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ABSTRACT

A coupled biosphere–atmosphere statistical–dynamical model is used to study the relative roles of the

impact of the land change caused by tropical deforestation and global warming on energy balance and climate.

Three experiments were made: 1) deforestation, 2) deforestation 1 2 3 CO2, and 3) deforestation 1 CO2,

CH4, N2O, andO3 for 2100. In experiment 1, the climatic impact of theAmazonian deforestation is studied. In

experiment 2, the effect of doubling CO2 is included. In experiment 3, the concentrations of the greenhouse

gases (GHGs) correspond to theA1FI scenario from the Intergovernmental Panel onClimateChange Special

Report on Emissions Scenarios. The results showed that the percentage of the warming caused by de-

forestation relative to the warming when the increase in GHG concentrations is included is higher than 60%

in the tropical region. On the other hand, with the increase in GHG concentrations, a reduction in the de-

crease of evapotranspiration and precipitation in the tropical region occurs when compared with the de-

forestation case. Because of an increase in the net longwave flux at the surface, there is a reduction in the

decrease of the surface net radiation flux when compared with the case of only deforestation. This leads to an

increase in the surface temperature. Although the changes are higher at 58S, the percentage of themwhen the

increase in GHG concentrations is included together with deforestation relative to the case of only de-

forestation is higher at 58N (higher than 50% for the surface temperature and higher than 90% for the foliage

and air foliage temperatures) in both experiments 2 and 3.

1. Introduction

In the last three decades there has beenmuch effort to

investigate the impact of tropical deforestation on cli-

mate. Many experiments have been conducted to sim-

ulate the effects of deforestation on regional climate

with a wide range of climate models, such as complex

general circulation models (GCMs) coupled to sophis-

ticated biosphere schemes (Nobre et al. 1991, 2009;

Lean and Rowntree 1997; Gedney and Valdes 2000;

Chen et al. 2001; Sampaio et al. 2007; Medvigy et al.

2011; andmany others), as well as simple climate models

(Gutman 1984; Franchito and Rao 1992; Varej~ao-Silva

et al. 1998; Silva et al. 2006). The main results of these

studies are a reduction in evapotranspiration and pre-

cipitation and an increase in the surface temperature

in the tropical region when the forest is replaced by

pasture.

The future distribution of the tropical biomes depends

on the combination of the effects caused by the degra-

dation of land and climate changes, resulting in

a warmer and possibly drier climate, as projected by

Intergovernmental Panel on Climate Change (IPCC)

estimates. Studies with GCMs indicated that the global

warming may affect the biomes distribution over South

America, where significant portions of rain forest may

be replaced by nonforested areas (Cox et al. 2004; Betts

et al. 2004, Scholze et al. 2006; Salazar et al. 2007; Cook

and Vizy 2008; Malhi et al. 2009). Recently, numerical

experiments using a simple mechanistic climate model
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corroborated the hypothesis that the process of savanni-

zation of the tropical forest may be accelerated by global

warming (Franchito et al. 2011). On the other hand, the

main source of anthropogenic emission of carbon dioxide

(CO2) caused by land use is tropical deforestation.

Some studies have investigated the relative roles on

future climate changes of tropical deforestation and the

increase in greenhouse gas concentrations. The results

suggested that, globally, the warming caused by green-

house gas concentrations increases dominates over the

impact of land change. However, climate change caused

by deforestation may also be important at the regional

scale (Maynard and Royer 2004; Feddema et al. 2005;

Voldoire 2006; Costa and Foley 2000).

The objective of the present study is to investigate the

relative roles of the impact of the land change caused by

tropical deforestation and global warming on the re-

gional energy balance and climate. For this purpose,

a coupled biosphere–atmosphere statistical–dynamical

model (SDM) with a detailed parameterization of the

radiative processes is used. This kind of model is es-

sentially mechanistic, being directed toward under-

standing the dependence of a particular mechanism on

the other parameters of the problem. In GCMs, since

many mechanisms are included simultaneously, the

cause and effect relationship is not always possible to

trace. Thus, an SDM is better suited for the present

study.

