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ABSTRACT 

In this paper a revised version of Lettau's evapoclimatonomy model is used to simulate climate in West 
Africa. The model is applied specifically to the study sites of the HAPEX-Sahel region in Niger, an international 
regional experiment to study regional-scale hydrological and energy balances of the Sahel. The model uses 
monthly means of precipitation, potential evapotranspiration, and solar radiation from the HAPEX-Sahel obser- 
vations, as well as vegetation and soil parameters adequate for the region. Evapotranspiration, runoff, and soil 
moisture are determined. Differences are observed between the three vegetation types (guiera, grass, and milletr 
and between the three supersites. 

1. Introduction 
In hydrological modeling, a correct description of 

the energy and water exchanges at the land surface 
is of primary importance in regions where the only 
water supply is from rainfall, such as the Sahelian 
region in West Africa. The level of complexity of the 
parameterization of soil-vegetation-atmosphere ex- 
changes depends on the final objective for modeling. 
If the water balance of the unsaturated soil is of in- 
terest, a correct knowledge of rainfall is no longer 
enough and one must take into account a more com- 
plex scheme for simulation of the land surface-at- 
mosphere system, with emphasis on evapotranspira- 
tion and runoff. A host of studies (e.g., Chamey 
1975; Nicholson 1986, 1989; Entekhabi et al. 1992) 
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have supported the hypothesis that a feedback be- 
tween the atmosphere and surface hydrology plays a 
role in drought in the Sahel region, hence, modeling 
of energy and water exchanges there can be of par- 
amount importance. 

The main objective of this study is to evaluate re- 
gional-scale water balance in the Sahel. A revised ver- 
sion of Lettau's evapoclimatonomy model (e.g., Lettau 
and Lettau 1969, 1975; Lare and Nicholson 1994) is 
applied to this problem. This work is done in the frame- 
work of the HAPEX-Sahel (Hydrologic and Atmo- 
spheric Pilot Experiment in the Sahel) project, a re- 
gional hydrology experiment carried out in 1991-92. 
It combined remote sensing and ground-based mea- 
surements with modeling efforts in order to study land- 
atmosphere interaction in a large area of the Sahel 
(Wallace et al. 1994; Goutorbe et al. 1994; Prince et 
al. 1995). The measurements were taken in three "su- 
persites" (southem-SS; central east-CE; and cen- 
tral west-CW), all located in a 1" X 1" square in 
Niger, West Africa (Fig. 1). We have implemented the 
evapoclimatonomy model over the experimental do- 
main. 

The-details of-the;model are described in a compan- 
ion paper (Nicholson et al. 1996a). In this paper the 
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FIG. 1. Diagram showing the position of the HAPEX-Sahel experimental square and the three supersites 
(modified from Goutorbe et al. 1994). CE, CW, and SS indicate the position of the central east, central west, 
and southem supersite, respectively. 

HAPEX-Sahel observations are utilized to show how 
this model, which includes a water balance scheme that 
takes into account atmospheric forcing, may be trans- 
formed to monitor soil moisture, evapotranspiration, 
and runoff at monthly scales. The model is applied to 
the three supersites and to the three vegetation types 
within them (fallow guiera, grass, and millet). In ad- 
dition, we assess the sensitivity of soil moisture and 
evapotranspiration to potential evapotranspiration, 
rainfall, and vegetation cover. This complements an 
earlier study (Nicholson and Lare 1990) on model sen- 
sitivity to climatic input variables. The reader is also 
referred to Nicholson et al. ( 1996b), where a modified 
version is used to derive water balance components at 
daily scales during the intensive observational period, 

I IOP (August-October 1992) of the HAPEX-Sahel ex- 
periment. 

The evapoclimatonomy model has been applied be- 
fore in studies of surface water balance in Africa (Nich- 
olson and Lare 1990; Lare and Nicholson 1994; Farrar 
et al. 1994). However, comparative measurements for 
evaluating model output were not available. The data 

obtained during HAPEX-Sahel provide a unique op- 
portunity for verification of the model. 

2. The Sahelian climate 

The Sahelian region occupies a narrow east-west 
band between the Sahara to the north and the Soudan- 
ian vegetation to the south, forming a strip about 400- 
600 km from north to south. The region is character- 
ized by a single short rainy season associated with the 
northward migration of the intertropical convergence 
zone (ITCZ). The ITCZ represents the encounter of 
the dry, midcontinental air and the humid maritime air 
from the Atlantic that forms the ascending branch of 
the Hadley cell. Hot dry air from the Sahara is undercut 
by a wedge of cooler humid air from the Gulf of 
Guinea. Storms are generated by organized, easterly 
waves that propagate from east to west between the axis 
of the tropical easterly and the African easterly jets 
(Nicholson 1981, 1989). Local convective storms are 
also common, indicating that rainfall is highly variable 
in time and space. The ITCZ migrates north to south 
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with the apparent movement of the sun so that rainfall 
decreases from south to north in the Sahel. The maxi- 
mum northward extent of the ITCZ is reached in Au- 
gust, when ‘maximum rainfall occurs (Ba et al. 1995). 

