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29 A simulation of Amazonian 
deforestation using a GCM calibrated 
with ABRACOS and ARME data 
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'Instituto Nacional de Pesquisas Espaciais, São José dos Campos. Brazil 

1Météo-France, Centre National de Recherches Météorologiques, Toulouse, France 

INTRODUCTION 

The climatic effects of large scale deforestation are caused by complex interactions 
between the soil-vegetation system, clouds, radiation and the general circulation of 
the atmosphere. GCMs allow these to interact freely, making themuniquely powerful 
tools for simulating different climate change scenarios. A new iand surface scheme 
ISBA (Intéractions Sol-Biosphère et Atmosphère) has been developed at CNRM 
(Centre National de Recherches Météorologiques), the research institute of Météo-
France, for inclusion in the forecast, climate and mesoscale models. This scheme 
(Noilhan and Planton, 1989), despite its simplicity, represents ali the principie 
physical processes present in more complex hydrological and ecological models of 
the soil-vegetation interface. Water and heat transfer through the sou l depend on soul 
texture and moisture content; vegetation dependent processes such as the interception 
of rainfall and dew are treated explicitly, and transpiration is restricted by a surface 
resistance. 

A first step in validating any soil-vegetation atmosphere transfer scheme consists 
of validating its ability to reproduce local scale observations of the water and energy 
balance. ISBA was tested and validated in this way using data from a variety of 
vegetation types and bare sou, drawn from the HAPEX-MOBILHY, FIFE and 
EFEDA datasets (Noi 'bane/ al., 1992). In this paper, these tests are enhanced by data 
from ARME (Amazon Region Micrometeorological Experiment, 1983 - 1985; 
Shuttleworth elal., 1984a) and from ABRACOS (Gash et al., 1996) to improve the 
abi I ity of IS BA to represent tropical forest and the pasture which norrnally replaces 
it after deforestation. Further description of th is work is given by Manzi (1993). The 
added reaiism gained by incorporating the ISBA scheme into EMERAUDE has 
allowed it to be used to simulate the impact of tropical deforestation. 

The sensitivity of Amazonian climate to deforestation has been studiedpreviously. 
Recent papers include those by Lean and Warrilow (1989), Nobre et ai. (1991), 
Dickinson and Kennedy (1992), Dirmeyer (1992), Lean and Rowntree (1993), and 

Amazonian defarestation and chmate. Edited by ,H.C. Gash. C.A. Nobre, J.M. Roberts and R.L. Victoria. 
C 1996 lnstitute of Hydrology 
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Polcher and Lavai (1994a and 1994b). The results of these modelling studies agree 
with regard to the sign of the resultant climatic changes but not always in their 
magnitude. The principal points on which they agree are the likely increase of the 
surface temperature and the reduction in evaporation and rainfall following 
deforestation. The motivation for carrying out another deforestation simulation is 
that the main climatic impacts are dependent on the individual models' representation 
of the physical processes, such as surface hydrology, convection and cloudiness, 
which are still poorly described and differ between models. 

CALIBRATION OF ISBA WITH ARME AND ABRACOS DATA 

A one-dimensional version of the ISBA surface scheme (Noilhan and Planton, 1989) 
was tested against observational data, both to verify the real ism of the representation 
of lhe physical processes and to calibrate those parameters whichcould notbe derived 
directly from lhe observations. In addition to the tests which were carried out using 
the data from HAPEX-MOB1LHY, F1FE and EFEDA (Noilhan et al., 1992) a one 
dimensional version of the model was tested against observational data from the 
ARME (Shuttleworth et al., 1984a,b: Shuttleworth, 1988) and from ABRACOS 
(Gash et al., 1996). These tests allowed verification of the ability of the model to 
reproduce the energy and water balances of equatorial rainforest and the tropical 
pasture which normal ly replaces ir after deforestation. 

AMAZONIAN FOREST 

The ARME forest data were collected in the ReservaDucke between September 1983 
and September 1985, at the sarne site later used by ABRACOS (see Gash et al., 
1996). The site was considered representative of the terrafirme férest (not seasonally 
flooded) of central Amazonia. 

The tests carried out with the ARME data showed that some specific details of the 
parameterization needed to be improved. Firstly, because of the height of the 
vegetation it was necessary to introduce a zero plane displacement intothe calculation 
of Lhe turbulent exchange coefficients. Secondly it was necessary to introduce a term 
to account for Lhe storage of heat in the vegetation, which can amount to up to 10 per 
cent of the daily net radiation. Adjusting the thermal coefficient of the vegetation, 
to a value of 2 10 -5  m2KJ- ' gave correct simulation of heat storage in the forest soil-
vegetation system, which agreed with the observations of Moore and Fisch (1986). 
This also improved the calculation of surface temperature, which was previously too 
low - particularly during the night. Without this calibration, i.e., using the value of 
C

,YW originally proposed by Noilhan and Planton (1989), ISBA calculates a flux from 
storage heat which is almost zero, producing night time surface temperatures which 
are too low. 
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Evaporation measurements after rainfall have shown that during the daytime water 
intercepted by forest canopies evaporates within a few hours. The ISBA scheme 
previously evaporated th is water too rapidly and has therefore been modified to 
reduce the rate of evaporation of water intercepted by dense vegetation and giving a 
lower rate of evaporation for rainfall intercepted by the lower leveis of the canopy. 

Some parameters have been extracted directly from Lhe data. Roughness length, z o, 
has been taken as 2 m, and zero plane displacement, d, as 30 m. These values are 
consistent with those derived by other authors using the same dataset. Following the 
observations of McWill iarner al. (1993), for a similar site to Reserva Ducke, leaf area 
index, L*, has been taken as 6.0. Taking into account the low values of radiation 
observed at the forest floor by Shuttleworth et al. (1984b) vegetation fraction, veg, 
has been taken as 0.99; for Lhe albedo, a, Lhe value of 0.12 reported in lhe same 
anaiysis has been used. 

The calibration of the scheme was carried out on a selection of days on which the 
maximum amount of data were available. Forthese periods Lhe thickness of the layer 
of hydrologically active soil (medium texture) was taken as 1 m. 

Final ly, a value of 250 sm - t was derived for the minimum stomatal resistance per 
unit leaf area, R ymn , by fitting Lhe model to Lhe measured Bowen ratios. 

