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ABSTRACT

A 2-D zonally averaged, time-dependent climate 'model has been developed to study the biogeophysical
feedback for the climate of Africa. A numerical scheme has been specifically designed for the model to ensure
the conservation of mass, momentum, energy, and water vapor. A control experiment has been carried out in
which the solar zenith angle was varied from 15 June to 30 July. The simulated results are presented using
averages over the last 30 days. The simulated temperature, humidity, and winds for July mean conditions
compare reasonably well with zonally averaged, observed values.

A vegetation layer has been incorporated in the present 2-D climate model. Using the coupled climate-
vegetation model, we performed two tests involving the removal and expansion of the Sahara Desert. Results
show that variations in the surface conditions produce a significant feedback to the climate system. The feedback
from the land surface to the atmosphere affects not only precipitation and cloud cover, but also temperature,
radiation budgets, and wind fields. The simulation responses to the temperature and zonal wind in the case of
an expanded desert agree with the climatological data for African dry years.

Perturbed simulations have also been performed by changing the albedo only, without allowing the variation
in the vegetation layer. In this case, the model is unable to reproduce the observed temperature, humidity, and
wind fields over the African continent for both dry and wet years. We show that the variation in latent heat
release is significant and is related to changes in the vegetation cover in a number of ways. As the desert is
expanded, the decrease in latent heat is much larger than the increase in sensible heat generated by the hot
surface. The specific humidity in the atmosphere decreases due to less evaporation from the ground and a
reduction in the horizontal convergence of water vapor transport. As a result, precipitation and cloud cover are
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reduced.

1. Introduction

During the 1970s and 1980s, drought and famine
extended throughout the Sahel region at the edge of
the Sahara. It has been suggested that desertification
through overgrazing or excessive cultivation of mar-
ginal land played an important role in the African
drought. To study how such disasters are created, sig-
nificant research has been undertaken to investigate
the feedback of tropical desertification on regional and
global climate.
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Maryland, College Park, MD 20742.

** The National Center for Atmospheric Research is sponsored -

by the National Science Foundation.

Corresponding author address: Professor Kuo-Nan Liou, Depart-
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Deserts can be produced by the following factors: 1)
the separation of the region from an oceanic moisture
source by distance or topography, as in the Mongolian
Gobi Desert; 2) an association with. descending
branches of the tropical Hadley circulation, as in most
subtropical deserts; and 3 ) denudation caused by over-
grazing, With respect to factor 3), there appears to be
no scientific consensus at this time regarding the
mechanisms and responses of the climate system that
trigger desertification.

In his pioneering study, Charney (1975) proposed
a biogeophysical feedback mechanism for the creation
and perpetuation of deserts and droughts. He studied
the feedback relationship between sinking motion and
the albedo effect usihg a 2-D model. He indicated that
desert areas reflect more solar radiation to space and
form a radiative heat sink. Because the surface stores
little heat, the air loses heat, descends, and compresses
adiabatically. This sinking motion suppresses rainfall
in desert areas. Furthermore, Charney et al. (1975)
used a general circulation model (GCM) to investigate
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the importance of the effects of surface albedo on pre-
cipitation in the Sahara Desert regions during summer.
They showed that the precipitation in the high-albedo
experiment was substantially smaller than that in the
low-albedo experiment. Similar sensitivity tests were
also performed by Potter et al. (1975) and Elsaesser et
al. (1976) using a 2-D zonally averaged model. Their
results were similar in that precipitation was lower in
the high-albedo zone.

. The surface temperature is warmer in the desert than
over the vegetated surface. In Charney’s experiments,
however, the temperature actually decreased after the
albedo was increased. Ripley (1976) pointed out that
Charney et al. (1975) ignored evapotranspiration due
to vegetation. Less evaporation would lead to higher
surface temperatures over the" desert areas. Later,
Charney et al. (1977) included a simple parameteriza-
" tion of the evaporation rate in a GCM to study the
albedo feedback. The soil moisture was kept constant
in the experiment. The results revealed that changes
in the evaporation rate are as important as changes in
the albedo. Although the rainfall still decreased with
increased albedo, the effects of the albedo change were
found to be more complicated than originally postu-
lated by Charney (1975).

Because the soil moisture content affects atmospheric
conditions by influencing not only the albedo of bare
soil, but also the evaporation and hence the energy
balance at the surface, there is an increasing awareness
of the role that surface hydrology may play in the evo-
lution of climate. Walker and Rowntree (1977) inves-
tigated the effects of soil moisture on precipitation pat-
terns. The albedo was fixed in the experiments. Their
results show that rainfall is strongly influenced by the
dryness of the underlying surface. Below 500 mb, tem-
peratures in dry soil cases were higher than in wet soil
cases. This differs from the experiments with albedo
change only, in which the atmosphere is cooled by al-
bedo increases. '

Sud and Fennessy (1982) used a simple soil moisture
equation in a GCM to study the influence of surface
albedo on the July circulation in semiarid regions and
the energy balance at the ground. Shukla and Mintz
(1982) performed model experiments involving the
introduction of wet and dry soil in the initial soil mois-
ture content. They found that the soil moisture con-
dition noticeably affected large-scale synoptic patterns.
In view of the above, it is necessary to combine the

roles of increased surface albedo and reduced soil

moisture simultaneously in order to study the inter-
actions and feedbacks of surface processes to the ther-
modynamic behavior of the atmosphere.

Hansen et al. (1983) incorporated a two-layer soil
moisture model in a GCM. This soil moisture model
was later used by Rind (1982, 1984) to study the in-
fluence of surface characteristics on the hydrological
cycle. Laval and Picon (1986) studied the effects of
changes in the Sahel surface albedo. In their experi-
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ments, both albedo and soil moisture were allowed to
change. The results suggested that variations in albedo
can induce changes in the zonal circulation, but they
did not include vegetation effects in the model and
sensitivity experiments. In a GCM simulation, Sud et
al. (1988) found that reduced surface roughness does
not produce significant changes in either the surface
evaporation or sensible heat; however, it reduces the
surface stress and produces variations in the conver-
gence of horizontal water vapor transport.

