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ABSTRACT

This is a general circulation model sensitivity study of the physical mechanisms of the effects of desertification
on the Sahel drought. The model vegetation types were changed in the prescribed desertification area, which
led to changes in the surface characteristics. The model was integrated for three months (June, July, August)
with climatological surface conditions (control) and desertification conditions (anomaly) to examine the summer
season response to the changed surface conditions. The control and anomaly experiments consisted of five pairs
of integrations with different initial conditions and/or sea surface temperature boundary conditions.

In the desertification experiment, the moisture flux convergence and rainfall were reduced in the test area
and increased to the immediate south of this area. The simulated anomaly dipole pattern was similar to the
observed African drought patterns in which the axis of the maximum rainfall shifts to the south. The circulation
changes in the desertification experiment were consistent with those observed during sub-Saharan dry years.

The tropical easterly jet was weaker and the African easterly jet was stronger than normal. Further, in agreement
_ with the observations, the easterly wave disturbances were reduced in intensity but not in number. Descending

motion dominated the desertification area. The surface energy budget and hydrological cycle were also changed
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substantially in the anomaly experiment.

1. Introduction

The sub-Sahara is a semiarid area located between
the Sahara desert to the north and the savanna lands
to the south (roughly between 10°N and 20°N) and
extending from the Atlantic Ocean eastward to Ethio-
pia. The term “sub-Sahara” will be used interchange-
ably with “Sahel” in this paper. The sub-Sahara is
characterized by the strong seasonality of the climate
with a short rainy season in the boreal summer. The
Sahel climate is currently dominated by the drought
that started during the late 1960s. The drought has
lasted for more than 20 years and shows no sign of
ending.

According to Nicholson (1979) and Lamb (1978),
there have been several drought periods followed by
wet episodes in African history. There is some evidence
linking the patterns of alternating wet and dry episodes
to the sea surface temperature (SST) anomalies in the
Atlantic Ocean (Lamb 1978). Lamb found that a dis-
tinctive tropical Atlantic SST anomaly pattern (positive
anomaly to the south of approximately 10°N; negative
anomaly between 10° and 25°N) is associated with the
West African drought. Folland et al. (1986) and Se-
mazzi et al. (1988) broadened their investigations to
include much of the world’s oceans. Folland et al.
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(1991) found that the relatively modest variations ob-
served in the large-scale patterns of SST have had a
substantial impact on the variations of Sahel rainfall.
The tropical oceans, on the whole, have considerably
more influence than the extratropical oceans. They also
found that warmer SST in the Southern Hemisphere,
relative to that in the Northern Hemisphere, has been
associated with the Sahel drought.

There has also been considerable interest in the re-
lationship between land surface effects and the Sahel
drought. In Charney’s (1975) pioneering work on the
effects of albedo on the African climate, he found that
increases of albedo cause a reduction in precipitation.
This discovery was confirmed by a number of studies
with different models (Chervin 1979; Sud and Fennessy
1982; Laval and Picon 1986). The effects of soil mois-
ture and evaporation have also been investigated in
modeling experiments (Walker and Rowntree 1977;
Shukla and Mintz 1982; Sud and Fennessy 1984; Yeh
et al. 1984; Cunnington and Rowntree 1986; and
Rowell and Blondin 1990). Most of these studies
showed that less initial soil moisture would lead to less
precipitation. Furthermore, the combined effects of
surface albedo and soil moisture have also been studied
(Sud and Molod 1988; Kitoh et al. 1988). Kitoh et al.
(1988) found that the combined effect of surface albedo
and soil moisture was nearly equal to the sum of the
albedo and soil moisture effects. These modeling studies
consistently demonstrate that the land surface has a
significant impact on the Sahel climate.
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However, in most of these sensitivity studies, the
area associated with land surface changes and the mag-
nitude of the changes in the surface characteristics, such
as albedo and soil moisture, wére somewhat arbitrary.
All the studies showed a positive feedback between ini-
tial soil moisture and rainfall with the exception of one
study by Sud and Fennessy (1984 ). Conflicting opin-
ions have also been expressed on the magnitude of
changes in albedo. Analyzing satellite observations,
Norton et al. (1979) found that the albedo in West
Africa increased during the period 1967 to 1973. Dur-
ing the wet seasons, the albedo changed from 0.23 in
1969 to 0.33 in 1973. Courel et al. (1984), also using
satellite observations, found that the albedo was re-
duced by 0.1 in the Sahel (mainly in the Ferlo and
Goudo regions) from 1973 to 1979. The variation range
of 0.1 in both studies was far less than the dramatic
changes that were made in some of the modeling
studies.

