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ABSTRACT

A numerical experiment was performed to explore the nature of and mechanisms for the effect of large-scale
afforestation in the sub-Saharan area on the climate. This sensitivity study, which consists of several short-term
integrations of a climate model, suggests that afforestation would enhance the rainfall in the region and would
have the largest impact during dry years. While the rainfall increased in the afforestation area, it decreased to
the south of that region. It was found that this land surface change altered the surface energy balance and induced
a circulation change that led to a change in rainfall. The influences of different vegetation species and the extent
of the afforestation area on the rainfall were tested and are discussed. Reducing the afforestation area by about
50% still resulted in a positive simulated rainfall anomaly. A detailed analysis of the surface energy balance is
presented. A comparison between the effects of afforestation and desertification is also made.

1. Introduction

It has been recognized that land surface changes may
affect regional climate variations over a wide range of
timescales. A previous study (Xue and Shukla 1993)
demonstrated the large impact of desertification on the
Sahelian summer circulation. In this paper, the effects
of large-scale afforestation in the sub-Saharan region
are investigated. Since this marginal region has fre-
quently experienced drought in the past, a number of
schemes have been proposed to augment ‘precipitation
by changing surface conditions there. As early as the
1920s, an ambitious water regulation project was pro-
posed by German civil engineer H. Sergel to divert the
water of the Congo River into the Chad Basin (Flohn
et al. 1974). This project was designed to supply irri-
gation water for part of the Sahara. It was also expected
that there would be more evaporation from the wet sur-
face. However, according to Flohn’s rough estimation,
diversion of the Congo River into Lake Chad might
increase the rainfall there by only 10%, which is not
very useful considering the high interannual rainfall
variability in that region. Similar schemes, which sug-
gested developing large inland bodies of water in and
around the Sahara, were also questioned because the
deficiency of rain during the sub-Saharan summer is
caused mainly by dynamical factors, that is, by large-
scale subsidence in this region (Flohn et al. 1974). To
enhance vertical motion and, hence, convective precip-
itation, Black and Tarmy (1963 suggested creating as-
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phalt islands in semiarid regions. They expected that
the low surface albedo of the asphalt surface would
increase the surface temperature and create a thermal
ridge, which could promote cloud formation and rain-
fall. Despite the low investment cost as compared to
other project costs, the negative environmental conse-
quences of Black’s plan and political considerations
have prevented it from being applied (Glantz 1977).
Another plan, which involved planting a forest belt in
West Africa to combat desertification, was proposed by
Stebbing (1938). He expected this belt to stop the
sands from moving southward, break up_the northeast
hot dry wind, and encourage moisture retention in the
soil. Before the 1970s, this plan was not considered as
a weather and climate modification scheme because a
majority of scientists believed that in arid zones affor-
estation could not have any significant effect on the
regional climates (Le Houerou 1977).

Despite the controversy, combating desertification
through afforestation has actually been practiced in Af-
rica for many years (FAO 1989). The United Nations
and several countries have launched campaigns to' com-
bat desertification. One of the important aspects of
these efforts is revegetating denuded areas. As far as
we know, these ideas have not been tested in any gen-
eral circulation model owing to the simplicity of the
treatment of vegetation in GCMs and the coarse reso-
lution of the models. Previous afforestation proposals
have been based mainly upon the ideas that afforesta- .
tion would aid in maintaining the soil and water base
for food production, preventing erosion, and breaking
up the dry northeast wind. Since drought conditions in
the sub-Sahara arise mainly from large-scale motion, it
is imperative to examine the impact of afforestation on
the large-scale circulation and rainfall for the sub-Sa-
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TaBLE 1. Initial and boundary conditions used in the model integrations.

Case Initial condition SST boundary condition Land surface conditions in the test area Types
Ci 1 June 1988 climatology shrubs with bare soil and shrubs with ground cover 8,9
Cc2 2 June 1988 climatology shrubs with bare soil and shrubs with ground cover 8.9
C3 1 June 1987 climatology shrubs with bare soil and shrubs with ground cover 8,9
C4 1 June 1988 1983 SST shrubs with bare soil and shrubs with ground cover 8,9
CS5 1 June 1988 1950 SST shrubs with bare soil and shrubs with ground cover 8,9
R1 1 June 1988 climatology afforestation using broadleaf trees with ground cover 6
R2 2 June 1988 climatology afforestation using broadleaf trees with ground cover 6
R3 1 June 1987 climatology afforestation using broadleaf trees with ground cover 6
R4 1 June 1988 1983 SST afforestation using broadleaf trees with ground cover 6
RS 1 June 1988 1950 SST afforestation using broadleaf trees with ground cover 6
R32 1 June 1987 climatology afforestation using broadleaf deciduous trees 2
RS1 1 June 1988 climatology afforestation using broadleaf deciduous trees in small area 2
RS2 2 June 1988 climatology afforestation using broadleaf deciduous trees in small area 2
RS3 1 June 1987 climatology afforestation using broadleaf deciduous trees in small area 2

haran region and the mechanisms of land—atmosphere
interaction through GCM experiments.

