
Copyright © 2006, Paper 10-019; 6,564 words, 7 Figures, 0 Animations, 2 Tables.
http://EarthInteractions.org

The Impact of Land Cover Change
on Surface Energy and Water
Balance in Mato Grosso, Brazil
Julia Pongratz
Department for Earth and Environmental Sciences, Ludwig-Maximilians-University,

Munich, and Max Planck Institute for Meteorology, Hamburg, Germany

Lahouari Bounoua
Earth System Science Interdisciplinary Center, University of Maryland, College Park,

College Park, and Biospheric Sciences Branch, NASA GSFC, Greenbelt,
Maryland

Ruth S. DeFries*
Earth System Science Interdisciplinary Center, and Department of Geography,

University of Maryland, College Park, College Park, Maryland

Douglas C. Morton
Department of Geography, University of Maryland, College Park, College Park,

Maryland

Liana O. Anderson
Instituto Nacional de Pesquisas Espaciais, São José dos Campos, Brazil

* Corresponding author address: Ruth S. DeFries, Department of Geography, University of
Maryland, College Park, College Park, MD 20742.

E-mail address: rdefries@mail.umd.edu

Earth Interactions • Volume 10 (2006) • Paper No. 19 • Page 1



Wolfram Mauser
Department for Earth and Environmental Sciences, Ludwig-Maximilians-University,

Munich, Germany

Carlos A. Klink
Departamento de Ecologia, Universidade de Brasília, Brasília, Brazil

Received 29 September 2005; accepted 3 August 2006

ABSTRACT: The sensitivity of surface energy and water fluxes to recent
land cover changes is simulated for a small region in northern Mato Grosso,
Brazil. The Simple Biosphere Model (SiB2) is used, driven by biophysical
parameters derived from the Moderate Resolution Imaging Spectroradiometer
(MODIS) at 250-m resolution, to compare the effects of different land con-
version types. The mechanisms through which changes in vegetation alter
surface fluxes of energy, momentum, water, and carbon are analyzed for both
wet and dry seasons. It is found that morphological changes contribute to
warming and drying of the atmosphere while physiological changes, particu-
larly those associated with a plant’s photosynthetic pathway, counterbalance or
exacerbate the warming depending on the type of conversion and the season.
Furthermore, this study’s results indicate that initial clearing of evergreen and
transition forest to bare ground increases canopy temperature by up to 1.7°C.
For subsequent land use such as pasture or cropland, the largest effect is seen
for the conversion of evergreen forest to C3 cropland during the wet season,
with a 21% decrease of the latent heat flux and 0.4°C increase in canopy
temperature. The secondary conversion of pasture to cropland resulted in slight
warming and drying during the wet season driven mostly by the change in
carbon pathway from C4 to C3. For all conversions types, the daily temperature
range is amplified, suggesting that plants replacing forest clearing require more
temperature tolerance than the trees they replace. The results illustrate that the
effect of deforestation on climate depends not only on the overall extent of
clearing but also on the subsequent land use type.

KEYWORDS: Land cover change; Surface climate; Amazon; Deforestation

1. Introduction
Most of the deforestation in the Amazon has occurred in the transitional areas

between moist tropical forest and drier, more seasonal cerrado (Alves 2002). The
cerrado, a type of savanna–woodland (Klink et al. 1995; Miranda et al. 1997), is
Brazil’s second largest biome covering an area of approximately 2 million km2.
Cattle ranching has been the traditional form of land use following deforestation.
More than 50% of the cerrado’s primary vegetation has been transformed within
recent decades (Klink and Machado 2005). In the last few years, commercial
cropland has extended into the transition forest zone between cerrado and moist
tropical forest (Morton et al. 2005a; Morton et al. 2005b). These new types of land
cover transformations potentially affect climate through altered exchanges of wa-
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ter, energy, and momentum compared with traditional conversion to pasture (Klink
et al. 1993).

Vegetation affects climate through distinct mechanisms. Its morphological
structure alters the turbulent transfer of energy through roughness elements. Its
optical properties alter the net solar radiation absorbed by the canopy and its
physiological activity controls the partitioning of the incoming energy into turbu-
lent fluxes. The impact of land cover change on climate has been explored in
previous studies (e.g., Dickinson and Kennedy 1992; Zhang et al. 1996; Collatz et
al. 2000; Costa and Foley 2000; Bounoua et al. 2002; Zhao and Pitman 2002;
Nobre et al. 2004). While these studies focused on large-scale tropical deforesta-
tion, few have explicitly assessed the mechanisms through which changes in
vegetation affect energy and water balance for specific land cover changes occur-
ring in the transition zone where deforestation is most rapid.

In this paper, we analyze the mechanisms through which vegetation affects local
energy and water balance by examining the interactions of morphological and
physiological aspects of vegetation and comparing their effects on energy and
water balance for different conversion types. We pay particular attention to land
cover change occurring in the transitional areas between cerrado and tropical rain
forest, including the conversion of tropical moist forest and seasonal transition
forest to cattle pasture or cropland as well as the secondary transition of pasture to
cropland.