This paper differs from the previous study of

Franchito et al. (2011) in the following aspect: Franchito

et al. (2011) examined the impact of the increase in CO2

concentration predicted for 2100 on the geobotanic

zones distribution. For this purpose, an SDM with a bi-

directional interaction between vegetation and climate

was used. The parameterization of the biofeedback

mechanism was based on simple empirical relations

between the geobotanic types and climate conditions

defined by Budyko (1974). So, in that model the vege-

tation was continuously changing with the climate.

However, they did not discuss the effect of the land

change on climate. In the present paper, the relative

roles of the greenhouse gases and the land change on the

energy balance and climate are investigated. For this

purpose, there is a need for a more sophisticated pa-

rameterization of the radiation than in Franchito et al.

(2011), which includes the effects of the main green-

house gases. So, the SDMofMoraes et al. (2004, 2005) is

used in the present study since it contains detailed solar-

and thermal-infrared radiation models (Chou and

Suarez 1994, 1999). The present model has limitations

with respect to dynamical vegetation models because

there is not a bidirectional interaction between vegeta-

tion and climate. So, the impact of climate on the

geobotanic zones distribution cannot be studied. How-

ever, this is not the scope of the present work. Since we

are interested in the investigation of the interactions

between the radiation fluxes and climate, the SDM is

adequate for the present study.

In section 2, the biosphere–atmosphere coupled SDM

is presented. Section 3 presents the numerical experi-

ments; sections 4 and 5 contain the results and the

summary and conclusions, respectively.

2. The model

The model used in this study is the SDM of Moraes

et al. (2004, 2005). This SDM is a later (better) version of

the coupled biosphere–atmosphere climate model de-

veloped by Varej~ao-Silva et al. (1998) in which a de-

tailed parameterization of the radiative processes was

included (Chou and Suarez 1994, 1999). The model is

a two-layer zonally averaged global primitive equation

model in sigma coordinates. The energy fluxes such as

solar radiation, thermal-infrared radiation, sensible and

latent heat fluxes, and subsurface flux are computed

separately for the land fraction (soil and vegetation) and

the remaining part (covered by ocean–ice–snow) of the

latitude belt. Thus, the portions of ocean, ice, and snow

are aggregated into a single class. The parameteriza-

tions of the biosphere model based on the Biosphere–

Atmosphere Transfer Scheme (BATS; Zhang 1994)

are used for the land fraction of the latitude belt. For

the fraction of the earth’s surface covered by ocean–

ice–snow, parameterizations similar to those from the

biosphere model are used, but only the effects of ocean–

ice–snow are considered. The biosphere model takes

into account the distribution of the surface types ac-

cording to BATS (Fig. 1). The model considers portions

of different types of vegetation in a fraction of land in

a latitude belt. These portions are held fixed during the

model integration. For the land fraction of a latitude

belt, parameters like surface albedo, drag coefficient,

stem area index, etc. are obtained through the weighted

mean of the specific values of the variables given in

BATS using as weight the fraction of land occupied by

each vegetation type. A similar procedure is adopted to

obtain the fractions covered by ocean–ice–snow. The

values of the components of surface and atmospheric

fluxes for a latitude belt as a whole are obtained through

the weighted mean of these values for the fractions of

the earth’s surface covered by land and by ocean–ice–

snow, using as weight the portions of land and ocean–

ice–snow in a latitude belt. This method of averaging

first the parameters and then using the averaged pa-

rameters set to compute the fluxes is somewhat prob-

lematic because the system is highly nonlinear with
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respect to parameter values. A better approach would

be to compute the flux for each land cover class and then

average the fluxes (Walko et al. 2000). However, taking

into account the simplicity of the climate model, the

approach used leads to a good simulation of the zonally

averaged energy fluxes and climate (Varej~ao-Silva et al.

1998; Moraes et al. 2004, 2005).

The surface temperatures at the land fraction and the

remaining part (ocean–ice–snow) of the latitude belt are

calculated at each time step taking into account the

energy balance at the surface and the balance of the heat

flux and water vapor. In the subsurface heat flux ex-

pression, the values of the subsurface temperature

(Saltzman and Vernekar 1971) are held fixed in all runs.