Since the mid 1970s a number of numerical experi-
ments have shown that rainfall increases with an in-
crease in vegetation and soil moisture and a decrease
in surface albedo (Charney 1975; Shukla and Mintz
1982; Anthes 1984; Xue et al. 1990). In this study we
have used a high resolution model of the global at-
mosphere and a realistic model of the global biosphere
(SSiB, Xue et al. 1991), which is a simplified version
of the Simple Biosphere Model (SiB) of Sellers et al.
(1986), to investigate the effects of afforestation on
the Sahel climate. As a first step, we have designed a
hypothetical sensitivity experiment in which we
changed the land surface conditions in a large part of
the sub-Saharan region from desert and shrubs to
broadleaf trees with shrubs. We felt that, if a substantial
change over a large area did not make any significant
impact in precipitation, further study with changes in
small regions might be in vain. In this study we have
focused more on the impact and mechanisms of land
surface change on climate than on more practical prob-
lems such as the most economic scales and the best
vegetation species for afforestation, although this is dis-
cussed briefly later in this paper. In section 2 we present
the design of the afforestation scenarios. The results
from numerical experiments are discussed in sections
3 and 4. Section 3 discusses the impact of afforestation
on rainfall and its interaction with large-scale circula-
tion, and section 4 shows the surface energy balance.
The results are discussed in section 5 and summarized
in section 6.

2. Experimental design of the afforestation
experiment

The COLA GCM with a simplified vegetation model
(SSiB) was used for this study. In SSiB for a vegetated
surface, both the canopy and bare soil contribute to
evaporation. Evaporation from the canopy includes

transpiration and direct re-evaporation from intercepted
precipitation. The parameterization for radiative trans-
fer includes consideration of interception, transmission,
and absorption of radiation by vegetation and multiple
reflections between vegetation and soil. The models
and control experiment design have been described in
Part I (Xue and Shukla 1993 ) and will not be discussed
here. The five afforestation cases in this experiment
were paired with five control cases. Each afforestation
case had the same initial condition and sea surface tem-
perature as the corresponding control case. However,
the land surface conditions in the sub-Saharan region
were different: vegetation types and soil textures were
changed in the afforestation experiment. The five con-
trol cases (referred to as C1, C2, C3, C4, and C5) and
five afforestation cases (R1, R2, R3, R4, and R5) are
listed in Table 1. (The other experiments listed in this
table are explained later.) Among the ten cases, C1, C2,
C3, R1, R2, and R3 used climatological SST as a
boundary condition globally. Cases C4 and R4 used
1983 SST, and C5 and R5 used 1950 SST.

Based on past empirical investigations and numerical
simulations, a relationship between SST variations and
sub-Saharan rainfall is well established. (Lamb 1978;
Lamb and Peppler 1991; Folland et al. 1986, 1991; Se-
mazzi et al. 1988.) In this paper we do not address the
question of the effects of SST on Sahel climate. The
reason that 1983 and 1950 SST boundary conditions
were chosen was to investigate the effects of affores-
tation on a variety of mean climates. For example, 1983
was a very dry year in the Sahel and 1950 was very
wet. The COLA GCM successfully simulates the rain-
fall difference using appropriate SSTs. In this study,
the same SST was used in each pair, both for the control
and afforestation case so that the difference between
the two integrations of each pair could be attributed to
the afforestation. Since we are interested in the impact
of afforestation on a variety of mean conditions, it
would be better to have a multiyear integration with
different SSTs. The reasons why we chose seasonal
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F1G. 1. Vegetation type map of the sub-Saharan region for the control run. Type 1 is tropical rainforest.
Type 2 is broadleaf deciduous trees. Type 6 is broadleaf trees with ground cover. Type 7 is grassland. Type
8 is broadleaf shrubs with ground cover. Type 9 is shrubs with bare soil. Type 11 is bare soil. Type 12 is
crops. The test area is enclosed by the bold line. For the afforestation experiment all grid points in the test

~ area except type 1 are changed to type 6.

integrations are because of the well-defined rainy sea-
son in the Sahel and the limitations of available com-
puter time. We consider this approach better than using
only one SST (climatological SST) for each pair of
experiments. The averages of five afforestation and
control cases will be referred to as experiment R and
experiment C, respectively, and the five-case mean of
the desertification experiment will be referred to as ex-
periment D. We integrated each case for 90 days from
1 June in four cases and 2 June in the other and com-
puted three-month averages. The differences between
each pair of afforestation and control integrations were
interpreted as the impact of afforestation.