The value of Lhe maximum canopy interception capacity, W rmr  = 0.1 veg L*, was 
derived by running the scheme for a period of 25 months, forced by Lhe observed 
atmospheric variables, and comparing the predicted interception loss with lhe 
measurements of Lloyd et al. (1988). Using the same approach a parameter 
sensitivity analysis was aiso carried out - the results can be sumrnarised as: 

(1) Reduction in modified Lhe energy balance giving a reduction in evaporation 
(particularly evaporation directly from the sou l and evaporation of intercepted 
water), and an increase in sensible heat flux and the amplitude of Lhe daily surface 
temperature cycle. 

(2) The effect of the initial value of the soil water reservoir on the energy balance is 
limited to the first month of Lhe integration, Lhe high rate of precipitation quickly 
produces an equilibrium situation with the soil moisture levei dose to saturation. 

(3) Soil texture has very little effect on Lhe energy or water balance. 

(4) The effect of increasing the depth of the active sou l layer on Lhe energy balance 
is very small; however increasing the capacity of the soilwater reservoir did cause 
an increase in runoff and reduced lhe seasonal variation in soil water content. 

(5)The energy balance is highly sensitive to the vegetation fraction,veg. The relative 
contributions of evaporation directly from Lhe soil and transpiration to the total 
evapotranspiration are strongly affected by the value of veg. 
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evapotranspiration are strongly affected by the value of veg. 

AMAZONIAN PASTURE 

Nineteen days of consecutive data from lhe first ABRACOS intensive observation 
period have been used. These were collected during the 1990 dry season (Wrightet 
al., 1992) at Fazenda Dimona (see Gashet al., 1996) which is 801cm north of Manaus 
and about 80 km from lhe Reserva Ducke. Fazenda Dimona is an open clearing 
where, about 15 years previously, the forest had been replaced with caule pasture by 
cutting and burning lhe primary forest, then sowing grass ou the clay sou. 

Most of the parameters needed to describe the ABRACOS site are available from 
the published results: a clayey sou l covered with grass of leaf area index 1.2; a 
vegetation fraction of 0.85; a roughness length for momentum of 0.026 m; a zero 
plane displacement of 0.17 m; and an albedo of 0.163 (Wrightet al., 1992; Bastable 
et al., 1993; and McWilliarn et al., 1993). 

Using these parameter values in the calibration tests for the sou l heat flux has 
allowed lhe mean thermal coefficient for the soil-vegetation systemC r  to be evaluated 
as 3 10-5  m2  kJ- ' and the mean thermal coefficient of the vegetation C re  as 5 10-3  m2  
k.1 -1 . This adjustment to the previously assigned values gave mucsh improved 
prediction of the surface temperature, which was otherwise too low during lhe night. 
ISBA has been calibrated against the ABRACOS data in three stages. In the first 
stage lhe rougluiess length for vapour and sensible heat transfer has been taken as 
being the same as that for momentum transfer. This is lhe assumption made in most 
surface schemes and which was made in the version of ISBA incorporated into lhe 
EMERAUDE GCM (Manzi and Planton, 1994). 

An optimised value of lhe minimum surface resistance of 144 s m -' gave very 
satisfactory agreement between the observed energy balance and that calculated by 
ISBA - both for lhe daily trend and for the cumulative values of the fiuxes. 

The cumulative evapotranspiration predicted by ISBA for the whole period was 47 
which can be compared with the observed value of 46 mm. Evaporation directly 

from lhe sou, transpiration, and evaporation of intercepted w ater arnounted to 33,64 
and 3 per cent respectively of lhe total evapotranspiration, however this result cannot 
be validated as separate measurements of lhe components were not made. The loss 
of water as evapotranspiration and lhe gains by rainfall and dew are balanced by lhe 
observed variation in sou l moisture content down to a depth of approximately 2 m. 

The second stage of the calibration took account of lhe differences in roughness 
length between vapour and sensible heat transport, and that for momentum. These 
tests allow comparison between lhe surface temperature,T, predicted by ISBA with 
those estimated by Wright et al. (1992) who took In(z omlion) = 2, as suggested by 
Brutsaert (1982). Good agreement between T as calculated by ISBA and as by 
Wright et al. is obtained with In(zon/z 0h) = 2.3. •The amplitude of lhe cycle of T, is 
increased by 2.5 °C compared to the case when In(z omIz od = 2. This increase is 
dorninated by the maximum temperature being raised by 2 °C, which causes an 
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cal ibrated to reproduce the surface resistance estirnated from the Penman-Monteith 
model. With the assumption that the vegetation totally covers the ground (veg = 1) 
and z 10 zoh, ISBA correctly reproduced the observed surface resistance and 
energy balance. However, the observed vegetation cover is not unity and sensitivity 
studies have shown that ISBA is very sensitive to vegetation cover, particularly the 
estimatesof direct evaporation from the sou. (Jacquemin and Noilhan, 1990; Manzi, 
1993). Therefore, when there is incomplete surface cover the surface resistance 
calculated by ISBA is not comparable to that calculated by Lhe Penman-Monteith 
equation. 

It can be concluded that ISBA allows several combinations of parameters for 
tropical pasture, ali of which are capable of satisfactorily reproducing the observed 
reduction in evaporation in a drying soil. The only real improvement to the predictions 
that can be obtained by taking into account the difference betweenz om  and zoh , appears 
to be the slightly higher surface ternperature of approximately 2 °C. This, together 
with the fact that after the cal ibration, tests with z o. = z 	results that were just 
as good those with z 	justifies not complicating ISBA, either by introducing 
procedures to account for the differences in transport of vapour and sensible heat 
compared to momentum, or by introducing different coefficients to describe the 
controls on surface resistance. 

THE EMERAUDE MODEL 

The GCM EMERAUDE is the spectrai model used by Météo-France for short range 
operational forecasting between 1985 and 1991 (Em ie, 1985; Coiffier et al., 1987; 
Geleyn et al., 1988). The version used for the experiments reported here includes the 
modifications by Royeretal. (1990) and Planton et al.(1991) to improve the model' s 
ability to make climate simulations. The horizontal resolution corresponds to a T42 
truncation, so that the physical processes are resolved on a Gaussian grid of 
approximately 2.8° by 2.8°. There are 20 leveis in the vertical, with five leveis in the 
troposphere below 2000 m. 'Fhe physical parameters include: radiation with interactive 
cloudiness, deep convection with a Kuo-type scheme, large scale precipitation, and 
orographic gravity waves. Boundary layer processes and turbulence are represented 
by the parameterization scheme of Louis eral. (1981). 

