely matched by the forest
simulation (Figure 6) at all sites except harvested barley
(site 3). The RMSE analysis (Table 12) confirms that for
all sites except harvested barley, the forest simulation is
closer to observations than the deforested. Even the lowest
net radiation RMSE values, i.e., those for harvested barley
versus the deforested simulation, 3-year secondary vegeta-
tion versus either simulation, and fallow rice paddy, 8-year
and 25-year secondary vegetation versus the forest simula-
tion, amount to errors of the order of a fifth to a third of
mean measured net radiation.

Again, the excessively high albedo shift prevents the
model from accurately portraying radiative exchange at
most deforested sites during the day. The resulting under-
estimate of net radiation has implications for subsequent
model estimates of sensible and latent heat flux.

Model-simulated soil moisture in surface and root zone
layers are compared with TDR measurements at sites 1, 2,

6, 8, and 9 in Figures 7 and 8. Sites are arranged in the fig-
ures in order of time since most recent use. Because actual
initial conditions at each site differed, model results are
given in terms of soil moisture change. TDR measure-
ments, which begin at various dates at different sites, are
given as the change relative to both forest and deforested
simulation values on the day TDR measurements started at
each site. The root zone is defined in the model as the up-
per 1.5-m layer for the forest and the upper 1.0-m layer for
the deforested case. TDR measurements are presented ac-
cordingly for comparison with each simulation.

Surface soil moisture (Figure 7) is reasonably well pre-
dicted by the forest simulation at all five TDR sites.
RMSEs are lower for the forest simulation than the defor-
ested for all sites (Table 12). For the three sites with
measurements during the early part of the simulation
(harvested corn, 8-year secondary vegetation, and exploited
primary forest), the deforested simulation overestimates
evaporative soil moisture loss during the rainless period
from late January to early March. The deforested simula-
tion also overestimates the magnitude of surface soil mois-
ture increase after the start of rains. The tendency of the
deforested simulation to overestimate soil evaporation
indicates that the soil moisture observation sites had greater
vegetative cover than is prescribed for grassland.

Root zone soil moisture change (Figure 8) measured at
the harvested corn and exploited primary forest sites are
both close to the forest simulation until the start of rains in
late April. Measurements at the 8-year secondary vege-
tation site are reasonably well depicted by either
simulation. At other sites, increases at the start of rains are
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Table 12. Root Mean Square Error (RMSE) of Modeled
Versus Measured Reflected Shortwave Radiation, Surface
Temperature, Net Radiation, Surface Soil Moisture Change,
and Root Zone Soil Moisture Change for Each Site

Root Mean Square Error
Model Model
Climate Variable Site Forest Deforested N
Reflected 1 8.15 26.64 3846
shortwave, W m2 2 5.38 12.81 657
3 19.74 14.22 1124
4 13.96 37.73 702
5 18.78 6.91 591
6 8.23 17.17 2430
7 11.62 13.30 1675
Surface temperature, K 1 1.29 5.62 4237
2 1.62 4.15 649
3 8.77 6.21 1112
4 6.79 3.28 702
5 3.08 2.72 591
6 1.42 4.97 2753
7 2.33 3.80 1675
Net radiation, Wm=2 1 33.62 69.53 4237
2 45.04 52.12 657
3 45.00 22.10 1124
4 46.03 62.40 702
5 32.23 33.24 570
6 38.60 61.69 2753
7 33.46 43.99 1675
Surface soil 1 6.38 13.06 21
moisture, mm 2 6.20 9.62 16
6 5.44 8.39 8
8 3.84 9.24 17
9 2.69 6.80 16
Root zone soil 1 13.80 14.33 21
moisture, mm 2 4431 20.76 16
6 4.66 4.38 6
8 35.75 17.08 17
9 31.59 20.13 16

underestimated by both simulations. Root zone soil
moisture RMSEs are lower for the deforested than forest
simulations for all sites except 8-year secondary vegetation.
Underestimation of root zone soil moisture increases
following rains may be due, in part, to the use of low values
for soil hydraulic conductivity (Ks) in both simulations.
Measured K (Table 7) was higher at all sites than either the
forested or the deforested parameter setting (Table 3) by as
much as 2 orders of magnitude.

Summary and Conclusions

The BATS model was used in uncoupled mode to simu-
late forest cover and a deforested landscape, both defined as
in recent GCM deforestation experiments. The model was
forced by measurements of atmospheric variables during a
4-month period over a deforested area of mountainous
northern Thailand. Measurements of reflected shortwave
radiation, surface radiative temperature, net radiation, and
soil moisture change in surface and root zone layers for a
variety of deforested sites were compared with values
predicted by the model for the forest and deforested cases.
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Comparisons of deforested simulation with measurements
revealed (1) reflected shortwave radiation: deforested sim-
ulation exceeded measured values at all sites; (2) surface
temperature: mean and diurnal range of observed values
were close to those of the deforested simulation only for
exposed soil; at the driest site (harvested barley), midday
surface temperature exceeded that of the deforested simula-
tion by nearly 12 K; at other sites, deforested simulation
overestimated diurnal range; (3) net radiation: the mean for
the deforested simulation underestimated measurements at
all sites; the deforested simulation was relatively close to
measured values at all sites during the night; mean diurnal
range of the deforested simulation was lower than that
measured at all sites; (4) surface soil moisture change: the
deforested simulation overestimates evaporative soil
moisture loss during the rainless period from late January to
early March for the three sites with measurements during
the period and overestimates soil moisture increase
following the start of rains; (5) root-zone soil moisture
change: the deforested simulation is close to measurements
at the 8-year secondary vegetation site but underestimates
increases at the start of rains at all other sites.