The area with surface condition changes, referred to
as the test area, extends from 13° to 20°N and is en-
closed by the bold lines in Fig. 1, which is a map of
North African vegetation types used in our GCM. All

the grid points with vegetation type 8 (shrubs with
ground cover), type 9 (shrubs with bare soil), and type
11 (bare soil) were replaced by vegetation type 6
(broadleaf trees with ground cover) in the afforestation
integrations. The values of some vegetation and soil
parameters for these types are shown in Table 2. These
morphological, physiological, and physical parameters
have been discussed in detail in Dorman and Sellers
(1989). The vegetation cover, leaf area index, and sur-
face roughness length were substantially increased in
the afforestation experiment. The percentage of trees
in the afforestation area was increased by 0.2; and the
total leaf area index in the test area was increased by
more than 2.5 compared with types 8 and 9. The soil
type was changed from sandy to loam. The albedos in
experiment R were decreased by about 0.10 and 0.12
in the test area originally covered by type 9 and 11,

TABLE 2. Vegetation parameters for five vegetation types.

Type 2 Type 6 Type 8 Type 9
(broadleaf deciduous (broadleaf trees with (shrubs with (shrubs with Type 11
trees) ground cover) ground cover) bare soil) (bare soil)
Three-month mean albedo 0.14 0.20 0.21 0.30 0.32
Initial soil wetness in test area 0.17 0.16 0.05 0.05 0.05
Three-month mean roughness length (m) 1.04 0.90 0.22 0.06 0.01
" Depth of three soil layers (m)
z1 0.02 0.02 0.02 0.02 0.02
z2 1.48 1.48 0.47 0.47 0.17
z3 2 2 1 1 0.3
Vegetation cover 0.75 0.3 0.1 0.1 0
Three-month mean leaf area index 5.11 3.08 0.44 0.21 0
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F1G. 2. Three-month mean rainfall differences (afforestation — control).

Contours are —8,

respectively. Since type 8 and type 6 have almost the
same values of albedo, only the northern part of the test
area exhibits increased albedo.

The initial soil wetness in each experiment is defined
by a procedure described by Sato et al. (1989). It is de-
rived from a seasonally varying climatological soil mois-
ture (Mintz and Serafini 1984 ) using a procedure that is
dependent on the vegetation type. Since the water holding
capacity, vegetation cover, surface resistance, and other
surface properties differ for different vegetation types, this
procedure will produce different values of initial soil wet-
ness from the same climatological soil moisture for dif-
ferent vegetation types. Therefore, the initial soil wetness
in the test area was different in the afforestation experi-
ment. The initial soil moisture changes in this experiment
appear to be consistent with the vegetation type changes.
It is shown in section 3 that the evaporation in the control
and the afforestation experiments is quite similar during
the first few days of integration.

It is recognized that model-simulated climate, in
some cases, can take longer than a season to reach equi-
librium, and a multiyear integration may be desirable.
However, useful conclusions can also be drawn from
several short integrations. We chose to make five pairs
of seasonal integrations in this study. There are several
reasons for this: it is not the equilibrium climate itself
that interests us. We are merely interested in the dif-
ference between the two climates. This implies an as-
sumption of similar climate drift between the two ex-
periments, which is removed when we subtract the con-
trol from the afforestation experiment. The Sahel
region has a well-defined rainy season, and we are in-
terested in studying the impact of afforestation on a
variety of mean conditions. We believe that by repeat-
ing the major experiment five times with different ini-
tial and boundary conditions, we have increased the
reliability of our results. Although this approach is not
the same as running a model for many years, it does
provide more information for assessing the results with
available computer time.

-4, -2, -1,-05,0,0.5, 1, 2, 4, and 8 mm/day.

3. The impact of afforestation on rainfall
and circulation

For each case the model was integrated for 3 months
from June to August. Figure 2a, which depicts the dif-
ferences in the 3-month mean rainfall between exper-
iments R and C, shows that the rainfall is augmented
in most afforestation areas but reduced to the south of
those areas. The 3-month mean rainfall in experiment
R, averaged over the test area, increased by 0.8 mm/
day, which was 27% more than in the control run.
Since the location where the surface conditions were
changed was close to the descending branch of the trop-
ical Hadley circulation, the rainfall in the control ex-
periment in this region was small. However, in most of
the test area, the rainfall increased by more than 20%.
The area north of the dashed—dotted line in Fig. 2a had
more than a 20% increase. Meanwhile, the reduction
in rainfall to the south of the test area was less than
10% in most places. From the zonally averaged 3-
month mean rainfall, we found that the axis of maxi-
mum rainfall did not shift in R and the rainfall simply
increased in the test area and decreased to the south of
this region. The precipitation in the model is produced
from both large-scale condensation and deep convec-
tion. The changes in model-simulated rainfall were
mainly caused by changes in convective activity.

Figure 2 further shows that in this experiment rain-
fall increased significantly in the central region of the
test area. It did not increase much over some parts of
the afforestation area. In the eastern part in particular,
the rainfall increase did not occur east of 30°E during
the entire integration period despite being an affores-
tation area. This in turn reduced the mean rainfall in-
crease averaged over the entire test area. If we exclude
the area east of 30°E, the rainfall in R increased by 1.1
mm/day, about 34% more than the control run.