METHOD 

Two model runs each of 50.5 months were carried out with EMERAUDE coupled 
to the ISBA surface scheme: a control run where the vegetation has been classified 
according to Wilson and Henderson-Sel lers (1985), and a deforested run in which the 
original humid tropical forest was replaced by grassland. The control run is identical 
to that described as the "ISBA experiment" by Manzi and Planton (1994), except that 
the integration time has been increased by 12 months. The only difference between 
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the control run and the deforested run is the change made to the Amazonian 
vegetation. 

The model runs were initialised using climatological snow and ice cover. Sea 
surface temperature was specified throughout the experiment using AMIP monthly 
data fields given by COLA/CAC (Center for Ocean-Land-Atmosphere Studies and 
NOAA Climate Analysis Center) averaged over the teu year period 1979-1988 
(Gates, 1992). The initial state of the atmosphere was that on 15 December 1983, 
interpolated from the ECMWF (European Centre for Medium-Range Weather 
Forecasting) analysis. The initial sou moisture content was the climatological value 
given by Mintz and Serafini (1989) using the formula 

= w, = Hç  (wk  - veg w - 0.02) + veg w + 0.02 	 ( I) 

where w and w 2 are the volumetric water content of the surface and lower reservoirs 
respectively; 1-1 the Mintz and Serafini (1989) climatological relative humidity, 
which varies between O and 1; w k  and w r  are volumetric sou I water content at field 
capacity and the wilting point respectively: and 0.02 is the minimum value of soul 
water content obtained by Manzi and Planton (1992) during a previous annual 
integration of EMERAUDE with ISBA. This equation gives the maximum value 
equivalent to field capacity when R.er  is equal to unity, and when H ,, is zero gives 
values slightly above wilting point for vegetation with complete canopy cover and 
very low values for bare sou. For both simulations the deep sou l temperature is reset 
to a climatological value derived from the ECMWF analysis every twenty days. The 
soil water content is not reset. 

Table 1 shows the values of the parameters used in ISBA to describe tropical forest 
and pasture. For the forest case these parameters have been calibrated with the 
ARME data as described in Section 2. For the pasture case the parameters were 
prescribed in a similar way to other recent deforestation experiments (for example 
Nobre et al., 1991). The characteristics of this hypothetical grassland are similar to 
the parameters cal ibrated again st the ABRACOS data collected over actual Atnazonian 
pasture, as described in Section 2. The actual values derived in Section 2 could not 
be used as the data were not available until after the model experiments were 
completed. 

The extent of the modelled deforestation can be seen in Figure 1 from the difference 
between the roughness lengths of the original forest and the modelled pasture, which 

Table 1 The 1SBA parameters representing Amazonian forest and the grassland which replaces 
it in the deforestation experiment 

albedo leaf arca 	 7.„ (m) 	d (m) 	veg. 	depth of 
index (L*) 	(sm - ') 	 sou l (m) 

foresi 0.13 6 42 2 28 0.99 4 
grass 0.20 2 75 .06 .20 0.85 2 
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ABOVE -0.00 
MI 	-0.50 - -0.00 
FM 	-1.50 - -0.50 

BELOW -1.50 

Diff 	 Longitude 

Figure 1 The extent of deforestation represented by the surface roughness length anomaly (grass 

minus forest). The arcas chosen to represent northern and southem Amazonia are shown as I and 

Ilrespectively. 

is reduced from 2.0 m for the forest to 0.06 m for the pasture. This reduction in 
aerodynamic roughness modifies the wind field in the lower layers of the model and 

interacts strongly with the dynamics of the model. 
The albedo for diffuse solar radiation is increased with deforestation from 13 to 20 

per cent, which causes a decrease in surface net radiation and a reduction in 
convection and humidity convergence. The other important difference between the 

two vegetation types is the decrease, from 4 to 2 m, in the depth of the hydrologically 
active sou I layer. This reduction in sou I water holding capacity can create increased 
runoff and also reduction in evapotranspi ration during the driest periods. 

The increase in minimum surface resistance (R sm  = R,miiil,*) for the grass, compared 

to the forest, reduces the transpiration, whilst the reduction in leaf area index, coupled 
with the reduction in roughness length, reduces the interception loss. On the other 
hand the increase in the fraction of bare sou l (1 - veg) can contribute to increasing 
evaporation directly from lhe sou, which in part compensates for the reduction in 

transpiration and interception. 

RESULTS AND DISCUSSION 

The results have been averaged over three years of integration (from the 2 March to 

5 February). 'The first 14.5 months, from initialisation on 15 December to the end of 
February 14.5 months later, have been ignored. This allows lhe model to reach a stage 
of quasi-equilibrium, with only a weak dependence on the initial soil water content. 

Figure 2 shows the anomalies (deforestation minus control) for the fields of 
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Figure 2 The anomalies (deforestation 

minus control) of the fields of 
meteorological variables over South 
America averaged over 36 months: (a) 
amplitude of the daily temperature cycle 
(°C); (13) air temperature (°C); (c) dady 
minimum surface temperature (°C); (d) 

daily maximum surface temperature (°C) 
(e) average surface temperature (°C); (f) 
net all-wave radiation (Wm -2); (g) latent 

heat flux (Wm -2 ); (h) sensible heat flux 

(Wm-2); (i) rainfall (mm per day); (j) 

runoff (mm per day); and (k) volumetric 

sou l moisture content (m3/m3). 
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meteorological variables averaged over the 36 months discussed above. The analysis 
has been fim ited to the region which has been deforested. The control run has been 
analysed by Manzi and Planton (1994) for the first 38.5 months and no significant 
changes have been detected in the extra 12 months. The values of these variables, 
averaged over the 36 months, are also presented in the pairs of Tables 4 and 5,6 and 
7, and 2 and 3 respectively for Region I (north), Region II (south) a.nd Region + 
(total) as defined in Figure 1. Monthly values averaged over Region I + II, and over 
the last three years of the integration ( both deforested and control) are given in Figure 
3. In the north of Amazonia (shown as Region I in the figure) the wet season occurs 
during Lhe northem hem isphere summer, whereas the wet season further south 
(Region II) occurs in the first months of the year (Figueroa and Nobre, 1990). 

