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Abstract 

The HAF’EX-Sahel experiment was organized to investigate the impact of water, energy and COz 
fluxes at the soil-vegetation-atmosphere interface on climate processes in the Sahelian region. 
Measurements of the energy balance components, CO2 flux and soil moisture were conducted 
over a savanna area at the East Central Supersite of the one degree square during a 3 month period 
in 1992. The aim of this particular investigation was to understand the role of surface conditions (i.e. 
vegetation and moisture) in the partitioning of available energy at the surface into sensible and latent 
heat flux. It also aimed to improve the understanding of how water and carbon cycles are affected by 
vegetation functioning, soil water availability and atmospheric demand. The analysis presented in 
this paper showed that the relative contribution of the soil and the vegetation to latent heat flux varies 
intimately with the temporal rainfall distribution and the growth of the savanna grass species, which 
is more sensitive to the distribution of precipitation than to its amount. Finally, semi-empirical 
parameterizations were developed to formulate (1) the daily evapotranspiration rate of the savanna 
in terms of available energy at the surface and soil water content, and (2) the instantaneous carbon 
uptake in terms of photosynthetically active radiation received at the surface and soil water 
availability. 
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1. Introduction 

It has been increasingly apparent in recent years that accurate predictions of possible 
climate change and its consequences in semi-arid regions rely on understanding the 
exchange mechanisms of water, energy and CO2 at the land surface-atmosphere interface. 
The key issue is to parameterize correctly these processes in mesoscale models. This 
requires an accurate understanding of the linkage between the forcing factors (climatic 
as well as human) and the relevant land-surface processes at different time-space scales. 

Recently, several multidisciplinary field experiments have been conducted over 
different biome types. In this context, the HAPEX-Sahel experiment was organized during 
summer 1992 in the southwest of Niger. The aim of the experiment is to improve the 
parameterization of the land surface processes in general circulation models (GCMs) by 
combining remote sensing techniques and hydrological modelling (Goutorbe et al., 1994; 
Lhomme et al., 1994a, Lhomme et al., 1994b; Prince et al., 1995). A preliminary 
investigation took place in the same area within the framework of the Sahelian Energy 
Budget Experiment (SEBEX), where emphasis was mostly on the water cycle (Gash et al., 
1991; Wallace et al., 1991) without coupling it to the carbon cycle. 

In this study, the temporal variability of surface fluxes in response to climatic forcing 
and surface conditions was investigated, especially the flux of water and of CO2 of the 
savanna area in the Central East Site of the HAPEX one degree square. Data were 
collected with a Bowen ratio based system to study the dynamic interactions between 
the Sahelian savanna and the atmosphere. Some semi-empirical parameterizations were 
developed to compute the exchange rates between the savanna area and the atmosphere 
using conventional meteorological data. Their evolutions give a comprehensive insight 
into the water and CO2 cycles; they also affect the surface boundary-layer characteristics 
at regional scale as a source or a sink. 

2. Material and methods 

2.1. Climatic conditions 

The East Central Supersite is located 65 km east of Niamey, near Banizoumbou village 
(13"31'931N, 2"39'636E). Climate variables were monitored routinely at a long-term 
meteorological station at Banizoumbou. The development of the climatic conditions is 
related largely to the shift of the Intertropical Convergence Zone (ITCZ) over the Sahelian 
region (Leroux, 1983; Monteny, 1993; Goutorbe et al., 1994). Fig. 1 presents the 
development of the climatic conditions during 1992. From May until the beginning of 
October (Decade 13-29), most of the Sahelian region was under the influence of moist 
southwesterly air masses. Dew-point temperature increased from 5°C to 22°C and nearly 
equalled the minimum temperature; therefore dew could have occurred on the leaves of 
plants in the morning hours. The rainy season began in midJuly and ended in mid- 
September. The maximum rainfall occurred in August and cloud cover affected the 
incident solar radiation. During 1992, the rainy season was particularly short, with a 
total amount of 424 mm at Banizoumbou. 
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Fig. 1. Climate conditions during 1992 at Banizoumbou (13"31'931N, 2"39'636E), 65 km east of Niamey, Niger. 
The East Central site received about two-thirds of the average annual rainfall in 1992. Td, Dew-point temperature; 
T,, minimum temperature; Tb,, maximum temperature; T,, maximum soil temperature (2 cm); R,,  total incoming 
solar radiation; vertical bar, precipitation. 

