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ABSTRACT

A biosphere model based on BATS (Biosphere–Atmosphere Transfer Scheme) is coupled to a primitive equation
global statistical–dynamical model in order to study the climatic impact due to land surface alterations. The
fraction of the earth’s surface covered by each vegetation type according to BATS is obtained for each latitude
belt. In the control experiment, the mean annual zonally averaged climate is well simulated when compared
with observations. Deforestation and desertification experiments are performed. In the deforestation experiment,
the evergreen broadleaf tree in the Amazonian region is substituted by short grass; in the desertification experiment
the semidesert, and the tall grass and deciduous shrubs are substituted by desert and semidesert in the African
continent, respectively.

The results show that in both the experiments there is a reduction in evapotranspiration and precipitation in
the perturbed region and an increase in the soil surface temperature, the temperature of the foliage air layer,
and the foliage temperature. Also, the latent heat flux decreased in the perturbed cases relative to the control
case. To partially compensate for the decrease in latent heating, sensible heat flux increased in the perturbed
cases compared with the control case. The changes in the deforestation case are greater in the latitude belt
centered at 58S, where in most part the Amazonian forest is situated. Otherwise, the changes in the desertification
are greater in the latitude belt centered at 158N. When there is also degradation of the African tropical forest
(substitution of evergreen broadleaf trees by short grass), the greatest changes occur southward from that region
(in the latitude belt centered at 58N), and the magnitude of the changes are also increased. This shows the
important role of the modification of tropical forest when there is degradation of the vegetation in the African
region from 208N to 088.

The results regarding the changes in the temperature and in the energy fluxes are in agreement with those of
earlier experiments carried out with sophisticated general circulation models, which shows the usefulness of
this kind of simple model.

1. Introduction

The biosphere interacts with other components of the
climate system on timescales that are characteristic of
the life cycles of the vegetation cover. The seasonal
cycle of the plant growth depends on the seasonal vari-
ations of solar radiation, temperature, and rainfall. The
vegetation in turn modifies the exchanges of energy,
mass, and momentum between the surface and atmo-
sphere, and plays a major role in the seasonal variations
of local surface hydrology. Since the vegetation inter-
acts with the climate, regional and perhaps global im-
pacts can be expected if large areas of vegetation cover
are modified.

An efficient tool to predict the climate change due to
land surface alterations is the use of different varieties
of climate models. For this purpose, numerical models
of biosphere, which include the main physiological and
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morphological factors, have beeen incorporated in some
sophisticated general circulation models (GCMs). Some
of the biosphere models that are incorporated in GCMs
are the following: the Biosphere–Atmosphere Transfer
Scheme (BATS) (Dickinson et al. 1986) coupled to the
Community Climate Model of the National Center for
Atmospheric Research, the Simple Biosphere Model
(SiB) (Sellers et al. 1986) coupled to the GCM of the
Goddard Laboratory for Atmospheric Science, and the
Interaction between Soil, Biosphere, and Atmosphere
(ISBA) (Noilhan and Planton 1989) coupled to the GCM
of Météo-France. These models have been used for con-
ducting many numerical experiments simulating the cli-
matic response to modifications of the vegetation cover
(e.g., Dickinson and Henderson-Sellers 1988; Hender-
son-Sellers 1990; Nobre et al. 1991; Manzi and Planton
1994; Dirmeyer and Shukla 1994).

Although the GCMs are commonly used in climate
change studies, they involve many complex processes
so that it is difficult to identify the cause of certain
effects. So, simple climate models like the statistical-
dynamical models (SDMs) are very useful in this con-
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text. Also, they are computationally more economical
for conducting a large number of experiments concern-
ing long-term climatic changes.

In spite of the usefulness of the SDMs only a few
studies have been made with this type of model to eval-
uate the climatic impact due to land surface modifica-
tions. One of the pionering studies in this context was
made by Charney et al. (1975). They used a quasi-
geostrophic model without the hydrological cycle and
showed that the increase of the albedo produced sub-
sidence, which perpetuated desert conditions. Potter et
al. (1975) and Ellsaesser et al. (1976), by modifying the
land surface albedo, conducted deforestation and de-
sertification experiments, respectively. Gutman et al.
(1984), using a version of the Ohring and Adler (1978)
hemispheric quasigeostrophic SDM, incorporated a sim-
ple parameterization of biofeedback mechanism, which
links the surface state to the atmospheric processes. Gut-
man (1984) used this model for studying the hemi-
spheric response of land surface alterations like deser-
tification, deforestation, and irrigation. Franchito and
Rao (1992) extended this study for both the hemispheres
using a global primitive equation SDM. Recently, Zhang
(1994) developed a biosphere model based on BATS
suitable for SDMs. The equations of BATS were adapted
to the energy flux formulations proposed by Saltzman
and Vernekar (1971), which are commonly used in
SDMs (e.g., Saltzman and Vernekar 1972; Taylor 1980;
Franchito and Rao 1991, 1992, 1995; Rao and Franchito
1993; Oglesby and Saltzman 1990). Although this bio-
sphere model is suitable for SDMs, only tests with the
vegetation model decoupled from the SDM were made.

The inclusion of a biosphere model like BATS in a
SDM is very useful for studying climatic change due
to land surface alterations. As mentioned earlier, the
biosphere is an interactive element in the climate sys-
tem. Over timescales of hundreds to thousands of years
man’s activities (agricultural, grazing, and building
practices) may affect the biosphere (Gates 1988). Oth-
erwise, changes in the biosphere may have significant
impact on local and global climate (Sagan et al. 1979;
Budyko 1982). Therefore, there is need of an interactive
atmosphere model in order to simulate the long-term
climatic changes.

However, it is difficult to design an interactive model
that simulates realistically all the feedback mechanisms
between the biosphere and the other elements of the
climate system because sufficient knowledge of the bio-
sphere processes is still lacking. In this context, com-
prehensive models like BATS are very useful. Although
these models are simpler than the real atmosphere, they
are based on simplifications, which may suggest an ad-
equate treatment of the land surface processes in a cli-
mate model (Zhang 1994; Dickinson 1992). As men-
tioned earlier, these well-elaborated biosphere models
have been incorporated in GCMs. However, their cou-
pling to SDMs is also relevant in studies of the inter-
actions between the vegetation and climate. Besides, the

SDMs greatly simplify analysis and help in identifying
biogeophysical mechanisms. Thus, BATS seems to be
very useful in this context.

The objective of this paper is to couple the param-
eterization of the vegetation proposed by Zhang (1994)
with a SDM. The model will be used for two purposes:
1) running a coupled model to simulate the global cli-
mate and the surface fluxes in the geobotanic zones, and
2) investigating the climatic response to land surface
modifications like deforestation and desertification.
Comparisons with experiments conducted with GCMs
are also made. The SDM used in this study is that de-
veloped by Franchito and Rao (1992), where the original
parameterizations of the surface and atmospheric fluxes
are modified by adapting the vegetation model proposed
by Zhang (1994). To couple the models, new parame-
terizations of the fluxes relative to the fraction of the
earth’s surface covered by ocean ice, and snow follow-
ing a similar procedure as in Zhang (1994), are devel-
oped. So, the surface and atmospheric fluxes are ob-
tained for the whole latitude belt.