Figures 3c and 3j show the average monthly radiation and rainfall respectively 
measured at the Reserva Ducke site, near Manaus, during the 25 months of the 
ARME (Shuttleworth, 1988; Lloyd et al., 1988; Manzi, 1993). The estimates of 
evapotranspiration and interception produced by ISBA (Noilhanet al., 1992; Manzi, 
1993) are shown in Figures 3h and 3i, respectively. The ARME results are presented 
as a separate une since they represent the particularly humid conditions of Manaus, 
whereas Lhe modelling experiments are averaged over the whole of Amazonia, with 
its varied climatic conditions. However, the model predictions are in good general 
agreement with Lhe observations, with the exception of the dry season, which is 
predicted to be too short and two months early in comparison with the observations. 
The model also predicts a second less-rainy period which does not occur in Manaus. 

Foliowing the modelled deforestation, the amplitude of the daily surface ternperature 
cycle (Figure 2a) increased by an average of 6 °C. This increase in amplitude is the 
result of an increase of 3 °C in the dai ly maximum temperature (Figures 2d and 3e) 
and a decrease of 3 °C in the daily minimum. The average surface temperature is 
slightly decreased by about 0.5 °C (Figures 2e and 3d, and Table 2), but the 
temperature of Lhe air close to the surface increased by an average of 1.3 °C (Figure 
2b and Table 2). The increase in average air temperature, but decrease in the average 
surface temperature, is explained by the fact that the turbulent transfer is more 
efficient during Lhe day when the surface temperature is higher over the grass than the 
forest. 

The increase in the amplitude of the daily temperature cycle has also been found in 
other deforestation simulations (for example: Lean and Warrilow, 1989; Nobreetal., 
1991; Dickinson and Kennedy, 1992). They report an increase in maximum surface 
temperature, which produces an increase in average surface and air temperature. In 
the simulation reported by Polcher and Lavai (1994b) the average surface temperature 
and the amplitude of the daily cycle are both slightly decreased by deforestation. The 
ABRACOS observations reported by Bastable et al. (1993) showed that the 
amplitude of the daily temperature cycle was greater over grass than over nearby 
forest, principally during the dry season, but that the average temperature was the 
same for Lhe two vegetation types. In agreement with our results this was found for 
both dry and wet seasons. 

The impact of deforestation on the temperature field is more important in Region 
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Figure 3 Monthly averages. over the 36 months for the whole of Amazonia (Regions I and II) 
for the deforestation experiment (solid une) and the control run (dashed une) and the ARME 
observations (dotted une): (a) cloudiness (%); (b) incident solar radiation (Wm -'); (c) net all-

wave radiation (Wm .2 ); (d) average surface temperature (°C); (e) daily maximum surface 

temperature (°C); (f) daily minimum surface temperature (°C). 
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Table 2 The energy balance of Amazonia (Regions 1 and 11) over Lhe 36 months of the 
deforestation and control runs. S, is Lhe incident solar radiation; (1 - a)S, is lhe net solar 
radiation; LD  is lhe downward longwave radiation; L n  is the net longwave radiation; R. is Lhe net 
all-wave radiation; LE is latent heat flux; H is sensible heat flux T s(mean), T5(max) and T(min) 
are the mean, daily maximum and daily minimum surface temperatures; T. is air temperature ai 
the lowest model levei; N(tot) and N(low) are Lhe percentages of total and low cloud cover; and 
U s  is horizontal windspeed at lhe lowest model leve!. Fluxes are expressecl in Wm* 2 , 
temperatures in °C and windspeed in ms -1 . 

S, (1-a) 1.0  L. R LE H T, 	T„ 	T, T. N 	N U. 
(mean)(max)(min) (tot)( low) 

contrai 	218 191 376 62 129 109 19 23.5 	31.4 	18.8 24.4 58 	38 2.2 
deforested 238 196 370 66 130 100 29 23.0 	34.3 	15.8 25.7 53 	30 4.0 
deforested 20 5 -6 4 1 -9 10 -0.5 	2.9 	-3.0 1.3 -5 	-8 1.8 
- control 

II (Table 3), to Lhe south of the E,quator, than in Region I (Table 4) to the north. This 
result is also found for the meteorological variables. On average there is no chemge 
to the net radiation, R n  (Figures 2f and 3c). Figure 3a shows that total cloudiness is 
reduced by about 5 per cent for the deforested region, but this is not uniform in the 
vertical. There was in fact a decrease of more than 8 per cent in low cloud arnount, 
but this was partly compensated for by an increase in high cloud. The reduction in 

Table 3 The energy balance of Region 11 of Amazonia for the 36 months of lhe deforestation and 
control run 

S 0  ( 1 -a) 
S, 

1.0  L„ R„ LE H T, 	T, 	T, 
(mean)(max) (min) 

T. N 	N 
(tal) (low) 

U. 

control 	221 193 374 65 128 106 23 23.7 32.1 18.6 24.7 56 35 2.1 
deforested 244 199 367 71 128 95 35 23.2 35.7 15.1 26.2 50 26 4.3 
deforested 23 6 -7 6 O -li  12 -0.5 3.6 -3.5 1.5 -6 -9 2.2 
- contrai 

Table 4 The energy balance of Region 1 of Amazonia for the 36 months of the deforestation and 
contrai run. 

s o  (1 -a) Lo  Ln  R„ LE H T, Ts  T, T, N N U„ 
Sn  (mean)(max) (min) (tot) (low) 

control 	212 185 	380 55 130 117 9 23.0 29.9 19.1 23.7 62 46 2.4 
deforested 226 188 	376 56 131 113 IS 22.5 31.1 17.1 24.5 59 40 3.3 
deforcsted 14 3 	-4 1 1 -4 6 -0.5 1.2 -2.0 0.8 -3 -6 0.9 
- control 