The rainfall anomaly during the three-month inte-
gration was not uniform. Figure 3 shows the time series
of the rainfall anomaly in experiment R, which is zon-
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FiG. 3. Time variation of rainfall difference (afforestation — control) (mm/day) zonally averaged
over the African continent. Contours are —4, —2, —~1, —0.5, 0, 0.5, 1, 2, and 4 mm/day.

ally averaged over the African continent based upon 5-
day rainfall averages. During the first half month of the
integration, the rainfall in experiment R was nearly un-
changed in the test area but was substantially increased
to the south of that region. Rainfall increased in extent
and intensity during late June and early July, with the
maximum increase being more than 2 mm/day. After
that, the positive rainfall anomaly persisted in the test
area but with less intensity, about 1 mm/day. Mean-
while, the negative rainfall anomaly to the south of the
test area persisted during the last two months of the
integration. From Fig. 2 we can see that the decrease
near the coastal area was relatively small, and the large
negative anomaly only occurred in the eastern horn
area.

In order to understand both evolution of the rainfall
anomaly and the possible role of atmosphere—land in-
teraction, the variations of other physical components
have to be investigated. Surface evaporation and mois-
ture flux convergence are two major moisture sources
for the Sahel during the summer. In SSiB, the surface
evaporation is controlled by the available energy at the
surface and surface resistances, which include aero-
dynamic resistances, stomatal resistance, and soil re-
sistance. After afforestation, high surface roughness,
low stomatal resistance, high leaf area index, and a
large water reservoir created an environment that could
potentially produce high evaporation rates. Figure 4
shows the time series of the latent heat flux differences
between experiments R and C. During the first half-
month evaporation increased slightly in the test area.
The positive anomaly spread during the second half of
the first month. The increase in evaporation rate was

particularly pronounced during the second and the third
month. The increased rainfall apparently contributed to
this change. To the south of the test area the changes
in evaporation were quite small. The rainfall variation
in that area was apparently caused by changes in dy-
namical convergence.

Figure 5 is the time series of surface temperature
changes. The top soil temperature was predicted in the
model using a force-restore method, which depends
on the surface energy balance. During the first month
of integration, the surface temperature increased in the
afforestation experiment due to the reduction of surface
albedo and the increase of absorbed shortwave radia-
tion over that area. Meanwhile, the evaporation rate
changed little, as shown in Fig. 4. The net gain of sur-
face energy led to higher surface temperatures (Fig. 5)
and higher sensible heat fluxes. Dry convection in the
test area was quite strong and deep. Above the test area,
the air temperature became warm throughout the depth
of the troposphere (not shown). This enhanced vertical
motion and convergence. However, since the test area
was relatively dry, the moisture flux convergence was
not large enough to enhance the rainfall. In addition,
the higher temperatures tended to lower the relative
humidity. There was a turning point in early July when
the surface evaporation rate increased significantly over
the whole test area and the surface temperature and
low-level air temperature in the afforestation experi-
ment were reduced. The cool temperatures below 700
mb no longer supported the thermaily induced moisture
convergence near the coastal area. The 3-month mean
difference of moisture flux convergence (Fig. 6) was
positive only in the central region of the test area and
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Fic. 4. Time variation of latent heat flux difference (afforestation — control) (W m™2)
zonally averaged over the African continent. Contour interval is 10 W m™2,

negative to the south of that region. In the COLA GCM,
the moisture flux convergence is closely related to the
precipitation. Penetrative convection is simulated fol-
lowing Kuo (1965) with modification as described be
Sela (1980). Convection occurs in the presence of
large-scale moisture convergence accompanied by a
moist unstable lapse rate under moderately high rela-
tive humidity conditions. The anomaly patterns in Fig.

6 are very consistent with those in Fig. 2. The 3-month
mean moisture flux convergence increased by 0.4 mm/
day, averaged over the test area, which was about 25%
of the moisture flux convergence in experiment C.
The results discussed above show that land surface
changes caused the circulation changes that led to
changes in rainfall. The African easterly jet (AEJ) at
700-600 mb is an important feature of the atmospheric
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FiG. 5. Time variation of surface temperature difference (afforestation — control)
zonally averaged over the African continent. Contour interval is 0.5 K.
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FI1G. 6. Three-month mean moisture flux convergence difference (afforestation — control).
Contours are —8, -4, -2, —1, —=0.5, 0, 0.5, 1, 2, 4, and 8 mm/day.

circulation in this region and is very relevant to rainfall
variation in the Sahel. Studies have shown that the AEJ
is strong (weak) during dry (wet) years. In the upper
troposphere, the tropical easterly jet (TEJ) tends to be
weaker during deficient as opposed to more abundant
Sahelian rainy seasons (Newell and Kidson 1984). In
experiment R, the simulated AEJ was weak and the TEJ
was strong, which confirmed the close relationship be-

tween the Sahel rainfall and the two easterly wind max-
ima. Analyses from observational data show that the
rainfall reduction (increase) is associated with south-
ward (northward) displacement of the confluence re-
gion between the northeast trades and the southwest
monsoonal flow. (Lamb 1978; Lamb and Peppler
1991). The influence of changing the wind field on
moisture flux can be clearly seen in Figs. 7a, and 7b,
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Fic. 7. July and August mean moisture flux (g kg™ ms™'):
(a) control and (b) experiment R minus experiment C.
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FiG. 8. Zonal averaged vertical velocity over the Africa continent for the July
and August mean (afforestation — control). Contour interval is 107> mb s™'.

which show the July and August mean moisture flux at
850 mb for experiment C and the difference between
experiments R and C. We used 2-month means here to
more clearly identify the impact of the wind field
change on moisture flux convergence. Figure 7a shows
that water vapor from the Atlantic Ocean is the major
moisture source for the sub-Saharan area during sum-
mer months. This flow was enhanced in experiment R
and created a moisture flux convergence there (see Fig.
6). The situation at 800 mb and 700 mb were very
similar.