In section 2 the vegetation model and the formulations
of the heat fluxes are presented. The coupling with the
SDM is shown in section 3. In section 4 the principal
results are discussed. Section 5 contains the summary
and conclusions.

2. The vegetation model

The biosphere model is the same as that developed
by Zhang (1994). In that model the equations of BATS
were adapted to the energy flux formulations proposed
by Saltzman and Vernekar (1971). For this purpose, the
expressions of BATS were used in the original form or
with some modifications or even substituted by equa-
tions of the SDM. BATS initially was developed for a
multilevel GCM, which has a detailed parameterization
of the planetary boundary layer and contains a soil mod-
el. The original SDM of Saltzman and Vernekar (1971)
has two atmospheric layers (surface–500 hPa, and 500
hPa–top of the atmosphere) and a subsurface layer,
which has a fixed temperature. So, the energy fluxes
from surface to atmosphere in the SDM are related to
the temperatures at surface and at 500 hPa. To adapt
BATS to the two-layer SDM, Zhang (1994) assumed
that the model contains four domains: the subsurface
layer, the foliage layer, the foliage air layer, and the
atmospheric layer (Fig. 1). The model involves para-
meterizations of the energy balance of the earth’s sur-
face, the energy and moisture balances of the foliage
air layer, and the energy balance of the foliage. A brief
description of the biosphere model relations is given
below.

The components of the surface heating, like the short-
wave radiation, longwave radiation, sensible and latent
heat fluxes, and the subsurface heat flux, have similar
forms as those given in Saltzman and Vernekar (1971)
but with the inclusion of the vegetation effect. These



JULY 1998 1751V A R E J Ã O - S I L V A E T A L .

FIG. 1. The biosphere model scheme. The four domains of the
model are indicated: 1) the subsurface layer, 2) the foliage layer, 3)
the foliage air layer, and 4) the atmosphere above. The components
of the surface heating are indicated: Hsg(i), i 5 1, 5, are the fluxes
(shortwave radiation, longwave radiation, sensible heat, flux, latent
heat flux, and subsurface heat flux) at the interface between the soil
surface and the air above it; Hb(i), i 5 1, 4, are the fluxes (shortwave
radiation, longwave radiation, sensible heat flux, and latent heat flux)
at the top of the foliage air layer; Ts is the soil surface temperature;
Tf and Taf are the foliage and foliage air–layer temperatures; and Tdl

is the subsurface temperature. The arrows indicate the direction of
the fluxes (source: Zhang 1994).

TABLE 1. Functional forms for the heat fluxes at the interface between soil surface and the air above it [Hsg(i)]. The arrows indicate the
direction of the fluxes.

i Hsg(i) Parameterization

1 ↓ shortwave radiation
2 ↓ longwave radiation
3 ↓ sensible heat flux
4 ↓ latent heat flux
5 ↑ subsurface heat flux

(1 2 sf)(1 2 x)(1 2 rs)(1 2 ra)Ro

sB[(1 2 sf)(n1T 2 T )/(1/«a 1 1/«s 2 1) 1 sf(T 2 T )/(1/«f 1 1/«s 2 1)]4 4 4 4
2 sg f sg

2h(Tsg 2 Taf)
2Lhfg/cp(qgs 2 qaf)

2k(Tsg 2 Tdl)

fluxes are calculated both at the interface between the
soil surface and the air above it, and at the top of the
foliage air layer. The formulations of these surface flux-
es are shown in Tables 1 and 2, and the meaning of the
symbols are given in the appendix.

Regarding Tables 1 and 2, the thermal emissivities of
the earth’s surface («s) and of the foliage («f) are given
by 1 2 rsIR and 1 2 rfIR, respectively, where rsIR (52rs)
and rfIR are the longwave albedos of the earth’s surface
and of the foliage, respectively. Also, h 5 raCpCD[(1
2 sf)Va 1 sfUaf], and CD 5 sfCDV 1 (1 2 sf)CDL,
where CDV 5 [Kvk/ln(z1/zov)]2 is the drag coefficient over
vegetation, and CDL 5 [Kvk/ln(z1/zoL)]2 is the drag co-
efficient over land. Here, sf, rfIR, and zov are obtained
from BATS for each type of vegetation; rs 5 0.2; and
zoL 5 0.01 m. The wind speed in the foliage layer is
equal to Va(CD)1/2, where Va is the wind speed at the
anemometer level; b2 and c2 are prescribed constants as
in Saltzman and Vernekar (1971). In the present model
the value of c2 is modified (52115 W m22) in order
to couple the vegetation model to the SDM developed
by Franchito and Rao (1992).

The energy balance at the interface between the soil
surface and the air above it is given by

H (1)↓ 1 H (2)↓ 1 H (3)↓ 1 H (4)↓ 1 H (5)↑ 5 0,sg sg sg sg sg

(1)

where the arrows indicate the direction of the fluxes,
and Hsg(i)↓ 5 2Hsg(i)↑.

The energy balance of the foliage air layer assumes
that the heat fluxes from ground and from the foliage
are balanced by the heat flux to the atmosphere:

Hb(3)↑ 5 Hsg(3)↑ 1 Hf . (2)

The heat flux from foliage to the foliage air layer is
parameterized like in BATS:

Hf 5 sf Lsai raCp(Tf 2 Taf)/rla, (3)

where Tf and Taf are the foliage and the foliage air layer
temperatures, respectively; Lsai is the leaf-stem area in-
dex (equal to the sum of the leaf area index, Lai , and
the stem area index, Sai); and rla is the resistance to heat
or moisture transfer through the laminar boundary layer
at the foliage surface.

The moisture balance of the foliage air layer assumes
that the water vapor flux from soil surface and from the
foliage are balanced by the water vapor flux to the at-
mosphere:

Eb 5 Eg 1 Ef , (4)

where Eg 5 Hsg(4)↑/L and the water vapor flux from
the foliage air layer to atmosphere is given by Eb 5
Hb(4)↑/L. In the expression for Hb(4)↑ (see Table 2),
e2 (52.4445) and f 2 (570.7827 W m22) are prescribed
constants; w (5qaf/qafs) is the relative humidity of the
foliage air layer; qaf is the water vapor mixing ratio;
and qafs is the saturated water vapor mixing ratio cor-
responding to the temperature of the foliage air layer:

q 5 0.622/1000 3 6.1078afs

3 exp[a (T 2 273.16)/(T 2 b )], (5)3 af af 3

where a3 and b3 are constants that have different values
for water and ice.