Although the effects of albedo and soil moisture on
precipitation, mean meridional circulation, and sea
level pressure have been widely investigated, there are
significant variations in the simulation results. As an
example, there are different numerical results regarding
the impact of surface desertification on temperature
changes. These results indicate the need to evaluate
carefully the manner in which the surface condition is
incorporated in climate models. A more realistic mod-
eling of land evapotranspiration is needed.

Dickinson et al. (1981), Dickinson (1984), and
Dickinson et al. .(1986) coupled a vegetation canopy
model with a two-layer moisture model. A compre-
hensive boundary layer package that is termed the °
Biosphere—~Atmosphere Transfer Scheme (BATS) has
been developed for incorporation in the NCAR GCM.
It contains parameterizations of heat and moisture
transport in the vegetation canopy, surface, and rooting
zone soil layer. Using this model, the effect of defor-
estation in the Amazon Basin was studied by Dickinson
and Henderson-Sellers (1988). The deforestation ex-
periment shows that surface pressure decreases, tem-
perature increases, vertical ascent is weakened, and, at
the same time, seasonal mean precipitation changes
insignificantly. More recently, a biosphere model has
been developed by Sellers et al. (1986) to calculate the
transfer of energy, mass, and momentum between the
atmosphere and the vegetated surface.

To study the interactions between the surface and -
atmospheric processes, not only is a suitable atmo-
spheric model required, but also an adequate boundary
layer, as has been-discussed previously. A proper eval-
uation of the surface feedback to climate can be made
only when all comparable components of the energy
balance are considered, including- albedo and soil
moisture variations. The objective of this paper is to
investigate the biogeophysical feedback on the African
climate using a combined atmospheric and surface hy-
drological model. Because the climate pattern in Africa
is fairly zonally symmetric, as reported by Flohn
(1972), we have developed a 2-D climate model in the
present study. The 2-D model has the advantage of
computational economy and, at the same time, many
atmospheric processes may be explicitly included in
the model. In connection with the 2-D climate model,
we have incorporated two soil layers and one vegetation
layer to evaluate the transport of sensible and latent
heat from the ground. Based on the scheme proposed
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by Dickinson et al. (1986), a vegetation model has
also been developed in this study. Using the present
comprehensive surface model, we investigate the phys-
ical feedback of the change in surface characteristics
to the cloud cover, precipitation, evaporation, circu-
lation, radiation budget, temperature, and other climate
factors in Africa.

In section 2, a brief description of the present model
and physical parameterizations is presented. In section
3 the designed experiments, data sources, and results
of the model simulations are described. Conclusions
are given in section 4.

2. The 2-D zonally averaged climate model
a. The model

The present 2-D model is a 19-layer, zonally aver-
aged climate model. The model uses a spherical co-
ordinate system horizontally and a pressure-coordinate
system vertically. The governing equations are the
conservation of mass, energy, water vapor, and two
components of momentum. These are:

ou  d(uvp)  d(uw) ory
= —fv=g—L+F, (I
a T ay w PTG, ()
v d(vvp) Id(vw) . 01y _ a9z
Fri 3 + e +fu—gap+Fv g 00"
(2)
?l“_}_ a(Tvu) + (Tw) _ RTw
at ay ap Cpp
Qo+ 0, orr
== +eg—"+F, (3
c, gap > (3)
dg , d(gvn) , d(qw) Q, 9,
Sy s X e B (4
ot ay op rteg, T
d(vp)  Ow
—Z 4+ ==0
o Py (5)
0z RT
= +===0, 6
w D (6)

where ¢ is the time, T the temperature, # and v the
wind velocity components in A and ¢ directions, re-
spectively, g the specific humidity; w the vertical ve-
locity in the pressure coordinate, i = cos¢, y = a sing,
a the radius of the earth, /' = f + u tan¢/a, f the
Coriolis parameter, g the gravitational constant, C, the
specific heat at constant pressure, L the latent heat of
condensation, and Q, and Q the radiation and con-
densation heating rates, respectively. Also, the vertical
eddy flux and horizontal diffusion terms have been de-
noted by 7, and F,, respectively, where the subscript
xcanbeu,v, T, orgq.

The boundary conditions at the top of the atmo-
sphere are that the vertical velocity and vertical fluxes
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vanish. To conserve mass and horizontal fluxes in the
y-direction for the 2-D model, the lateral boundary
conditions are v = 0, and dx/dy = 0, where x may be
uu, uv, T, or w. These boundary conditions imply that
w = 0 and the surface pressure p, is constant at the
lateral boundary. The horizontal diffusion components
F,, Fr, and F, are also set to zero.

The vertical eddy fluxes for momentum, tempera-
ture, and specific humidity may be parameterized in
the forms

r= =K (7)
r= —pK,,,Z—’Z’, (8)
T = —pKT( 13?0)”%(% - %) , (9)
Ty = —qug—Zq, (10)

where K, denotes the eddy viscosity, K, the eddy ther-
mal diffusion coefficient, K, the eddy water vapor dif-
fusion coeflicient, p the air density, R the gas constant
for air, v, the countergradient lapse rate (Deardorff
1972), 8 the potential temperature. Following Oliger
et al. (1970), we set K,, = K; = K7 = K in the model,
where K is a function of (86/9z — v.). The parame-
terization of the horizontal diffusion for momentum,
temperature, and humidity has been extensively in-
vestigated in the past. In the present study we follow
the methodology described by Holloway and Manabe
(1970) and Oliger et al. (1970) for the diffusion terms
in spherical coordinates.

. b. Parameterization of convection and precipitation

In the model, superadiabatic lapse rates may occur
and lead to instability. We apply convective adjustment
with an additional constraint that the heat content of
the adjacent two layers is conserved, i.e.,

2
> piTiAz; = const.

i=1

(11)

The convective adjustment routine examines a vertical
column of grid points, starting at the bottom of the
model and progressing successively toward the top of
the atmosphere. For a saturated layer, the excess water
vapor is rained out as precipitation and, at the same
time, latent heat is added to the layer. The process is
controlled by the constraint that
¢, _ %
dt dt

Because the saturation specific humidity g, varies ac-
cording to temperature, the adjusted value is given by

(12)
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g
= g, + == 5T.
q' = qs 4T
From Eq. (12), we may write C,6T = L(g — ¢’} where
g is the original specific humidity. Using Eq. (13) to
eliminate 67, we obtain
L dgs
)
/

(13)

L dg;
=gt === 14
1 (% C, dT G, dT) (14)
The precipitation in units of mass per area in the ith
model layer may then be computed from

P; = pi(q: — qi)Az,. (15)

The total precipitation is then the sum of all 1nd1v1dua1
layer precipitation.