Despite the controversy regarding the albedo change,
it is commonly recognized that desertification has been
occurring in Africa. According to Skoupy (1987) and
Lanly (1982), for almost haif a century, and particu-
larly over the past 30 years, the vegetation cover has
been increasingly degraded across the African conti-
nent, with the possible exception of central Africa and
some countries bordering the Guif of Guinea. This has
been caused by many factors, such as overexploitation
of land resources by overgrazing, poor irrigation, and
the destruction of woody vegetation. The annual rate
of forest clearing is around 4% for all of West Africa.
The savanna, which occupies a vast area in West and
central Africa and the large part of the eastern horn,
has also been experiencing degradation. In the early
1980s, only 35% of the area of formerly productive
savanna was left. In 1983 alone, 4.125 million square
kilometers were affected by desertification (Skoupy
1987). Since the physical protection provided by plants
is of great importance to the soil, it follows that the
destruction of plants has probably damaged the soil
layer also.

All the aforementioned modeling studies used simple
surface-layer models and changed one parameter at a
time to test the model sensitivity. The real desertifi-
cation process is much more complex and involves a
large number of parameters. It is desirable, based upon
the previous studies, to explore the land surface effects
synergistically. This can only be accomplished with
more sophisticated surface models. A two-dimensional
(zonal mean) atmospheric model coupled with a bio-
sphere model was used to study the physical mecha-
nisms of the biogeophysical feedback of the land surface
on the African climate (Xue et al. 1990; Xue 1991).
With this coupled model, two tests involving the re-
moval and expansion of the Sahara desert were per-
formed. The results demonstrated the importance of
incorporating the physics of a vegetation layer in the
atmospheric model and encouraged further experi-
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ments to more realistically study the effects of the land
surface on the Sahel drought.

To have a better and more realistic understanding
of land surface effects, we have utilized a biophysically
realistic surface model (Sellers et al. 1986) with a high-
resolution global climate model. The simple biosphere
model (SiB) was implemented in the Center for Ocean—
Land-Atmosphere Interaction General Circulation
Model (COLA GCM) by Sato et al. (1989), and sim-
plified by Xue et al. (1991). In this experiment, we
have changed the land surface condition in the Sahel
and nearby area into desert and investigated its impact
on the model climatology. In section 2, we will briefly
describe the model. The designation of desertification
scenarios will be presented in section 3. The results
from numerical experiments will be presented in sec-
tion 4. The impact of desertification on rainfall and its
significance will be discussed in section 4a. Section 4b
will show the effects of desertification on the circulation.
In section 4¢ the surface energy balance and surface
hydrology budgets are discussed. The summary and
discussion will be given in section 5.

2. Model description

The model used in this study is the COLA GCM,
which is a modified version of the National Meteoro-
logical Center (NMC) global spectral model. A detailed
description of the model dynamics is presented in Sela
(1980) and the initialization procedures and boundary
conditions are discussed by Kinter et al. (1988). The
model has a horizontal rhomboidal truncation at
wavenumber 40. The size of each grid box in the trans-
form grid domain is approximately 1.8° (latitude)
X 2.8° (longitude). The vertical coordinate is ¢ (nor-
malized pressure) which is discretized into 18 levels.
Different from an earlier version of the COLA GCM
(Sato et al. 1989), the specific humidity is predicted
in all 18 layers. The parameterizations for physical
processes include the following.

1) An efficient radiation scheme (Harshvardhan et
al. 1987). It contains a longwave radiation scheme
(Harshvardhan and Corsetti 1984), and a shortwave
radiation scheme based on Lacis and Hansen (1974)
as modified by Davies (1982). An interactive cloud
scheme similar to the one developed by Slingo (1987)
is used for the radiation calculation (Hou 1990).

2) The level 2.0 second-order turbulence closure
model of Mellor and Yamada (1982), which is used
to calculate the vertical diffusion of heat, momentum,
and moisture.

3) A modified Kuo scheme for convection and
large-scale precipitation (Sela 1980; Kuo 1965; Philips
1979).

4) The simplified SiB (SSiB) (Xue et al. 1991). The
model has one vegetation canopy layer and three soil
layers, and includes seven prognostic variables: soil
wetness in the three soil layers; temperatures of the
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canopy, surface, and deep soil; and the water storage
on the canopy. The structure of this model is shown
in Fig. 1. In this model, the global vegetation distri-
bution is categorized into 12 different biomes (Dorman
and Sellers 1989), each with soil and vegetation char-
acteristics specified in some detail. There are 23 pa-
rameters in the SSiB that were specified according to
the vegetation types. The vegetation map for sub-Sa-
hara is depicted in Fig. 2. In this map, type 1 is tropical
rain forest, type 2 is broadleaf deciduous trees, type 6
is broadleaf trees with ground cover, type 8 is broadleaf
shrubs with ground cover, type 9 is broadleaf shrubs
with bare soil, and type 11 is bare soil.