The water vapor flux from the foliage to the foliage
air layer is parameterized according to BATS:

WETE 5 r0E (6)f f

with

WETr0 5 1 2 d(E ){1 2 L 2 L [r /(r 1 r )]}f w d 1a 1a stom (7)
and

WETE 5 s L r (q 2 q )/r .f f sai a fs af 1a (8)
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TABLE 2. Functional forms for the heat fluxes at the top of the foliage air layer [Hb(i)]. The downward and upward arrows indicate the
direction of the fluxes.

i Hb(i) Parameterization

1 ↓ shortwave radiation
2 ↓ longwave radiation
3 ↑ sensible heat flux
4 ↑ latent heat flux

sf(1 2 x)(1 2 ra)(1 2 rf)Ro

sf[sB( 4 4 4 4T 2 T )/(1/« 1 1/« 2 1) 1 s (n T 2 T )/(1/« 1 1/« 2 1)]sg f s f B 1 2 f a f

[b2(Taf 2 T2) 1 c2]CD/CDB

w[e2Hb(3) 1 f2)]

In the expression above Lw (5[Wdew/Wdmax]2/3) is the
fractional area of the leaves covered by water, where
Wdew is the total rainfall intercepted by the canopy and
Wdmax is the capacity of the canopy to intercept rain-
water; Ld is the fractional area of the leaves free to
transpire; rstom is the stomatal resistance; d( ) is aWETE f

function equal to unity (zero) if is positive (neg-WETE f

ative); qfs is the saturated mixing ratio at the foliage,
which has similar expression as Eq. (5) except that Taf

is replaced by Tf. The stomatal resistence is calculated
as rsmin 3 R1 3 S1 3 M1, where rsmin is the minimum
stomatal resistence (obtained from BATS for each type
of vegetation); R1 and S1 are functions of solar radiation
and Tf, respectively; and M1 is the soil moisture factor.

The energy balance of the foliage assumes that the
net radiation absorbed by the foliage is balanced by the
sensible (Hf) and latent (LEf) fluxes from the foliage to
the foliage air layer:

Rn 5 Hf 1 LEf , (9)

where Rn 5 Hb(1)↓ 1 Hb(2)↓.
Substitution of the relations given in Tables 1 and 2

together with the surface flux parameterizations from
BATS [Eqs. (3) and (6)] into the expressions (1), (2),
(4), and (9), along with the expressions for the saturated
mixing ratio [Eq. (5)] produces a closed system with
seven unknow variables: Tsg, Tf , Taf, qaf , qgs, qfs , and
qafs, which must be solved by an interactive method. In
the present paper we use a Newton–Raphson method
for simultaneous solution of nonlinear equation system
(Demidovich and Marion 1976).

Thus, given the temperature at 500 hPa, the wind
speed at the anemometer level, and the subsurface tem-
perature, the vegetation model provides the surface flux-
es. More details regarding the vegetation model are giv-
en in Zhang (1994).

3. Coupling with the SDM

The SDM used in the present work is that developed
by Franchito and Rao (1992). The model is a two-layer
global primitive equation model in sigma-coordinate
and includes parameterizations of friction, diabatic heat-
ing, and large-scale eddies. The components of atmo-
spheric and surface fluxes, like the shortwave radiation,
longwave radiation, small-scale convection, and sub-
surface flux, have forms similar to those proposed by
Saltzman (1968) and Saltzman and Vernekar (1971), and
the parameterization of latent heat release is based on

that used by Gutman et al. (1984). These energy fluxes
are computed for the entire latitude belt. The surface
albedo, the factor proportional to the conductive ca-
pacity of the surface medium, and the subsurface tem-
perature depend on the type of surface (Saltzman and
Vernekar 1972). More details about the SDM are given
in Franchito and Rao (1992, 1995).

In the present paper, the original parameterizations of
the atmospheric and surface fluxes given by Franchito
and Rao (1992) are modified in order to couple to the
biosphere model based on BATS (hereafter called cou-
pled model). For coupling the models, the energy fluxes
are computed separately for the land fraction and the
remaining part (covered by ocean–ice–snow) of the lat-
itude belt: for the land fraction of the latitude belt, par-
ameterizations of the biosphere model described in the
last section are used; for the remaining part of the lat-
itude belt covered by ocean–ice–snow, new parameter-
izations similar to those given in section 2 are devel-
oped. The energy fluxes in the entire latitude belt are
obtained through the weighted mean of these fluxes
computed separately in the land and in the ocean–ice–
snow areas using as weight the fractions of them in the
latitude belt.

The coupled model contains different domains ac-
cording to the areas where the energy fluxes are com-
puted: for the land fraction of the latitude belt there are
four domains (section 2): the subsurface layer, the fo-
liage and the foliage air layer, and the air above the
foliage layer divided in two atmospheric layers; for the
remaining part of the latitude belt, three domains are
considered: the subsurface layer, the air layer adjacent
to the surface, and the two atmospheric layers above it.
Thus, the model surface in the land fraction of the lat-
itude belt contains soil and foliage, and in the case of
the remaining portion of the latitude belt the model sur-
face is constituted by ocean–ice–snow.

In his paper, Zhang (1994) made tests only with the
biosphere model decoupled from the SDM. So, his mod-
el was applied considering a point over surface covered
by only one type of vegetation each time. In the present
study, however, there are several different types of veg-
etation at the same time in a latitude belt. So, the fraction
of the earth’s surface covered by each type of vegetation
is obtained. This is made using the data archive prepared
by Manzi and Planton (1994), which has 18 3 18 res-
olution (Fig. 2). For the land fraction of a latitude belt,
parameters like surface albedo, drag coefficient, stem
area index, etc. are obtained through the weighted mean
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FIG. 2. Distribution of the vegetation types according to the classification given in BATS. The data, with 18 3 18, are from Manzi and
Planton (1994).

of the specific values of the variables given in BATS
using as weight the fraction of land occuped by each
vegetation type. Similar procedure is adopted to obtain
the fractions covered by ocean and ice.

a. Surface flux parameterizations for the land
fraction of a latitude belt

Since the model surface in the land fraction of a lat-
itude belt is composed by soil and foliage, the energy
fluxes are computed taking into account both these ef-
fects. So, the shortwave and longwave radiation fluxes
at the model surface are given by the sum of the flux
at the interface between soil surface and the air above
it, and the flux at the top of the foliage air layer:

H (1)↓ 5 H (1)↓ 1 H (1)↓, (10)sv sg b

H (2)↓ 5 H (2)↓ 1 H (2)↓, (11)sv sg b

where the bars correspond to the zonal average consid-
ering only the land surface fraction of the earth’s sur-
face.

In the coupled model, the sensible [H sv(3)↑] and la-
tent heat [H sv(4)↑] from surface to the atmosphere for
the land fraction of the latitude belt are equal to the sum
of these fluxes from soil and foliage. So, they are equal
to H b(3)↑ and H b(4)↑, respectively [see Eqs. (2) and
(4)]. Also, the subsurface heat flux [H sv(5)]↑ is equal
to H sg(5)↑. The formulation of these fluxes are sum-
marized in Table 3. The method to compute the values
of T sg, T af, T f , q af, q gs, q fs, and q afs is the same as that
described in section 2.

The formulation of Hb(4)↑ (Table 2) is similar to that

proposed by Saltzman and Vernekar (1971). The dif-
ference between the two expressions is in the meaning
of the variable w. While in the SDM of Saltzman and
Vernekar (1971) w is the water availability parameter,
w in the biosphere model is the ratio qaf/qafs, called
relative humidity of the foliage air layer (Zhang 1994).
This ratio has an important role in the partition of the
surface net radiation into sensible and latent heat fluxes
(the subsurface conduction flux is negligibly small for
mean annual and seasonally averaged conditions). Since
there are uncertainties in the determination of the water
availability on land this substitution may be not ade-
quate. Thus, Zhang (1994) proposed the use of a non-
dimensional adjustable factor (Y) for the relative hu-
midity (Yqaf/qafs). The values of Y used in his work were
tuned in order that the results of the sensitivity exper-
iments carried out with the biosphere model are similar
to those obtained from GCMs.