The SDM has 108 latitude resolution and employs

a latitudinally centered finite-differencing scheme. An

explicit time integration is used with a time step of

30 min. The SDM is run in two steps. First, the original

SDM of Varej~ao-Silva et al. (1998) is integrated without

the inclusion of the biosphere parameterization, using as

the initial conditions an isothermal atmosphere (270 K)

at rest. The SDM is integrated for a 6-month period

forced by mean annual conditions in order to obtain

stationary solutions. So, the input variables correspond

to mean annual conditions and the solutions correspond

to the mean annual zonally averaged climate. Since the

values of the 500-hPa temperature and the wind speed

are necessary to run the coupled biosphere–atmosphere

SDM, they cannot be zero in the initial conditions. So,

the mean annual zonally averaged simulation obtained

in this step is used as an initial condition for running the

coupled biosphere–atmosphere model. In a second step,

the SDM is run for a 6-month period including the ef-

fects of the biosphere and the new parameterizations of

radiation for obtaining new stationary solutions. The

new stationary solutions correspond to the simulation of

the mean annual zonally averaged climate with the

coupled biosphere–atmosphere SDM. Details about the

coupled biosphere–atmosphere SDM are given in

Varej~ao-Silva et al. (1998). A detailed description of the

inclusion of the radiation models and the validation of

the SDM is given by Moraes et al. (2004).

3. Design of the experiments

a. Control experiment

The control experiment considers in each latitude

belt the vegetation distribution according to BATS

(Fig. 1). The concentration of greenhouse gases is the

same as that in Moraes et al. (2004, 2005): 360 ppm for

CO2, 1760 ppb for methane (CH4), and 316 ppb for

nitrous oxide (N2O) (Houghton et al. 2001). These

FIG. 1. Distribution of the vegetation types according to the classifications given in BATS. The data, at 18 3 18, are
from Manzi and Planton (1994).
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values are for the year 2000. The vertical profiles of

ozone mixing ratios are obtained from M.-D. Chou

(2000, personal communication). They are based on

the optical properties of the atmosphere defined by

McClatchey et al. (1972) and correspond to the stan-

dard atmosphere in tropical, middle, and high latitudes.

The cloud amount is provided by the SDM (it is held

fixed), and the treatment of clouds for use in the radi-

ation models is described in Moraes et al. (2004). The

results of Moraes et al. (2004) showed that the mean

annual zonally averaged radiative fluxes and the char-

acteristics of the present climate are well simulated by

the SDM (see their Figs. 1 and 3).

b. Impact of deforestation and greenhouse gas
concentration increase

In this section, the three experiments conducted with

the SDM are presented: deforestation (experiment 1),

deforestation and 2 3 CO2 (experiment 2), and de-

forestation and the four main greenhouse gas concen-

trations for 2100 (experiment 3). In experiment 1, the

climatic effects of the Amazonian deforestation are

simulated, where the evergreen broadleaf tree is re-

placed by shortgrass in South America from 108S to

108N, as shown in Fig. 2. So, all the characteristic pa-

rameters of the tropical forest are replaced by those

from shortgrass conditions according to BATS. The

values of the variables used in the continental area of the

latitude belt are obtained through the weighted mean of

the specific values using as weight the fraction of each

type of vegetation in the latitude belt, but replacing the

evergreen broadleaf trees by shortgrass. CO2 has the

highest contribution for the increase in mean tempera-

ture. Atmospheric CO2 is accelerating upward from de-

cade to decade. For the past 10 yr, the average annual

rate of increase is 2.07 ppm. This rate of increase is more

than double the increase in the 1960s (http://co2now.org/).