2.2. Site description 

The region is covered mainly by aeolian sand of variable depth depending on the 
underground laterite plateau (see Goutorbe et al. (1997) and the site report (Monteny, 
1993)). The savanna area consists of scattered bushes covering 17% of the area, underlain 
by a sparse grass layer of different species seeding at different periods during the rainy 
season. For the same total amount of precipitation, biomass production can be completely 
different from one year to another owing to the differential dynamics of the plant species 
induced by the rainfall event distribution during the wet season. The rates of seeding and 
growth (leaf area and density), and the timing of phenological development of the species 
are dependent on the soil water content. 

The grass layer of the savanna ecosystem is composed essentially of annual plants with 
a number of C3 species growing in competition with C4 species. Several species (Aristida 
mutabilis, (C4); Aristida adscensionis, (C4); Cenchriis bijlorus, (C4); Mitarcarpus scaber, 
(C3); Tribulis terrestris (C3)) are in competition after seed germination following the first 
heavy rainfall (Adamou, 1992; E. Delabre, personal communication, 1994). With more 
regular precipitation events, other plant species appear: Zornia glochidiata, (C3); Ctenium 
elegans, (C4); Digitnria'gayana, (C4); Eragrostis tremula, (C4); Dactyloctenium aegyp- 
tium, (C4); Indigofera aspera (C3); Mitarcarpus scaber (C3). The importance of variable 
growth rates among species has to be considered as a primary forcing characteristic for 
establishing the composition and structure of vegetation. Here, the grass presents generally 
erect leaves. 
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With the start of the dry season in mid September, young plants dry out without bearing 
fruit and for the other established plants, senescence may appear 1-3 weeks after the last 
rainfall event. Table 1 gives information about the evolution of the grass layer character- 
istics (height, leaf area index (LAI) and biomass) as well as the evolution of the soil water 
content. 

2.3. Measuremeiits of the energy budget coniporieiits 

Micrometeorological methods are well suited for measuring the vertical evapotranspiration 
flux and the carbon assimilation rate over land surfaces without altering the surface environ- 
mental conditions. Bowen ratio-energy balance (BREB) and eddy correlation techniques 
were used to measure the evapotranspiration flux and the COZ flux over vegetated surfaces. 

2.3.1. Components of the energy budget 

2.3.1.1. Energy budget. The energy budget of a vegetated surface, when small storage 
terms are ignored, can been written for steady-state conditions as 

where R ,  is the net radiation flux density and G is the soil heat flux density. The available 
energy at the surface, R ,  - G, provides the energy for the latent heat flux density, XE and 
sensible heat flux density, H (with E the evapotranspiration and X the latent heat of 
vaporization). ,UA is the carbon assimilation rate (photochemical energy fixed by photo- 
synthesis), whereA is the net assimilation rate (mol m-' s-') and fi is the heat of formation 
of carbohydrate per unit amount of COz assimilated A (J mol-' COz). This last term is 
generally neglected when carbon fluxes are not measured. 

Another way of evaluating the effect of soil moisture availability on evapotranspiration 
rate is to consider the Priestley-Taylor coefficient a as a function of the soil water content. 
The Priestley-Taylor 'equation, which estimates the regional evaporation, based upon the 
available energy, is written (Priestley and Taylor, 1972) 

R, -G=XE+H +fi (1) 

Table 1 
Surface characteristics of the savanna grass layer for selected days 

Day of Height LAI LAI Biomass Soil water 
year ( 4  (total) (green) (kg ha-') content 

(mm 0.60 m-' 
depth) 

258 0.38 0.47 0.47 727 39 
260 51 max. 
266 0.49 0.7 0.7 1062 36 
112 0.55 0.95 0.8 1262 21 
286 0.65 0.9 0.4 1374 13 
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where ci is unitless coefficient close to 1.25 for well-watered vegetation, XEo is the 
equilibrium evaporation depending on available energy, s is the slope of the curve relating 
saturation vapour pressure of air to temperature and y is the psychrometric constant. 