The water balance of the Sahel is primarily a func- 
tion of the precipitation and solar radiation regimes 
(Nicholson and Lare 1990). Mean annual rainfall 
ranges from 100 mm in the north to 800 mm in the 
south, with the peak of the rainy season concentrated 
from May to September (Nicholson 1981). The dura- 
tion of the wet season decreases from about five months 
in the southern Sahel to three months in the north, with 
the annual rainfall being closely related to the duration 
of the rainy season. Potential evapotranspiration (Pen- 
man) is generally about 2000 mm (Sivakumar 1987). 
Virtually all drainage is endoreic and surface flow 
rarely occurs over more than a few hundred meters; 
ephemeral pools form during the rainy season and grad- 
ually evaporate between rain events (Peugeot and Es- 
teves 1993). 

Sahelian vegetation consists of annual grass and 
scattered bush steppe in the north, gradually merging 
into Soudanian savannas with perennial grasses, scat- 
tered trees, and extensive rain-fed cultivation in the 
south. The vegetation is strongly seasonal and virtually 
all woody species are deciduous (White 1983; Prince 
et al. 1994). 

3. Model overview 

The evapoclimatonomy model is essentially a nu- 
merical solution to the hydrologic balance equation. 
The model is forced by ground-absorbed solar radiation 
and rainfall; output consists of areally averaged soil 
moisture, evapotranspiration, and runoff (Fig. 2). Input 
variables, in addition to forcing functions, include sur- 

-INPUT VARIABLES, 

limate’ 

-Precipitation 
-Potential 
Evapotranspiration 

Soll (upper,lower)”’ 

face and vegetation characteristics. The model includes 
two soil layers: a surface layer from O to 0.10 m and 
the bulk layer from O to 1.0 m. The surface layer is 
assumed to determine the surface (immediate) runoff, 
while the bulk layer controls gravitational drainage. It 
is assumed that soil moisture exchange processes on 
the timescale of the model are confined to the 1.0-m 
layer. 

Two additional assumptions are made to keep the 
model simple (Lare and Nicholson 1990). First, runoff 
and evapotranspiration can be subdivided into imme- 
diate and delayed components, respectively, constitut- 
ing processes that occur in the same month as the pre- 
cipitation and those associated with rain that fell in pre- 
vious months. Physically this separates temporal 
variations of runoff and evapotranspiration associated 
with superficial water from those utilizing subsurface 
moisture (Nicholson and Lare 1990). Second, the de- 
layed processes are assumed proportional to soil mois- 
ture content. 

An important model parameter is “residence time” 
t*, a concept introduced to facilitate the solution of the 
model equation by creating a nondimensional time- 
scale. It is the time required for a volume of water equal 
to the annual mean of exchangeable soil moisture to be 
depleted by the delayed processes of runoff and evapo- 
transpiration. Residence time is calculated after Ser- 
afini and Sud (1987) as a function of potential evapo- 
transpiration, the wilting point (the point at which the 
vegetation cannot absorb enough moisture to sustain 
itself and begins to wilt), and the maximum possible 
soil moisture storage. 

A second parameter, which is empirically estimated, 
is termed “evaporivity” e*. This is defined as a non- 
linear measure of the capacity of the land surface to 
use a portion of monthly solar radiation to evaporate 

~EVAPOCLIMATONOMY MODEL. 

Soil program variables 
-Effective infiltration 
-Wilting point 
-Waler holding capacity 
-Residual water capacity 

Model  parameters 
-Evaporivity 

.OUTPUT VARIABLES, 

.Water balance- 

-Soil moisture 
-Evapotranspiration 
-Runoff 
-Immediate processes 
-Delayed processes 

(‘) - FromHAPEX-Sahel 
(‘7 - From Dorman and Sellers (1989) 
C.‘) - From FAO (1977). Zobler (1986), Webb et  al. (1991) 

- 
’ FIG. 2. Schematic of the evapoclimatonomy model. 
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precipitation received in the same month (Lare 1992). 
It is analogous to potential evapotranspiration in that it 
governs the efficiency of evaporation by solar radia- 
tion, and its calculation is based on NDVI (Nicholson 
et al. 1996). 