¢, Parameterization of radiation and cloud processes

The radiation package developed by Liou and Ou
(1981, 1983) is used in the present model. To form
clouds in connection with radiation calculations, we
use the scheme proposed by Geleyn (1981). When the
predicted relative humidity 4 is greater than a pre-
scribed value, it is assumed that a water and/or ice
cloud may be formed. The cloud cover ¢ in this case
is computed from an empirical equation. If /4 is smaller
than or equal to the prescribed value /., however, no
cloud is allowed to form. Thus,

Oy

h<h,
where the empirical equation is given by
g(h) = {[h — h(a)]1/[1 — h(a)]}2  (17)

The critical relatlve humldlty h.1s a function of ¢ and
has the form

he=1~=20(1 — o)l +1.732(¢ — 0.05)],

where ¢ = p/ps, with p, the surface pressure.

In the present model, clouds are allowed to form in
all layers except the lowest layer. When fractional cloud
covers are computed, they are assumed to fill the entire
vertical layer. For radiative transfer calculations, we
perform a cloud compaction, according to the scheme
proposed by Liou et al. (1985), to obtain high, middle,
and low cloud types. These model clouds are defined,
- respectively, in the pressure ranges p < 600 mb, 600

< p < 800 mb, and p > 800 mb. The total cloud cover
is computed from a scheme that assumes random
- overlap.

(16)

(18)

d. Modeling of soil and vegetation layers

- The vegetation layer in the present model is repre-
sented by a single vertical grid point, which includes a
foliage temperature. Moreover, a two-layer soil model
is coupled with the vegetation canopy model. The fo-
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liage in the model is assumed to have zero heat capacity.
The exchanges of moisture and energy among the veg-
etation, soil, and air are calculated interactively. The
parameterization of the vegetation layer and notations
used in the present model basically follow those pro-
posed by Dickinson and his associates cited previously
and by Deardorff (1978); however, a number of mod-
ifications, refinements, and simplifications in connec-
tion with the present model were made.

The prediction equations for the total soil water
content in the rooting zone, S,,,, and the surface water
content, S;., may be derived, based on the conservation
principle for water, in the forms

AY

~a—;‘ﬂ=P(1 ~ o) — R+ TR — bE, — E; + D,

(19)
a‘S'tw
—a;—=P(l —a)— R, —R,— E,— E;+ D, (20)

where P denotes the precipitation, o, the vegetation
cover, R, the surface runoff, F,, transpiration, E, evap-
oration from the surface, and D, the excess water
dripping from leaves, which is computed from W,
= Wrmax, with Wy the water storage and Wy, a pre-
scribed maximum value. Also in these equations, R,
is the leakage down to the subsoil, b the fraction of
water that plants absorb at the upper soil layer, which
is the ratio of the roots in the upper layer to those in
the total column, and 7R the downgradient rate of
water transfer from the lower soil layer to the surface
layer. The complete hydrological cycle near the ground

'has been accounted for in these two equations.

The water storage on foliage per unit land surface
area is denoted by W} Its time rate of change may be
obtained from the following prediction equation:

ézf—dfP—Ef‘F E,,, (21)
ot : .
where E,denotes evaporation from the foliage.
Following Deardorff (1978), the “force-restore”
method has been used to calculate the ground tem-
perature Ty, and the subsurface temperature ng The
prediction equations may be expressed by

aTgl ’ h_\- Tgl - ng
= - 22
at C] pscsdl Cz Tl ] ( )
oTp  hy
—_— = ——_— s 2
ot psCsda (23)

where ¢, ¢;, and 7, are certain constants, d; the soil
depth influenced by a periodic heating rate, d, the ex-
ponential folding depth of the annual temperature
wave, p;Cs the specific heat of the subsurface layer per
unit mass, and 4, the forcing term, which may be ob-
tained from the surface heat budget. The detailed pa-
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rameterizations for the terms in the preceding equa-
tions can be found in Xue (1988).

The most important physical quantities through
which a vegetation layer affects the atmosphere are the
sensible and latent heat transport from the covered
surface. The vertical flux of water vapor from the can-
opy 7, and the heat flux to the atmosphere from the
vegetation layer 77, may be expressed by

qu:paCDrﬁ,a(qaf_ Qa), (24)
TTs = paCDl_ﬁIa(Taf_ T,), (25)

where Cp denotes the drag coefficient, p, the air density,

| 7|, the velocity, T, the air temperature, and ¢, the
air specific humidity, all at the surface. To obtain 74
and 74, from Eqgs. (24) and (25), T,, 4., and the tem-
perature T,rand specific humidity g, for air within the
canopy must be known.

It is assumed that the heat capacity of air within the
canopy is negligible. Thus, the heat flux from the foliage
and ground must be balanced by the heat flux to the
atmosphere. The value of T,/ can be calculated through
this relationship and is related to the ground temper-
ature Ty, in Egs. (22) and (23). Also, we assume that
the canopy air does not store water vapor. Hence, g,
can be calculated in a similar manner and is related to
the rooting zone, S,., surface water content, S;,, and
water stored on foliage, W, defined in Eqgs. (19)-(21).
The detailed components associated with the surface
energy budget are illustrated in Fig. 1.

The drag coefficient Cjp, is allowed to vary with at-
mospheric conditions, as well as the roughness length
at the surface. It is taken from Dickinson et al. (1986)
in the form

vl
L :r‘ls Tis °
N o~
\
K % K N
LEg LE¢ oo T¢ He  Hq (l-op)o T,
4 [
opli-ag)Fg o4 Fir
{
(1-gg)1-a)Fy (l-of)FI‘R
N T
vegetation f 1
] l Ugt
oo Tf oo Tg)

ground T

FI1G. 1. Schematic diagram denoting the components of the surface
energy balance for the vegetation layer and the ground. Here, F' is
the solar flux, Fig the IR flux, H, and H; the heat fluxes from the
ground and foliage, respectively, « the surface albedo, o the vegetation
albedo, ¢ the Stefan-Boltzmann constant, L the latent heat, o the
vegetation cover, Ty, T, and T, the temperatures of the foliage, at
the surface soil, and subsurface, respectively, u, the wind velocity
within the foliage layer, 7, the vertical flux of water vapor from the
canopy, and 7y, the heat flux to the atmosphere from the vegetation
layer.
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TABLE 1. Sea surface temperatures (K) are computed from the
GFDL Atmospheric Circulation Tape Library (Oort 1983).