3. Experimental design for desertification

Since the term “‘desertification” was introduced by
Aubreville (1949), a number of definitions for this
concept have evolved. For example, some definitions
emphasize the economical impacts, and others refer to
it as degradation of land form and destruction of veg-
etation cover (Verstracte 1986). There are also con-
troversies concerning the degree and extent of deserti-
fication in the Sahel. In our desertification experiment,
the vegetation types in the area shown in Fig. 2 were
replaced by vegetation type 9, which is broadleaf shrubs
with bare soil. It generally reflects the degradation of
vegetation and soil in this area and the expansion of
desert landscapes. The choice of desertification area in
our experiment was motivated by Dregne’s work
(1977). He divided the degree of desertification into
four classes: slight, moderate, severe, and very severe.
The area we chose corresponds approximately to the
area characterized as a severe desertification region in
his paper. The area with changed vegetation types
shown in Fig. 2 will be referred to as the “test area” in
the remainder of this paper.

In the SiB model, different vegetation types are dis-
tinguished by the different values of their vegetation
parameters, such as vegetation cover and leaf area in-
dex; soil properties, such as soil depth, soil wetness at
saturation, and hydraulic conductivity of saturated soil;
and other morphological, physiological, and physical
properties, such as roughness length and albedo. Table
1 shows these properties for the vegetation types in the
northern African region. The values of the same pa-
rameter for different vegetation types provide a quan-
titative measure of changes introduced in our experi-
ment.

The vegetation type change in the desertification ex-
periment reduced the vegetation cover, leaf area index,
roughness length, soil depth, and degraded other veg-
etation and soil properties. It was used to represent the
destruction of the plants and erosion of the soil after
desertification. The albedo was increased by about 0.09
in the test area. The surface albedo has a diurnal vari-
ation in the SiB model. Its values shown in Table 1 are
90-day means. These changes are less than those used
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in previous land surface sensitivity studies, and are also
in the range of seasonal and interannual albedo
changes, as measured by satellite (Courel et al. 1984,
Norton et al. 1979). The soil moisture was also changed
in the desertification experiment. As shown in Table
1, vegetation type 9 has sandy soil and thin soil layers.
The soil had less capacity to hold water, and the drain-
age to the deep soil is significant. Since we did not
change the initial soil moisture in the areas originally
using type 8, where it was already very low, the areas
with initial soil moisture changes are smaller than those
with albedo changes.

To provide a measure of the response relative to
model internal variability, the experiment consisted of
several cases with different initial and/or SST boundary
conditions. The monthly SST datasets for long-term
mean and for four separate years (1950, 1958, 1983,
1984) were obtained from the United Kingdom Me-
teorological Office (Folland et al. 1991). The year 1958
was a wet year, and 1950 was the wettest year in the
Sahel during this century. The years 1983 and 1984
were the driest. The initial and boundary conditions
used in our control and anomaly integrations are shown
in Table 2. There are five pairs of integrations, and for
each pair, the global initial conditions and global SST
were identical. The only difference was in the vegetation
type and associated land surface properties in the test
area shown in Fig. 2. For most of the integrations, June
1988 initial conditions were used because we know
from observations (Lamb and Peppler 1991) that sea-
sonal rainfall in 1988 was close to the long-term mean
rainfall. The SST values were updated once a day dur-
ing the course of integrations. Since June, July, and
August are the main rainy period in the sub-Sahara
area, we integrated the model in each case for three
months starting from June. The differences between
the ensemble means of the five anomaly integrations
and the five control integrations are interpreted as the
effects of desertification.

4. Results
a. Rainfall anomaly from desertification experiments

In this section, we will discuss the impact of deserti-
fication on rainfall. Figure 3a is the 90-day mean rain-
fall for the ensemble mean of five control runs. We
will refer to the ensembles of the five control and the
five desertification integration as C and D, respectively.
Figure 3b shows the observed African rainfall clima-
tology from Nicholson (1979). Nicholson’s dataset in-
cludes all observations collected since early this century.
The control runs generally reproduced the main fea-
tures of climatological rainfall. There is a zonal pattern
with three high-rainfall areas in the sub-Sahara region:
one in Ethiopia, one on the west coast, and another
near the Guinea coast. The strong gradients of rainfall
near 15°N and along the equator were well simulated.
However, the simulated rainfall in Ethiopia was too
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FIG. 1. Schematic diagram of simplified SiB (SSiB). The transfer pathways for latent and sensible heat flux are shown on the left- and
right-hand sides of the diagram, respectively. T, is the air temperature at reference height, 7 the canopy temperature, T, the air temperature
within the canopy space, T, the soil temperature, , the aerodynamic resistance between canopy air space and reference height, r, the bulk
boundary-layer resistance, r. the bulk stomatal resistance, r, aerodynamic resistance between canopy air space and ground, and rs the bare
soil surface resistance. H, and H,, are the sensible heat flux from canopy and ground, respectively. E, and E; are the latent heat flux from
canopy and ground, respectively. -
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FIG. 2. Vegetation type map for control run. Type 1 is tropical forest. Type 2 is broadleaf-deciduous trees. Type 6 is savanna. Type 7 is
grassland. Type 8 is broadleaf shrubs with ground cover. Type 9 is shrub with bare soil. Type 11 is bare soil. Type 12 is crops. In the area