The coefficient ci, calculated as the ratio EIEo of measured evapotranspiration to 
equilibrium evapotranspiration, can be used to evaluate the evapotranspiration rate of a 
semi-arid region (Stannards, 1993). The value of ci is related to the canopy surface 
resistance r ,  through the soil water content SISm. When the soil water availability 
decreases and the vegetation is stressed, ci decreases. An empirical expression can be 
used to relate a to the relative soil water content (De Bruin, 1983; Monteny and Casenave, 
1989; Nichols and Cuenca, 1993) 

2.3.1.2. Radiation budget. The radiation budget of the savanna vegetation is 

where R , the incoming shortwave radiation, R I  the reflected shortwave solar radiation, R a 

the incoming long wave radiation and E ~ T :  the emitted longwave radiation, with u the 
Stefan-Boltzmann constant, E the emissivity (assumed to be equal to unity), and T,  the 
surface temperature (K). R and the photosynthetically active radiation (PAR) R ,  (400- 
720 nm) of the incoming solar radiation were measured with a Kipp CM6 Pyranometer 
(Kipp and Zonen, Delft, Netherlands), calibrated against an Eppley radiometer (Eppley 
Lab. Inc., RI, USA), and a quantum flux density sensor (Campbell Scientific, Shepshed, 
UK), respectively. These radiation data were recorded continuously at the meteorological 
station near Banizoumbou. 

(3) 
4 R,  = R,  - R,  +Ra - EUT, 

2.3.2. Experimental gelds and fiux stations (Bowen ratio apparatus) 

2.3.2.1. Flux measurements: Bowen ratio ß coipled with the energy budget. For many 
years, the Bowen ratio technique has been used in conjunction with the energy balance to 
assess areal evaporation and COz downward flux (Denmead et al., 1971; Jarvis et al., 1976; 
Denmead and Bradley, 1985; Baldocchi et al., 1988; Verma et al., 1989; Cellier and 
Olioso, 1993; Stannards et al., 1994). 

Under conditions of steady state, horizontal homogeneity and equality of the aero- 
dynamic turbulent resistances of sensible and latent heat flux and CO2 assimilation near 
the surface, the Bowen ratio, ß = H/M,  can be derived from measurements of the vertical 
gradient of air temperature, dT, and of the water vapour pressure, de, in the atmosphere: 

dT 
de 

ß =  - 

The available energy R ,  - G can be measured directly, and sensible heat and latent heat 
fluxes can be obtained from the energy budget (Eq. (1)) (Denmead and Bradley, 1985; 
Anderson and Verma, 1986; Cellier and Olioso, 1993): 

i 
Rn-G E=- 
l + ß  

1 

(4) 
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The evaporative fraction, XEI(R, - G), characterizes the energy partitioning over land 
surfaces. 

In the savanna area, 4 km from Banizoumbou, two flux stations were installed: one 
station in the savanna area covered by short annual grass with scattered woody perennial 
shrubs of Guiera seizegalensis (the dominant savanna vegetation), the other station in a 
large area of sparse grass without bushes. The aim was to evaluate the importance of the 
transpiration of the bushes in the total savanna evapotranspiration rate. The grass layer 
characteristics are given in Table 1. 

At this site, the shortwave reflected solar radiation R ,  above the studied surfaces was 
measured using an inverted Pyranometer (Kipp CM6). To evaluate the surface temper- 
ature, the emitted longwave radiation EUT: was measured with a Model 4000 chopped 
thermoradiometer (Everest Interscience, Tucson, AZ, USA) at nadir position. A Q *6 net 
radiometer (Radiation Energy Balance System, Seattle, WA, USA) was mounted horizon- 
tally. All instruments were fixed on a horizontal 3 m arm fixed at 12 m on top of the flux 
station mast. The downward-looking radiometers respond to a cosine-weighted average of 
the incident fluxes upon the hemispherical windshield (Stannards et al., 1994). The 
measurements are spatial integrators representing an averaged value of the radiation 
budget of a sparse vegetation surface of some 1300 m2 assuming the radiometers have 
an effective view angle of 120". During the Intensive Observation Period (IOP), R ,, and R 
were checked regularly to ensure the consistency of the measurements. The net 
radiometers used in the field were calibrated outdoors against a factory calibrated net 
radiometer. 