518 	 AMAZONIAN DEFORESTATION AND CLIMATE 

result is also found for the meteorological variables. On average there is no change 
to the net radiation, R n  (Figures 2f and 3c). Figure 3a shows that total cloudiness is 
reduced by about 5 per cent for the deforested region, but this is not uniform in the 
vertical. There was in fa.ct a decrease of more than 8 per cent in low cloud amount, 
but this was partly compensated for by an increase in high cloud. The reduction in 
cloud cover leads to an average 20 Wm -2 increase in solar radiation reaching the 
surface. Because the albedo of the grass is higher than that of the forest some of this 
excess radiation is reflected by the surface and the net solar radiation over the grass 
is increased by only 5 Wm-2  compared to the forest. The downward longwave 
radiation is also reduced by about 6 Wm -2  as a result of the decreased cloud cover. 
However, the average surface temperature of the grass is less than the forest and it 
units an average of about 2 Wm -2 1ess than the forest. The net longwave loss is thus 
increased by an average of about 4.5 Wm -2  and the net all-wave radiation increased 
by less than 1 Wm-2  (1.4 Wm-2 north of the Equator and 0.2 Wm -2  to the south). This 
increase is in contrast to other simulations of Amazonian deforestation. For example 
Lean and Warrilow (1989) reported a decrease in R n  of 21 Wm -2  as a result of the 
increase in surface albedo. In this case the longwave radiation did contribute, since 
with an increase in albedo of 5.2 per cent, in their simulation, it would have been 
necessary for the average incident solar radiation to have been above 400 Wm -2  to 
reduceRn  by 21 Wm-2 (whereas it did not exceed 250 Wm"). Nobreet ai. (1991) used 
a fixed climatological cloudiness and found a reduction of 26 Win -2  in R, which 
resulted in an increase of 8 Wm -2 in longwave loss (caused by an increase in surface 
temperature) and a decrease of 18 Wm' in net solar radiation (caused by an increase 
in the albedo). Dickinson and Kennedy (1992) also reported a decrease of 18 Wm -2  
in Rn, dominated by an increase in longwave loss of 15 Wm". This result was 
attributed to a reduction in the incident longw ave radiation, caused by 7 per cent less 
cloud cover - the increase in incident solar radiation was compensated by the higher 
albedo of the grass. The disagreement between these simulations shows the strong 
dependence of the results of model experiments on the parameterization of clouds and 
radiative transfer. In fact, for Lean and Warrilow (1989) and Nobre et al. (1991) the 
decrease ia net radiation at the surface is dominated by the effects of albedo, whilst 
for Dickinson and Kennedy (1992) it is dominated by changes to the longwave 
balance. In the simulation described ia this paper the increase in longwave loss is 
compensated by an increase in net incident solar radiation. 

Following deforestation the average latent heat flux (LE) decreased by 9 Wm' and 
the average sensible heat flux (H) increased by the same amount. The Bowen ratio, 
H/LE, therefore increased from 0.17 over the forest to 0.26 over the grass (Table 2). 
These changes do not occur uniformly over the whole area of deforestation - they are 
greater to the south of the Equator (Table 6) than to the north (Table 4). However, 
monthly mean evapotranspiration for the grass averaged over the whole region is 
always less than that for the forest (Figure 3h) and the sensible heat flux is always 
greater (Figure 3g). This comparatively lower latentheat flux from the grass is caused 
by a strong reduction in transpiration and the evaporation of intercepted water, which 
is only partly compensated by increased evaporation directly from lhe soil(Table 5, 
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fable 5 The water balance of Amazonia (Regions 1 and 11) over the 36 months of the deforesta-

kin and control runs. P is rainfall; E evapotranspiration; R runoff; E u  transpiration; E8  evaporation 

'rom the sou: 1 is interception (all expressed in min per day). Ptt is precipitable water (mm) and 
is relative sou l moisture (%). 

P 	E 	R 	Eu 	Eg 	1 	Ptt 	HU .i% 

control 	 5.33 	3.78 	1.51 	2.44 	0.51 	0.83 	37.43 	82.3 

Jeforested 	 5.29 	3.47 	1.84 	1.74 	1.33 	0.39 	37.04 	76.2 

Jeforested - control 	-0.4 	-0.31 	0.33 	-0.69 	0.82 	-0.44 	-0.38 	-0.61 

fable 6 The water balance of Region 1 of Amazonia for the 36 months of Lhe deforestation and 
control run 

P 	E 	R 	Ei, 	E, 	I 	Ptt 	HU,.oil 

control 	 6.47 	4.04 	2.43 	2.45 	0.97 	0.62 	37.33 	100.0 

de forcsted 	 6.97 	3.90 	3.15 	2.02 	1.49 	0.39 	37.81 	100.0 

deforested - control 	0.50 	-0.14 	0.72 	-0.43 	0.52 	-0.23 	0.48 	0.0 

Table 7 	The water balance of Region 1 of Amazonia for Lhe 36 months of the deforestation and 

control run 

P 	E 	R 	Eu 	Eg 	I 	Ptt  

control 	 4.83 	3.67 	1.12 	2.43 	0.31 	0.92 	37.47 	74.7 

deforested 	 4.56 	3.28 	1.27 	1.63 	1.26 	0.40 	36.72 	65.9 

deforested - control 	-0.27 	-0.39 	01.6 	-0.81 	0.95 	-0.53 	-0.75 	-8.8 

6 and 7). The reduction in transpiration is due to the reduced canopy cover and 
increased rninimum surface resistance. The reduction in evaporation of intercepted 
water is caused both by the smaller canopy capacity of the grass, 0.3 mm, compared 
to the forest, 0.6 mm, and by the reduction in roughness length from 2 m for the forest 
to 0.06 m for the grass. The increase in direct evaporation from the soil follows from 
the increased proportion of exposed sou l in the grassland and the high rainfall 
climate. 