If the mean annual rate of the increase of CO2 con-

centration is the same (2.07 ppm), the CO2 concentration

will be 576 ppm in 2100. However, only 10 countries are

responsible for 2/3 of the emissions. Taking into account

the economic increase of the developing countries during

the next years, the rate of increase of CO2 concentration

will be higher. This corroborates the doubling of CO2

concentration in 2100.Thus, in experiment 2 the climatic

effects of the Amazonian deforestation are simulated

together with a plausible increase in CO2 concentration

in 2100. In experiment 3, the effect of deforestation is

taken into account together with the increase in the

concentrations of the four major anthropogenic green-

house gases predicted for 2100 [CO2, CH4, N2O, and

ozone (O3)]. In experiment 3, the concentrations of the

anthropogenic greenhouse gases are changed from their

actual values (values for year 2000) to those from the

more drastic IPCC Special Report on Emissions Sce-

narios (SRES) scenario for 2100 (A1FI-2100). The con-

centrations of CO2, CH4, and N2O are changed from

360 to 970 ppm, from 1760 to 3730 ppb, and from 316 to

460 ppb, respectively; in the case of the change in the

concentration of tropospheric O3, the values given by

McClatchey et al. (1972) are increased by 62%.

4. Results

Figures 3a–c show the changes in the energy balance

in the three experiments. The changes (perturbed minus

control) in specific humidity, evaporation, and pre-

cipitation are presented in Figs. 4a–c, while the changes

in the surface temperature, foliage temperature, and

foliage air layer temperature are shown in Figs. 5a–c. As

FIG. 2. Amazonian deforestation experiment: (left) control and (right) perturbed cases. The legend colors are the

same as in Fig. 1.
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can be seen, the greatest changes occur in the tropical

region where the evergreen broadleaf trees of Ama-

zonia are replaced by shortgrass. The changes are higher

in the tropical Southern Hemisphere since most of the

Amazonian forest is concentrated in this region. In ex-

periment 1 (deforestation), the surface net radiation

decreases (24.6 W m22 at 58S) because of the higher

surface land albedo. At the foliage air layer, the specific

humidity decreases (20.85 g kg21 at 58S) in the de-

forestation case compared with the control case. Con-

sequently, the latent heat flux from the surface is lower

(26.9 W m22 at 58S). The reduction in the latent heat

released by the surface leads to a decrease in the

evapotranspiration (28.5 cm yr21 at 58S) in the defor-

ested area. The evapotranspiration decreases in the

perturbed region are mainly due to the decrease in the

net surface radiation. This occurs because of the higher

solar radiation spectral reflectance of the shortgrass

compared with that of the evergreen broadleaf tree.

Consequently, there is a decrease in the precipitation

(28.21 cm yr21 at 58S) in the deforestation case relative

to the control experiment. Because of the reduction in

evapotranspiration, the surface temperature is higher

(11.318C at 58S) in the deforestation experiment rela-

tive to the control experiment. This warming occurs in

the foliage air layer, so that there is an increase in the

foliage temperature (10.738C at 58S) and in the foliage

air layer temperature (10.748C at 58S). Since the foliage
air layer temperature is higher, there is an increase in the

sensible heat flux from surface to the atmosphere

(12.3 W m22 at 58S), which partly compensates for the

decrease in the latent heat flux in the deforestation case

relative to the control case. Thus, in the deforestation

experiment the effect of the reduction in evapotranspi-

ration overcomes the effect of the decrease in the net

surface radiation, so that an increase in the temperature

occurs. The changes discussed above are presented in

Tables 1–3.

The changes obtained with the SDMare, in general, in

agreement with those from GCMs coupled to sophisti-

cated biosphere schemes (Nobre et al. 1991; Sud et al.

1990; Lean and Rowntree 1997; Sampaio et al. 2007;

Lawrence et al. 2007; Nobre et al. 2009; Medvigy et al.

2011, and many others), although they are lower. This

will be commented on at the end of this section.

The effect of the regional changes in CO2 and in the

anthropogenic greenhouse gases predicted for 2100 to-

gether with that caused by tropical deforestation are also

show in Figs. 3–5 and Tables 1–3. It can be seen that the

higher impact on the energy balance is caused by the

degradation of land (Fig. 3). When the increase in

greenhouse gases is taken into account together with the

effect of deforestation, the changes are reduced, except

in the case of the temperature. This is because of the

increase in the thermal-infrared radiation flux emitted

by the atmosphere toward the surface. The inclusion of

the greenhouse gases leads to a reduction in the decrease

of the specific humidity or even an increase in the

FIG. 3. Changes in the energy balance in the continental region in the three experiments (W m22): (a) net surface