Model runoff is generated by gravitational drainage 
of soil water (a "delayed" process) and surface runoff 
(an "immediate" process) due to precipitation ex- 
ceeding infiltration rate (Warrilow 1986). Gravita- 
tional drainage is a function of soil texture and moisture 
content in the bulk layer; infiltration rate is a function 
of soil texture in the surface layer. The parameteriza- 
tion of infiltration rate and hydraulic conductivity (Sax- 
ton et al. 1986) is based on frequency distributions of 
daily rainfall totals. A residual water capacity and a 
crusting parameter are also calculated (Rawls and 
Brakensiek 1989; and Brakensiek and Rawls 1983, re- 
spectively). 

4. Supersites and vegetation 

The experiment was set within a 100-km square 
( 13"-14"N, 2"-3"E) in Niger, West Africa. Within this 
grid, three ,supersites were defined. The size of the su- 
persites (100-200 km') matches the scale at which the 
.atmospheric boundary layer responds to changes in the 
land surface. Of the three supersites, the southern and 
central west sites were intended primarily for surface 
flux and energy balance studies, while the central east 
site was selected primarily as a catchment for hydro- 
logic studies (Monteny 1993; Monteny et al. 1994; 
Prince et al. 1994). 

Within these supersites four subsites were inten- 
sively monitored, each correspondïng to one of four 
principal vegetation types in the region: tiger bush, fal- 
low grass, fallow guiera (all three natural vegetation), 
and millet, the staple cereal crop of the Sahel. The gui- 
era is a typical wooded savanna, with a grass under- 
story and relatively little exposed soil. The millet plants 
are typically 1-2 m high and are sown at intervals on 
the order of 1 m; thus, considerable bare soil is ex- 
posed, and evaporation from the soil surface can be a 
significant component of the total evapotranspiration, 
particularly just after rainfall. The grass cover is 10- 
20 cm, with about 65% cover. The tiger bush formation 
is one in which vegetation grows in dense clusters, sur- 
rounded by large meandering areas of bare ground. Be- 
cause of the complexity of modeling this site and the 
lack of understanding of the reason for this particular 
growth pattern, the climatonomy model will not be ap- 
plied to this formation. 

5. Climate, soil, and vegetation during HAPEX- 

a. Climatic variables 

Rainfall was measured with the EPSAT-Niger net- 
work of 100 recording rain gauges for the three super- 

Sahel 

sites. Beyond the limits of the gauge network study 
area, a weather radar system (ECCWR 100-5 type) 
provided an extensive spatial coverage as far as 350 
km (Lebel et al. 1992). The first results of the EPSAT- 
Niger have shown that the spatial variability of rainfall 
is very large at all timescales (Lebel et al. 1995a,b; 
Lebel and LeBarbe 1995). The largest spatial gradient 
in rainfall was observed over the Southern supersite, 
while over the central east and west supersites rainfall 
distribution is more homogeneous. Rainfall data from 
the three supersites were kindly provided by T. Lebel 
(ORSTOM, France) and the EPSAT-Niger team. In 
order to obtain rainfall representative of each super- 
site, values from seven stations located in each 
supersite were averaged inside the domain for each 
supersite: CE ( 13.687"- 13.812"N, 2.5"-2.75"E), CW 

13.25OoN, 2.125O-2.25"E). See map in Fig. 1 for the 
supersites location. 

Lebel et al. ( 1992) have indicated strong spatial gra- 
dients of rainfall near the SS supersite during the 1992 
experimental year, with a maximum of 782 mm and a 
minimum of 507 mm over a distance of only 9 km. 
Over the central sites, rainfall distribution was some- 
what homogeneous. On average, the central east and 
west sites received 424 and 520 mm, respectively, 
while the southern site received 606 mm during 1992. 

Daily climatological quantities and fluxes were ob- 
tained primarily for the CE supersite and were provided 
by B. Monteny (ORSTOM, France). Hydrological 
measurements and heat fluxes over both bare soils and 
vegetated surfaces were measured for each of the major 
land-use types at each supersite, using micrometeoro- 
logical techniques to give averages at the field scale 
(Monteny 1993). These observations include global 
radiation at the surface and are to be used mostly to 
provide a set of initial conditions that serve as input 
variables for the evapoclimatonomy model runs. 

Extensive networks were set up for monitoring soil 
moisture primarily for the CE and S S  supersites. Vol- 
umetric water content measurements were made for ti- 
ger bush and millet at the central east supersite and for 
fallow guiera, millet, and tiger bush for the southern 
site. For the purposes of this work, we will not include 
tiger bush in our analysis. Soil moisture measurements 
were taken at intervals of 1-7 days at given depths and 
transects and were provided by J. D. Cooper (Institute 
of Hydrology, United Kingdom), and S. Galle (OR- 
STOM, France). Soil moisture was measured using 
neutron probes (Gardner et al. 199 1 ) . Measurements 
from all observation layers from the surface to 1.00 m 
were integrated to validate the soil moisture estimated 
by the evapoclimatonomy model. To validate our 
model, we used the average measurements of between 
7 and 10 probes at each site. The model uses soil in- 
formation integrated over the top 0.10 m and over the 
top 1.00 m, and since the model uses integrated infor- 