The reduction in evapotranspiration of about 8 per cent (0.31 mm per day) is less 
than that found in the other experiments discussed previously: 27 per cent (0.85 nun 
per day) by Lean and Warrilow, 30 per cent (1.36 mm per day) by Nobre et and 
20 per cent (0.7 mm per day) by Dickinson and Kennedy (1992). However the 
reduction is in good agreement with that found by Polcher and Lavai (1994b), 11 per 
cem (0.35 mm per day). The different response of these various models is mainly 
associated with the performance of their surface schemes, but also with the model 
calculations of available energy and rainfall. For Lean and Warrilow (1989) the 
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Figure 4 Anomalies in Lhe rainfall fields (mm per day) for Lhe deforestation minus control run 
for a) lhe Kuo-type convection scheme and b) Lhe mass flux convection scherne averaged over 
January to March inclusive. The dotted tines represent negative values. 

reduction in evapotranspiration (which was dominated by the interception loss) was 
attributed to the reduction in roughness and is the same size as Lhe reduction in R. 
Dickinson and Kennedy (1992) reported a similar conclusion from their experiment. 
However Nobre et al. (1991) found that transpiration and evaporation directly frorn 
the sou l accounted for 70 per cent of the reduction in evapotranspiration. In the 
deforestation simulation reported here the reduction in evapotranspiration is mainly 
caused by reduced evaporation of intercepted water, as shown in Figure 3i, since the 
reduction in transpiration is compensated by the increased evaporation from the soul 
surface. 

It is importam to note that Lhe deforested areas chosen by the various authors are 
not necessarily coincident. However, with the exception of Polcher and Lavai 
(1994b), they ali represent the greater part of Amazonia. Polcher and Lavai averaged 
over an area which was smaller than the area used here. 

Rainfall is reduced in some places, but is increased in others (Figure 2i). h increases 
particularly in the north, south-west and south-east of Amazonia. This clearly implies 
that the deforestation produces a change M atmospheric circulation over Amazonia. 
The mean monthly rainfall over Amazonia is shown in Figure 3j, which shows that 
there is no stable tendency in the monthly regional rainfall anomaly during the year 
after deforestation. This seems to result from the seasonal cycle of moisture 
convergence (taken as the difference between rainfall and evapotranspiration) 
(Figure 31). However the runoff is alwayshigher from the grass compared to the forest 
(Figure 3k). The anomalies in the runoff field (Figure 2j) follow those in Lhe rainfall 
field (Figure 2i). 

Figures 3 and 5 show that the water balance is intensified to the north of Lhe Equator 
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with the exception of a slight decrease in the evapotranspiration) with an increase 
n rainfall. This increase is likely to be caused by the combination of higher wind-
,peeds dose to the ground surface and the more pronounced topography in that 
.egion. The hydrological cycle is certainly less intense south of the Equator, with a 
-eduction in rainfall of 0.27 mm per day (5.5 per cent) and of evapotranspiration of 
).39 mm per day (10.5 per cent) for the grassland compared to the control run. 
Mevertheless the runoff and lhe moisture convergence has been slightly increased. 
rhe relative moisture content of lhe sou l in Tables 5, 6 and 7, defined here 
as the difference between actual sou l moisture content and that at the wilting point, 
normal ised by the difference between soilmoisture content at field capacity and at the 
wilting point) is less for the grassland to the south of the Equator, but is not changed 
to the north — where sou l moi sture content never falis below field capacity for either 
vegetation type. 

The response to the deforestation cari be most clearly seen in its effect on soul 
moisture content. This is shown in Figure 2k, where it can be seen that those areas 
with reduced sou l moisture content correspond exactly to those arcas where the 
rainfall has been reduced (Figure 2i), which are also the areas with the strongest 
reduction in evapotranspiration (Figure 2i), greatest increase in maximum surface 
temperature (Figure 2e), and greatest increase in sensible heat flux (Figure 2h). 

ft is difficult to conclude whether or not the modification to the rainfall field in the 
grassland is a direct result of the reduction in evapotranspiration. As is shown in the 
next section, it appears that the reduction in evapotranspiration, and thus lhe change 
in the atmospheric c ircu lation over the deforested region is brought about by the effect 
of surface roughness. It can also be seen from Tables 2,4 and 6 that there is a strong 
increase, of a factor two, in the surface windspeed. 

Contrary to the results of the other deforestation e xperiments discussedhere Tables 
5, 6, and 7 show that the moisture convergence has increased over the region after 
de forestation, partiy compensating for the reduction in evapotranspiration. It can also 
be seen from these tables that the precipitable water vapour content ( the specific 
humidity integrated over a complete vertical column of the atmosphere) has not 
changed significantly. 

SENSITIVITY TO THE ALBEDO AND SURFACE ROUGHNESS 

As has been shown in numerous numerical climate simulations (see the review by 
Rowntree, 1991) anomalies in albedo and surface roughness can produce significant 
changes in the atmospheric circulation. Deforestation modifies both ofthese pararneters, 
and therefore, to separate the effects of these changes two additional short simulations 
were carried out, each of three rnonths duration and covering the period December 
toFebruary inclusive. The initial conditions for these two simulations are taken from 
the predictions of the control run at the end of November on the first year of 
integration — i.e. 11.5 months after the start of the integration. In the first experiment 
ali Lhe parameters in ISB A representing the forest have been retained, apart from lhe 
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Figure 5 Anomalies in the fields of the amplitude of the daily surface temperature cycle (°C) 
and rainfall (mm per day) for the following experiments respectively: (a) and (b) complete 
deforestation minus control; (c) and (d) change in roughness length minus control; (e) and (f) 
change in albedo minus control. 
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roughness length which has been changed to the post-deforestation value. In the 
second experiment ali the forest pararneters were retained and the albedo was 
changed. These two simulations were then cornpared with control and deforested 
model runs for the same three month period. 

The energy balance parameters and hydrological averages for Region II (see Figure 
1) are given in Table 8. The analysis has been I imited to Region ilbecause it is entirely 
covered in tropical forest during the control run, and the impact of deforestation is 
currently stronger in that part of Amazonia. The map showing the anomalies in the 
fields of the amplitude of the daily surface temperature cycle and rainfall over South 
Arnerica are shown in Figure 5, for the three cases: deforestation minus control, 
rouglmess change minus control and albedo change minus control. 