In the present work, we use one value of Y for each
type of surface (Table 4). Thus, the values of Y for the
land fraction of a latitude belt are obtained through the
weighted mean of the Y values for each vegetation type
using as weight the fraction of land in a latitude belt
covered by each kind of vegetation. We made tests on
the effects of the variation of Y on the partition of the
available energy into the latent and sensible heat fluxes,
which showed that the latent (sensible) heat flux in-
creases (decreases) with the increase (decrease) of Y.
So, the values of Y for the coupled model must be ob-
tained taking into account that the several types of sur-
faces have different partitions of the available energy
into sensible and latent heat fluxes. For example, in the
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FIG. 3. Simulation of the mean annual zonally averaged characteristics: (a) air surface temperature; (b) 500-hPa temperature; (c) zonal
wind at 250 hPa; (d) zonal wind at 750 hPa; (e) zonally averaged vertical velocity at 500 hPa; (f ) specific humidity at surface; (g)–v
precipitation [the observations are obtained from Oort (1983), except for the precipitation where the data are those from Budyko (1978)];
and (h) surface net radiation and sensible and latent heat fluxes in the continental portion of the latitude belt.

case of the evergreen and deciduous broadleaf trees the
energy partition occurs mainly in the form of latent heat
flux (so, the values of Y must be larger); whereas, in
the case of semidesert and ice cap/glacier the energy

partition into the form of sensible heat flux increases in
comparison with the case of forest (so, the values of Y
must be smaller than those for forest). Also, Y must be
larger than 0.4 (Zhang 1994). Taking into account the
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TABLE 3. Parameterizations of the surface [Hsv(i)] and atmospheric [Hav(i)] fluxes for the land fraction of a latitude belt. The arrows
indicate the direction of the fluxes.

Surface fluxes
i Hsv(i) Parameterization

1 ↓ shortwave radiation
2 ↓ longwave radiation
3 ↓ sensible heat flux
4 ↓ latent heat flux
5 ↑ subsurface heat flux

Hsg(1)↓ 1 Hb(1)↓
Hsg(2)↓ 1 Hb(2)↓

2Hb(3)↑
2Hb(4)↑

Hsg(5)↑

Atmospheric fluxes

i Hav(i) Parameterization

1 shortwave radiation
2 longwave radiation
3 sensible heat flux
4 latent heat flux

x(1 2 ra)Ro

sB{g[(1 2 sf)T 1 sfT ] 2 (n1 1 v2)T }4 4 4
sg f 2

Hb(3)↑
Hb(4)↑ 2 L(a4 Ã 1 a44), for |f | , 708N (S)

Hb(4)↑ 1 g(N 2 N), for |f | . 708N (S)

FIG. 4. Amazonian deforestation experiment: control case (left) and perturbed case (right). The legend colors are the same as in Fig. 2.

reasons given above, we tested several values of Y in
the coupled model in order to simulate the mean annual
zonally averaged state. There was good agreement be-
tween the simulations and the observations (see section
4a) when the values of Y given in Table 4 were used.
So, we adopted them for the coupled model.

As it is shown in section 2, the water vapor flux from
the foliage to the foliage air layer depends on the pa-
rameter Wdw 5 Wdew/Wdmax, which has an important in-
fluence on land surface processes. Zhang (1994) tested
several values of Wdw and noted that the biosphere model
was sensitive to values of Wdw between 0.0 and 0.2,
mainly when they were near 0.0. In the present model,
as in the case of Y, we use one value of Wdw for each
type of vegetation (Table 4). For mean annual condi-
tions, the vegetation remains wet only during a relatively
short time, so that the values of Wdw must be small. To
choose the values of Wdw to be used in the coupled model
we took into consideration the number of hours during
the day and the number of the months in the year in

which the leaves must remain wet. For example, in the
case of the evergreen broadleaf trees, we supposed that
the foliage remains wet about 2.5 h each day during six
months (so: 2.5/24 3 6/12 5 0.052). For the case of
the crop/mixed farming and short grass, we assumed
that the foliage remains wet 2 h during a day during six
months, etc. The values of Wdw given in Table 4 were
used in the coupled model in order to simulate the mean
annual zonally averaged conditions. The zonally aver-
aged values of Wdw are obtained in the same way as in
the case of those for Y. The results showed good agree-
ment with the observations (see section 4a). So, we
adopted these values for the coupled model.

Since the biosphere model has no soil hydrology, the
value of the soil water availability ( f g) must be speci-
fied. For a dense and thick vegetation cover, the soil
surface temperature, the foliage temperature, the foliage
air layer temperature, and vapor pressure of the air with-
in the foliage are practically insensitive to the values of
f g (Zhang 1994). In the present model, we also assumed
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FIG. 5. Changes in the surface net radiation (perturbed minus control case) in the continental
portion of the latitude belt for the deforestation experiment.

FIG. 6. Changes in the surface temperature (Tsg), foliage (Tf), and foliage air-layer (Taf)
temperatures (perturbed minus control case) in the continental portion of the latitude belt for
the deforestation experiment.

one value of f g for each type of vegetation. The pro-
cedure of the selection of f g was similar to that for Wdw.

Although the method in which the values of Wdw, Y,
and f g were tuned to the coupled model seems to be
somewhat arbitrary, the results regarding the mean an-
nual zonally averaged climate simulation are in good
agreement with the observations, as it will be seen in
section 4a.

b. Atmospheric flux parameterizations for the land
fraction of a latitude belt

The parameterizations of the components of the at-
mospheric fluxes for the fraction of the earth’s surface
covered by land are based on that from Saltzman (1968)
and are given in Table 3. As can be noted in Table 3,
the expression of the longwave radiation is obtained
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FIG. 7. Changes in the specific humidity at surface (perturbed minus control case) in the
continental portion of the latitude belt for the deforestation experiment.

FIG. 8. Changes in the latent heat flux (a) and in the sensible heat flux (b) from surface to
atmosphere (perturbed minus control case) in the continental portion of the latitude belt for the
deforestation experiment.

taking into account both the contributions due to the
soil surface [(1 2 sf) ] and due to the foliage (sf ).4 4T Tsg f

c. Surface and atmospheric parameterizations for the
fraction of the earth’s surface covered by ocean,
ice, and snow

Regarding the fraction of the earth’s surface covered
by ocean, ice, and snow the model contains three do-
mains: the subsurface layer, the air layer adjacent to
surface, and the atmospheric layer.

The parameterizations of the surface and atmospheric
fluxes for this portion of a latitude belt are comparable

to those from the vegetation model (section 2) but only
the effects of ocean–ice–snow are considered. The for-
mulations of these fluxes are given in Table 5, where
the subscript ‘‘o’’ refers to the ocean and ice portion,
and the bars correspond to the zonal average in this
region. The symbols are given in the appendix. The
energy balance at the surface is given by

H (i)↓ 5 0. (12)O so

Similar to expression (2), the heat flux from surface is
balanced by the heat flux to the atmosphere:

H ao(3) 5 H so(3)↑. (13)
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FIG. 9. Changes in the evapotranspiration (a) and precipitation (b) (perturbed minus control
case) in the continental portion of the latitude belt for the deforestation experiment.