(13.5"-13.75"N, 2.687"-2.937"E), and SS (13.125"- 
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TABLE 1. Summary of soil properties for the HAPEX-Sahel 
domain. This information is from FAO (1977), FAOAJNESCO 
(1971-87), Zobler (1986), and Webb et al. (1991) and is based on 
FAO's soil classification. Upper-layer of the soil is between O and 
0.1 m and the bulk-layer is 0-1.00 m. Measurements are from B. 
Monteny for the fallow guiera field at the CE site, organic matter, 
and cation exchange capacity were not available from these 
observations. 

Monteny FAO 
Soil type (measurement) QL (Luvic arenosol) 

Percent sand 
Upper layer 
Bulk layer 

Percent clay 
Upper layer 
Bulk layer 

91.0 93.0 
88.7 88.6 

4.9 5.7 
9.0 8.4 

Percent organic matter 
Upper layer - 0.3 
Bulk layer - 0.3 

Cation exchange capacity 
Upper layer - 7.4 
Bulk layer - 0.5 

mation to describe a 1.00-m layer, the observations 
must also be integrated for the same 1.00-m layer. 

b. Soil and vegetation 

Vegetation data were used as input to the model, 
including surface albedo and NDVI. NDVI (Justice 
1986) is calculated using global area coverage (GAC) 
data from the Advanced Very High Resolution Radi- 
ometer (AVHRR) carried on NOAA meteorological 
polar-orbiting satellites for the 50 X 50 quadrants of 
the 1" X 1" region (Justice et al. 1986). Albedo and 

other vegetation parameters necessary to force the 
model were obtained from other sources since no ob- 
servations of these parameters were available. Surface 
albedo was taken from global monthly fields derived 
by Dorman and Sellers (1989) on the basis of vegeta- 
tion type. Although the grid for these is coarse (4" 
X 5") , sensitivity studies run on the model indicate that 
errors as large as 50% resulted in soil moisture differ- 
ences of less than 9% (Nicholson and Lare 1990). 
Other vegetation parameters such as the upper and 
lower story vegetation cover and the emissivity were 
taken from Dorman and Sellers (1989) and Stull 
( 1988), respectively. 

Information on soil texture and particle size were 
obtained from Zobler (1986) and Webb et al. (1991) 
for the 1" X 1" grid box that comprises the HAPEX- 
Sahel domain. Soil type was derived from the FAO soil 
map of the World (FAO/UNESCO, 1971-87). Table 
1 shows the soil information for the HAPEX-Sahel do- 
main required to run the model, as given by FAO. For 
comparison, Table 1 also gives soil information ob- 
tained from samples taken at the savanna fallow guiera 
site of the CE supersite (Monteny 1995, personnal 
communication). -- 

6. Methodology 
The revised version of the evapoclimatonomy model 

was run for the three HAPEX-Sahel supersites. Model 
input included global solar radiation at surface, poten- 
tial evapotranspiration, precipitation, NDVI, and al- 
bedo, as well as vegetation and soil parameters (Table 
2). Precipitation at each supersite was obtained as the 
average of seven stations within the supersites. Since 
potential evapotranspiration and solar radiation are 
available only for the CE site, we are assuming that 
those climatic observations are representative for all 

TABLE 2. Forcing and input to the evapoclimatonomy model: P-precipitation (mm), PET-potential evapotranspiration (mm), and SR- 
global solar radiation at surface (MJ m-') are from the HAPEX-Sahel database campaign 1992. NDVI is given for fallow guiera (FGA), 
fallow grass (GRS), and millet (MIL). Average precipitation (P-average) was from seven stations located at each supersite. For the SS 
supersite, average rainfall for the guiera and millet is from three stations located inside the respective local fields. PET is for Niamey, as 
estimated from Penman's method for the period 1953-62 (Wallace et al. 1994). 

Variable J ' F  M A M  J J A S O N D Ann 

SR 18.5 22.7 19.3 23.3 23.9 23.7 20.9 21.3 22.8 23.1 20.1 20.5 21.7 
PET 161 167 207 209 219 203 156 131 137 171 158 143 2057 
NDVI FGA O o . o  O O O 0.04 0.12 0.16 0.17 0.10 0.04 
NDVI GRS . o  O O O O O O 0.08 0.15 0.20 0.10 0.05 
NDVI MIL O O O O O O O 0.04 0.12 0.05 O O 

CE supersite 

CW supersite 

SS supersite 

P-average O O O O 4 39 109 207 65 O O O 424 

P-average O O O O 10 54 151 226 76 3 O O 520 

P-average O O O 12 44 93 166 229 63 O O O 606 
P-millet field O O O 11 51 79 171 204 63 O O O 576 
P-guiera field O O O 13 43 99 150 315 86 O O O 708 
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three supersites. Surface albedo and NDVI are avail- 
able for each vegetation type in the three supersites, 
which allows the application of the water balance 
model for individual vegetation types at a particular 
supersite. Table 2 contains the climatic observations 
indicated above, as well as the NDVI values for guiera, 
grass, and millet. 