45°S 40°S 40°N 45°N
June 28221 285.82 291.84 289.90
July 279.42 284.03 295.35 292.73

_ [CD,,[I +24.5(=CpnRiz)"®, Riz<0 26)

P Con/(1 + 11.5R ),
where R,z is the surface bulk Richardson number, and

the drag coefficient under the neutral condition Cp,
may be derived from mixing length theory and has the

form
2
o]
2o
where the von Karman constant k£ = 0.4, z, is the
roughness length, and z; is the height of the surface

layer and is specified as 10 m over water and 30 m
over land (Hansen et al. 1983).

(27)

e. Numerics

The meridional grid extends from 45°S to 45°N and
uses a 5°-latitude staggered grid on which the temper-
ature, specific humidity, and horizontal velocity are
calculated. The vertical velocity is calculated at mid-
points. A vertical pressure coordinate system is used,
in which the atmosphere is divided into 19 layers ex-
tending to 100 mb. The temperature, specific humidity,
and horizontal velocity are calculated at every 50 mb,
and the vertical velocity is calculated at midlevels. The
time step used is 15 minutes. Solar radiation is cal-
culated once per hour, however, and infrared radiation
is calculated once every four hours. We have also used
a 2.5°-latitude grid in the numerical calculations and
found that the simulation results for model variables
do not deviate significantly from those computed from
a 5°-latitude grid. To economize the numerical cal-
culations, we have used the latter grid system in climate
experiments.

The space differencing for the governing equations
employed in the present model is a second-order ex-
plicit finite-difference scheme. This numerical method
is based on the energy conserving difference scheme
described by Haltiner and Williams ( 1980); however,
improvements and refinements have been made in this
study. For time differencing in the governing equations,
the scheme proposed by Matsuno (1966) is used. For
the soil-vegetation layers, a simplified Adams-Bash-
forth scheme (Lambert 1972) is adopted. A detailed
presentation of the two-dimensional climate model,
including surface processes, can be found in Xue
(1988).
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3. Numerical results and discussions e a8 g 2
SO =0y
a. Design of the experiment and data source Z N
: ?n SO w OO
In our sensitivity study, we use data from the Geo- ¥ pé
physical Fluid Dynamics Laboratory (GFDL) Atmo- w| 938 | ’
spheric Circulation Tape Library (Oort 1983) for initial B2 3w
values. These data, including temperature, humidity,
and wind fields, are given for every 2.5° latitude and -
5° longitude, and are based on a ten-year mean (1963- g oo ,_"_, coo
73). The zonally averaged data for June are used as w828 8 N <
the initial values. Zonally averaged data were also used 2]l 833cZa
to obtain the July values over the African continent
for comparisons with the model results computed from
control runs. Sea surface temperatures are specified in zl 922888
the model according to the climatological values for 21 SE8E88 1| EI=nAT
the South Atlantic Ocean and the Mediterranean Sea AN EP=pS s DA D
from the GFDL data tape. They are allowed to change
from June to July. These values are shown in Table 1.
A thin vegetation layer is assumed between the low- oo Z _
est pressure level and the surface. Different vegetation g s 5 g coSocoo
types are used to characterize a variety of thermal, hy- N| cocvan
drological, and radiative properties of the surface. The )
types of vegetation and albedo in each latitude over
Africa are based on the data prepared by Matthews 4
(1985). There are 32 vegetation types in Matthews’ Y 288 8 g S
data, but only 18 were used in parameterizations by gl o SSSeda «f C9SeSS
Dickinson et al. (1986). To use their values in model =
simulations, the 32 vegetation types have been com- 2
bined and reduced to 18 types. From these 18 types, g coo o ,
vegetation parameters in each latitude from 45°S to 2 1888 F z 3
45°N over Africa may then be calculated. The values - alf T eeSe-a K| ooceooco
for the relevant vegetation parameters are listed in Ta- §
ble 2. In this table, o/ denotes the maximum fractional &
vegetation cover and Agy the seasonal range for each wl cos o
type of vegetation. The albedo values are based on the S a8 R Z|l 888 &
albedo data for summer seasons presented by Matthews M| SSSwvda o BEZ S
(1985). The zonally averaged albedos for vegetation .
cover for each grid point over the African continent
are listed in Table 3. The albedo for soil is a function < ;
of the soil moisture. According to Deardorff (1978), i | zZ| 2ze g
. . . &S| cogyocoe O QT 2
it may be parameterized in the form g 7 2 SSSvaa
0.14, for S, > 0.05 ’g
0.31-0.17 (S;,/0.05), for S;.< 0.05, (28)

—_— O [ =
where S;,, denotes the surface water content. Based on v N 5 9,2, o= =
Matthews’ data, the area between 17.5°N and 32.5°N gl °° & e ceemwenda
is set as desert in the model, and the soil type is taken o
to be sandy. For other areas, the surface is assumed to
be loam-like soil. The surface albedo for each grid point
is then the area average of the albedos for vegetation o
and bare soil. The ocean areas are set north of 37.5°N = : =
and south of 37.5°S. As described previously, sea sur- 8 g"g =5 2 ?Q =%
face temperatures are specified in the 2-D model using 2 P = -; 5 2 P »-E-l - E
climatological data. It should be noted that the surface kS| £23% 5 £z g £
albedo and other surface properties over the oceans Q'ED':;“ E g q'g:,b-; S g
differ significantly from those over land. The solar ze- S5 ESS 2 cSess2
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TABLE 3. Surface albedo for vegetation cover and zenith angle.