TABLE 4. Values of the nondimensional adjustable factor for the
relative humidity (Y), the soil water availability (fg), and the param-
eter Wdw 5 Wdew /Wdmax, for each vegetation type.

Vegetation type Y fg Wdw

Crop/mixed farming
Short grass
Evergreen needleaf tree
Deciduous needleaf tree
Deciduous broadleaf tree
Evergreen broadleaf tree
Tall grass
Desert
Tundra

0.8
0.7
1.0
1.0
1.0
1.0
0.7
0.6
0.9

0.125
0.083
0.042
0.042
0.125
0.333
0.125
0.000
0.042

0.035
0.035
0.014
0.007
0.028
0.052
0.031
0.000
0.010

Irrigated crop
Semidesert
Ice cap/glacier
Bog or marsh
Inland water
Ocean
Evergreen shrubs
Deciduous shrubs
Mixed woodland

0.7
0.5
0.5
1.0
1.0
1.0
0.8
0.7
1.0

0.250
0.000

—
0.292
1.000
1.000
0.083
0.042
0.166

0.021
0.003

—
0.021

—
—

0.021
0.021
0.031

Also, similar to relation (4), the water vapor flux from
surface is balanced by the water vapor flux to atmo-
sphere:

E bo 5 E so, (14)

where Ebo 5 w[e2Hso(3)↓ 1 f 2]/L and Eso 5 Hso(4)↓/L.
Substitution of the relations given in Table 5, together

the expressions (12)–(14), along the saturated mixing
ratio equation produce a closed system with five un-
known variables: T ao, T so, q ao, q so, and q aos. This system

of equations is solved using a Newton–Raphson method
similar to that used in the vegetation model (section 2).

d. Surface and atmospheric fluxes for a latitude belt
as a whole

The values of the components of surface and atmo-
spheric fluxes for a latitude belt as a whole are obtained
through the weighted mean of these values for the frac-
tions 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. The surface tem-
perature in a latitude belt is computed in a similar way.

The SDM gives the zonally averaged variables: tem-
perature at 500 hPa, wind speed at the anemometer level,
and the subsurface temperature, which are necessary to
calculate the energy fluxes for the fraction of the earth’s
surface covered by vegetation. These fluxes provide the
diabatic heating for the zonally averaged atmosphere,
affecting the climate. Thus, the vegetation acts as an
interactive element of the climate system. The latitudinal
values of the subsurface temperature used in the model
are those from Saltzman and Vernekar (1971). The wind
speed at the anemometer level is assumed to be equal
to the zonally averaged wind at 750 hPa. This assump-
tion is compatible with the parameterization of the fric-
tion used in the SDM, where the surface wind is ap-
proximated by the zonally averaged wind at 750 hPa in
order to satisfy the condition that the friction must dis-
sipate kinetic energy (Charney 1959; Taylor 1980).
However, this is different in Zhang’s model. In his case,
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TABLE 5. Parameterizations of the surface [Hso(i)] and atmospheric [Hao(i)] fluxes for the fraction of the earth’s surface covered by ocean,
ice, and snow. The arrows indicate the direction of the fluxes.

Surface fluxes
i Hso(i) Parameterization

1 ↓ shortwave radiation
2 ↓ longwave radiation
3 ↓ sensible heat flux
4 ↓ latent heat flux
5 ↑ subsurface heat flux

(1 2 x)(1 2 rso)(1 2 ra)Ro

sB(n1T 2 T )/(1/«a 1 1/«s 2 1)4 4
2 so

2ho(Tso 2 Tao)
2hoLfgo (qso 2 qao)

2ko(Tso 2 Tdo)

Atmospheric fluxes

i Hao(i) Parameterization

1 shortwave radiation
2 longwave radiation
3 sensible heat flux
4 latent heat flux

x(1 2 ra)R
sB[gT 2 (n1 1 n2)T ]4 4

so 2

[b2(Tso 2 T2) 1 c2]/DDO/CDB

w{e2[Hso(3)↑] 1 f2} 2 L(a4Ã 1 a44), for |f | , 708N (S)
w{e2[Hso(3)]↑ 1 f2} 1 g(N 2 N), for |f | . 708N (S)

FIG. 10. Africa desertification experiment: control case (left) and perturbed case (right). The legend colors are the same as in Fig. 2.

the wind speed at the anemometer level is a prescribed
variable.

e. Initial conditions

The coupled model has 108 lat resolution and employs
a latitudinal centered finite-differencing scheme. The
strategy for obtaining the solutions of the coupled model
is different to that used in the original SDM. In the
latter, the initial condition was an isothermal atmosphere
(270 K) at rest. An explicit time integration was used
with a time step of 30 min. The model was integrated
for six months forced by mean annual conditions in
order to obtain stationary solutions. Thus, the energy
fluxes were computed considering the entire latitude
belt. In the present coupled model, these fluxes are cal-
culated separately for the land and the remaining part
of the latitude belt (sections 3a–c). Since the values of

the temperature at 500 hPa and the wind speed are nec-
essary to run the coupled model (and they cannot be
zero even in the initial conditions), we use as initial
condition the mean annual zonally averaged simulation
obtained with the original SDM. Then, the coupled mod-
el is run forced by the mean annual conditions in order
to obtain the energy fluxes for both the land fraction
and the remaining part of the latitude belt. The weighted
mean of the energy fluxes for the entire latitude belt are
computed using as weight the portions of land and
ocean–ice–snow (section 3d).

Thus, the coupled model contains a more detailed
treatment of the biosphere processes than in the case of
the original SDM and provides the values of the energy
fluxes both in the continental region covered by vege-
tation and in the entire latitude belt. As mentioned in
section 3d, in the coupled model the vegetation is an
interactive element of climate since the vertical fluxes
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FIG. 11. Changes in the surface net radiation (perturbed minus
control case) in the continental portion of the latitude belt for the
desertification experiment.

FIG. 13. Changes in the latent heat flux (a) and sensible heat flux
(b) from surface to atmosphere (perturbed minus control case) in the
continental portion of the latitude belt for the desertification exper-
iment.

FIG. 14. Changes in the evapotranspiration (a) and precipitation
(b) (perturbed minus control case) in the continental portion of the
latitude belt for the desertification experiment.

FIG. 12. Changes in the specific humidity at the surface (perturbed
minus control case) in the continental portion of the latitude belt for
the desertification experiment.

in the biosphere model depend on the values of wind
and temperature from the atmospheric model, and the
diabatic heating in the atmospheric model, in turn, de-
pends on the vertical fluxes from the biosphere.

4. Results

This section is divided in two parts: in the first part
the simulations of the mean annual zonally averaged
climate and the surface fluxes in the geobotanic zones
are presented; in the latter part, numerical experiments
on land surface modifications like deforestation and de-
sertification are discussed.

a. Simulation of the mean annual zonally averaged
climate

The coupled biosphere-SDM is run in order to sim-
ulate the mean annual zonally averaged characteristics
and the surface fluxes in the geobotanic zones.

Figures 3a–h show the model simulations of the mean
annual zonally averaged surface temperature, temper-
ature at the level of 500 hPa, zonal winds at 250 and
750 hPa, vertical velocity v, specific humidity at sur-
face, and precipitation, respectively. The observed data
are from Oort (1983) (Figs. 3a–f) and from Budyko
(1978) (Fig. 3g).