Latent and sensible heat fluxes were calculated from the gradient of the mean values of 
the temperatures and water vapour pressures at the same levels through the energy 
budget-Bowen ratio method. Over the savanna area, the height of sampling was 4.5 m 
and 9.0 m; over the sparse grass layer, it was 0.2 m and 1.2 m above the canopy (Table 1). 
Temperatures were measured with shielded copper-constantan thermocouples and the 
water vapour pressure was measured using a Vaisala HMP35A humidity sensor (Vaisala 
Inc., Helsinki, Finland). Air was sampled alternately by two pumps (ASF, Puchheim, 
Germany) at the two levels and drawn through Tygon tubes to a three-way solenoid 
valve which was activated every 150 s by a signal from the data logger. It diverted the 
flow through a capacitative hygrometer sensor (Cellier and Olioso, 1993), inside a 
measurement chamber of about 1 cm3. To allow stabilization, measurements were 
excluded during the first 3 0 s  following the switching of the flow, and then the air 
temperature and humidity in the chamber were measured every 1 0 s  and converted 
immediately into vapour pressure by the data logger (Campbell Scientific). The values 
at each level were then averaged over 20 min intervals. The two pumps, the solenoid 
valve and the hygrometer were placed in a wooden box fixed on the mast between the two 
levels. 

The average soil heat flux density Go was calculated from measurements of 
four soil heat flux plates (Campbell Scientific) placed at 2 cm below the soil. One 
plate was under a bush savanna area and the other three were beneath a 
sparse grass area. The mean heat flux storage between the surface and 2 c m  was 
added to the average G to estimate Go, the average heat flux value at the surface (Passerat 
de Silans et al., 1997). 

I 
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2.3.2.2. COZ measurement 
2.3.2.2.1. Bowen and assimilation ratios coupled with the energy budget. Another ratio, 

defined as the ratio of CO2 assimilation to latent heat flux density, p = $/XE , can be 
derived from gradients of CO2 concentration, dCOz, and water vapour pressure, at least 
during daytime hours: 

B.A. Monteny et aLIJoumal of Hydrology 188-189 (1997) 516-535 

with x the molecular weight ratio of COz to air and p the air density. 
When coupled with the energy budget Eq. (l), ß and p lead to the determination of the 

latent heat, sensible heat and COz assimilation fluxes when dC02 is measured (Denmead 
and Bradley, 1985; Anderson and Verma, 1986; Baldocchi et al., 1988): 

(Rn -G)/(l +ß + (4') 

H=ß(Rn-G) / (1+P+p)  (5') 

A special underground laboratory was built for the CO2 measurements to avoid the daily 
temperature amplitude which affects the IRGA stability as well as the air density of the 
samples. 

Air was sampled at the same two heights as the temperature by two pumps and drawn 
via buried copper tubes to the laboratory at a constant flow rate of 5 1 min-'. The buried 
lines were at the soil temperature (30-31°C); high enough to prevent internal condensation 
during the experiment (dew-point temperature: 24-26°C) and to avoid density differences 
between the two airstreams, which can cause errors as large as 40% in the measurements 
of CO2 exchange (Leuning et al., 1982). In the laboratory, a fraction of the air was diverted 
from both lines through desiccant columns of drierite (anhydrous calcium sulphate with an 
indicating dye) and passed through needle valve rotameters to adjust the flow rate to 
1.5 1 min-'. The air was passed through porous (40 pm) ceramic dust filters before entering 
the two sample cells of the IR Gas Analyser (IRGA) (ADC III, Hoddesdon, UK). The 
analyser signal was recorded at a sampling interval of 5 s and then averaged over a 20 min 
interval. The zero drift of the IRGA was determined twice a day by drawing a known 
concentration of CO2 in air (320 ppm) through both sample cells, thus giving a zero 
reading to correct the previous values. The analyser drift was linear between calibration 
times. The output scale was evaluated by passing a calibrated CO2 gas into the cells. The 
scale of the analyser was obtained between two standard gas concentrations of 320 ppm 
and 360 ppm. No correction was required for the dried samples of air from the two heights 
brought to a common pressure and temperature (Webb et al., 1980). 

From another mast, air was sampled at 11.5 m to record continuously the atmospheric 
CO2 concentration. The air was pumped and drawn through 15 m copper line, buried at 
0.5 m depth in the soil, at a flow rate of 4 1 min-'. This brought the temperatuyre of the air 
sample to that of the soil and avoided the measurement complication caused by the daily 
air density fluctuation. A fraction of this air was dried, cleaned of dust and routed through a 
Binos analyser (Binos, Hanau, Germany). No corrections needed to be applied (Webb et 

1 
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al., 1980; Baldocchi et al., 1988). The zero drift of this IRGA was checked twice a day by 
drawing a dry calibrated COz-air mixture (360 ppm) through the sample cell. This region 
was not affected by COZ from fossil fuel consumption nor by grassland burning during the 
IOP. 