Consistent with the horizontal wind field changes,
the rising motion in the test area was enhanced. Vertical

400

w/m?

200

oz 6z 122 18Z

motion was increased by about 30% in experiment R,
especially below 600 mb (Fig. 8). This change is con-
sistent with the increase in moisture flux convergence
in this region (Fig. 6). Meanwhile, changes of the op-
posite sign appeared in adjacent areas, consistent with
rainfall reduction there.

4. The effects of afforestation on the surface
energy budget

Land surface changes modulate the surface energy
balance. The vegetation canopies in the model affect
the atmosphere through surface albedo, surface rough-

800 | : . e -
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w/m?

200

-200 { ; i ; . ; ; ;
oz ez 122 182

FIG. 9. August surface energy balance (W m™?) for (a) control experiment (b) afforestation experiment. solid square:
soil heat flux, solid circle: sensible heat, open square: net radiation at surface, and crosses: latent heat.
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ness, and surface resistances, including aerodynamic

resistances and stomatal resistance. In the afforestation

experiment, albedo and stomatal resistance were lower,
and surface roughness was higher. This increased the
absorbed shortwave radiation at the surface and
changed the partitioning of energy between different
components. Figures 9a and 9b show the diurnal vari-
ation of the surface energy balance in August for the
means of four grid points in the afforestation area in
cases R3 and C3, respectively. The locations of these
points are shown in Table 3.

The maximum latent heat flux increased by about 70
W m? and the maximum sensible heat flux was re-
duced by about 80 W m™? in R3 at these four locations.
Wallace et al. (1991) and Gash et al. (1991) have pre-
sented some measurements of available energy, evap-
oration; and sensible heat flux from contrasting Sahel-
ian land types: fallow savannah and degraded forest
with bare soil at Sadore, Niger (13°15'N, 2°17'E).
Due to season and location differences, we are not able
to directly compare their dataset with this model sim-
ulation. However, simulated changes in maximum sen-
sible heat flux and latent heat flux between R3 and C3
have the same signs and are in the same range as those
observed between fallow savannah and degraded land.
Meanwhile, the differences of simulated net radiation
between experiments R and C were not as large as those
observed at Sadore. Increased absorbed radiation was
compensated by a reduction in downward shortwave
radiation due to increased cloud cover in the model.

The simulated diurnal temperature range in the Sa-
hara desert in the current model with interactive clouds
is quite realistic (about 30 K) compared to an earlier
version of our model with prescribed clouds (Sato et
al. 1989) because the fixed mean clouds in the previous
model reduced the amount of nocturnal cooling over
the desert. In experiment R the simulated mean surface
air temperature in the test area was lower than in ex-
periment C. Higher evaporation rates and a larger heat
capacity in the afforestation experiment resulted in
lower surface temperature. Although the average sur-
face air temperature 7, in R was reduced by less than
1 K, this reduction was not evenly distributed during
the day. For example, the daily maximum temperatures
in case R3 were 2 K lower than those obtained in case
C3. Meanwhile, the minimum temperatures at night did
not change much. This result is consistent with other
similar studies (e.g., Dickinson and Henderson-Sellers
1988). The difference between maximum and mini-
mum temperatures in C3 is about 14 K, which is 2 K
more than those observed at Sadore in September
(Gash et al. 1991).

The time series of different surface energy compo-
nents for experiments C and R are shown in Fig. 10.
The values in these figures are the averages over the
test area and are based on 5-day means. Except for
sensible heat flux, the changes of other components in
experiment R were consistent during the whole inte-
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TaBLE 3. Geographic location of grid points.

Locations Longitude Latitude
Valley of Tilemsi, Mali 0° 18.44°N
Bou Naga, Mauritania 14.1°W 18.44°N
Guereda, Chad 22.5°E 14.93°N
Ar Raha, Sudan 30.9°E 13.17°N

gration period. The 3-month mean absorbed solar ra-
diation at the surface (Fig. 10a) was 8 W m™2 more
over the test area due to low surface albedo, although
higher cloud cover (Fig. 10b) reduced the downward
solar radiation flux by about 15 W m™ (Fig. 10c).