enclosed by dark line vegetation types are changed to type 9 for desertification experiment.

high. The rainfall maximum near the Gulf of Guinea produced more precipitation than observed. The sim-
was not simulated. Instead, a simulated maximum is ulated | mm day "' isohyet is located about 2°-4° (one
located to the north of this region. Generally, the model  or two model grid boxes) north of its observed position.

TABLE 1. Vegetation parameters for 4 vegetation types.

Type 6 Type 8 Type 9 Type 11

Mean surface albedo 0.20 0.20 0.30 0.32
Initial soil wetness at test area in control experiment 0.16-0.22 0.05 0.05 0.05
Roughness length (m)

Jun 0.79 0.20 0.06

Jul 0.93 0.20 0.06 0.01

Aug 0.97 0.27 0.06
Depth of three soil layers (m)

Z, 0.02 0.02 0.02 0.02

Z, 1.48 0.47 0.47 0.17

Zs 2 1 1 0.3
Soil moisture potential at saturation (m) —0.086 —0.035 —0.035 —0.035
Hydraulic conductivity of saturated soil (m s™") 0.2E-4 0.176E-3 0.176E-3 0.176E-3
Vegetation cover 0.3 0.1 0.1 0
Leaf area index

Jun . 1.42 0.26 0.18

Jul 2.61 0.26 0.18 0

Aug 5.21 0.81 0.28




DECEMBER 1993

TABLE 2. The initial and boundary conditions.

Vegetation types

Case Initial condition SST condition in the test area
Cl 1 June 1988 Climatology As shown in Fig. 2
C2 2 June 1988 Climatology As shown in Fig. 2
C3 1 June 1987 Climatology As shown in Fig. 2
C4 1 June 1988 83 SST As shown in Fig. 2
Cs 1 June 1988 S50 SST As shown in Fig. 2
Di 1 June 1988 Climatology Type 9
D2 2 June 1988 Climatology Type 9
D3 1 June 1987 Climatology Type 9
D4 1 June 1988 83 SST Type 9
D5 1 June 1988 50 SST Type 9

Figure 4a is the three-month mean rainfall difference
in the sub-Sahara region between experiments D and
C. Desertification reduced the average rainfall by more
than 1.5 mm day ™!, about 22% less than the control
amount. The West African area had the highest rainfall
reduction. There is a clear dipole pattern in this figure.
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FiG. 3. Three-month mean precipitation. Contour interval is 2
mm day~'. The dash line is | mm day ™! isohyet: (a) experiment C
and (b) observed rainfall climatology (from Nicholson).
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FIG. 4. Three-month mean precipitation. Contour intervals are 0,
0.5, 1,2, 4 mm day': (a) experiment D minus C and (b) observed
rainfall differences between the two dry years (1983, 1984) and the
two wet years (1950, 1958).

The rainfall was reduced in the test area, but it increased
to the immediate south of this region. This pattern was
quite similar in all five cases. Based upon the clima-
tological records for Africa, Nicholson (1981) con-
cluded that the rainfall anomalies in the sub-Sahara
occur frequently with opposite signs north and south
of 10°N. Figure 4b shows the mean observed rainfall
differences between the two dry years (1983, 1984)
and the two wet years (1950, 1958). The observed
anomaly patterns in Fig. 4b are similar to those shown
in Fig. 4a. The —0.5 and —1 mm day ! isohyets in
both Figs. 4a and 4b have zonal patterns. It can be seen
that the zero line in Fig. 4a closely follows the southern
boundary of the test area (Fig. 2). This suggests a pos-
sible sensitivity to the choice of the desertification area
in our experiment. Figure 5 shows a global map of the
rainfall difference (D — C), where it can be seen that
the main difference is in the sub-Sahara region.