Rainfall reaches a maximum in August and remains 
near zero from October to April at the CE and CW 
supersites (October to March at the SS supersite). So- 
lar radiation and evapotranspiration reach a maximum 
prior to the rainy season and are lowest during the dry 
season with a secondary minimum occurring during the 
heart of the rainy season (July and August). 

Soil moisture estimates for the three-month period 
August through October 1992 will be compared with 
observations in the SS supersite (millet and fallow gui- 
era). They represent the average of the days with ob- 
servations in each of the three months measurements 
and were obtained from eight neutron probe tubes in- 
stalled at the millet fields and seven installed in the 
fallow guiera field for the SS. 

The runs have been made assuming that precipitation 
averaged- fÖr each of the three supersites is represen- 
tative of all local fields within. In addition, for the SS 
supersite, the model has been run with rainfall averaged 
for the guiera and millet fields, specifically. 

7. Model results of water balance at the three 
supersites 

Model output consists of soil moisture, total evapo- 
transpiration, and total runoff, as well as immediate and 
delayed evapotranspiration and runoff parameters. The 
basic results are illustrated in Figs. 3a-c for the millet 
fields at each supersite; general aspects of these results 
are similar for the other fields. The most obvious char- 
acteristics of the water balance are that most of the 
rainfall is balanced by evapotranspiration rather than 
runoff; that evapotranspiration peaks in August, con- 
current with peak rainfall; and that soil moisture peaks 
in September. During the rainy season evapotranspira- 
tion ranges from about 50 mm per month at the onset 
and end to peak values of nearly 200 mm per month. 
These results suggest that evapotranspiration totals 
about 90%-95% of annual rainfall; runoff is small and 
is limited to August. 

Several aspects of the region's climatology support 
the validity of these results. Both Henning (1989) and 
Albrecht ( 1965) estimate annual evapotranspiration in 
the Sahel to be about 500 mm, close to the model cal- 
culations of roughly 500 m. The evaporation ratio for 
the region (Sellers 1965) should be on the order of 0.9- 
0.97, which would correspond to runoff on the order 
of 6-30 mm per year. The low amount of runoff is 
consistent with Niger River hydrology, the lack of flow 
increase as the river passes between Dire and Niamey 
(Entekhabi 1984). It is also consistent with the fact that 

WATER BALANCE 

CE site - Millet 
A. 25o.p ' ' ' ' I '  ' ' I -  

- - E  

--c.- M 
200.- N 

150 - 

100 

E 
E 

- 

J F M A M J  J A S O N D  
C W site - Millet 

" 
J F M A M J J A S O N D  
SS site - Millet 

Y 

J F M A M J J A S O N D  

FIG. 3. Modeled monthly water balance for millet in the HAPEX- 
Sahel supersites; P denotes precipitation; E denotes evapotranspira- 
tion; M denotes soil moisture; and Ndenotes runoff. (a) Central east 
supersite; (b) central west supersite; (c) southem supersite. Units are 
millimeters. 

most of the water that runs off forms small pools, which 
eventually evaporate and contribute to the evaporative 
portion of the annual water balance. 

Figures 4a-c shows the partitioning of evapotranspi- 
ration into immediate ( E ' )  and delayed processes (E" ) .  
The immediate process E' is ,primarily the result of 
ground evaporation from soil and the evaporation from 
the water collected in surface depressions. It peaks in 
August, along with rainfall, but it is also high in July 
at the CE and SS supersites, which experienced rela- 
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B 

IMMEDIATE AND DELAYED 
EVAPOTRANSPIRATION 

E-MILLET-EAST _---- 

I 

150 p i 

150 

J F M A M J J A S O N D  

FIG. 4. Immediate ( E ' )  and delayed (E") evapotranspiration for 
millet. (a) Central east supersite; (b) central west supersite; (c) south- 
em supersite. Units are millimeters. 

tively high rainfall in July (Table 2). The delayed pro- 
cess E", which is mostly transpiration by plants plus 
some evaporation of soil moisture from deeper layers, 
peaks in September in all cases, along with soil mois- 
ture, but it is also high in August. The delayed process 
is on the order of 1-2 mm per day during these months, 
roughly in agreement with measurements of Wallace et 
al. ( 1994), giving 2-3 mm per day for the SS supersite. 
Overall, most of the evaporation, about 70%, is im- 
mediate. It exceeds delayed evapotranspiration early in 
the season (i.e., between April and August) before the 
rainfall could be fully incorporated by plants (Lare 
1992). Evaporation is also more efficient at this time 
(evaporivity varies from 0.6 to 0.8, compared to 0.5 
during August). Delayed evapotranspiration exceeds 
immediate when the surface begins to dry out and rain- 
fall ceases, but plants draw moisture from deeper soil 
layers. This is the case from September until December, 
when evapotranspiration ceases. 