2. Model and data
2.1. Study area

The study area is a region of approximately 45 000 km2 in the north-central state
of Mato Grosso (10.0°–13.0°S, 56.0°–54.5°W) undergoing rapid transformation
from forest and cerrado vegetation types to cattle pasture and cropland. The region
is located at the current agricultural frontier, a zone known as the “arc of defor-
estation.” During the study period (2000–2003), Mato Grosso had the highest
annual deforestation rate of any state in the Brazilian Amazon (www.obt.inpe.br/
prodes). Historically, land has been cleared for cattle ranching. More recently, cash
crops such as soybeans, corn, cotton, and sugarcane have been planted on lands
previously cleared for pasture or in areas deforested specifically for cropland
expansion. Substantial portions of the remaining forest and cerrado in the study
area have high potential for future transformation (Jasinski et al. 2005).

The study region covers the transition zone from Amazon rainforest to cerrado,
a complex mosaic of woody savanna, woodlands, and tropical forest. Roughly
50% of the study area was classified as transitional tropical forest in 2000 (Morton
et al. 2005a; Figure 1). Transition forests are composed of both cerrado and
Amazon tree species. Their leaf area index (LAI) values range between 4 and 5
depending on the season (Vourlitis et al. 2001; Priante-Filho et al. 2004). Canopy
heights for transition forest in the study area are highly variable, ranging from
12–15 m on poor soils or steep slopes to 30 m in sites with higher soil moisture
availability (Vourlitis et al. 2001).

Figure 1 shows changes in land cover that occurred during the three years
documented in this study. According to Morton et al. (Morton et al. 2005a), about
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30% of the area of evergreen forest and 10% of transition forest were converted to
pasture. Subsequently, areas of pasture were converted to cropland. Cropland
occupied about 8% of the study area in 2000/01 and 9% in 2002/03. About
one-third of the cropland expansion occurred through conversion of evergreen or
transition forests to cropland with the remainder through secondary transition from
pasture. The primary crop during the wet season is soybean, evident in satellite
data by its distinct reflective spectrum and high seasonality. A secondary planting
practice often bridges the wet and dry seasons. Crop selection is variable and
includes millet, sorghum, rice, and corn.

2.2. Model

We use the Simple Biosphere Model (SiB2) of Sellers et al. (Sellers et al. 1996a;
Sellers et al. 1996b) to assess the effect of changes in vegetation on local energy
and water balance. SiB2 is a biophysically based land surface model that computes
the exchanges of energy, water, momentum, and carbon between the biosphere and
atmosphere accounting explicitly for 12 vegetation types. Time-varying param-
eters describing the vegetation phenology are derived from satellite data. SiB2 also
accounts for hydraulic and thermal properties of different soil types to describe
base flow and interlayer water exchange in the hydrological submodel. The prog-
nostic variables in the model are canopy, surface, and deep soil temperatures;
canopy and ground interception stores; soil moisture content in three soil layers;
and canopy resistance to water vapor.

SiB2 includes a coupled photosynthesis–conductance submodel to simulate the
simultaneous exchange of carbon and water vapor in and out of the leaf. Carbon

Figure 1. Land cover change over the study area for (a) 2000/01 and (b) 2002/03.
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assimilation is calculated from the fraction of photosynthetically active radiation
(FPAR) constrained by light limitation, local environmental conditions, or maxi-
mum photosynthetic capacity (Vmax). Here Vmax is a leaf-scale vegetation-
dependent parameter (Table 1) that is modulated by water and temperature stress
and enters the calculation of assimilation in different ways for C3 and C4 photo-
synthesis (Sellers et al. 1996a). The C4 leaf structure and physiology result in
elevated CO2 concentration at the sites of photosynthetic carboxylation compared
to C3 plants. For given environmental conditions, C4 plants are capable of a higher
photosynthetic rate even with lower values of Vmax (Collatz et al. 1992). The
canopy-integrated net carbon assimilation rate (Ac) is coupled to canopy stomatal
conductance (gc) as

gc = m
Ac

cS
hS p + b LT , (1)

where p is the atmospheric pressure and LT is the total leaf area index; m and b,
the stomatal slope factor and minimum stomatal conductance, are vegetation-type
dependent parameters that differentiate between C3 and C4 vegetation; cS is the
CO2 partial pressure; and hS is the relative humidity. While the control of atmo-
spheric humidity on stomatal conductance is explicit through hS, the effects of
temperature and soil moisture stresses are implicit in Ac (Bounoua et al. 2004).

The model uses a two-stream approximation to compute surface albedo from
soil and canopy reflectance. Fluxes of heat and water are calculated from the
potential differences of temperature and vapor pressure and from aerodynamic
resistances that depend on the roughness length. Therefore, a change in vegetation
virtually affects all components of energy and water balance.

SiB2 can either be run coupled to a general circulation model (GCM) where the
atmospheric data are made available by the GCM or it can be used in a stand-alone
mode where climate drivers are fed to the land surface model from observations.