Latitude 45°8 40°S 35°S 30°S 25°S 20°S 15°S 10°S 5°S 0°
Summer albedo 0.110 0.110 0.230 0.247 0.221 0.190 0.176 0.177 0.153 0.142
Zenith angle 0.4501 0.4821 0.580 0.5339 0.5565 0.5753 0.5904 0.6015 0.6080 0.6364

Latitude 5°N 10°N 15°N 20°N 25°N 30°N 35°N 40°N 45°;\J
Summer albedo 0.177 0.197 0.255 0.300 0.300 0.300 0.211 0.070 0.070
Zenith angle 0.6090 0.6034 0.5933 0.5791 0.5613 0.53%96 0.5145 0.4827 0.4518

nith angles are calculated from the solar inclination,
latitude, and hour angle (Liou 1980). The cosines of
the solar zenith angles at different latitudes that are
used are included in Table 3.

In Table 4 we list the numerical experiments per-
formed in the study. In addition to the control runs,
we carry out simulations that involve removing and
expanding the desert. We also add experiments that

allow only the albedo to vary. The objective of these .

computations is described below.

b. Results of control runs

The primary objective of the control runs is to val-
idate the model and associated physical parameteriza-
tions. In most African drought simulation studies, July
was chosen to test the sensitivity of the surface feedback
to precipitation. This is due to the fact that during the
northern summer there is more rainfall and larger solar
flux in the Sahel. Thus, a maximum response could be
expected in this month. In the experiment described
herein, the June global average climate data were used
as initial values. The time integrations of the model
were carried out for 45 days. The results for the last 30
days were averaged in order to compare them with the
GFDL data over Africa for July conditions.

The computed temperature field for the African
continent is shown in Fig. 2b. In general, the model-
simulated temperatures reproduce the observations
displayed in Fig. 2a. Between 800 and 400 mb, the
temperature differences in most areas are less than 1
K. In the upper troposphere, larger differences between
the computed and observed temperatures on the order
of 2-5 K are seen in the Northern Hemisphere. The
maximum temperature near the ground is located be-
tween 20° and 30°N, as illustrated in Fig. 2b. The sim-

" TABLE 4. Classification of the numerical experiments.

Case Classification
a Control run
b Desert expanded to 10°N
c Desert removed
d Desert expanded but with albedo change only
€ Desert removed but with albedo change only

ulated maximum shifts slightly to the north. This co-
incides with the assumed desert area. The temperatures
near the surface in the simulation are generally colder
by 2-4 K. One of the reasons for colder temperatures
near the surface might be enhanced infrared flux ex-
changes since the model atmosphere is generally wetter
(see the discussion below).

Four systems in the African July zonal wind cross
section are observed in the climatological data pre-
sented in Fig. 3a. In the upper troposphere there are
middle latitude westerlies in both hemispheres and
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FIG. 2. July zonal average temperature (K) over Affrica: (a) observed
(Oort 1983) and (b) control run. The contour interval is 6 K.
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FIG. 3. July zonal average zonal velocity (m s™!) over Africa: (a)
observe‘d (Oort 1983) and (b) control run. The contour interval is
Ims™.

tropical easterlies. Between 2.5°S and 22.5°N, there
are westerlies at low levels. These four systems are re-
produced in the model simulations, as is evident in
Fig. 3b. The zonal westerlies simulated by the model
have two maxima. The maximum location at 100 mb
is slightly high when compared to observed values.
Also, the simulated northern maximum is about 200
mb too low. This displacement may be related to the
- production of the thermal wind due to the shift of the
maximum temperature gradient towards the equator
in the control run, as shown in Fig, 2.

The atmosphere is wetter in our simulations, prob-
ably due to excessive evaporation from the ground
produced by the model. The computed specific hu-
midity maximum at the ground is 5° north of the cli-
matological data (Figs. 4a and 4b). This is consistent

with the differences between the computed and ob- -

served surface temperature maximum, From the ob-
servations, there is more water vapor in the Northern
Hemisphere than in the Southern Hemisphere. This is
reproduced by the model. There is a dry trough above
the desert in the observations (Fig. 4a). In the simu-
lations, the dry trough is quite pronounced below 700
mb. The simulated specific humidity also shows a
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trough near the surface at 10°S, consistent with the
sinking motion in the model. This phenomenon, how-
ever, is not significant in the observations. The African
continent is narrow in the Southern Hemisphere. Due
to zonal advections, ample moisture could be supplied
to the land by the oceans. This mechanism is not ac-
counted for in the 2-D model. Near the southern
boundary, there are large horizontal gradients in the
computed water vapor mixing ratio profile because .of
the imposed boundary condition of no horizontal flux,

The simulated precipitation is shown in Fig. 5, along
with the climatological data from Schutz and Gates
(1972). The precipitation simulated by the model gen-
erally agrees well with that from climatology. The pre-
cipitation pattern shows a maximum near the equator
and two minima, located in the Sahara Desert and a
region between 10° and 20°S. Considering the uncer-
tainty in observed precipitation data, the present results
are quite encouraging.

The preceding discussion illustrates that the present
2-D model can, in general, simulate the observed zonal
mean features over Africa. Because the simulations are
based on a 2-D model, it is not expected that the model
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FIG. 4. July zonal average specific humidity (g kg ~') over Africa:
(a) observed (Oort 1983) and (b) control run. The contour interval
islgkg™.
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would reproduce the observed features exactly. The
computed results in the Northern Hemisphere seem
to be better than in the Southern Hemisphere. This
may be due to the fact that the geography of northern
Africa is more zonal and the influence of orography is
less in the Northern Hemisphere.