One of the important features of sub-Sahara drought
is the displacement of isohyets in some dry years. This
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FIG. 5. Three-month mean rainfall of experiment D minus C. Contour intervals are 1, 2, 4 mm day ™.

displacement reduces the rainfall in the Sahel and in-
creases rainfall to the south of 10°N. Figures 6a,b show
the zonal average rainfall over the African continent
from model simulations (control and desertification)
and from observations [average of two wet (1950,
1958) and two dry (1983, 1984) years]. Figure 6b
shows that the maximum rainfall was not reduced and
that the rainfall deficiency in the Sahel was a conse-
quence of a southward shift of the rainfall maxima. In
the model simulation (Fig. 6a), both shifting and re-
duction of the maximum rainfall contributed to re-
ducing the rainfall over the Sahel.

Figure 7 depicts the time series of 15-day mean rain-
fall for the average of cases Cl, C2, and C3, and the
average of cases DI, D2, and D3, over the test area.
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FIG. 6. Zonally averaged rainfall distribution (mm day™): (a)
three-month mean for experiments C (solid line) and D (dash line)
and (b) solid line is the mean for 1950 and 1958, dash line is for
1983 and 1984.

The standard deviations for each of the these cases,
which varied over the course of the integrations, are
also shown in this figure. The average standard devia-
tion is 0.23 mm day~' for desertification cases and
0.11 mm day ™' for control cases. In agreement with
the observations, the model-simulated rainfall starts to
increase in June and reaches its peak in August. In the
control case, precipitation increased rapidly during the
first 15 days. In the desertification case, however, the
rainfall in the first half of the month was nearly con-
stant. Thus, desertification delayed the onset of the
rainy season. From the observed data in West Africa
during 1940-1983, Dennett et al. (1985) found that
throughout the 1970s rainfall was not consistently de-
clining in June of the dry years, although in 1982 and
1983 the early rains did fail. In the desertification case,
the rainfall deficiency started to develop in the eastern
part of the sub-Sahara during the first 10 days of in-
tegration. Subsequently, the reduction of rainfall was
more uniformly spread throughout the test area. After
45 days the western part of the test area maintained

12 i T T T

15 DAY MEAN RAINFALL (MM/DAY)

| | 1 |
0o
June 1 June 16 July 1 July 16 July 31 Aug 15
to to to to to to
June 15 June 30 July 15 July 30 Aug 14 Aug 29

FIG. 7. 15-day mean rainfall (mm day ') over test area for
experiments C and D. Dashed lines define the standard deviation.
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FIG. 8. Zonal averaged zonal velocity (m s™') over the Africa
continent; (a) experiment C and (b) experiments D minus C.

more severe droughts than the east. We also analyzed
the rainfall anomaly in the area south of the deserti-
fication region, from about 4°N to 8°N. The significant
rainfall increase in this region started after about 30
days of integration. This increase was also quite con-
sistent during the following 60 days.

b. Analysis of circulation changes

Large-scale, low-level, moist, southwest airflow and
evapotranspiration from the surface are the two main
moisture sources for the Sahel rainfall (Druyan and
Koster 1989). Any substantial changes of this south-
west flow would have a significant impact on rainfall
in the Sahel. Kidson (1977) and Newell and Kidson
(1984) examined changes in the wind fields associated
with Sahelian rainfall variations. Compared with the
wind field during wet years (from 1958 to 1962), they
found that during the dry years (from 1970 to 1973)
the tropical easterly jet (TEJ) at 200 mb was weaker
and the African easterly jet (AEJ) at 700 mb near 15°N
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was stronger. The low-level westerly flow, just north of
the equator, was weaker and the Southern Hemisphere
middle-latitude westerly jet was stronger in dry years.
At and below 700 mb, the meridional wind across the
equator into the Northern Hemisphere was weaker
during the dry periods.

Figure 8a, which is the zonal wind cross section for
experiment C averaged from 15°W to 40°E, shows that
the middle-latitude westerlies in both hemispheres,
tropical easterlies, and the low-level westerlies north of
the equator were well simulated. The 700-mb easterly
wind maximum is to the north of the equator. The
easterly jet to the south of the equator was not well
simulated compared to that shown by Newell and Kid-
son (1984).