Table 1. Changes in aerodynamic conditions (roughness length for maximum LAI
z0, in m), physiology (carbon pathway, and maximum photosynthetic capacity
Vmax, in µmol m−2 s−1), and phenology for land cover conversion types. Also given
are the number of points used for the area average of each conversion type. Types
of land cover are denoted as follows: ft = transition forest, fe = evergreen forest,
pa = pasture, cr = cropland, and bg = bare ground.

Conversion No.

Aerodynamic
conditions

Physiology
Phenology

Carbon
pathway Vmaxz0 NDVI, FPAR, LAI

ft → pa 47 416 0.90 → 0.13 C3 → C4 100 → 30 Constantly high → seasonal variation
fe → pa 57 698 2.56 → 0.13 C3 → C4 100 → 30 Constantly high → seasonal variation
ft → cr 9041 0.90 → 0.13 C3 → C3/C4 100 → 100/30 Constantly high → strong seasonal

variation
fe → cr 299 2.56 → 0.13 C3 → C3/C4 100 → 100/30 Constantly high → strong seasonal

variation
pa → cr 16 654 0.13 → 0.13 C4 → C3/C4 30 → 100/30 Seasonal variation → strong seasonal

variation
ft → bg 11 772 0.90 → 0.07 C3 → C3 100 → 60 Constantly high → constantly low
fe → bg 1064 2.56 → 0.07 C3 → C3 100 → 60 Constantly high → constantly low
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In this study, the offline mode is chosen with the same atmospheric forcing for all
simulations. Thus, differences in model results are solely due to differences in
vegetation properties.

SiB2 has been used in previous studies in stand-alone mode at 1-km resolution
(e.g., Bounoua et al. 2004) and coupled with a GCM (e.g., Randall et al. 1996;
Bounoua et al. 1999; Bounoua et al. 2000; Bounoua et al. 2002; DeFries et al.
2002).

2.3. Data
2.3.1. Land cover classifications

The land cover maps used in this study are derived from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) 250-m horizontal resolution and 16-
day composite normalized difference vegetation index (NDVI) for 2000/01 and
2002/03 (Huete et al. 2002). The classification is based on a decision tree after
correcting for cloudy or other low-quality data (Morton et al. 2005a). Field data
points from 2003 are used as training sites for the classification. With this method,
areas of cropland, pasture, forest, and clearing are separated based on their phe-
nological profiles. The forest class is further broken down to distinguish between
tropical evergreen and transition forest types using a land cover classification of
Mato Grosso (IBGE and IBAMA 1993). Evergreen forest, pasture, and cropland
have distinct classes in SiB2 whereas the seasonal transition forest is associated
with the broadleaf deciduous forest class as trees dominate over the grassland
formations in the study area. Cleared area that is not yet planted is represented by
shrubs with bare ground. Forest regrowth in cropland or pasture land due to
agriculture abandonment is not captured in these short simulations.

2.3.2. Biophysical fields

The NDVIs of 2000/01 and 2002/03 are used to derive time-varying (16 day)
biophysical parameters such as the FPAR, the LAI, the canopy greenness fraction,
and the roughness length (Sellers et al. 1996b).

To separate the effects of changes in land cover from changes in the vegetation
density due to interannual variation, we develop a control case in which the
2002/03 land cover change is assigned an NDVI from 2000/01. Specifically, for
each pixel undergoing land cover change in the 2002/03 map, the annual cycle of
the 2000/01 NDVI of the closest pixel with the same cover type is assigned. Spatial
limits not to exceed 5 km × 5 km around the grid cell are imposed to constrain
climate and soil stratification.

2.3.3. Soil and atmospheric data

To assess the sensitivity of surface energy and water balance to land cover
changes, all drivers other than land cover and vegetation dynamics are identical
between simulations.

The soil data required by the model are given by one of seven soil texture types
each assigned a set of physical parameters (Sellers et al. 1996b). The soil texture
map is derived from the Food and Agriculture Organization (FAO) at 4 km × 4 km
resolution and interpolated to match the vegetation data at 250 m. The FAO data
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indicate some degree of homogeneity in soil texture over this relatively small
domain. Although field observations show higher spatial heterogeneity, the impact
on our study is minimal since the soil is kept identical in all simulations.

The atmospheric drivers for SiB2 include air temperature, surface pressure,
relative humidity, convective and large-scale precipitation, wind speed, and long-
wave and shortwave diffuse and direct radiation. We use the International Satellite
Land Surface Climatology Project (ISLSCP I; Meeson et al. 1995) dataset at 1° ×
1° and interpolate them to 250 m over our study region using a bilinear interpo-
lation scheme (Bounoua et al. 2004). Similar to the soil data, the climate drivers
are kept identical for all simulations; and even if they are likely to introduce a bias
in the output, this bias is excluded by the analysis of the differences between
simulations. The climate over the study area clearly features a wet (October–April)
and a dry (May–September) season.