¢. Sensitivity experiments

The most significant climatic feature in Africa is un-
doubtedly rainfall. According to the historical climate
record, there have been several drought periods, fol-
lowed by wet periods (Nicholson 1985). During the
period from 1820 to 1920, there were three rainfall
anomalies, including two dry periods and one wet pe-
riod. Each of these periods persisted for about 25 years.
Lamb (1985) studied the rainfall patterns in western
Africa for the period from 1941 to 1983. His clima-
tological analyses show that the years 1950-60 were
wetter than normal, whereas the years 1970-83 were
drier than normal. :

Extensive efforts have been made in the past to in-
vestigate the relationship among the African drought,
temperature, and the mean general circulation, based
on data analysis. For example, in the years with low
rainfall, the temperature is higher at the surface (Ta-
naka et al. 1975). Higher temperatures were also re-
ported by Kidson (1977) at the 850 and 500 mb levels.
Nicholson (1981) found that a northward displacement
of the ITCZ may account for the wetter years in the
Sahel, but the ITCZ is a less significant factor in the
Sahel droughts. These results differ from those exper-
iments in which only the albedo is changed in the
model studies.
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Kanamitsu and Krishnamurti (1978) and Newell
and Kidson ( 1984 ) indicated that during dry years the
zonal easterly winds at 200 mb in the near-equatorial
tropical belt are weaker, but the westerlies in the middle
latitudes are stronger than normal. In addition, there
are a number of other investigations that attempt to
relate changes in Sahel rainfall to changes in the general
circulation; however, the results are not particularly
convincing. Using the present model, two experiments
were performed to investigate the response of surface
conditions to the African drought. The desertification
in Africa occurred primarily in the Sahel area. To test
the feedback of surface parameters to the climate, the
desert is extended to 10°N. This extension is designed
to exaggerate the actual desertification in order to en-
sure computational significance. The surface albedo of
the extended desert is changed according to Eq. (28)
(~0.3) with no vegetation cover. The soil type is mod-
ified to sandy conditions. Note that the exact surface
albedo value varies with soil moisture. The roughness
length is set to 0.01 m. The albedos for vegetation at
10° and 15°N are 0.197 and 0.255, respectively, as
listed in Table 3. To obtain the average surface albedo
before desertification, it is necessary to weight the al-
bedos for vegetation cover and bare soil according to
the area coverage. The surface albedo increases by
about 0.07 (or ~34%) in the desertification experi-
ments. It should be noted that the increase in the sus-
face albedo is reasonable, but the extension of the desert
to 10°N is an exaggeration, as pointed out previously.
This exaggeration allows us to investigate the interac-
tions and feedbacks between the surface processes and
the atmosphere, and should not be viewed as what ac-
tually occurred in Africa.

Another experiment is performed in which the desert
in the Sahara area is removed. The vegetation albedo,
roughness, and vegetation cover used are set to 0.17,
0.75, and 0.8, respectively. The initial soil moisture is
set to 2 cm on the surface and 25 cm in the total soil
layer in vegetation areas. In the desert area, 1 and 10
cm are used for these soil moisture values.

1) DESERT EXPANDED

After the desert expanded, precipitation, cloud cover,
and evaporation changed significantly. The distribu-
tions of precipitation, evaporation, and cloud cover
are shown in Figs. 6a~c, respectively. The total precip-
itation for the entire area decreases by about 13%. The
decrease occurs primarily in the desertification area
and Sahara region. The evaporation and cloud cover
are also reduced in these areas. The reductions in rain-
fall, evaporation, and cloud cover in the expanded des-
ert area (10° ~ 20°N) are 1.5 mm day~', 1.7 mm
day~!, and 0.07, respectively. The net radiation at the
top of the atmosphere in the expanded desert area de-
creases by about 10 W m 2. The deficit for the solar
flux is about 11 W m ™2 in that area. This implies that
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F1G. 6. Comparison between results computed from the control
run and desert expanded run with the July mean: (a) rainfall, (b)
evaporation, (c) cloud cover, and (d) net radiation at the top of the
atmosphere.

the thermal infrared flux does not change significantly.
In the entire area, the loss of solar fluxes is almost com-
pensated for by the increase in thermal infrared fluxes
_due to surface temperature increases (Fig. 6d).
The time series for the perturbed precipitation,
evaporation, and runoff in the expanded desert area
_are shown in Fig. 7b. For comparison, the results from
the control run are displayed in Fig. 7a. The differences
between the perturbed and control runs are due not
only to the reduction in soil moisture and the absorbed
solar flux, but also to the change in soil type and the
elimination of vegetation cover. When the soil type
changes from loam-like to sandy, the saturated soil
suction decreases by about one-seventh. As a result,
the down-gradient rate 7R [see Eq. (19)] of transfer
of water from the lower soil layer to the surface layer
is reduced because it is proportional to the soil suction.
Subsequently, the evaporation rate from the soil surface
is also decreased. At the same time, the water is unable
to transpirate-from the soil without vegetation. Thus
the total evaporation rate from the surface decreases,
as shown in Fig. 7. The subsoil drainage R, [see Eq.
(20)] is proportional to the saturated soil hydraulic
conductivity, which is-much larger for sandy soil than
for loam-like soil. For this reason, more water would
be able to leak down to the subsoil layer in the case of
sandy soil. Although the surface runoff decreases, we
find that the total runoff increases slightly when the
desert is expanded, as illustrated in Fig. 7.
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Besides the change in latent heat release, convergence
of the horizontal water vapor transport could also lead
to the redistribution of rainfall. In Fig. 8, we examine
the change in the convergence of the horizontal water
vapor transport computed from perturbed and control
runs. In the expanded desert area, a slight increase in
water vapor convergence is secn near the surface layer
due to the warmer surface; however, a significant di-
vergence is produced above the surface and below about
700 mb, with a maximum value of about 0.2 mm day !
located at 800 mb. Using a GCM, Sud et al. (1988)
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FIG. 7. Precipitation, evaporation, and runoff as functions
of day for 45 days for control and desert expanded runs.
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also found that water vapor convergence is closely as-
sociated with the land surface parameters. It should be
noted that because of the limitation of the 2-D model,
the potential horizontal transport of water vapor in the
east-west direction cannot be accounted for. It is con-
ceivable that if the oceans were at the same latitude as
the desertification areas, the horizontal convergence of
water vapor could differ from the present results. The
role of the oceans in the desertification of Africa is a
subject requiring further investigations using an ap-
propriate GCM.

In the expanded desert area, the atmospheric tem-
peratures increase in low levels, as well as at levels above
400. mb. Shown in Fig. 9a are the temperature differ-
ences between expanded desert and control cases. The
present results agree with the conclusion reported by
Kidson (1977). Based on observations, he indicated
that higher temperatures at 850 mb and at the surface
are associated with lower rainfall in the Sahel. The sur-
face temperature increase (~1 K) in the expanded
desert area from model calculations is lower than the
observed values over the Sahel in dry years, as reported
by Tanaka et al. (1975), by less than 1 K. There is
slight cooling in the upper atmosphere caused by a
reduction in net radiation (see Fig. 6d), as proposed
by Charney (1975).