The results of comparisons lead to several conclusions
regarding GCM simulations of the effects of deforestation
on climate: (1) in terms of land surface-atmosphere
interaction, most deforested land surfaces for which
measurements were made in northern Thailand resemble
simulated forest more closely than simulated grassland;
(2) differences between measurements for deforested sites
and values simulated in the deforested model run increase
with time since abandonment; (3) secondary vegetation
sites, 8 and 25 years after abandonment, were very similar
in terms of land surface-atmosphere interaction to
simulated forest; (4) daytime simulation of radiative
exchange for a deforested surface is poor, presumably
because of the excessively high albedo shift used to
represent the effect of deforestation; (5) the relatively close
correspondence between the advanced secondary forest
measurements and the forest simulation suggests that
misrepresentation of land surface-atmosphere interaction
for deforested sites is associated with parameter
specifications rather than the model itself.

The results presented here serve as a reminder that
regardless of the quality of the model, simulations are only
as good as the specification of parameter values and sug-
gest strongly that subsequent GCM simulations of the
climatic effects of tropical deforestation employ more real-
istic parameter settings to describe the deforested land
surface. In particular, characteristics of the variety of land
surfaces found in existing deforested areas should be con-
sidered in the prescription of postforest albedo, roughness
length, soil hydrologic properties and other important land
surface parameters. Recent land cover analyses as well as
the constraints on the use of tropical land surfaces for agri-
culture suggest that secondary vegetation will remain an
important replacement land cover in tropical deforested
areas.

At the outset of the effort to use numerical simulation to
predict effects of tropical deforestation on climate,
Henderson-Sellers and Gornitz [1984] intentionally maxi-
mized the prescribed changes in land surface characteris-
tics. The use of the "improverished grassland" scenario,
however, is becoming accepted as a realistic depiction of
the future state of presently forested areas of the tropics in
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Figure 7. Change in surface layer (0 to 0.1 m) soil moisture simulated by BATS (lines) and measured
using TDR (squares) at () harvested corn, (b) 2-year secondary vegetation, (c) 8-year secondary
vegetation, (d) 25-year secondary vegetation, and (e) exploited primary forest. Forest (black lines) and
deforested (grey lines) simulations, and measurements (grey squares with black border) are shown relative
to the January 24 value. Measurements are shown relative to the simulated forest value on the first day of
measurement (black squares) and simulated deforested value on the first day of measurement (grey squares)
for sites where measurements began after January 24.
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Figure 8. Change in root zone (0 to 1.5 m, forest; and 0 to 1 m, deforested) soil moisture simulated by
BATS (lines) and measured using TDR (squares) at (a) harvested corn, (b) 2-year secondary vegetation,
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Forest (black lines) and deforested (grey lines) simulations are shown relative to the January 24 value.
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of measurement (black squares) and for the upper 1 m layer relative to simulated deforested value on the
first day of measurement (grey squares).
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spite of much evidence to the contrary. Now that simula-
tions with the extreme deforestation scenario are consis-
tently predicting significant changes in the hydrologic cycle
in the deforested regions, including large reductions in rain-
fall, the time may have come to run the models with more
realistic parameter settings. However, development of a
realistic deforestation scenario will depend on the avail-
ability of reliable characterizations of the physical proper-
ties of the various surfaces comprising the deforested land-
scape, and the land cover data from which realistic depic-
tions of future deforested landscapes can be made.

Delineation of land cover at the global scale relies heav-
ily on satellite remote sensing. Deforestation rates based on
remotely sensed data may fail to provide information on the
evolution of deforested surfaces. Land cover change, par-
ticularly in the tropics, has been shown to be a dynamic
process involving loss of forest partly offset by rapid
regrowth of secondary vegetation [Turner et al., 1993].
Our study suggests that secondary vegetation increasingly
(with time since abandonment) resembles the original forest
cover and therefore that the climatic impacts of deforesta-
tion may be less than that implied by the rate of tree felling.
Assessment of current levels and rates of deforestation,
which must ultimately form the basis of future deforestation
scenarios, has been confounded by the difficulty in distin-
guishing secondary vegetation from forest in satellite data.
Recent analyses, such as those of Moran et al. [1994] and
Watrin [1994], however, demonstrate the ability to identify
secondary vegetation at different growth stages and point to
improved deforestation assessments.

Changes in energy and mass fluxes in deforested areas
that have been abandoned for a number of years are likely
to be much smaller than the large changes found by investi-
gators such as Xue et al. [1996] for actively used deforested
sites. Our results suggest that while significant regional
climate change is a probable consequence of large-scale
tropical deforestation, the effects may be less severe than
those predicted by recent GCM experiments if future defor-
estation continues to result in a diverse pattern of replace-
ment cover, such as that found in currently deforested
areas. These results are in no way intended to encourage
current practices leading to rapid forest loss in the tropics.
The continuing effects of deforestation on atmospheric
chemistry, loss of plant biodiversity and animal habitats,
and the destruction of the cultures of forest-dwelling people
will remain critical issues undiminished by any future re-
assessments of direct climate effects.
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