It can be seen in Figs. 3a–b that the surface and 500-
hPa temperatures are well simulated. The larger differ-
ences between the simulation and the observations occur
only near poles. In general, the temperature deviations
from the observations are in the same direction, so the
temperature gradient (surface–500 hPa) is well simu-
lated.

Figures 3c,d show that the general form of the lati-
tudinal variation of the mean annual zonally averaged
zonal wind at 250 and 750 hPa, respectively, are well
simulated, although the simulation is better for the case
of the 250-hPa zonal wind. This was also noted in other
model simulations, like in Ohring and Adler (1978),
Gutman et al. (1984), Franchito and Rao (1992), and
many others. As can be seen in Figs. 3c,d, the positions
of the maxima are well simulated and the model values
in the tropical region are close to the observed data.
The magnitude of the model maxima in the Northern
Hemisphere are in agreement with the observations,
while in the Southern Hemisphere they are underesti-
mated.

The simulation of the vertical velocity at 500 hPa is
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FIG. 15. Changes in the surface temperature (perturbed minus con-
trol case) in the continental portion of the latitude belt for the de-
sertification experiment.

TABLE 6. Changes in the air surface temperature, precipitation, and evapotranspiration for deforestation experiments: results of GCM
studies and of the present model. The biosphere scheme used in these models is indicated.

GCMs studies Biosphere scheme DTa (K) DP (cm yr21) DE (cm yr21)

Henderson-Sellers and Gornitz (1984) 0.0 221.9 215 to 218
Dickinson and Henderson-Sellers (1988) BATS 11 to 13 0.0 220.0
Nobre et al. (1991) SiB 12.0 264.0 250.0
Manzi (1993) ISBA 11.3 21.5 211.3
Lean and Rowntree (1993) 12.1 229.6 220.0
Sud et al. (1996) SiB 10.7 26.1 28.8
Present model Based on BATS 11.2 217.9 218.9

shown in Fig. 3e. The three cells of the mean meridional
circulation can be seen: the ascending motion region in
low latitudes, the subsidence zone from 158 to 458N (S),
the convergence zone in temperate latitudes, and a re-
gion of subsidence near poles.

The latitudinal variation of the surface specific hu-
midity is well simulated by the model, as can be seen
in Fig. 3f. Figure 3g shows the latitudinal variation of
the precipitation. As can be noted, the simulated values
are in good agreement with the observations. The max-
imum at equator and the values in the tropical region
are well simulated by the model. The secondary maxima
are also well reproduced by the model.

In general, these results are similar to those obtained
from the original SDM (Franchito and Rao 1992). How-
ever, there is a good improvement in the simulations of
the zonal wind at 250 hPa and of the precipitation. The
parameterization of precipitation in the model is similar
to that proposed by Gutman et al. (1984): for the lati-
tudes near poles the precipitation depends upon the
evaporation and a correction that depends on the dif-
ference between the cloudiness amount in a latitude belt
and the hemispheric mean; for the other latidude belts
the precipitation depends on the evaporation and the
vertical velocity (and consequently on the water vapor
flux convergence). Since the values of the vertical ve-
locity are similar to those from Franchito and Rao
(1992), the improvement in the precipitation is due
mainly to evaporation. Thus, when a biosphere model
is coupled to the SDM, the treatment of the heat fluxes
is more realistic, and consequently there is an improve-
ment in the model results.

Figure 3h shows the simulated mean annual values
of the surface net radiation, and the sensible and latent

heat fluxes for the continental portion of the latitude
belts. In these fluxes the effect of all types of vegetation
that exist in the latitude belt is considered. Since the
mean annual value of the subsurface heat flux is zero,
the available radiation is partitioned into sensible and
latent heat fluxes. As can be seen in Fig. 3h, this energy
partition occurs in most part in the form of latent heat
flux. Also, the net radiation and the latent heat flux
increase rapidly toward the equator (in the direction of
greater vegetation cover), while the sensible heat flux
variation is smaller.

The simulation of the mean annual zonally averaged
climate is taken as the control experiment in the next
section.

b. Numerical experiments on land surface
modifications

The coupled biosphere-SDM is run to study the cli-
matic impact due to two cases of land surface modifi-
cations: deforestation and desertification, as described
below.

1) DEFORESTATION CASE

In this experiment the climatic effects of the Ama-
zonian deforestation are simulated, where the evergreen
broadleaf tree is replaced by short grass in South Amer-
ica from 108S to 108N, as shown in Fig. 4. So, all the
characteristic parameters of the tropical forest are re-
placed by those from short grass conditions according
to BATS. The values of the variables used in the con-
tinental 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 with
short grass.

The results are given by the differences between the
perturbed and control cases. The changes in the surface
net radiation; surface, foliage, and foliage air layer tem-
peratures; specific humidity in the foliage air layer; la-
tent heat flux; sensible heat flux; evapotranspiration; and
precipitation, considering the continental areas of the
latitude belts, are shown in Figs. 5–9, respectively. It
can be seen that the greatest changes occur in the per-
turbed region. This agrees with previous studies, like



1762 VOLUME 11J O U R N A L O F C L I M A T E

TABLE 7. Surface energy budget: comparisons between results of a SiB scheme (GCM) and the present model.

Model Scheme Run
R

(W m22)
Ln

(W m22)
Hb(3)

(W m22)
Hb(4)

(W m22)
Tsg

(K)

GCM (Nobre et al. 1991)
Present SDM
GCM (Nobre et al. 1991)
Present SDM

SiB
Based on BATS
SiB
Based on BATS

Control
Control
Deforestation
Deforestation

172
157.5
146
149.8

32
56.8
40
59.6

44
37.0
56
44.5

128
120.5
90

105.3

296.6
295.1
299.2
297.1

FIG. 16. Experiment considering the degradation of the vegetation in African continent from 08–208N, including the modification in the
tropical forest: control case (left) and perturbed case (right). The legend colors are the same as in Fig. 2.

Potter et al. (1975), Gutman (1984), and Franchito and
Rao (1992). However, differently from Franchito and
Rao (1992), the perturbation in the land state surface
has a greater effect in the Southern Hemisphere, which
contains most of the Amazonian forest. This result is a
consequence of the detailed parameterization of the bio-
sphere, which permits us to consider separately each
type of vegetation in a latitude belt. This is an improve-
ment of the SDM, because in the original version of the
model the perturbation was imposed in the entire lati-
tude belt.

The analysis of Figs. 5–9 shows that the surface net
radiation decreases (7.7 W m22 at 58S) due to the greater
land surface albedo and consequent reduction of the
absorbed radiation flux in the deforested case compared
to the control case. The surface temperature is warmer
(2.0 K at 58S) in the deforestation relative to the control
experiment. This warming occurs in the foliage air layer,
so that there is an increase in the foliage temperature
(1.3 K at 58S) and in the foliage air layer temperature
(1.2 K at 58S). At the foliage air layer, the specific
humidity decreases (0.5 g Kg21 at 58S) in the deforested
case compared to the control case. Since the specific
humidity decreases and the temperature increases in the
foliage air layer, there is a decrease in the relative hu-
midity (7.6%). Consequently, the latent heat flux from
surface is lower (15.2 W m22 at 58S) in the deforestation
case relative to the control experiment. As the foliage

air layer temperature is higher, there is an increase in
the sensible heat flux from surface to the atmosphere
(7.5 W m22 at 58S), which partially compensates the
decrease in the latent heat flux in the deforested case
compared to the control case. Also, the evapotranspi-
ration decreases in the perturbed region (18.9 cm yr21

at 58S), consistent with the warming that extends from
surface to the foliage air layer. Consequently, there is
a decrease in the precipitation (17.9 cm yr21 at 58S) in
the deforested case relative to the control experiment.