3. Experimental design
3.1. Experiments

Three experiments were conducted. The first two use NDVI and land cover from
2000/01 and 2002/03, respectively. The third is the control run and uses the land
cover from 2002/03 and the NDVI obtained from 2000/01. For each of the three
scenarios a 5-yr run was performed. Initial conditions were interpolated from
previous runs of SiB2 at 1° × 1° resolution (Bounoua et al. 2004). Since most
variables are rather fast responding, equilibrium conditions for almost all land
cover types were reached at the end of the second year. Soil moisture of the third
layer for tropical evergreen forest points reached equilibrium by the end of the
third year. To avoid the transitional phase of model adjustment, the analysis
presented in this paper includes data from the last two years of each simulation,
discarding the first three years to account for model spinup.

3.2. Modeling strategy

To account for local characteristics of the region, some modifications are ap-
plied to vegetation physiological properties. 1) Field studies and census data
(Instituto Brasileiro de Geografia e Estatística, 2000–2003) show that over the
study region, soy is planted during the wet season only while water efficient plants
such as corn, sorghum, and millet are grown during the dry season. To better
characterize the physiological behavior of the dry season plants, we assign a
carbon pathway consistent with the stomatal response of heat tolerant, water-
efficient C4 tropical plants. 2) Where forest is cleared within one year but not yet
used for cropland or pasture, it is replaced by shrubs with bare ground during the
dry season.

4. Results and discussion
Changes in land cover directly affect the energy and water balance in three

major ways. First, changes in albedo affect the amount of shortwave radiation
absorbed by the canopy. Second, vegetation alters the surface roughness and
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consequently the turbulent energy transfer of heat and momentum. Third, vegeta-
tion also controls the transfer of water from the soil to the atmosphere through
photosynthetic transpiration. All these changes vary throughout the year and from
year to year with varying phenology. Key changes associated with different con-
version types over the study area are summarized in Table 1.

4.1. Daily response

Hourly values of output variables are recorded for selected points and are used
to characterize the diurnal response. The locations of the points are identical in all
simulations and are chosen to represent different land cover type conversions.
Composite diurnal cycles are then formed for December, representing a typical wet
season month prior to the peak of the phenological cycle.

We present results for three major conversion types: 1) conversion of transition
forest to cropland, 2) conversion of pasture to cropland, and 3) conversion of
transition forest to pasture.

4.1.1. Conversion of transition forest to cropland

Figure 2 shows composite diurnal cycles of canopy assimilation, conductance,
transpiration, and temperature for a point in the transition forest that was converted
to cropland. This type of land cover change resulted in a maximum decrease in net
assimilation of 3 µmol m−2 s−1. This decrease appears to be mostly driven by
differences in phenology as both vegetation types have the same maximum pho-
tosynthetic capacity (Vmax) and both are C3 plants, thus having the same carbon

Figure 2. Composite diurnal cycles of net carbon assimilation Ac, canopy conduc-
tance gc, canopy transpiration Ect, and canopy temperature Tc for the
conversion of transition forest (blue solid line) to cropland (red dashed
line) for the month of December.
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pathway. The reduction in carbon assimilation leads to a decrease in canopy
conductance of 2 mm s−1. The decrease in conductance directly translates into
reduced transpiration. This effect is further amplified by the reduction in roughness
length, which for this type of conversion decreased from 0.9 to 0.13 (Table 1). The
overall effect is an increase in canopy temperature of up to 0.7°C at midday.
During nighttime, model-simulated canopy temperatures are similar between the
two experiments. This is because canopy conductance is at its minimum and
canopy transpiration is determined by a complex interplay of the water vapor
deficit and a bulk canopy boundary layer resistance (Bounoua et al. 2004).

4.1.2. Conversion of pasture to cropland

The conversion of pasture to cropland is interesting because its impact on water
and energy balance is entirely driven by physiological differences due to different
carbon pathways. Canopy assimilation shows a dramatic reduction during the day
of up to 23 µmol m−2 s−1 (Figure 3) driven partially by a 12% decrease in FPAR.
The main forcing of the decrease in assimilation, however, is the conversion of C4
to C3 vegetation. The C4 species are highly water-use efficient, and with the same
amount of water they are capable of a carbon assimilation rate almost twice as high
as their C3 counterparts (Ludlow and Wilson 1971). As precipitation did not
change between the two simulations, cropland has to down-regulate its biophysical
activity in order to conserve its water resources. The decrease in assimilation is
about 60%, while conductance decreased only 38% as the reduction in assimilation
is partially compensated by a higher stomatal slope factor for C3 vegetation
[Equation (1)]. The transpiration rate is closely coupled to canopy conductance
during the day and leads to a drying and warming of the atmosphere. As a result,

Figure 3. Same as in Figure 2, but for the conversion of pasture (blue solid line) to
cropland (red dashed line).
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maximum canopy temperature increases by 0.3°C. Since the morphological and
optical properties assigned to pasture and cropland are identical, changes in the
components of water and energy balance simulated for the wet season are exclu-
sively a result of differences in the phenological cycle and carbon pathway.