The differences among sites and vegetation covers 
is illustrated in Figs. 5a-i, which presents evapotrans- 
piration, soil moisture, and runoff for each local field 
at each supersite. Ín this case, rainfall used to run the 
model was a supersite average, so differences among 
local vegetation fields do not reflect differences in rain- 
fall. The greatest differences are apparent in soil mois- 
ture, which varies by 10%-15% between supersites 
and up to 10% between vegetation types within them. 

Among the three vegetation types, evapotranspira- 
tion increases more slowly at the guiera sites than at 
grass and miller sites, showing a distinct August peak, 
rather than a broad July-August maximum; it is also 
generally somewhat lower for guiera. This translates to 
higher soil moisture for the guiera sites, especially dur- 
ing July and August, with differences of 10 or 20 mm. 
The earlier increase of evapotranspiration for grass and 
millet is physically realistic, as these are shallow-rooted 
plants that can utilize the early rainfall stored in the 
upper soil layers. There is little difference in runoff 
among the local vegetation sites or the supersites. This 
result is probably not realistic. It likely results from the 
greater sensitivity of the runoff parameterization to soil 
texture, which is similar at all sites, than to vegetation. 

Consistent differences in model-calculated evapo- 
transpiration and soil moisture are evident among the 
three supersites. Overall, both evapotranspiration and 
soil moisture are lowest at the CE supersite and highest 
at the SS supersite. The contrast in evapotranspiration 
between the Southern supersite and the others is great- 
est early in the rainy season; at that time, evapotranspi- 
ration varies by up to 40 mm between the supersites. 
This clearly reflects differences in rainfgl, particularly 
the higher totals at the southern supersite in May and 
June. The relatively low rainfall at the CE supersite in 
July is also reflected as lower evapotranspiration there 
compared to the other supersites. Differences in evapo- 
transpiration are minimal starting in August, from 
which time rainfall totals were comparable at all three 
supersites. In contrast, variation in soil moisture among 
the supersites reached a maximum in August and Sep- 
tember, when it is 10-30 mm greater at the SS and CW 
than at the CE supersite. The lower soil moisture and 
lower evapotranspiration at the CE site is confirmed via 
analysis of the Bowen ratios (sensible to latent heat) 
for the three supersites during the IOP, as presented by 
Goutorbe et al. ( 1994). Ratios are higher at the CE site. 

The validity of these results is assessed via a com- 
parison with soil moisture measurements made during 
HAPEX-Sahel. Sufficient soil moisture measurements 
for temporal continuity and vertical integrations are 
available only for the southern supersite and only for 
millet and guiera. This comparison is rendered difficult 
by the high spatial variability of rainfall in the region, 
which is particularly high at the southern supersite (Le- 
bel et al. 1992). Although rainfall was measured at 
numerous locations within each supersite, the number 
of rain gauges for each local field (i.e., vegetation type) 
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FIG. 5. Modeled evapotranspiration E, soil moisture M, and runoff N for the three supersites and the vegetation types: 
millet (a), (b), (c); grass (d), (e), (f); guiera (g), (h), (i). Units are millimeters. 

is limited. Thus, the question arises as to whether or 
not the model should be run with data averaged for the 
local field or the entire supersite. We chose to do both 
runs for the comparison with soil moisture measure- 
ments. The variation in rainfall among the local fields 
is shown in Table 2. The guiera field received almost 
15% more than the average for the supersite, the millet 
field about 5% less. For the year as a whole, the guiera 
field received 132 mm more than the millet field and 
11 1 mm more in August alone. 

Table 3 shows calculated and measured soil moisture 
for the months of August-October for both millet and 
guiera. The measurement represents an integral of the 
1 .O-m layer of soil, which the model-calculated soil 
moisture is assumed to represent. Agreement is excel- 
lent for the millet field: when the model is forced with 
average rainfall for the supersite, the difference be- 
tween measured and calculated soil moisture is about 
4 mm in the months of August and September, when 
observed soil moisture is about 80 mm. Differences are 

TABLE 3. Comparisons between modeled and observed soil moisture for the SS supersite. Observations are from HAPEX-Sahel and were 
integrated for the 100-cm layer by using neutron probes at lo-, 20-, 25-, 30-, 40-, 60-, 80-, and 100-cm depth (available for August- 
September 1992 only). One asterisk indicates that the model was run with rainfall averaged at a supersite scale (seven stations per supersite); 
two asterisks indicate that the model was run with rainfall for stations inside the local field (three stations inside the local field). Units are 
millimeters. 