The zonally averaged zonal wind differences (D
— C) are presented in Fig. 8b. The low-level westerlies
to the north of the equator became weaker in most
areas, except near the surface in the test area. The sim-
ulated easterlies are weaker at 200 mb and stronger at
700 mb. The changes in the meridional cross section

PRESSURE (mb)

PRESSURE (mb)

308 208 108 EQ 10N 20N 30N
LATITUDE

F1G. 9. Zonal averaged meridional winds (m s™') over the African
continent: (a) experiment C and (b) experiments D minus C.
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FiG. 10. Time variation of daily rainfall (mm day™') averaged
from 10°N to 18°N. Contour interval is 2 mm day~'. Contours less
than 8 mm day ™' are eliminated: (a) case C3 and (b) case D3.

along 10°E (not shown) had the same pattern. The
zonal wind differences at 850 and 700 mb from our
model simulation (not shown) were very similar to
those shown by Newell and Kidson ( 1984) for the zonal
wind differences between the African dry and wet years.
The magnitudes of the simulated differences, however,
were less than those in Newell and Kidson, perhaps
due to smaller changes in the simulated surface tem-
perature field, which will be discussed in the following
section.

Figures 9a,b are the meridional wind cross sections
for experiment C and the differences D — C. Both the
northward flow below 700 mb across the equator into
the Northern Hemisphere, and the southward flow
above 300 mb became weaker in D. The reduction of
the northward flow below 700-mb occurred mostly in
West Africa. These changes imply a weakening of the
monsoon and are in agreement with the circulation
anomalies observed in dry years (Kidson 1977; Newell
and Kidson 1984).
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Figures 10a,b show the time series of August rainfall
averaged from 10°N to 18°N for cases C3 and D3,
respectively. The isohyets of less than 8 mm day ™' are
not shown in these figures. In the model simulation,
there are more disturbances in August, consistent with
the earlier results of Carlson (1969). Figure 10 shows
the westward-propagating disturbances, which might
originally start from 35°E and intensify as they prop-
agate westward. The wave patterns are well developed
west of 20°E. These wave patterns are considered to
be the manifestation of the instability of the African
easterly jet (Lamb 1983, Reed 1986). Of the six events
simulated during August, four reached the west coast
of Africa (15°W). With the exception of one event,

" most disturbances stagnated at the coast and did not

continue farther into the Atlantic Ocean. The distur-
bances have a period of 3-4 days, a phase velocity of
about 8° longitude day ™!, and a wavelength of about
25° longitude. These features are in reasonable agree-
ment with the observations (Carlson 1969; Burpee
1975). In Fig. 10b, the intensity of disturbances is
greatly reduced in the desertification case, although the
number of disturbances remained nearly the same. This
is more clearly seen from the time series of areally av-
eraged (10°N to 8°N, 8.4°W to 5.6°E) rainfall (Figs.
11a,b) for cases Cl and DI, respectively. This is in
good agreement with the earlier study by Reed (1986)
who showed that the total number of disturbances over
Africa remained the same each year, but fewer strong
and/or highly convective disturbances occurred near
the coast during periods of extended droughts.

We examined the vertical motion field to investigate
the possible causes for the weaker disturbances. The
differences in vertical motion (w) between D and C
are shown in Fig. 12. It is clear that above the test area
(10°N-18°N) the subsidence became stronger and / or
the rising motion became weaker throughout the depth

MM/DAY

1 L 1 1 1 1 1 1
AUG 04 AUG 08 AUG 12 AUG 16 AUG 20 AUG 24 AUG 28

MM/DAY

) ! : L 1 1 )
JUL 31 AUG 04 AUG 08 AUG 12 AUG 16 AUG 20 AUG 24 AUG 28

FiG. 11. ADaily average rainfall rates (mm day™') over 10°N to
18°N and 8.4°W to 5.6°E (a) for case Cl1 and (b) for case DI.
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FIG. 12. The zonal average vertical wind (10~° mb sec™')
for experiments D minus C.

of the troposphere. Since the Africa easterly jet was
stronger in experiment D, a linear instability consid-
eration would have argued for stronger easterly wave
disturbances. Apparently, the large-scale descent over-
whelmed the linear instability giving rise to weaker
waves. To the south of the test area there is an increase
in the rising motion throughout the troposphere that
is consistent with an increase in rainfall.

Figure 13a shows the wind vectors at 850 mb. It is
seen that two contrasting flows exist over the sub-Sa-
hara in the boreal summer in the lower troposphere: a
warm moist flow that originates in the Southern Hemi-
sphere, and a hot, dry flow that originates over the
North Atlantic Ocean and the Mediterranean Sea.
These two flows meet at the intertropical convergence
zone (ITCZ). Over the African continent the ITCZ is
to the north of the axis of maximum rainfall. The com-
bined changes of zonal and meridional winds are shown
in Fig. 13b, which is the vector wind difference between
experiments D and C. It is clear that in the desertifi-
cation case the moist airflow from the southern Atlantic
Ocean became weaker and the hot dry flow from the
northeast became stronger at the low level. The changes
of the wind field and the reduced moisture field (not
shown) affected the moisture convergence. The verti-
cally integrated moisture flux convergence was reduced
by about | mm day ™' in the test area (Fig. 14). The
pattern in this figure is very similar to that in the rainfall
difference (Fig. 4). The changes in moisture conver-
gence and vertical motion above 800 mb (not shown)
are consistent with changes in rainfall suggesting that
the major cause of the rainfall deficiency was the change
in the dynamical circulation.