These results are in agreement with those obtained
from GCMs (e.g., Sud et al. 1996; Lean and Rowntree
1993; Nobre et al. 1991) and some observations (Ghu-
man and Lal 1987; Lawson et al. 1981) for tropical
forest.

Tables 6–7 show some results of the present model
regarding the changes in the continental portion of the
latitude belt centered at 58S, and those obtained from
GCMs using different schemes for the treatment of the
biosphere. As can be seen, in general, the changes in
the present model occur in the same direction as those
from the GCMs. The differences in the magnitude of
the changes may be attributed to the differences between
the present coupled model and the GCMs such as the
resolution, the treatment of radiative processes and
clouds, planetary boundary layer modeling and coupling
of the surface to the atmosphere, treatment of snow and
ice, etc. Also, it must be noted that the present model
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FIG. 17. Changes in the surface net radiation (a), surface temperature (b), latent heat flux (c), sensible heat flux (d), evapotranspiration
(e), and precipitation (f ) (perturbed minus control) in the continental portion of the latitude belt for the experiment of degradation of vegetation
including the modification of tropical forest in the African continent from 08 to 208N.

is a zonally averaged model and the results shown refer
to the changes in the continental area of the latitude belt
and not to a smaller regional area as in the case of
GCMs. Therefore, we can expect differences in the mag-
nitude of the changes compared to those from GCMs.
However, the climate response to altered surface con-
ditions is consistent with that obtained from GCM sim-
ulations, showing that the present model is a good com-
plement to GCMs.

The model results concerning the deforestation ex-
periment are also consistent with those obtained from
other SDMs, which used parameterization of the bio-
feedback mechanisms much simpler than BATS (Fran-
chito and Rao 1992; Gutman 1984). However, in the
earlier studies the perturbation was imposed in the entire
land fraction of the latitude belt, whereas in the present
model we can study the effects of a land surface mod-
ification in a determined region of a latitude belt, such
as the Amazonian forest. This advantage in comparison
with the other SDM studies is due to the use of a detailed
parameterization of the biosphere (based on BATS), as
mentioned earlier.

2) DESERTIFICATION CASE

In this experiment the climatic impact of an anthro-
pogenic degradation of the vegetation situated south-

ward of the Sahara desert is simulated. The land surface
modification consists in the substitution of semidesert
by desert, and tall grass and deciduous shrubs by desert
and semidesert, respectively, in the African continent
from 08 to 208N (Fig. 10). The characteristic parameters
of these vegetation types in a latitude belt are obtained
analogously to the deforestation case.

As can be seen in Figs. 11–15, the changes are qual-
itatively similar to those from the deforestation case.
There is a reduction in the net surface radiation (8.3 W
m22), specific humidity in the foliage air layer (1.6 g
Kg21), latent heat flux (12.9 W m22), evapotranspiration
(16.0 cm yr21), precipitation (14.2 cm yr21), and an
increase in the sensible heat flux (4.6 W m22) and in
the surface temperature (1.1 K) in the perturbed region.
The values in parentheses refer to the continental portion
of the latitude belt centered at 158N. Comparisons with
other desertification experiments carried out with GCMs
(Table 8) show that the the changes occur in the same
direction. This indicates again the usefulness of the pres-
ent coupled model as a complementary tool for GCMs
in climatic change studies related to land surface mod-
ifications.

In general, the changes are greater in the latitude belt
centered at 158N, where the amount of tall grass and
deciduous shrubs, which are substituted by semidesert,



1764 VOLUME 11J O U R N A L O F C L I M A T E

TABLE 8. Changes in the ground temperature, air surface temperature, precipitation, and evapotranspiration for desertifications
experiments: results of GCM studies and of the present model.

GCMs studies DTsg (K) DTa (K) DP (mm day21) DE (mm day21)

Charney et al. (1977)
Laval and Picon (1986)
Xue and Shukla (1993)
Dirmeyer and Shukla (1996)
Present model

10.3 to 11.2
11.1

10.5

10.7

21.58
20.75
21.50

20.3 to 21.5
20.39

20.50
20.70

20.44

is greater. Another numerical experiment, where the
tropical forest was also degraded (the evergreen broad-
leaf trees were substituted by short grass) was carried
out with the coupled SDM (Fig. 16). The results (Fig.
17) showed that the changes were greater than those of
the previous experiment, and the greatest changes oc-
curred in the latitude belt centered at 58N. This suggests
that the modification of the tropical forest has an im-
portant role in the case of the degradation of vegetation
southward from the Sahara desert, in the African con-
tinent, although the amount of evergreen broadleaf trees
is almost the same as that of tall grass and deciduous
shrubs in the latititude belt centered at 58N.

5. Summary and conclusions

This paper investigates the feasibility of using a SDM
for studies of climatic change due to land surface mod-
ifications. A biosphere model scheme based on BATS
is coupled to a primitive equation global SDM for study-
ing the climatic impact due to a deforestation and a
desertification situation. To couple the models, the par-
ameterizations of the biosphere scheme are used in the
continental portion of a latitude belt. For this purpose,
the fraction of the earth’s surface covered by each type
of vegetation according to BATS for each latitude belt
is obtained. Regarding the fraction of the earth’s surface
covered by ocean, ice, and snow in a latitude belt, new
parameterizations similar to those from the biosphere
model are developed.

In the control experiment, the coupled biosphere-
SDM simulates well the mean annual zonally averaged
climate characteristics when compared with the obser-
vations. In the deforestation case, the climatic impact
due to the Amazonian deforestation, where the ever-
green broadleaf trees are substituted by short grass in
South America from 108S to 108N, is studied. In the
deforested case compared to the control case the changes
in the continental portion of the latitude belt show a
decrease in the surface net radiation, the specific hu-
midity in the foliage air layer, the latent heat flux, evapo-
transpiration and precipitation, and an increase in the
sensible heat flux, which compensates partially the re-
duction in the latent heat flux in the perturbed region.
The changes are greater in the latitude belt centered at
58S, where most of the Amazonian forest is concen-
trated. Also, there is an increase in the surface temper-

ature, and in the foliage and foliage air layer temper-
atures. This indicates that the effect of the reduction in
the evapotranspiration is greater than that from the in-
crease of the surface albedo when the tropical forest is
substituted by short grass. This indeed is the principal
physical mechanism responsible for surface air temper-
ature rise in GCMs.