2.3.2.2.2. Eddy correlation. A three-dimensional Solent sonic anemometer (Gill 
Instruments, Southampton, UK) coupled with a Li-Cor LI-6262 differential closed path 
IR gas analyser (Li-Cor Inc., Lincoln, NE, USA) (see Verhoef et al. (1996) for more 
details) was used to evaluate the net CO2 flux p.A by the eddy correlation technique. 

2.3.2.3. Soil moisture measurements. Soil water content was obtained from 12 neutron 
probe access tubes, installed over an area of 300 m x 300 m around the mast. Average soil 
water content of the savanna area was determined by integrating the moisture content 
measured every 0.1 m from the surface to 1 m depth and every 0.2 m from 1 m to 1.6 m 
depth. The maximum value S, was derived by integrating the highest moisture profile 
occurring during the IOP for the 0.6 m layer depth, where the maximum root biomass was 
found. The ratio S/S, expressed the soil water content relative to the maximum water 
content. 

3. Results and discussion 

Rainfall patterns affect both the temporal and spatial characteristics of the savanna 
ecosystem. 

3.1. Surface energy partition 

Two clear days have been selected (Fig. 2). Diurnal net radiation follows that of 
incoming solar radiation. The trend of soil heat flux differs in the afternoon hours 
owing to a bush shadowing one of the soil heat flux plates. Maximum downward soil 
heat flux was between 180 and 200 W m-’. In fact, grass and bushes cover only 60% of the 
ground surface, even when the vegetation was completely developed. Components of the 
energy balance presented for the period from 07:OO to 17:OO h correspond to the period of 
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Fig. 2. Energy balance components of the savanna area during 2 days (the soil water content is a limiting factor on 
Day 282). R,, Net radiation; LE, latent heat flux; H ,  sensible heat flux; G, soil heat flux. 
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positive net radiation. The partitioning of available energy (R, - Go) into latent and 
sensible heat fluxes of a well-watered young savanna vegetation (Day 266) show large 
values of XE with an average daily evaporative fraction (EFg-l,j h = 1 hE/z (R, - Go)) of 
0.85 for a soil water content of 78% of the maximum in the first 0.6 m depth and an LAI of 
0.7. Atmospheric demand limits the vegetated layer energy exchange when soil water 

When the soil water ontent has been depleted to 35-40% of the maximum in the first 
0.6 m depth, and with s me grass layer species into senescence (Day 282), the partitioning 
of the available energy R ,  - Go is altered, with more sensible heat and less latent heat 
transferred to the atmos here (Fig. 2). The daily evaporative fraction EF is 0.35. The trend 

content is high. 

observed between Days 261 and 282 is a general reduction of the latent heat flux from the 
surface to the atmosphere over 3 weeks, induced by the decrease in the soil water avail- 
ability. The observed diurnal exchange processes over the Sahelian savanna surface 
depend on soil water content in the root zone as well as on the grass vegetation stage 
(age and LAI). 

The average soil water content down to 1.6 m depth from Day 232 to Day 262 reflects 
rainwater infiltration (Fig. 3). At the end of the rainy season, a gradual drying out of the 
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Fig. 3. Soil water content in thb savanna area for three typical days during the Intensive Observation Period (IOP). 
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Fig. 4. Relative soil water content in a transect of 3.5 km in the catchment area for 3 days during the IOP. JO1, 
Edge of the laterite plateau; J04, mid sandy skirt level between the plateau and the bottom of the valley; 508, 
shelf of the valley, sandy loam, accumulating water from the gullies; STR4 and T103, valley floor with and 
without sandy crust at the surface. 

soil was observed. The decrease in evapotranspiration during this period is due both to the 
reduction of the soil surface evaporation and to the decrease of the transpiration rate 
induced by the soil water depletion in the root zone (Table 1). Nearly 70% of the grass 
root system is located in the surface to 0.6 m soil layer. Fig. 4 shows the general decrease 
of the relative soil water content S/S, in the catchment area. The transect of 3.5 km goes 
from the highest level of the catchment, JO1, passes through a spreading area, 508, which 
is generally better watered than the savanna, and ends in the millet field area in the bottom 
of the valley. 