4.1.3. Conversion of transition forest to pasture

The conversion of transition forest to pasture combines the effects of a change
in morphological structure and physiological activity. The difference in physi-
ological activity is associated with a replacement of a C3 with C4 vegetation, while
the morphological difference is associated with conversion of tall tree to short
vegetation. The morphological and physiological effects tend to compensate for
each other in their overall impact on surface energy and water balance compo-
nents. Midday assimilation is more than doubled (Figure 4), with nearly un-
changed FPAR. This leads to a 30% increase in canopy conductance despite a 44%
reduction of the stomatal slope factor (Equation 1) associated with the C3 to C4
transition. Canopy transpiration is reduced during most of the day. The increase in
aerodynamic resistance associated with the reduction in roughness length more
than compensates for the effects of physiological activity. Despite a higher as-
similation rate, the water vapor transfer from the vegetation to the atmosphere
declines, leading to a 0.5°C increase in the maximum temperature. For this con-
version, the cooling effect associated with a higher physiological activity is com-
pensated for by a warming due to reduced roughness length and increased aero-
dynamic resistance.

4.2. Seasonal response
Monthly mean values for several surface variables were saved for the entire

study area. From monthly means, spatial averages are calculated using all pixels

Figure 4. Same as in Figure 2, but for the conversion of transition forest (blue solid
line) to pasture (red dashed line).

Earth Interactions • Volume 10 (2006) • Paper No. 19 • Page 10



that underwent the same conversion type for the wet and dry seasons. For each
season data are time averaged over three months: November, December, and
March for the wet season and June, July, and August for the dry season. The wet
and dry seasons are characterized by an average precipitation rate of 146 and
12 mm month−1, respectively. As the clearing of forest usually takes place near the
end of the wet season, prognostic variables for cleared but not yet planted pixels
are only given for the dry season. Unlike other conversion types, the model
response for this particular type of transformation does not describe a final state of
land cover change but rather a transitional phase.

4.2.1. Phenology

Different land cover types in the study area have distinct phenology, and all
conversion types are associated with a decrease in FPAR for both seasons. How-
ever, differences vary considerably among conversion types and seasons, as shown
in Figure 5. The largest reduction, up to 36% for the conversion of transition forest
to cropland, appears in the dry season when the physiology is less active and has
therefore a smaller impact on assimilation than would be expected from similar
differences during the wet season. For all conversion types the reduction in FPAR
decreases canopy assimilation and conductance, which in turn affects the surface
energy fluxes.

Figure 5. Seasonal differences in FPAR for major conversion types for the (a) wet
and (b) dry season. Abbreviations as listed in Table 1.
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4.2.2. Surface energy fluxes

Conversion of forest to short vegetation in the Tropics is generally associated
with significant increase in albedo and a consequent reduction in the net energy
absorbed by the canopy (Culf et al. 1995). A decrease in the net absorbed energy
affects the magnitude of all fluxes but does not influence the partitioning of energy
into different surface fluxes. During the wet season both latent and sensible heat
fluxes decreased for all conversion types except for the conversion of pasture to
cropland where a slight increase in sensible heating is simulated (Figure 6a). In
most cases, however, the reduction in the latent heat flux is larger than the decrease
in sensible heat. This is not the case for the conversion of transition forest to
pasture, which resulted in the smallest decrease in the latent heat flux due to the
water-use efficiency of pasture and its smaller leaf area index compared to the tall
forest. The simulated trade-off between latent and sensible heat is entirely due to
land cover change. In the case of conversion of forests to pasture, the morpho-
logical forcing tends to warm canopy, but this effect is partially offset by a
physiological cooling due to a more heat-tolerant photosynthetic apparatus of C4
pasture.

During the dry season when water is limiting, most conversions lead to an
increase in latent heat at the expense of sensible heat flux, except the conversion
of forests to pasture, which shows insignificant changes in the latent heat flux
(Figure 6b). The increase in latent heat flux for conversion of forests to cropland

Figure 6. Seasonal differences in latent heat flux (E), sensible heat flux (H), and total
(latent plus sensible heat fluxes) for major conversion types for the (a) wet
and (b) dry season. Abbreviations as listed in Table 1.
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is partly due to less water demand exerted by cropland due to a decreased FPAR
and to a small water stress limitation simulated by the model for the forests during
the dry season. Because of their developed root system, tropical forests access
deep soil water during the dry season, greatly reducing water stress (e.g., Chavez
1991; Nepstad et al. 1994; Saleska et al. 2003). In SiB2 this effect is parameterized
by allowing water to diffuse up from the deep soil layer to the root zone.