In the afforestation experiment, the moisture con-
vergence was increased, especially in the lower tropo-
sphere (not shown). Relative humidity and cloud cover
were also increased. High cloud cover caused down-
ward longwave radiation to increase by 7 W m 2 (Fig.
10d). However, since the land surface change (e.g.,
reduced stomatal resistance) enhanced the latent heat
release (Fig. 10e), the net longwave radiation at the
surface was reduced by 11 W m~2 (Fig. 10g). The vari-
ation of net outgoing radiation flux at the top of the
atmosphere was very similar to that of longwave radi-
ation at the surface and was reduced by 9 W m™ (not
shown). The increased solar radiation and reduced
longwave emission at the vegetated land surface was
compensated by changes in sensible and latent heat
fluxes. As demonstrated in many land surface studies,
the high (low) surface resistances led to a low (high)
evaporation rate. The latent heat flux increased persist-
ently over the whole test area by 14 W m™2 (Fig. 10e).
Major increases occurred during the last two months,
as previously discussed. The direct re-evaporation from
wet vegetated surfaces contributed 60% of this in-
crease. During the last month, 85% of the evaporation
increase was from interception loss. The sensible heat
flux increased by 7 W m ™ in experiment R (Fig. 10f).
Figure 10f shows that the largest increase occurred
mainly during the first 30 days, while the gain of net
solar radiation was mainly converted to sensible heat
flux with little change in latent heat flux. The changes
in sensible heat flux were almost identical to those of
the net shortwave radiation during that time period. Af-
ter 30 days, the variations of the sensible heat flux and
net shortwave radiation at the surface were still highly
correlated. However, the magnitude of the sensible heat
flux change was lower. A comparable portion of the

shortwave radiation flux was converted to latent heat -

flux. In the northern part of the test area, where the
albedo had been reduced and absorbed shortwave ra-
diation was increased, the sensible heat flux was higher
by about 14 W m~? during the last two months. In the
southern part of the test area the sensible heat flux was
reduced, which lowered the total increase in the test
area. The soil heat flux was reduced by 2 W m™* (Fig.
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10h), which led to lower temperatures in experiment
R. The 3-month mean surface soil wetness increased
by 0.13 over the test area, which was larger than the
difference in initial soil wetness.

To more clearly see the relationship among these
energy components, time series of the differences of
these components between experiments R and C based
on 5-day means are shown in Fig. 11. The unit for
energy fluxes is watts per square meter and for cloud
cover is in percent. The lines for shortwave radiation,
sensible heat flux, and net longwave radiation were ob-
tained by taking the differences between the affores-
tation and control experiments. Because other differ-
ences, such as cloud cover and latent heat flux, had
opposite phases, Fig. 11 shows these differences be-
tween the control and afforestation experiments.
Changes of all these components were quite consistent
throughout the period. The magnitude of the variations
increased significantly late in the first month and early
in the second month when temperature anomalies in
the test area changed from positive to negative. This

figure exhibits remarkably close correlations among the
variations of these components. The correlation coef-
ficients between the absorbed shortwave radiation and
each of these components are listed in Table 4. It is
clear that all of these components are highly correlated
with the shortwave radiation absorbed at the surface.
Since surface albedo and cloud cover directly influence
the change in absorbed solar flux at the surface, the
prescribed changes in surface albedo and parameter-
ization of cloud cover may be crucial to the study of
land surface—atmosphere interaction.

5. Discussion

From the results in the previous two sections, it is
apparent that afforestation plays a role beyond that con-
ventionally recognized, for example, preventing deg-
radation of soil properties. Afforestation can also influ-
ence climate by modifying the atmospheric circulation,
which then modifies rainfall. In the last two sections
we focused on the results from the five case means. To

TaBLE 4. Correlation coefficients of different components to absorbed shortwave radiation.

Net IR at Sensible heat Latent heat IR out at
Cloud cover surface flux flux top
Correlation coefficient -0.79 0.86 0.86 —0.83 0.84
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ensure their reliability, we compared the anomaly pat-
tern in Fig. 2 with each pair of afforestation and control
cases and found that they were very similar. All five
cases had a positive anomaly in the test area and neg-
ative anomalies to the south. Only location of the max-
imum positive rainfall anomaly differed slightly.

As discussed earlier, our main interest here is not to
investigate the effects of changes in SSTs. We used
three different SSTs (climatology SST, 1950 SST, and
1983 SST) only to test the impact of the land surface
change under different climate conditions. Here, we
will make a brief comparison of the impact of affor-
estation under different global SST conditions. Figure
12 shows the comparisons among all of the cases using
1 June 1988 as an initial condition but with different
SSTs: 1950 SST (wet year), 1983 SST (dry year), and
climatological SST. The numbers in this figure are cu-
mulative rainfall averaged over the test area. Case C5
(1950 SST, wet year) had the highest rainfall and C4
(1983 SST dry year) had the lowest among the three
control integrations. These results are in line with the
Folland et al. (1991) study, in which they used four-
year SSTs to predict the Sahel rainfall, although the
magnitude of the rainfall changes are not as dramatic.
The differences between case C5 relative to C1 and C4
relative to C1 were about 0.5 mm/day and —0.8 mm/
day, respectively. These anomalies are smaller than
those observed in this region for 1950 and 1983, which
were 0.8 mm/day and —1.3 mm/day, respectively
(Nicholson 1985). In all three cases, rainfall increased
after afforestation. However, the rainfall in case R4
(dry year SST) had the largest increase, about 1 mm/
day, and was even slightly larger than that obtained in
case C1, which corresponded to a normal year. For RS
(wet year SST) the rainfall increase was less, only 0.6
mm/day. The results suggest that a dry year may have
a larger increase in rainfall due to afforestation. The
results for the other two control runs and afforestation
runs fell between cases C4 and C5 and R4 and RS3,
respectively (not shown). In the test area, even the
lowest rainfall of the afforestation cases is higher than
the highest rainfall in the control cases. This again
shows that the differences between experiments R and
C are significant. '