In Fig. 9b, zonal wind differences are shown. The
westerly zonal winds become slightly stronger in the

expanded desert run in southern midlatitudes, whereas .

the easterly zonal winds weaken at 200 mb. Based on
the data for a wet year (1967) and a dry year (1972),
Kanamitsu and Krishnamurti (1978) reported that the
westerlies in both hemispheres are stronger in a dry
year. Based on the data analyzed for the periods 1958-
62 (wet years) and 1970-73 (dry years), however,
Newell and Kidson (1984) illustrated that the westerlies
are strong only in the Southern Hemisphere. Our sim-
ulation results agree with the latter finding.

The physical processes through which the surface
influences the atmosphere are schematically displayed
in Fig, 10. The values in this figure correspond to ex-
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panded desert areas only. When the desert expands,
the albedo of the total expanded area increases by about-
0.07 (~34%). This leads to a decrease in net solar
fluxes at the ground. Because the amount of cloud cover
is smaller, the net solar flux only decreases by 8%. As
a result of less net radiative flux, the sum of latent and
sensible heat also decreases. The sensible heat becomes
larger since the ground temperature increases due to
desertification. The reduction in the water source re-
sults in less evaporation. It follows that the latent heat
changes dramatically. This will ensure that the sum of
latent and sensible heat has the same sign as the net
radiative fluxes. In addition, the drag coefficient de-
creases. The roughness length z, decreases from 0.8 to
0.01 m after desertification, as specified in the present
study. This leads to a decrease in the drag coefficient
Cp by about one order of magnitude. This effect is
partly compensated for by the larger surface wind speed
v,, which could be related to the wind storms com-
monly observed in desert areas. The change in surface
parameters further leads to a reduction in the horizontal
convergence of water vapor. The reduction in evapo-
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FiG. 9. Differences between Cases b and a (see Table 4 for iden-
tification): (a) temperature (K) and (b) zonal velocity (m s™!). The
contour intervals for temperature and zonal velocity are 0.25 K and
0.5 m s}, respectively.
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F1G. 10. Differences in various physical quantities between the
desert expanded b and control runs a, illustrating the interactions
and feedbacks of the surface processes to the climate system (see
Table 4 for the case identification).

ration and the horizontal convergence of water vapor
coupled with the increase in atmospheric temperatures
result in less relative humidity, and hence, less precip-
itation and cloud cover.

2) DESERT REMOVED

In this experiment, the Sahara Desert is. removed.
The removal of the Sahara Desert increases precipi-
tation by about 25% averaged over the entire model
area. In the Sahara area, however, the increase is much
more pronounced (~320%), as shown in Fig. 1]a.
The rainfall decreases south of this area, which agrees
with the results presented by Charney et al. (1977). In

_their study, the increase in rainfall in the Sahara in the
low albedo experiment is compensated for by a decrease
south of the Sahara. In fact, Nicholson (1981) also
found from the climatological data analysis that rainfall
anomalies are frequently of opposite sign north and
south of 10°N. The cloud cover shown in Fig. [1b

increases by 52% in the Sahara area. More evaporation

is evident in the Sahara where evaporation is 3.2 mm
day~! more than that produced in the control run. Dif-
ferences in evaporation are shown in Fig. 11¢. The net
radiation at the top of the atmosphere also increases,
as shown in Fig. 11d. It increases by about 2.0 W m 2
in the entire model domain. In the Sahara, the increase
is-about 10 W m 2,

The removal of the Sahara Desert generates a cooler
atmosphere in that area below about 750 mb. The
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maximum cooling occurs in the desert removed area,
but the temperatures are higher in the upper atmo-
sphere. The westerlies in the southern midlatitudes de-
crease, and the tropical easterlies become stronger near
200 mb.

Figure 12 shows a schematic relation for the feedback
between various processes when the desert is removed

"and replaced by a vegetation layer. The feedback pro-

cesses are similar to those presented in. Fig. 10, except
that the + and — signs are reversed. The values are
larger because we have changed three grid points in
this case (i.e., the entire Sahara is removed ) instead of
two in the desert expanded areas.

d. The effects of soil moisture and vegetation .

To understand more comprehensively the influence
of vegetation cover and soil moisture, an additional
two experiments were performed, as listed in Table 4.
In these tests, the albedo is the only parameter that
varies. The differences in precipitation, cloud cover,
and evaporation produced from various cases are listed
in Table 5. For comparison purposes, the results com-
puted from changing the vegetation cover are also pre-
sented in this table. ; T

Two entries are presented for each item: one, called
Test, lists the results corresponding to the surface area
that was changed in the experiment, while the other,
called Entire, is associated with the whole domain used
in the experiment. From this table, we find that the
response in the whole domain has the same sign as that
in the local area, but it is smaller. In Case d, when the
albedo increases, precipitation decreases. The decrease
in precipitation is less than in the case when the veg-
etation layer is coupled in the'model.

As shown in Table 5, the major differences are in
the sign of the sensible heat change. The sensible heat
change is negative as the desert is expanded, because
the ground temperature decreases if only the albedo is
allowed to vary. When vegetation variation is included
in the experiment, however, the sensible heat change
is positive. In Case ¢, the change in sensible heat is
even larger than that in latent heat. Sensible heat plays
a more important role than latent heat in the case when -
only the albedo is varied. This differs from the results
when the vegetation cover is removed or added in the
experiment.

The changes in temperature when the desert is ex- -
panded are shown in Fig. 13a. In this'case, the reduction
in the transfer of sensible and latent heat to the at-
mosphere leads to cooling, which in turn either in-
creases low-level horizontal divergence and sinking
motions or reduces low-level horizontal convergence
and rising motions. When vegetation cover changes, a
reduced solar flux does not lead to surface cooling be-
cause evaporation also decreases. In Case b the ground
temperature in the desertification area is about 2 K
higher than that in the control run.
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FiG. 11. Comparison between the results computed from the control run a and desert removed run c:
(a) precipitation, (b) evaporation rate, (c) cloud cover, and (d) net radiation at the top of the atmosphere.