4.2.3. Canopy temperature

The complex interplay of morphological and physiological effects that altered
surface energy fluxes is the primary determinant of surface and canopy tempera-
ture, which represents an integrated signature of the impact of land cover conver-
sion on local climate. The conversion of transition forest to cropland is the most
complex. During the wet season, which receives 146 mm month−1 of rain, both
plants operate at full physiological capacity and therefore transpire nearly at po-
tential rates. The large increase in aerodynamic resistance associated with the
conversion of tall forests to short vegetation favors the energy flow toward sen-
sible heating and increases canopy temperature. During the water-limited dry
season, the conversion from a tall thick canopy to cropland relieves the water stress
and enhances the transpiration rate for an overall cooling. When transition forests
are converted to C4 pasture, the change in the physiological activity dominates the
morphological effect and results in cooling the canopy during both wet and dry
seasons (Figure 7). The conversion of evergreen forest to pasture or cropland is
associated with warming in both seasons. However, the simulated warming is
more intense for the conversion to cropland during the wet season (0.4°C) and for
the conversion to pasture during the dry season (0.2°C). Conversion of pasture to
cropland is characterized by a warming controlled by change in plants’ physiology
during the wet season when both plants are not water stressed. The largest differ-
ence in temperature is observed when forests are cleared and remain bare. The
clearing of a transition forest results in a seasonal warming of 1.2°C, while the
warming associated with the clearing of an evergreen forest is 1.7°C.

Canopy temperature is used to assess changes in the seasonal daily temperature
range (DTR). Unlike the mean temperature, the DTR represents the amplitude of
the daily temperature variation and is therefore indicative of the operating range of
different vegetation types. Results for both seasons and all conversion types are
summarized in Table 2. In general, all conversion types result in an increase of
DTR for both seasons, and the increase is mainly due to an increase in the
maximum daily temperature. Reduction in the minimum temperature also contrib-
utes to increase in DTR, especially during the dry season. The DTR increase is
more evident during the dry season and is largest for conversion of forests to bare
ground, reaching more than 7°C when evergreen forest is cleared. For the con-
version of transition forest to either pasture or cropland the increase in DTR is
about 3 times larger during the dry than the wet season. Similarly, the conversion
of evergreen forest to pasture during the dry season resulted in a DTR increase that
is almost double that of the wet season, while conversion of the same forest type
to cropland led to about the same DTR increase for both seasons. The conversion
of pasture to cropland has the smallest effect on the DTR and that holds true for
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wet and dry seasons. This is an important result, suggesting that plants replacing
forest in the study area must be more temperature tolerant than the original forest.

A paired t test is performed using monthly and seasonal mean canopy tempera-
tures to determine whether the differences in model response were statistically
significant. Paired values were calculated twice for each conversion type to com-
pare the 2000/01 to the 2002/03 experiment and to the control case. A statistical
significance greater than 95% was reached for all months and seasons.

Table 2. Differences (control minus 2000/01, in °C) of daily minimum (�min) and
maximum canopy temperature (�max) and of daily temperature range (�DTR)
averaged over the wet season (November, December, and March) and the dry
season (June, July, and August). Abbreviations as listed in Table 1.

Conversion

Wet season Dry season

�min �max �DTR �min �max �DTR

ft → pa −0.07 0.27 0.34 −0.46 0.81 1.27
fe → pa −0.19 1.35 1.54 −0.64 2.14 2.78
ft → cr −0.04 0.58 0.62 −0.49 1.03 1.51
fe → cr −0.07 1.63 1.70 −0.60 1.19 1.78
pa → cr 0.06 0.53 0.46 −0.05 0.00 0.05
ft → bg — — — −0.63 4.42 5.04
fe → bg — — — −0.82 6.85 7.67

Figure 7. Seasonal differences in canopy temperature for major conversion types
for the (a) wet and (b) dry season. Abbreviations as listed in Table 1.
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5. Concluding remarks
The conversion of the primary vegetation of Brazilian Amazonia to pasture and

cropland is projected to progress at an accelerating pace (Margulis 2004). By
analyzing the mechanisms through which vegetation affects local energy and water
balance, this study suggests that the impact of land cover change on local climate
depends strongly on the type of conversion. Morphological changes tend to warm
and dry the atmosphere but are counterbalanced or exacerbated by physiological
activity depending on the land use type. This study shows that the photosynthetic
pathway is a key parameter in biosphere–atmosphere interactions. The effect of
land cover change on local climate therefore depends not only on the overall extent
of clearing but on the subsequent land use type as well.

A warming and drying effect as suggested in this study for the conversion of
evergreen forest and an increase in daily temperature range is in line with obser-
vations (Culf et al. 1996; Hoffmann and Jackson 2000). This study also suggests
a decrease in evapotranspiration driven by changes in morphological structure for
the conversion of transition forest. Canopy temperature increases when transition
forest is converted to C3 soybean, but a cooling effect is simulated for the con-
version to water-use-efficient C4 pasture grasses. The importance of biophysical
activity for energy and water balance is also highlighted for the secondary tran-
sition of pasture to cropland. Here, the study suggests a warming and drying during
the wet season due to the superior photosynthetic capacity of tropical C4 over C3
plants as described by Ludlow and Wilson (Ludlow and Wilson 1971). Several
studies suggest that a drying of the atmosphere following the conversion of forest
affects climate by reducing precipitation and moisture convergence (Shukla et al.
1990; Nobre et al. 1991; Henderson-Sellers et al. 1993; Bounoua et al. 2002).
More detailed regional studies and comparisons to observations are necessary to
assess climatic effects of the differential impact of land cover change occurring in
the Brazilian Amazon.