radiation, (b) surface sensible heat flux, and (c) surface latent heat flux.
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specific humidity (Fig. 4a). The higher effect occurs with

the increase of concentrations of the four main green-

house gases for 2100. As shown in Table 1, deforestation

leads to decreases in the specific humidity of 20.85 and

20.41 g kg21 at 58S and 58N, respectively. The increase

of the four main greenhouse gas concentrations pre-

dicted for 2100 leads to a decrease of 20.11 g kg21

(187.1%) and an increase of 10.32 g kg21 (1178.1%)

at 58S and 58N, respectively. Thus, when the greenhouse

gas concentrations are increased in the deforested area,

FIG. 4. Regional changes in (a) the specific humidity (g kg21), (b) evapotranspiration (cm yr21), and

(c) precipitation (cm yr21).

FIG. 5. Regional changes in (a) surface temperature (8C), (b) foliage temperature (8C), and (c) foliage air

temperature (8C).
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there is an increase or a reduction in the decrease of the

specific humidity relative to the case when only de-

forestation was included (Fig. 4a). The changes in the

evapotranspiration and precipitation in the three ex-

periments are shown in Figs. 4b and 4c, respectively.

Because of the changes in the net surface radiation (Fig.

3a), there is a reduction in the decrease of evapotrans-

piration (and consequently in precipitation) when the

concentrations of the anthropogenic gases are increased

in the deforested area. Again, the greatest changes occur

in the case of an increase in CO2, CH4, N2O, and O3

predicted for 2100 together with deforestation. As

shown in Table 2, the decreases in the evapotrans-

piration change from 28.5 and 24.63 cm yr21 at 58S
and 58N, respectively, to 27.74 cm yr21 (18.9%) and

24.07 cm yr21 (112.1%) when the concentrations of

the four main greenhouse gases for 2100 are included in

the deforested area, while the decreases in precip-

itation change from 28.21 and 24.55 cm yr21 at 58S
and 58N, respectively, to 27.33 cm yr21 (110.7%) and

22.70 cm yr21 (140.7%). These findings are in agree-

ment with the results of Costa and Foley (2000) although

the changes are lower in the present study.

As mentioned earlier, because of the reduction in the

evapotranspiration the surface temperature, the foliage

temperature, and the foliage air temperature are in-

creased when the evergreen broadleaf tree is replaced

by shortgrass in the Amazonian region. In the case with

an increase in the concentrations of greenhouse gases,

the evapotranspiration does not decrease as much rel-

ative to the case without the inclusion of the change in

greenhouse gas concentrations. But instead of a corre-

sponding reduction in the increase of the temperatures,

the temperatures come out higher in the case with

greenhouse gases. In the case with greenhouse gases, the

reduction in the net surface radiation is lower not be-

cause of the albedo (as in the case of deforestation), but

because there is an additional effect of the increase of

thermal-infrared radiation flux emitted by the atmo-

sphere toward the surface. As shown in Table 3 and Figs.

5a–c, the changes in the surface temperature are higher

in the case of deforestation together with the increase in

the four main greenhouse gas concentrations predicted

for 2100 (1.988C). Taking into account that the increase

in the surface temperature is 1.318C in the deforestation

experiment, the percentage of the warming caused by

deforestation relative to the warming when the increase

of the four main greenhouse gas concentrations pre-

dicted for 2100 is included together is higher than 60%

in the tropical region. This is in agreement with previ-

ous studies (Maynard and Royer 2004; Feddema et al.

2005; Voldoire 2006), which suggests that the warming

caused by deforestation may be important on a re-

gional scale. Although the changes (perturbed minus

control) are higher at 58S, the percentage of the

changes in the experiments when the increase of green-

house gas concentrations is included together with de-

forestation relative to the deforestation experiment is

higher at 58N (higher than 50% for the surface temper-

ature and higher than 90% for the foliage and air foliage

temperatures).