We recognize that large changes in the initial soil
moisture might produce significant changes in model
simulation. However, in this study, our primary focus
was on the impact of changes in vegetation and soil
type. To test the influence of differences in initial soil
moisture alone in experiments R and C, we conducted
a pair of additional experiments. In these experiments,
we changed the initial soil moisture only in the affor-
estation area, as listed in the Table 2, but other land
surface properties were kept unchanged. The numerical
integration in these cases started from June, which was
the beginning of the rainy season. The 3-month mean
rainfall over the test area in this experiment showed no
difference from the control case. This suggests that
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changes in initial soil moisture were not a primary fac-
tor in determining enhanced rainfall in the afforestation
case.

In the experiments mentioned above, we changed a
relatively large area and used vegetation type 6 (broad-
leaf trees with ground cover) to replace the types 8
(shrubs with ground cover) and 9 (shrubs with bare
soil). The response apparently depended on the
changes in the surface characteristics and the extent of
afforestation. To test the dependency of afforestation
results on the scale and degree of land surface change,
we altered the surface conditions with different vege-
tation types and/or less afforestation area (Table 2).
In case R32, we used type 2, broadleaf deciduous trees,
to replace the semidesert area. This type of vegetation
can be found sporadically in the southern Sahel and
Gulf of Guinea region. The average surface albedo for
this type was about 0.14, about 0.16 less than in type
9 and about 0.07 less than in type 8. The initial soil
wetness was larger than in the control run by approx-
imately 0.12.

Figures 13a and 13b show the 3-month rainfall
anomalies for cases R3 — C3 and R32 — C3, respec-
tively. Both cases had the same initial condition and
had the same size of area afforested, but each case used
different vegetation types for afforestation. Despite the
high surface roughness length, much lower surface al-
bedo, and large vegetation cover and leaf area index
(both are almost 100% more than in type 6), the av-
erage rainfall over the test area in case R32 was only
slightly more than in case R3. This is because, although
the rainfall in case R32 significantly increased in the
southern part of the test area compared with case R3,
the rainfall was less than in case R3 in the northern part
of the test area. The gradient in Fig. 13b near the south-
ern boundary of the test area was larger than that in
Fig. 13a. Both the positive anomaly in the southern
portion of the test area and the negative anomaly to the
south were enhanced. Striking differences of the rain-
fall anomaly between cases R32 and R3 occurred in
East Africa. In contrast to experiment R, case R32 had
a positive rainfall anomaly in this area (Fig. 13b). The
latent heat flux in case R32 was about 10 W m™> more
than in case R3 in East Africa, which helped to enhance
the rainfall there. However, over the entire test area the
average evaporation rate in case R32 was not substan-
tially changed as compared to case R3. Although the
re-evaporation in case R32 was twice as much as in
case R3, it was largely offset by the reduction of direct
evaporation from the soil. The large increase of ab-
sorbed solar radiation at the surface, 22 W m™2, was
mainly converted to sensible heat flux, which was 29
W m~? more than in case C3. The surface temperature
was reduced significantly, by 1.5 K, which was 1 K
lower than in case R3.

In another experiment, which includes cases RS1,
RS2, and RS3 (see Table 2), we changed a small area
that originally had vegetation type 8 (Fig. 14). The
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average width is two grid points, or about 4°. Since the
area changed is much smaller than that for experiment
R, we chose type 2 for afforestation. Here, we repeated
the experiment three times to control the model internal
variability. We refer to the three sample means for con-
trol and afforestation experiments as experiments CS
and RS, respectively. The experiment CS is the average
of cases C1, C2, and C3. The 3-month mean rainfall
difference between RS and CS is shown in Fig. 15. The
rainfall was increased by 0.4 mm/day in the area where
we changed the surface conditions. Actually, the rain-
fall was not substantially increased during the first
month of integration. Rainfall in the last two months
made major contributions to the positive anomaly. The
negative rainfall anomaly area, which was located to
the south of the afforestation area, was smaller than that
in the experiment R. Comparing the results from ex-
periments R, RS, and case R32, we can find that the
intensity of the dipole patterns is related to the contrast
of the adjacent land surface characteristics. The sharper
the contrast between two adjacent areas, the stronger
the intensity of the dipole pattern. The increased ab-
sorbed shortwave radiation.at the surface in RS was
mainly converted to sensible heat flux, which increased
by 9 W m™. The temperature in the test area.in ex-
periment RS was lower by 1.2 K. This feature was quite
persistent during the whole period. The evaporation
rate was not significantly increased. This again con-
firmed our earlier results that the rainfall increase was
mainly due to changes in circulation. Due to the limi-
tations of the model resolution we are not able to fur-

ther reduce the width of the afforestation belt. For the
case with reduced afforestation areas, no consistent
changes in the pattern of rainfall were found when veg-
etation type 6 was used for afforestation.