The albedo increase changes the radiation balance by reducing the net solar 
radiation and thus the net all-wave radiation. This reduction of net all-wave radiation 
of 9 Wm' produces a decrease in the daily average surface temperature of 0.4 °C, 
but without as much change in the amplitude in the daily cycle (Figure 5e). 'The energy 
balance has been changed with a reduction of 9 Wm" in the latent heat flux, but with 
no change in the sensible heat flux. Ali the components of evapotranspiration have 
been reduced: by 10 per cent for evaporation from the sou surface and the 
interception, and by 7 per cent for the transpiration. The different response of the 
direct evaporation and the transpiration is the result of a decrease of 13 per cent in 
the rainfall over the region (Figure 5f). The fact that latent heat flux changed in 
response to the reduction in net radiation whilst the sensible heat flux did not is 
associated with the strong reduction in rainfall. 'This is a positive fe,edback process 
where reduction in evapotranspiration goes on to produce a reduction in rainfall. It 
may be that the surface cooling which follows the increase in albedo leads to a 
weakening of the moisture convergence over the region and thus also contributes to 
the reduction in rainfall. These results are in good agreement with those of Milne and 
Rowntree (1992), who carried out a similar simulation with the UK Meteorological 
Office GCM (see their Table IVa), and with that of Dirmeyer (1992), who carried out 
a similar sensitivity analysis with the COLA GCM (see his Table 3.7 and 3.8). 

The increase in albedo over Amazonia produces a weakening of the energy and 
water exchange over the region. Evapotranspiration decreases by 0.3 mm per day, 
rainfall by 0.7 mm per day, runoff by 0.34 mm per day, and moisture convergence 
by approximately 0.4 mm per day. The drier atmosphere produces a slight decrease 
in c loudines s at ali leveis in model. In practice this reduction in cloud cover produces 
an increase in incident solar radiation of 7 Wm -2  and a reduction of downward 
longwave radiation of 2 Wm", this latter effect being compensated by reduction in 
surface temperature. These consequences of increased albedo are characteristic of the 
Chamey effeci(Chamey, 1975; Charney et al., 1977). 

Analysing the impact of reducing the roughness length from 2 m to 0.06 m is not 
so straightforward as analysing the effect of increased albedo as the model responds 
indirectly. There is a marked increase in average windspeed ai the first mode' levei 
from 2.3 ms - ' in the control run, to 5.1 ms - ' for the reduced rouglmess experiment. 
Total cloudiness is reduced from an average of 67.5 to 61.2 per cent, and low cloud 
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Table 8 The energy and water balance of Region 11 of Amazonia for the period January to March 
inclusive of the deforestation, control, albedo change and roughness length change runs. SD  is lhe 
incident solar radiation; (1 - a) S. is the net solar radiation; LD  is the downward longwave 
radiation; L. is lhe net longwave radiation: R. is Lhe net all-wave radiation; LE is latent heat flux; 
H is sensible heat flux; T i(mean), T i(max) and Ti(min) are lhe mean, daily maximum and daily 
minimum surface temperatures; T i  Is air temperature at lhe lowest modal levei; N(tot) is lhe 
percentage of total cloud cover; P is rainfall, and I is interception. Fluxes are in W ny 2, 
temperaturas in °C, and rainfall and interception in mm per day. 

SD  (1-a) L. L. R LE H 	Ti 	Ti 	Ti  Ti  N P 
SD 	 (mean) (max) (min) 	(tot) 

Control 232 203 380 65 138 112 27 24.7 32.8 19.8 25.3 68 6.2 1J2 
Deforested 255 209 376 70 139 102 38 24.6 36.2 17.4 26.3 62 5.5 0.48 
Albedo 

change 
239 194 378 65 129 103 27 24.3 32.5 19.3 25.1 65 5.4 1.01 

Roughness 
change 

258 226 375 78 148 101 46 25.8 37.8 18.5 27.4 61 5.9 0.66 

from 36.2 to 24.6 per cent, making a substantial change to the radiation balance 
(Table 8). In comparison with the control run the incident solar radiation is increased 
by 26 Wm-2  (11 per cent). There is a decrease of 5 Wm -2 in the downward longwave 
radiation, but as the surface temperature is on average 1.1°C warmer together these 
give an increase in longwave loss of 13 Wm -2 , which leads to an increase of net all-
wave radiation of 10 Wm -2 . 

The Bowen ratio changes from 0.24 in the control run to 0.46 in the roughness 
change experiment. This is partly a result of the less evapotranspiration, mainly 
caused by less interception loss, but also a result of the increased net all-wave 
radiation leading to a higher sensible heat flux. 

The average air temperature near the surface rises by 2.1 °C in response to an 
increased maximum surface temperature of 5 °C. On average the decrease in 
roughness alone produced an increase in the daily surface temperature cycle of 6.3 
°C, compared to 5.8°C for the deforestation experiment. To strengthen the hypothesis 
that the increase in daily temperature amplitude found in the deforestation experiment 
is the result of the low roughness length of the grass, Figures 4a and 4c compare the 
fields of this variable for the deforestation and roughness change experiments 
respectively. 

These sensitivity analyses are too short to produce stable rainfall fields. However, 
comparing Figures 4b and 4d, for the deforestation and roughness change experiments 
respectively, it appears that the changes to the atmospheric circulation over Amazonia 
after deforestation which lead to a change in rainfall are principally caused by the 
reduction in roughness length. This result is in agreement with that of Sud et ai. 
(1988) who predictecl a reduction in rainfall over Amazonia following a large 
reduction in roughness length, even though the energy balance hadnot been modified. 
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The results presented here are in good agreement with those of Lean and Warrilow 
(1989). In their simulation of the effects of reducing roughness over Amazonia they 
also found reduced evapotranspiration, moisture convergence and rainfall. 

The sensitivity analyses presented in this section show that the effects of albedo and 
surface roughness play an important role in the determination of the radiation and 
energy balance, and in modifying the rainfall field when the forest is replaced by 
grass. 

SENSITIVITY TO THE CONVECTION SCHEME 

In introducing the ISBA scheme into the GCM EMERAUDE, Manzi and Planton 
(1994) emphasised the importance of considering the interactions between the surface 
and the other parameterizations in the model. This section looks at the interaction 
between the surface and convection schemes. This is achieved with two further 
deforestation experiments. 

In the first experiment, which is the same as that described previously, the GCM is 
coupled to a Kuo-type cloud scheme; ia the second experiment the GCM is coupled 
with a mass flux scheme (Bougeault, 1985). The initial conditions and the prescribed 
perturbations are identical for both experiments. 

The results are presented as averages for the whole of Amazonia (Regions I and II), 
for the period January to March inclusive. The first 17 days of integration have been 
neglected. The model is certainly not in equilibrium at the beginning of January, 
however that will not affect this analysis which compares scheme response, rather 
than predieting the effects of deforestation. 