Millet, SS Fallow guiera, SS 

Model** Observations Model* Model** Observations Model* 

August 77.6 70.5 81.8 90.6 108.1 111.9 
September 83.9 74.6 79.9 94.2 121.8 100.7 
October 56.4 54.0 47.5 60.1 70.9 56.2 
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slightly larger when rainfall for the local field forces 
the model. For October, with observed soil moisture of 
48 mm, differences between calculated and measured 
soil moisture are 6 and 8 mm for model runs forced 
with local and supersite-averaged rainfall, respectively. 

The results for guiera compare somewhat less fa- 
vorably with measurements, but the model correctly 
predicts considerably higher soil moisture at this field 
than at the millet field. For guiera, there is a distinct 
soil moisture maximum in August, while the model 
predicts it for September. Magnitudes compare more 
favorably. Measured soil moisture is 112 and 101 mm, 
respectively, for August and September; the August 
calculations are 91 and 108 mm for supersite and local 
rainfall, respectively, while those for September are 94 
and 122 rnm, respectively. Overall, the results of model 
runs using local rainfall do not show better agreement 
with measured soil moisture than those using supersite 
averages. 

8. Sensitivity analysis 

We have tested the sensitivity of the evapoclimaton- 
omy model to changes in three primary input pa- 
rameters. Precipitation, NDVI, and potential evapo- 
transpiration were each varied by +20%, holding other 
parameters constant. The sensitivity of total evapo- 
transpiration, soil moisture storage, and runoff to these 
parameters was assessed. Because the results were sim- 
ilar at all three supersites, here we present only the 
sensitivity studies for the millet field at the SS supersite. 

All three water-balance parameters show sensitivity 
to precipitation during the three or four wettest months. 
A 20% increase in precipitation increases evapotranspi- 
ration and soil moisture about 15% and 28%, respec- 
tively, during the wet season (Figs. 6a,b), while runoff 
increases by almost 50% (Fig. 6c). Evapotranspiration 
is reduced by about the same amount when rainfall is 
reduced by 20%, but soil moisture and runoff are some- 
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what less sensitive to a 20% reduction in precipitation 
than to a 20% increase. 

A 20% change in NDVI has no effect on either 
evapotranspiration, soil moisture, or total runoff (Figs. 
6d-f) or their seasonal cycles. The lack of sensitivity 
to this parameter may underscore the need for explicit 
parameterization of vegetation in the model. 

The sensitivity of the model to potential evapotrans- 
piration is shown in Figs. 6g-i. A 20% increase in po- 
tential evapotranspiration increases evapotranspiration 
by about 6% during the wet season and reduces soil 
moisture by 18% duringthis period but has little effect 
on runoff. In contrast, an equivalent decrease in poten- 
tial evapotranspiration reduces evapotranspiration by 
the same amount but increases soil moisture by about 
27% during the wettest months, with no apparent effect 
on runoff. 

These results indicate that model results are sensitive 
to both precipitation and potential evapotranspiration, 
but the two variables influence the water balance in 
different ways. Both have a considerably greater influ- 
ence on soil moisture than on evapotranspiration. An 
increase (decrease) in precipitation increases (de- 
creases)-bd’th evapotranspiration and soil moisture. 
However, changes in potential evapotranspiration have 
opposite effects on evapotranspiration and soil mois- 
ture. Higher potential evapotranspiration increases 
evapotranspiration but reduces soil moisture. Overall, 
there is an asymmetric response of soil moisture to 
symmetric changes in precipitation and potential 
evapotranspiration. Based on the magnitude of the as- 
sociated changes, our results suggest that although pre- 
cipitation and potential evapotranspiration both influ- 
ence the availability of soil moisture, rainfall is the 
main limiting factor in this environment. 

9. Summary and conclusions 

In the context of the HAPEX-Sahel regional exper- 
iment, the main objective of this paper was to study 
regional-scale hydrological water balances in the three 
supersites during 1992. With that purpose we have used 
a revised and more physically based version of Lettau’s 
evapoclimatonomy model, which has been successfully 
applied to climate studies in West Africa (Lare and 
Nicholson 1990, 1994; Lare 1992). In this study, the 
forcing functions for the model were monthly precipi- 
tation, potential evapotranspiration, and incident solar 
radiation at the surface, as obtained from the HAPEX- 
Sahel dataset. Model calculations showed that evapo- 
transpiration and soil moisture storage account for most 
of the precipitation. 