In this study the prescribed land surface parameters
in the afforestation area are perturbed in the opposite
direction compared to the desertification experiment
described in Part I. For example, low albedo and high
vegetation cover are prescribed in experiment R,
whereas high surface albedo and low vegetation cover
are prescribed in experiment D. The simulated rainfall
anomalies for desertification and afforestation experi-
ments are in agreement with the observed rainfall
anomalies during the dry and the wet years. We find
that the changes in atmospheric circulation and energy
balance in experiment R are indeed opposite to those
in experiment D. The most remarkable feature is the
reversal of the rainfall dipole. Instead of a positive rain-
fall anomaly to the south of the desertification area,
there was a rainfall deficit to the south of the affores-
tation area. Similar to the desertification experiment,
the rainfall change mainly remained in the test area.
Another area with relatively large rainfall change was
in the western Pacific Ocean. Since climatic fluctua-
tions over this area are large in model simulations even
without any forced perturbations, we can not infer from
this ‘experiment that the anomalies there are linked to
land surface property changes in the Sahel.

There are several significant differences between the
desertification and the afforestation experiments. One
of the differences is in the pattern of rainfall changes.
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In the desertification experiment, a zonal rainfall anom-
aly pattern was found over the entire desertification
area, whereas in the afforestation experiment the rain-
fall anomaly was located mainly in the center of the
test area. The evolution of the anomalies in the affor-
estation experiment was also quite different from that
in the desertification experiment, especially in the ini-
tial stages. In the desertification experiment, the model
responded much more rapidly to the land surface
change, and the anomaly persisted for the entire inte-
gration. In afforestation experiment, the evaporation,
the AEJ, and in turn, the rainfall did not have significant
changes in the first month. The substantial changes
started in the second month. In experiment D, the rain-
fall deficit closely followed the prescribed desertifica-
tion area. The maximum rainfall reduction was in West
Africa. In contrast, not all of the test area had positive
rainfall anomalies in experiment R. The rainfall was
significantly increased in the central part of the sub-
Saharan area. Meanwhile, there was a southward shift
of the axis of maximum rainfall in the desertification
experiment and no such shift in the afforestation ex-
periment. The above comparisons suggest that the re-
sponse to changes in land surface properties is not lin-
ear and that the climate in the Sahel is especially vul-
nerable to the nature and location of the land surface
perturbation because the Sahel region is near the edge
of the subsidence branch of the Hadley circulation. The
afforestation area that we chose is located to the north
of the desertification area, where the subsidence is even
stronger.

6. Summary

This hypothetical study suggests that large-scale af-
forestation in the sub-Saharan area could help to en-
hance the rainfall in that region. The rainfall in exper-
iment R was significantly different from that in the con-
trol experiment. While the rainfall increased in the

afforestation region, model results showed a reduction -
in rainfall to the south of this region. Among five cases,
the case using 1950 SST had the highest rainfall and
the case using 1983 SST had lowest rainfall in the Sa-
hel, consistent with other empirical investigations and
numerical experiments about the effect of SST on the
Sahel climate. Afforestation had the largest impact dur-
ing the simulation of a dry year. Reducing the affor-
estation area by roughly 50% still resulted in increased
simulated rainfall. The anomaly evolution process in
this experiment showed that the land surface change
induced a change in temperature and circulation, which
in turn led to the rainfall change. The surface energy
balance analysis showed that the surface albedo and
cloud cover are two very important factors controlling
the changes in land surface—atmosphere interaction. A
possible limitation of the present study is that the model
was integrated only up to a season. Similar experiments
should be considered with long-term integrations of re-
alistic climate models. We also suggest that similar ex-
periments be carried out using other climate models
with different parameterizations of convection, bound-
ary layer, and land surface processes.

This is only a sensitivity study of the potential cli-
matic impact of afforestation in the Sahel region and
does not address any social, economical, or technical
factors related to the planting and maintenance of trees.
However, while designing this experiment we did con-
sider some relevant issues. For example, the vegetation
type 6 that we selected for afforestation can be found
in nearby areas at a similar latitude, which would avoid
the adverse effects due to a different climate ( Goor and
Barney 1968). However, this éxperiment should be
considered only as a first step toward more realistic
assessments of the effect of afforestation on the Sahel
climate. In particular, more research with additional
models using long-term integrations is needed to de-
termine the locations and impact of sustainable affor-
estation in the sub-Sahara region.
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