¢. The impact of desertification on the surface energy
balance and hydrology

The changes in land surface characteristics altered
the surface energy balance and hydrological cycle. The
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FIG. 13. Three-month mean.wind vectors at 850 mb: (a) experi-

ment C and (b) D minus C. Scale for speed (m s™') is shown at the
bottom of each panel.

three-month means of various components of surface
energy flux over the test area are listed in Table 3. The
energy balance in these experiments is quite consistent
with earlier experiments (Charney et al. 1977; Xue et
al. 1990). In experiment D, the shortwave radiation

10E

20€

FIG. 14. Three-month mean moisture flux convergence
(mm day ™). Experiments D minus C.
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TaBLE 3. Energy balance at the surface for desertification (D),
and control (C) experiments, and difference D—C.

C D D-C
Surface albedo 0.21 0.3 0.09
Rainfall (mm day™) 6.7 52 —1.5
Cloud cover 0.55 047 —0.08
Downward SWR at the surface (W m™2) 268 290 22
Absorbed SWR at the surface (W m™2) 211 203 -8
Downward LWR at the surface (W m™2) 396 389 -7
Upward LWR at the surface (W m™2) 464 468 4
Net (up) LWR at the surface (W m™2) 68 79 11
Surface temperature (K) 300.3 300.8 0.5
Sensible heat flux (W m™2) 68 68 0
Latent heat flux (W m™?) 82 63 -19
Interception loss (W m™2) 12 2 —10
Moisture flux convergence (mm day™") 4.2 3.2 -1.0
Surface runoff (mm day™") 0.4 1.0 0.6

reaching the surface was increased by 22 W m™2 due
to a reduction in cloud cover (Fig. 15). The effects of
a decrease in cloudiness and an increase in albedo
compensated each other to give a small decrease (—8
W m™2) in solar radiation absorbed at the surface
(Fig. 16).

The downward longwave radiation was reduced due
to lower cloud cover in D, and the net upward longwave
radiation from the surface was increased by about 11
W m~2 (Fig. 17) because of a higher surface temper-
ature. The anomaly patterns of longwave radiation loss
at the surface and at the top of atmosphere over the
test area in D were very similar.

The total radiation deficit of 19 W m™2 at the surface
was balanced by a reduction in the latent heat flux.
Figure 18 shows the difference in the latent heat flux
due to desertification. The latent heat flux was reduced
because of high albedo (less energy available to evap-
orate), lower surface roughness (leéss turbulent ex-
change), less soil moisture (reduced available water
supply and increased soil surface resistance), and
changes of other vegetation properties (such as vege-
tation cover). The reduction in evaporation (0.7 mm
day™!) was slightly less than half of the reduction in
precipitation. Of this reduction in evaporation, 50%
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FIG. 16. Three-month mean for shortwave radiation absorbed
at surface (W m™2), Experiments D minus C.

was due to lower rainfall interception by the vegetation
canopy, which in turn was due to less vegetation cover
and less leaf area index in the desertification experi-
ment. The reduction of rainfall and evaporation in the
model simuldtions started at about the same time.
There was negligible change in the sensible heat flux
in D. Although we did not anticipate that there would
be no change in the sensible heat flux, it is consistent
with the fact that the surface temperature as well as
the lower atmosphere temperature increased only
slightly.

The surface temperature increased by about 0.5 K
(Fig. 19). Only the area near 20°N and 30°E showed
a large change in surface temperature because it was
covered by tropical forest in the control case. In the
test area, the atmospheric temperature increased below
700 mb and decreased between 700 mb and 300 mb
(not shown ). In most of the test area, the temperature
at 850 mb increased by about 0.5 K with a maximum
of 1 K. The reduction at upper levels was less than 0.5
K. Earlier studies have shown that the surface tem-
perature increased in the Sahel during the dry years
(Tanaka et al. 1975; Schupelius 1976; Kidson 1977).
Tanaka et al. (1975) reported a surface air temperature
increase of about 2 K, which was much larger than our
model studies. The small increase of surface temper-
ature in the desertification experiment is due to the
compensating effects of increased albedo and reduced
evaporation, which in turn is due to reduced vegetation,
roughness length, and soil moisture.

20N

10N

10E

20E

FIG. 15. Three-month mean for cloud cover.
Experiments D minus C.

oW o] 10E 20E 30E 40E

FiG. 17. Three-month mean for net longwave upward radiation
at surface (W m~2). Experiments D minus C.
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FIG. 18. Three-month mean for latent heat flux (W M™2).
Experiments D minus C.