Figure 5 and Table 3 show the changes in the surface

temperature, the foliage temperature, and the foliage air

temperature for experiments 1–3. As shown in Table 3,

at 58N the percentages of the changes in the surface

temperature, foliage temperature, and foliage air tem-

perature in experiment 2 (deforestation 1 2 3 CO2) rel-

ative to the deforested case are 50.7%, 90.5%, and 90.5%,

respectively. When the concentrations of the four major

TABLE 1. Changes in the specific humidity for the deforestation

experiment and the percentage relative to the experiments with

2 3 CO2 and the four major greenhouse gases (CO2, CH4, N2O,

and O3) for 2100.

Expt 58S (g kg21) 58N (g kg21)

Deforestation 20.85 20.41

Deforestation together

with 2 3 CO2

20.43 (149.4%) 0 (1100%)

Deforestation together

with CO2, CH4, N2O,

and O3 concentrations

predicted for 2100

20.11 (187.1%) 10.32 (1178.1%)

TABLE 2. Changes in the evapotranspiration and precipitation for the deforestation experiment and the percentage relative to the

experiments with 2 3 CO2, 4 3 CO2, and the four major greenhouse gases (CO2, CH4, N2O, and O3) for 2100.

Expt

Evapotranspiration (cm yr21) Precipitation (cm yr21)

58S 58N 58S 58N

Deforestation 28.5 24.63 28.21 24.55

Deforestation together with 2 3 CO2 27.98

(16.1%)

24.24

(18.4%)

27.59

(17.6%)

23.1

(131.9%)

Deforestation together with CO2, CH4, N2O, and O3

concentrations predicted for 2100

27.74

(18.9%)

24.07

(112.1%)

27.33

(110.7%)

22.70

(140.7%)
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greenhouse gases predicted for 2100 are included together

with deforestation (experiment 3), these changes are

90.7%, 162%, and 162%, respectively.

The results shown above indicate that the changes are

bigger in experiment 3 than in experiment 2. Besides the

inclusion of the other three major greenhouse gases, the

concentration of CO2 in experiment 3 is higher than in

experiment 2. Experiment 3 corresponds to the simula-

tion of future climate using the most drastic greenhouse

scenario (A1FI) together with deforestation, whereas in

experiment 2 the climate effects correspond to a plausi-

ble CO2 scenario for 2100 together with deforestation.

Although the changes are lower in experiment 2, they

are in agreement with those in experiment 3, reinforcing

the necessity of the mitigation of climate change associ-

ated with global warming.

When compared with the IPCC Fourth Assessment

Report (AR4) model estimates, the changes in the sur-

face temperature in the SDM are lower. As commented

upon by Franchito et al. (2011), the response of the at-

mosphere in the SDM is smoothed out in comparisonwith

in the GCMs. In the case of three-dimensional GCMs

including the diurnal cycle, the changes are computed in

small regional areas, so that a local atmospheric response

can be much pronounced. In addition, there are differ-

ences in the structures of the models, such as the resolu-

tions and parameterizations incorporated. However, the

changes in the SDMs are in qualitatively good agreement

and are in the same direction when compared with the

GCMs, indicating that the physics of the problem is in-

cluded. SDMs are essentially mechanistic so that they are

uniquely suitable for understanding the feedbacks acting

within the climate system, and changes of the same order

as those in GCMs are not expected. Because of their

simplicity, SDMs are useful when studying cause and ef-

fect relationships and are good complements to GCMs.

5. Summary and conclusions

In this paper, the relative roles of the impact of the

land change caused by tropical deforestation and glo-

bal warming on energy balance and climate were

investigated. For this purpose, a coupled biosphere–

atmosphere SDM with a detailed parameterization of

solar radiation and thermal-infrared radiation fluxes

was used. This kind of model is directed toward un-

derstanding the dependence of a particular mechanism

on the other parameters of the problem. The simulation

of the mean annual zonally averaged climate was taken

as the control experiment. In the control experiment the

concentrations of greenhouse gases were for the year

2000. Three experiments were made: 1) deforestation,

2) deforestation together with 2 3 CO2, and 3) de-

forestation together with the concentrations of the four

main greenhouse gases predicted for 2100: CO2, CH4,

N2O, and O3. In the deforestation experiment, the cli-

matic impact of the Amazonian deforestation, where

the evergreen broadleaf trees are substituted by short-

grasses in South America from 108S to 108N, was studied.