Acknowledgments. J. Pongratz was supported by the German–American Fulbright
Program. The research was also supported by LBA-ECO LC22 NASA Grant NAG5-
26020.

References
Alves, D., 2002: Space-time dynamics of deforestation in Brazilian Amazonia. Int. J. Remote Sens.,

23, 2877–2882.
Bounoua, L., and Coauthors, 1999: Interactions between vegetation and climate: Radiative and

physiological effects of doubled atmospheric CO2. J. Climate, 12, 309–324.
——, G. J. Collatz, S. O. Los, P. J. Sellers, D. A. Dazlich, C. J. Tucker, and D. A. Randall, 2000:

Sensitivity of climate to changes in NDVI. J. Climate, 13, 2277–2292.
——, R. S. DeFries, G. J. Collatz, P. J. Sellers, and H. Khan, 2002: Effects of land cover

conversion on surface climate. Climate Change, 52, 29–64.
——, ——, M. L. Imhoff, and M. K. Steininger, 2004: Land use and local climate: A case study

near Santa Cruz, Bolivia. Meteor. Atmos. Phys., 86, 73–85.
Chaves, M. M., 1991: Effects of water deficits on carbon assimilation. J. Exp. Bot., 42, 1–16.
Collatz, G. J., M. Ribas-Carbo, and J. A. Berry, 1992: Coupled photosynthesis-stomatal conduc-

tance model for leaves of C4 plants. Aust. J. Plant Physiol., 19, 519–538.

Earth Interactions • Volume 10 (2006) • Paper No. 19 • Page 15



——, L. Bounoua, S. O. Los, D. A. Randall, I. Y. Fung, and P. J. Sellers, 2000: A mechanism for
the influence of vegetation on the response of the diurnal temperature range to changing
climate. Geophys. Res. Lett., 27, 3381–3384.

Costa, M. H., and J. A. Foley, 2000: Combined effects of deforestation and doubled atmospheric
CO2 concentrations on the climate of Amazonia. J. Climate, 13, 18–34.

Culf, A. D., G. Fisch, and M. G. Hodnett, 1995: The albedo of Amazonian forest and ranchland.
J. Climate, 8, 1544–1554.

——, J. L. Esteves, A. de O. Marques Filho, and H. R. da Rocha, 1996: Radiation, temperature and
humidity over forest and pasture in Amazonia. Amazonian Deforestation and Climate, J. H.
C. Gash et al., Eds., Wiley, 175–191.

DeFries, R. S., L. Bounoua, and G. J. Collatz, 2002: Human modification of the landscape and
surface climate in the next fifty years. Global Change Biol., 8, 438–458.

Dickinson, R. E., and P. Kennedy, 1992: Impacts on regional climate of Amazonian deforestation.
Geophys. Res. Lett., 19, 1947–1950.

Henderson-Sellers, A., R. E. Dickinson, T. B. Durbidge, P. J. Kennedy, K. McGuffie, and A. J.
Pitman, 1993: Tropical deforestation: Modeling local- to regional-scale climate change. J.
Geophys. Res., 98, 7289–7315.

Hoffmann, W. A., and R. B. Jackson, 2000: Vegetation–climate feedbacks in the conversion of
tropical savanna to grassland. J. Climate, 13, 1593–1602.

Huete, A., K. Didan, T. Miura, E. P. Rodriguez, X. Gao, and L. G. Ferreira, 2002: Overview of the
radiometric and biophysical performance of the MODIS vegetation indices. Remote Sens.
Environ., 83, 195–213.

IBGE and IBAMA, 1993: Mapa de Vegetação do Brasil. 2d ed. Diretoria de Geociências, digital
map. CD-ROM.

Jasinski, E., D. Morton, R. DeFries, Y. Shimabukuro, L. Anderson, and M. Hansen, 2005: Physical
landscape correlates of the expansion of mechanized agriculture in Mato Grosso, Brazil.
Earth Interactions, 9. [Available online at http://EarthInteractions.org.]

Klink, C. A., and R. B. Machado, 2005: Conservation of the Brazilian Cerrado. Conserv. Biol., 19,
707–713.

——, A. G. Moreira, and O. T. Solbrig, 1993: Ecological impact of agricultural development in the
Brazilian cerrados. The World’s Savannas, M. D. Young and O. T. Solbrig, Eds., UNESCO,
259–282.

——, R. Macedo, and C. C. Mueller, 1995: De grão em grão, o Cerrado perde espaço. Cerrado:
Impactos do Processo de Ocupação, E. S. Martins and C. J. R. Alho, Eds., WWF &
PRO-CER, 2–66.