Table 3 shows that the reduction of rainfall (—1.5
mm day ') over the test area in D was less than the
sum of decrease in moisture flux convergence (—1.0
mm day ") and evaporation (about —0.7 mm day ).
In the desertification cases, the precipitable water in
the atmosphere over the test area was reduced. Despite
the reduced rainfall, the surface runoff increased by
about 0.5 mm day ~'. This was because less rain was
intercepted by the leaves, and the soil layer had less
capacity to retain water. This result is consistent with
observations in semiarid environments (Gornitz 1985).
The soil moisture was also reduced in the desertification
experiment. Figure 20 gives the difference of soil wet-
ness in the surface layer. The soil wetness, which is the
ratio of volumetric soil moisture in a soil layer to its
value at saturation, was reduced in the entire test area.

5. Discussion and summary

This is a GCM sensitivity study to further explore
the effects of desertification on the Sahel drought. A
number of experiments have been carried out on this
subject for more than a decade, which have shown a
strong link between the land surface conditions and
atmospheric circulation in this subtropical desert mar-
gin. In those studies only one or two parameters were
arbitrarily changed. In this study, we have tried to more
realistically prescribe the current Sahel desertification
conditions. Since few measurements have been made
of the changes of the physical surface characteristics
(e.g., vegetation properties, albedo, surface moisture,
surface roughness length) associated with land surface
modifications, there is still not enough reliable data
available to provide adequate information about the
extent and degree of desertification in this region. We
used vegetation type changes to represent desertifica-
tion in our model simulations. The vegetation type
replacement more or less reflects the “desert creep,” a
term used to describe the desertification in the sub-
Sahara region (Dregne 1977). We changed the vege-
tation types in the region between about 10°N and
18°N. This change may exaggerate the actual situation
in this region since desertification usually happens in

EQ
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FIG. 19. Three-month mean for surface temperature (K).
Experiments D minus C,

patches. However, since we did not account for the
desertification in the southern part of Ethiopia and near
the Mediterranean coast, nor the deforestation near
the Gulf of Guinea, the extent of our vegetation change
region might be underestimated. Better assessments of
the extent and magnitude of land surface changes
would help to study more realistically the desertification
effects on the Sahel climate.

The model used in this study gives a realistic sim-
ulation of the mean climate in general and the African
rainfall pattern in particular. The results of this sen-
sitivity study are in good agreement with previous sim-
ilar studies providing further evidence for strong land
surface influence on the regional climate. In order to
reduce the sensitivity of results to the natural variability
inherent in the GCM, five pairs of integrations were
carried out, and the ensemble means of those cases
were used to describe the final results. Since the most
outstanding feature of the African climate anomaly is
rainfall reduction, we have discussed in detail the im-
pact of the desertification on rainfall in this paper. We
found that the rainfall was reduced due to desertifi-
cation and the rainy season was delayed by almost half
a month. The axis of maximum rainfall shifted to the
south. Thus, rainfall was increased to the south of the
test area giving rise to a dipole rainfall anomaly pattern,
which is in good agreement with the observations. The
simulated seasonal mean rainfall anomalies caused by

20N |-
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F1G. 20. Three-month mean for surface soil wetness.
Experiments D minus C.



2244

the land surface change were confined to the African
continent only.

The African easterly jet (AEJ) and the monsoon
from the Atlantic Ocean have significant influences on
the Sahel summer rainfall, and both of them were sen-
sitive to the land surface changes. The southwesterly
moisture flow was weak in the desertification experi-
ment. In agreement with Reed (1986), the westward
disturbances had reduced intensity in desertification
cases, but their number remained the same. Due to a
warmer land surface in the desert region, a shallow
rising area was simulated under the sinking air above.

The surface condition and atmospheric circulation
changes led to the variation of the evaporation rate
and the moisture flux convergence. In this study, the
moisture flux convergence was reduced in the deser-
tification cases. At least half of the reduction of the
simulated evaporation was caused by the decrease of
interception loss. The lack of vegetation preventing in-
terception was earlier observed in the Amazonian rain
forest (Shuttleworth et al. 1984 ). We have no observed
data to quantitatively verify the interception loss in the
Sahel region.

Finally, we would like to suggest that further nu-
merical experiments with high-resolution models
should be carried out to investigate the role of the land
surface changes on the Sahel drought. Further exper-
iments should include integrations for several annual
cycles with observed sea surface temperature variations.
Further experiments should also be carried out to in-
vestigate the sensitivity to changes in the size of the
desertification area.
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