In experiment 2, the doubling of the CO2 concentration

was considered together with deforestation. In experi-

ment 3, the concentrations of the greenhouse gases corre-

sponding to the A1FI scenario together with deforestation

were examined.

In the deforestation experiment relative to the control

experiment, the changes in the continental portion of

the latitude belt showed a decrease in the surface net

radiation, the specific humidity in the foliage air layer,

the latent heat flux, evapotranspiration, and precipi-

tation, as well as an increase in the sensible heat flux,

which compensates partially for the reduction in the la-

tent heat flux in the perturbed region. The changes were

greater in the latitude belt centered at 58S, where most of

the Amazonian forest is concentrated. Also, there was an

increase in the surface temperature and in the foliage and

foliage air temperatures. This indicates that the effect of

the reduction in the evapotranspiration dominated the

increase of the surface albedo when the tropical forest

was replaced by shortgrass. These results were in agree-

ment with those obtained from complex GCMs.

When the increase in greenhouse gas concentrationswas

taken into account together with the effect of de-

forestation, the changes in the energy fluxes were reduced.

This was caused by the increase in the thermal-infrared

TABLE 3. Changes in the surface temperature Ts, foliage temperature Tf, and foliage air temperature Taf for the deforestation

experiment and the percentage relative to the experiments with 23 CO2 and the four major greenhouse gases (CO2, CH4, N2O, and O3)

for 2100.

Expt Lat Ts (8C) Tf (8C) Taf (8C)

Deforestation 58S 1.31 0.73 0.74

58N 0.75 0.42 0.42

Deforestation together with 2 3 CO2 58S 1.68 (128.2%) 1.11 (152%) 1.13 (152.7%)

58N 1.13 (150.7%) 0.8 (190.5%) 0.8 (190.5%)

Deforestation together with CO2, CH4, N2O, and O3

concentrations predicted for 2100

58S 1.98 (151.1%) 1.41 (193.2%) 1.42 (191.9%)

58N 1.43 (190.7%) 1.1 (1162%) 1.1 (1162%)
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radiation flux emitted by the atmosphere toward the

surface. As a consequence of the changes in the net

surface radiation, there was a reduction in the decrease

of evapotranspiration and in precipitation when the

concentrations of the anthropogenic gases increased in

the deforested area. For example, the decreases in

evapotranspiration and precipitation at 58S were re-

duced from 28.5 and 28.21 cm yr21 in the deforested

case to27.74 and27.33 cm yr21, respectively, when the

concentrations of CO2, CH4, N2O, and O3 predicted for

2100 were included together. Although the evapo-

transpiration did not decrease as much when compared

with the case without greenhouse gases, the tempera-

tures were higher. This was because the reduction in the

net surface radiation was lower not because of the al-

bedo (as in the case of deforestation), but because there

was an additional effect of the increase of the thermal-

infrared radiation flux emitted by the atmosphere to-

ward the surface. The changes (perturbed minus

control) were higher in the surface temperature (the

change in the surface temperature increased from

1.318C at 58S in the deforestation to 1.988C when the

four main anthropogenic gases were included together).

The percentage of the warming caused by deforestation

in the tropical region relative to the warming when the

increase of the four main greenhouse gas concentrations

was included together was higher than 60%, suggesting

that the warming caused by deforestation may be more

important on a regional scale than the greenhouse gas

effect. Although the changes (perturbed minus control)

were higher in the latitude belt centered at 58S, the
percentage of the changes in the experiments when the

increase in greenhouse gas concentrations was included

together with deforestation relative to the deforesta-

tion experiment were higher in the latitude belt centered

at 58N (higher than 50% for the surface temperature

and higher than 90% for the foliage and air foliage

temperatures).

Although the changes were lower when considering

a plausible CO2 scenario for 2100 (experiment 2), they

were in agreement with those using the highest green-

house gas scenario—A1FI (experiment 3)—reinforcing

the necessity of the mitigation of climate change asso-

ciated with global warming.
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