In the desertification case, the climatic impact due to
the anthropogenic degradation of the vegetation situated
southward from the Sahara desert is studied. The deg-
radation of the vegetation is considered by the substi-
tution of semidesert, and tall grass and deciduous shrubs
by desert and semidesert, respectively, in the African
continent from 08 to 208N. The changes in the temper-
atures and in the energy fluxes are qualitatively similar
to those obtained from the deforestation experiment.
The greatest changes occur in the latitude belt centered
at 158N. Another experiment considering the African
tropical forest degradation (where the evergreen broad-
leaf trees were substituted by short grass) was made.
The results showed that the changes were greater than
those of the previous experiment and occurred in the
latitude belt centered at 58N, suggesting that the mod-
ification in the tropical forest has a major role in the
degradation of the vegetation southward from the Sahara
desert, in the African continent from 08 to 208N. This
hypothesis must be confirmed through other model sim-
ulations, like those carried out with GCMs.

Finally, the results show that the present coupled
model formulation is valuable for estimating climate
response to land surface alterations and give credible
predictions consistent with more complex and expensive
GCM experiments.
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APPENDIX

List of Symbols

a3 —Constant that has different values for
water and ice

a4 —0.1 E25 (0.17 E25) m Pa21 for the
Northern Hemisphere (Southern Hemi-
sphere)
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a44 —0.0 (20.2 E28) m s21 for the North-
ern (Southern) Hemisphere

b2 —Prescribed constant independent of
latitude

b3 —Constant that has different values for
water and ice

c2 —Prescribed constant independent of
latitude

cp —Specific heat capacity
CD —Drag coefficient over the land frac-

tion of latitude
CDB —Drag coefficient over bare land
CDL —Drag coefficient over land
CDV —Drag coefficient over vegetation
CDO —Drag coefficent over the fraction of

earth’s surface covered by ocean, ice,
and snow

e2 —Prescibed constant independent of
latitude

E —Evapotranspiration
Eb —Water vapor flux to the atmosphere
Ebo —Water vapor flux to the atmosphere

in the fraction of latitude belt covered
by ocean, ice, and snow

Ef —Water vapor flux from foliage to the
foliage air layer

WETE f —Evaporation of water on wet foliage
Eg —Water vapor flux from ground
Eao —Water vapor flux from surface in the

fraction of latitude belt covered by
ocean, ice, and snow

fg —Soil water availability
fgo —Water availability in the fraction of

latitude belt covered by ocean, ice, and
snow

f 2 —Prescribed constant independent of
latitude

g —238.9 (212) W m22 for the Northern
(Southern) Hemisphere

h —Heat transfer coefficient between
the ground surface and the foliage air
layer

ho —Heat transfer coefficient between
the surface and the air above it in the
fraction of latitude belt covered by
ocean, ice, and snow

H ao(i), i 5 1, 4 —Atmospheric heat fluxes in the frac-
tion of latitude belt covered by ocean,
ice, and snow: shortwave and long-
wave radiation, sensible and latent
heat fluxes

Hav(i )), i 5 1, 4 —Atmospheric heat fluxes in the the
land fraction of latitude belt: shortwave
and longwave radiation, sensible and
latent heat fluxes

Hb(i), i 5 1, 5 —Surface heat fluxes at the top of the
foliage air layer: shortwave and long-
wave radiation, sensible and latent heat
fluxes, and subsurface heat flux

Hf —Sensible heat flux from foliage
Hsg(i), i 5 1, 5 —Surface heat fluxes at the interface

between soil surface and the air above
it in the biosphere model: shortwave
and longwave radiation, sensible and
latent heat fluxes, and subsurface heat
flux

H so(i), i 5 1, 5 —Surface heat fluxes at the interface
between surface and the air above it in
the fraction of latitude belt covered by
ocean, ice, and snow: shortwave and
longwave radiation, sensible and latent
heat fluxes, and subsurface heat flux

H sv(i), i 5 1, 5 —Energy heat fluxes at surface in the
land fraction of latitude belt: shortwave
and longwave radiation, sensible and
latent heat fluxes, and subsurface heat
flux

k —Factor proportional to the conduc-
tive heat capacity for the biosphere
model

ko —Factor proportional to the conduc-
tive heat capacity for the fraction of
latitude belt covered by ocean, ice, and
snow

Kvk —Von Kármán constant
L —Vaporization latent heat
Lai —Leaf area index
Ld —Fractional area of leaves free to tran-

spire
Ln —Net longwave radiation
Lsai —Leaf-steam area index
Lw —Fractional area of leaves covered by

water
Ml —Soil melting factor
N —Cloudiness amount in a latitude belt
N —Cloudiness amount hemispheric

mean
P —Precipitation
qaf —Water vapor mixing ratio in the fo-

liage air layer
qafs —Saturated water vapor mixing ratio

at the temperature Taf, in the foliage air
layer

qao —Water vapor mixing ratio in the air
surface layer, in the ocean, ice, and
snow fractions of latitude belt

qaos —Saturated water vapor mixing ratio
at the temperature Tao, in the air surface
layer, in the ocean, ice, and snow frac-
tions of latitude belt

qfs —Saturated water vapor mixing ratio
at the temperature Tf, in the foliage
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qgs —Saturated water vapor mixing ratio
at the temperature Tsg, at the interface
between soil surface and the air above
it

ra —Albedo of the atmosphere
rf —Albedo of the foliage
rfIR —Longwave albedo of the foliage
rla —Resistence to the heat or moisture

transfer through the laminar boundary
layer at the foliage surface

rs —Albedo of the earth’s surface
rsIR —Longwave albedo of the earth’s sur-

face
rsmin —Minimum stomatal resistence
rso —Weighted mean of the albedo of the

ocean, ice, and snow in the fraction of
the earth’s surface covered by these
types of surface

rstom —Stomatal resistance
r0 —A factor in Eq. (6) that depends on

, Lw, Ld, rla, and rstom
WETE f

R —Surface net radiation
Rl —Factor dependent of solar radiation
Rn —Foliage net radiation
Ro —Solar radiation incident at the top of

the atmosphere
Sai —Steam area index
Sl —Factor dependent on Tf

Ta —Air surface temperature
Taf —Foliage air layer temperature
Tao —Air surface temperature in the

ocean–ice–snow fraction of latitude
belt

Tdo —Subsurface temperature in the
ocean–ice–snow fraction of latitude
belt

Tf —Foliage temperature
Tag —Surface temperature in the biosphere

model
Tao —Surface temperature in the ocean–

ice–snow fraction of latitude belt
T2 —Temperature at 500 hPa
u1 —Zonally averaged zonal wind at 250

hPa
u 3 —Zonally averaged zonal wind at 750

hPa
Uaf —Wind speed in the foliage air layer
Va —Wind speed at the anemometer level
Y —Adjustable factor for the relative hu-

midity
zoL —Roughness parameter of land
zov —Roughness parameter of vegetation
zl —Anemometer level
w —Relative humidity
Wdew —Total of rainfall intercepted by the

canopy
Wdmax —Capacity the canopy to intercept

rainwater

x —Opacity of the atmosphere to solar
radiation

«a —Thermal emissivity of the earth’s
surface

«f —Thermal emissivity of the foliage
«a —Thermal emissivity of the atmo-

sphere
f —Latitude
g —Longwave radiation absorbtivity of

the atmosphere
n1, n2 —Factors for downward and upward

effective blackbody longwave radia-
tion

ra —Air density at surface
sB —Stefan–Boltzman constant
sf —Fractional area of the vegetation

cover
v —Zonally averaged vertical velocity at

500 hPa
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