Figure 13b shows the differences in the horizontal
convergence of water vapor. The contour in this figure
is 0.06 mm day ~!. The largest reduction of about 0.2
mm day ! is produced in the desertification area. This
reduction is quite significant in comparison with the
total precipitation decrease of 0.5 mm day ™. In this
case, the perturbed zonal winds in the experiments are
no longer consistent with observations.

In the experiments that coupled vegetation layers,
the response is more complex. The sinking motions in
these experiments are produced near the desertification

area, not exactly over it. The dry and heated ground
usually produces a rising motion there. It is clear that
numerous factors besides sinking motions would in-
fluence precipitation patterns. For example, the mois-
ture content of the air is very important for the pro-
duction of precipitation. If there is insufficient moisture
in the environment, a rising motion is unlikely to pro-
duce precipitation. Figures 14a and 14b show the dif-
ference in the specific humidity when the desert is ex-
panded, corresponding to Cases b and d, respectively.
From Fig. 14, it can be seen that the specific humidity
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FIG. 12. Same as Fig. 11, except for the desert removed run c.

decreases near the desertification area much more sig-
nificantly when vegetation and moisture are allowed
to vary in the experiment.

Another important factor that influences rainfall is
the circulation, which directly affects the advection of
water vapor. From the results of the present study, it
is found that occasionally the largest reduction in pre-
cipitation occurs not only in the anomalous area, but
also in some other regions. The cloud patterns pro-
duced from the desert expanded experiment remain
about the same as those from the control run. Based
on observations, Nicholson (1981) indicated that the
ITCZ does not vary significantly in dry years. The re-
sults presented in this study are in general agreement
with Nicholson’s findings.

TABLE 5. Differences in fluxes (W m™2), precipitation, evaporation,
and cloud cover between experimental and control runs.

Case b d c e
Net radiation at the top Test ~10.3 -229 9.3 21.1
of the atmosphere Entire —0.17 -23 1.5 38
Net shortwave flux at  Test ~11.0 —28.5 1.2 271
the ground Entire 0.5 -2.9 0.4 5.2
Net longwave flux at Test —253 —11.2 720 -8.7
the ground ‘Entire  —3.8 -0.5 129 =20
Sensible heat Test 27.6 —-37 -283 164
Entire 53 -0.1 -4.8 2.8
Latent heat Test —454 316 90.7 2.3
Entire —7.9 —-2.8 160 -0.2
Precipitation Test -1.58 -1.0 2.73  0.08
(mm day™") Entire —0.27 -0.1 052 0
Cloud cover (%) Test -0.07 -0.02 0.23 0.01
: Entire —0.02 0 004 O
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FiG. 13. Differences between Cases d and a (see Table 4 for the
case identification ): (a) temperature (K ) and (b) the horizontal con-
vergence of water vapor {mm day ~'). The contour intervals for these
two variables are 0.25 K and 0.06 mm day ™', respectively.

4. Conclusions

In this paper, a 2-D model has been developed to
study the interaction between surface characteristics
and the atmospheric circulation over the African re-
gion. A soil-vegetation layer has been introduced in
the model for this purpose. In the control runs, the
general features of the July African zonal patterns are
simulated. In the perturbation runs, surface processes
significantly affect the precipitation, cloud cover, tem-
perature, and wind velocity patterns. As the desert 1s
expanded, precipitation and cloud cover are reduced.
At the same time, the temperature increases, and the
westerly winds become stronger. When' the desert is
removed and replaced by a vegetation layer, however,
the opposite occurs. The results appear to be in general
agreement with the observed features of Africa’s dry
and wet years. i

To investigate the feedback mechanisms of various
physical processes in the model, numerical experiments
have been carried out. In one of the experiments, only
the albedo is varied in the simulation. This experiment
produced almost the same results as those presented
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FIG. 14. Specific humidity differences (g kg™*) for: (a) Cases b-a
and (b) Cases d-a (see Table 4 for the case identification ).

by Charney (1975) and Charney et al. (1975). When
the albedo is increased, the temperature is reduced,
leading to a stronger horizontal divergence of the water
vapor transport. As a result, rainfall decreases. The re-
sponse with the albedo change only is less than the
response when the vegetation layer is included in the
model. Without the incorporation of interactive
changes in the vegetation layer, the circulation patterns
produced do not agree with observations. An exami-
nation of surface energy budgets reveals that if only
the albedo is altered, the simulated change in sensible
heat is occasionally larger than in latent heat. In this
case, both the changes in sensible and latent heat com-
ponents have the same sign. This differs from simu-

lation results when the vegetation cover change is in-

corporated in the model. In the latter case, the change
in latent heat is the dominant factor, significantly af-
fecting precipitation, cloud cover, energy budgets, and
circulation patterns.

Vegetation affects latent and sensible heat through
not only surface temperature and humidity, but also
surface wind and drag coeflicients. When vegetation is
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introduced, surface winds are smaller than in the case
for bare soil. The drag coefficients are much larger,
however, by about an order of magnitude. This would
produce a larger vertical flux of heat and moisture.

It is not the intent of this study to simulate the Af-
rican climate exactly using a 2-D model and to resolve
the complex issue of desertification and drought in Af-
rica. Our objective, however, is to investigate the sen-
sitivity in the physical processes of the atmosphere—
soil boundary layer to changes in surface conditions to
further our understanding of the mechanisms and
feedbacks associated with African drought. .

The present sensitivity study of desertification and
drought in Africa is subject to two assumptions,
namely, that the desert is expanded to 10°N, and that
only meridional advection is important due to the lim-
itation of the 2-D model. While we are able to dem-
onstrate the importance of vegetation cover and soil
moisture on the temperature, circulation, and precip-
itation over Africa, the role of the oceans has not been
addressed in this paper. The latter issue requires further
investigation using an appropriate and detailed GCM.
Subject to the aforementioned assumptions, we find
that the atmospheric conditions simulated in this study
appear to be in general agreement with climatological
data for dry years presented by a number of researchers.
It seems reasonable to suggest that desertification in
the Sahel area could be one of the major factors linked
to African drought.

Finally, based on the present study, we find that
changes in the vegetation layer influence not only the
albedo, but also the surface hydrology. At the same
time, through various processes, these changes also af-
fect the surface energy balance. Thus, it is important
to incorporate the physics of a vegetation layer in the
investigation of biogeophysical feedbacks.
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