Table 9 compares the predictions with the Kuo-type scheme. After deforestation net 
all-wave radiation is slightly decreased by 3 Wm -2 , evapotranspiration is decreased 
by 14 per cent, and Bowen ratio is increased from 0.16 to 0.30. The average surface 
temperature remains the same at 24.9 °C. The anomaly in the rainfall field (deforested 
minus control), presented ia Figure 5a, shows a variable change in rainfall. The 
rainfall is reduced over the greater part of Amazonia, but it is increased ia the north, 

Table 9 The energy and water balance of Amazonia (Region I and II) averaged over Lhe period 
January to March inclusive with EMERAUDE/ISBA coupled with a Kuo-type convection 
scheme. T,(mean) is mean surface temperature (°C); E evapotranspiration; (mm per day); R. is 
lhe net all-wave radiation (Wm -2); H is sensible heat flux (Wm -2); P is rainfall (mm per day); and 
P - E is moisture convergence (mm per day). 

Ts(mean) E 	Rn 	H 	P 	P — E 

control 24.9 4.2 142 20 '7.3 3.1 
deforested 24.9 3.6 139 32 6.8 3.2 
deforested — control 0 -0.6 -0.3 12 -0.5 0.1 
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Table 10 The energy and water balance of Amazonia (Region I and II) averaged over the period 
January to March inclusive with EMERAUDE/ISBA coupled with a mass fax convection 
scheme. Ts(mean) is mean surface temperature (°C); E evapotranspiration; (mm per day); R. is 
the net all-wave radiation (Wm -2); H is sensible heat flux (Wm -2); P is rainfall (mm per day); and 
P - E is moisture convergence (mm per day). 

Ts(mean) E 	Rn 	H 	P 	P — E 

control 25.6 4.0 140 22 4.7 0.7 
deforested 26.6 3.6 146 41 6.7 3.1 
deforested — control 1.0 -0.4 6 19 2 2.4 

south and south-west. 
The predictions for fite mass flux scheme are compared in Table 10. In contrast to 

the results from the Kuo scheme, the net ali-wave radiation and the average surface 
temperature for the grass are increased by 6 Wnr 2  and 1 °C respectively compared 
to the control. The evapotranspiration is decreased by 10 per cent and the Bowen ratio 
changes from 0.19 to 0.39. However, it is for the moisture convergence and the 
rainfall that the two schemes differ most. For the mass flux scheme lhe rainfall for 
the grass increases by more than 40 per cent compared to the control, with a 
consequent increase of 2.4 mm per day in moi sture convergence. In fact the moisture 
convergence over Amazonia is too weak for the forested control run, whilst it appears 
correct for lhe grassland simulation. The spatial distribution of the rainfall anomaly 
(deforested minus control) shows that, follow ing deforestation, rainfall is increased 
over the whole of Amazonia (Figure 4b). Again showing a result in contrast to the 
Kuo-type scheme. 

The reasons for tiiis poor functioning of the mas s flux scheme over Amazonia have 
not yet been established. But this analysis clearly makes the point that the predictions 
of c limate change simulations made by GCMs must be treated with caution, because 
they are strongly dependent on the model forrnulation. 

CONCLUSION 

The model experiment described in this paper predicts that lhe impact of deforestation 
will be regional, with a greater impact south of the Equator. Deforestation is predicted 
to lead to a reduction in evapotranspiration, largely as a result of the reduced 
evaporation of intercepted rainfall. Rainfall is predicted to decrease in some parts of 
Amazonia, but increases in the north, south-west and south-east of Amazonia. In 
contrast to lhe results of other recent simulations (Lean and Warrilow, 1989; Nobre 
et al., 1991; Dickinson and Kennedy, 1992; Polcher and Lavai, 1994b) the moisture 
convergence and runoff are, on average, increased for the deforested case. However 
this effect is less apparent where lhe reduction in rainfall is less. 
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The sensitivity analyses have shown that the changes in surface roughness and 
albedo play an important role in determining the overall effect of deforestation, but 
that the type of convection scheme used ia the model can also play a critical part in 
determining the overall conclusions that can be drawn from the sánulation. The 
principal difference between the results reported here and those reported previously 
by other authors, appears to be in the modeldependent schemes for the surface energy, 
convection, cloud, and radiative transfer. The reduction in cloud cover and the 
modification to the radiation balance in this simulation was also reported by 
Dickinson and Kennedy (1992), but not found by Lean and Warrilow (1989) or Nobre 
et al. (1991). Moisture convergence increased for this simulation, but decreased in 
the other studies. It can be concluded that Amazonian deforestation will change the 
regional c limate, but more reliable estimates require improvements to made to be the 
GCMs ' parameterisation of cloudiness and convection. 
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RESUMO 

As parametrizações dos processos de superfície usadas nos MCGA (Modelos de 
Circulação Geral da Atmosfera) foram bastante aprimoradas na última década, com 
a inclusão de uma representação explícita da vegetação e dos processos físicos 
relacionados a ela. No CNRM (Météo-France) um novo esquema, chamado de 
esquema ISBA (Interações entre Solo, Biosfera e Atmosfera) desenvolvido por 
Noilhan e Planton (1989), foi implementado no AGCM Espectral EMERAUDE 
(Manzi e Planton, 1994). Este acoplamento ISBA/AGCM é uma ferramenta 
poderosa para se investigar mudanças de origem natural e antropogênica nas 
superfícies continentais, como os processos de desertificação ou desmatamento. 
Neste artigo são apresentados resultados de uma simulação de desmatamento de 4 
anos sobre a Amazônia, onde a floresta tropical chuvosa natural e as savanas de uma 
extensa área da América do Sul foram substituídas por pastagens degradadas. O 
esquema ISBA foi testado cuidadosamente usando dados dos experimentos 
observacionais ARME (Experimento Micrometeorológico da Região Amazônica) 
e ABRACOS, respectivamente, para floresta e pastagem. A simulação com a 
Amazônia desmatada mostrou um enfraquecimento do ciclo hidrológico e uma 
amplificação do ciclo diurno da temperatura de superfície quando comparada com 
a simulação de controle. Um estudo de sensitividade mostrou a grande importância 
do albedo de superfície e do comportamento da rugosidade na resposta ao 
desmatamento. 