Ludlow, M. M., and G. L. Wilson, 1971: Photosynthesis of tropical pasture plants. I: Illuminance,
carbon dioxide concentration, leaf temperature, and leaf-air vapour pressure difference. Aust.
J. Biol. Sci., 24, 449–470.

Margulis, S., 2004: Causes of deforestation of the Brazilian Amazon. World Bank Working Paper
No. 22, Washington, DC, 100 pp.

Meeson, B. W., F. E. Corprew, J. M. P. McManus, D. M. Myers, J. W. Closs, K.-J. Sun, D. J.
Sunday, and P. J. Sellers, 1995: ISLSCP Initiative I-Global Data Sets for Land-Atmosphere
Models, 1987–1988. Volumes 1–5, NASA, CD-ROM.

Miranda, A. C., and Coauthors, 1997: Fluxes of carbon, water and energy over Brazilian cerrado:
An analysis using eddy covariance and stable isotopes. Plant Cell Environ., 20, 315–328.

Morton, D., R. DeFries, and Y. Shimabukuro, 2005a: Quantifying cropland expansion in cerrado
and transition forest ecosystems with MODIS satellite image time series. Symp. on Cerrado
Land-Use and Conservation: Assessing Trade-offs Between Human and Ecological Needs,
Nineteenth Annual Meeting of the Society for Conservation Biology, Brasília, Brazil, Uni-
versidade de Brasília and Conservation International, CD-ROM.

Earth Interactions • Volume 10 (2006) • Paper No. 19 • Page 16



——, ——, ——, L. O. Anderson, F. Del Bon Espírito-Santo, M. Hansen, and M. Carroll, 2005b:
Rapid assessment of annual deforestation in the Brazilian Amazon using MODIS data. Earth
Interactions, 9. [Available online at http://EarthInteractions.org.]

Nepstad, D. C., and Coauthors, 1994: The role of deep roots in the hydrologic and carbon cycles
of Amazonian forests and pastures. Nature, 372, 666–669.

Nobre, C. A., P. J. Sellers, and J. Shukla, 1991: Amazonian deforestation and regional climate
change. J. Climate, 4, 957–988.

——, M. A. Silva Dias, A. D. Culf, J. Polcher, J. H. C. Gash, J. Marengo, and R. Avissar, 2004:
The Amazonian climate. Vegetation, Water, Humans and the Climate: A New Perspective on
an Interactive System, P. Kabat et al., Eds., Springer-Verlag, 79–92.

Priante-Filho, N., and Coauthors, 2004: Comparison of the mass and energy exchange of a pasture
and a mature transitional tropical forest of the southern Amazon Basin during a seasonal
transition. Global Change Biol., 10, 863–876.

Randall, D. A., and Coauthors, 1996: A revised land surface parameterization (SiB2) for GCMs.
Part III: The greening of the Colorado State general circulation model. J. Climate, 9, 738–
763.

Saleska, S. R., and Coauthors, 2003: Carbon in Amazon forests: Unexpected seasonal fluxes and
disturbance-induced losses. Science, 302, 1554–1557.

Sellers, P. J., and Coauthors, 1996a: A revised land surface parameterization (SiB2) for atmo-
spheric GCMs. Part I: Model formulation. J. Climate, 9, 676–705.

——, S. O. Los, C. J. Tucker, C. O. Justice, D. A. Dazlich, G. J. Collatz, and D. A. Randall, 1996b:
A revised land surface parameterization (SiB2) for atmospheric GCMs. Part II: The genera-
tion of global fields of terrestrial biophysical parameters from satellite data. J. Climate, 9,
706–737.

Shukla, J., C. Nobre, and P. Sellers, 1990: Amazon deforestation and climate change. Science, 247,
1322–1325.

Vourlitis, G. L., N. Priante Filho, M. M. S. Hayashi, J. De, S. Nogueira, F. T. Caseiro, and J.
Holanda Campelo Jr., 2001: Seasonal variations in the net ecosystem CO2 exchange of a
mature Amazonian transitional tropical forest (cerradão). Funct. Ecol., 15, 388–395.

Zhang, H., K. McGuffie, and H. A. Henderson-Sellers, 1996: Impacts of tropical deforestation. Part
II: The role of large-scale dynamics. J. Climate, 9, 2498–2521.

Zhao, M., and A. J. Pitman, 2002: The regional scale impact of land cover change simulated with
a climate model. Int. J. Climatol., 22, 271–290.

Earth Interactions is published jointly by the American Meteorological Society, the American Geophysical
Union, and the Association of American Geographers. Permission to use figures, tables, and brief excerpts
from this journal in scientific and educational works is hereby granted provided that the source is acknowl-
edged. Any use of material in this journal that is determined to be “fair use” under Section 107 or that
satisfies the conditions specified in Section 108 of the U.S. Copyright Law (17 USC, as revised by P.IL.
94-553) does not require the publishers’ permission. For permission for any other form of copying, contact
one of the copublishing societies.

Earth Interactions • Volume 10 (2006) • Paper No. 19 • Page 17