Differences in rainfall at the three supersites result 
in differences in evapotranspiration and soil moisture 
at these sites. Soil moisture is highest at the SS super- 
site and lowest at the CE supersite. Among the three 
vegetation types, soil moisture at the millet is generally 
15%-20% lower than at guiera sites in all cases. This 

may be due to lower water demand for guiera than for 
millet, as reflected in their respective evapotranspira- 
tion rates. Precipitation and evapotranspiration peak in 
August, one month before the peak in soil moisture. 
Evapotranspiration is dominated by immediate pro- 
cesses at all three supersites and for all three vegetation 
types, with the delayed component peaking in Septem- 
ber, one month after the maximum in immediate evapo- 
transpiration. Peak soil moisture values range from 70 
to 100 mm for the different vegetation types, varying 
around 15% among the different supersites. 

Evapotranspiration shows relatively little sensitivity 
to NDVI and potential evapotranspiration but strong 
sensitivity to rainfall. Changes in rainfall affect pri- 
marily soil moisture and runoff, while changes in po- 
tential evapotranspiration influence primarily soil 
moisture. Overall, the system is more sensitive to pre- 
cipitation than to potential evapotranspiration, indicat- 
ing that the former is the limiting factor in moisture 
availability. 

Although the sensitivity studies show reasonably 
large changes in some variables, they also indicate the 
robustness of the model. A 20% change in rainfall is 
quite extreme, yet it modifies soil moisture by, at most, 
about 15%-20%. The only result that is not physically 
realistic is the low sensitivity of evapotranspiration to 
NDVI. However, in the current version of the model, 
NDVI affects only “evapori~ity’~ and thus only the 
partitioning of the delayed and immediate processes; 
its impact on radiation absorption, infiltration, etc., is 
not adequately modeled. More realistically, the vege- 
tation is the main contributor to delayed evapotranspi- 
ration and a further model revision will be to incor- 
porate NDVI into the calculation of delayed evapo- 
transpiration. 

The values of soil moisture storage calculated by the 
model are comparable to the measurements from the 
HAPEX-Sahel experiment. For the S S  supersite (Table 
3) the modeled and observed values differ by about 
10%-15%. The use of areally averaged rainfall for the 
entire supersite or rainfall from the local field does not 
significantly influence these differences. Modeled 
evapotranspiration oscillates between 500 and 600 mm 
per year and is thus close to the values reported by 
Sivakumar ( 1987), Henning ( 1989), and the Direction 
de la Météorologie Nationale, Niger, (1987) for Nia- 
mey, the closest synoptic station to the HAPEX-Sahel 
sites. 

The errors in estimates may be a manifestation of 
inadequacies in the formulation of key model param- 
eters, such as residence time or hydraulic conductivity, 
which control the rate of soil moisture depletion, and/ 
or infiltration capacity, which controls the rate of gen- 
eration of soil moisture. It is noteworthy that the model 
is highly sensitive to clay content, which strongly in- 
fluences both infiltration capacity and hydraulic con- 
ductivity. Furthermore, clay contents of 5% (as in the 
HAPEX sites) are at the limit of the validity of the 
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parameterization (Lare 1992). The very large spatial 
variability of rainfall in the SS supersite might also in- 
troduce some errors in model estimates. 

A daily version of the model was also applied to the 
HAPEX-Sahel region (Nicholson et al. 1996b). Those 
results suggested a systematic overestimation of soil 
moisture,in the CE and SS supersites that may have 
been related to assumptions concerning the depth of 
daily exchange processes. The two models show con- 
siderable contrast with respect to the partitioning of im- 
mediate and delayed processes, particularly for evapo- 
transpiration. Monthly results indicate that immediate 
evapotranspiration is about 40%-70% larger than de- 
layed during the May -September season but that de- 
layed evapotranspiration exceeds immediate during the 
dry out period after the end of September. In the daily 
model, immediate evapotranspiration exceeds delayed 
only during periods when precipitation (from storm 
rain) is high and has not been yet incorporated by 
plants. Consequentially, the total contribution of im- 
mediate processes is considerably smaller than in the 
monthly model. These results are not contradictory in 
that the timescales defining “immediate’ ’ are distinctly 
different in the two models. 

The HAPEX-Sahel observations provide an excel- 
lent opportunity to test our model in the Sahel region. 
The results of this study give us some confidence in the 
model’s ability to reasonably reproduce the basic hy- 
drological exchange processes in the region. In turn, 
further applications of the model will extend the ben- 
efits of the observations made during the HAPEX-Sa- 
he1 campaign beyond the termination of the experi- 
ment. The evapoclimatonomy model has proven to be 
useful in studies of water balance at the subsite and 
supersite scales for the various land-cover types in the 
HAPEX-Sahel region. Applications to other regions are 
feasible and would help to improve our understanding 
of land surface-ahosphere interaction processes in 
various regions of the world. 
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