Fig. 5 shows the evaporative fraction of the savanna area and its underlying grass layer 
for the complete IOP. At the start of the rainy period, the increase of the evaporative 
fraction is mainly due to surface soil water evaporation after rain, when grass cover is at 
the seedling stage. During a month (Days 239-269) when rainstorms contributed to a high 
soil water content over the area, the savanna evaporative fraction varied around 0.8 
whereas the grass layer had a value of 0.65. The difference is attributed to the bush 
transpiration. The sparse grass layer represents the principal element in the energy 

I 

savanna - 

soil water depletion 

LAI : 

Day Number 

Fig. 5. The evaporative fraction of the savanna area and the underlying grass layer during the IOP. 
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exchange of the savanna surface. The evaporative fraction values are less than the usual 
value for well-watered conditions. Here, the main limiting factor on energy partition was 
the development of the leaf area for the vegetation as a whole. After Day 269, evaporation 
from the soil surface ceased some days after the last rain. When 30-40% of the available 
soil water was depleted, transpiration decreased progressively owing to the stomatal 
response of the grass layer to the water shortage. This was also observed during the 
Sahelian Energy Balance Experiment (SEBEX) (Gash et al., 1991). With the drying 
cycle, the green leaf area of the vegetation decreases and the energy budget was modified, 
with more sensible heat being transferred to the atmosphere. The surface energy exchange 
was then controlled by the soil water content and not by the atmospheric demand. 

The surface boundary-layer characteristics are affected as less evapotranspiration from 
the surface leads to less water vapour content in the atmospheric surface layer and more 
daytime sensible heat transfer from the surface increases the amplitude of variations in the 
air temperature over the region (Fig. 6). At the mesoscale, the water vapour pressure, e, 
decreases in the surface boundary layer as the air temperature increases, a process that 
begins at the same time as the soil water content starts to limit the vegetation transpiration 
rates all over the region. At the southern site, 54 km away, the same fluctuations of the 
atmospheric water vapour pressure and the air temperature were observed during this 
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Fig. 6. Water vapour pressure, e, and the temperature in the surface boundary layer during the soil water depletion 
period in the Sahel for two locations 54 km apart. 
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period (Monteny et al., 1996). This shows the linkage between the biosphere evapo- 
transpiration rates in relation to the soil water availability and the atmospheric 
characteristics of the surface boundary layer. , 

3.2. Parameterizatioii developineiit 

The relationship between the Priestley-Taylor coefficient a = EIE0 and the relative soil 
water content SIS, is nonlinear, as shown in Fig. 7. Soil moisture depletion affects the 
evapotranspiration rate E through an increase of the local large-scale surface resistance. 
The ratio EIEo decreases when nearly 30-40% of the total soil water is depleted in the root 
zone, so that soil water content controls the evaporative regime of the Sahelian land 
surface. 

Parameterizations allow computation of the fluxes of radiation, sensible and latent heat 
at the land-surface-atmosphere interface in response to near-surface atmospheric 
conditions. The dependence of the savanna land surface behaviour on the soil water 
content (Fig. 7) can be determined by regression: 

a = - = l . l [ l - e x p (  E - 1.7S/Sm )] 
EO 1 - SISm (7) 

The Priestley-Taylor coefficient a is related empirically to the soil water content. How- 
ever, the equilibrium evaporation Eo (Eq. (2)) has to be estimated to model the savanna 
evapotranspiration E. The radiation absorbed by the savanna area was evaluated using the 
incoming solar radiation. The net radiation R was derived from the following relation: 

R, = 0.71Rs - 1.7 (MJ m-2 day-') r2 = 0.99 (8) 

where R, is the total downward solar radiation flux density (hourly data integrated over a 
day) measured during this experiment (mid-August until end of September). 

Because of the poor soil coverage by plant grasses, plants and bush foliage, the soil heat 
flux of the Sahelian surface (Go) represents nearly 30% of the net radiation when averaged 
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over a diurnal cycle (07:OO-19:OO h): 

Go = 0.3Rn - 1.1 (MJ m-2 day-') r2 = 0.88 

Therefore, the available energy is represented by 

R ,  -Go = 0.49Rs - 0.1 (MJ m-' day-') (9) 

The equilibrium evaporation, Eo, is expressed (Eq. (2)) as 

Eo = (&) b.49 (R+)] 

and the evapotranspiration E can be formulated by combining the former equations as 
follows: 

(mm day-') 1 0.49(Rs-0.1)] ( s ).[ 1 - exp( - 1.7S/Sm 
S + Y  1 - s/sm Eest = 

The daily evapotranspiration rate Eest thus obtained is compared with the measured values 
E,,, in Fig. 8. The scattering around the 1:l line shows that the model performs correctly 
although it overestimates small daily values of evaporation. These expressions allow 

to the soil water content, and from the incoming solar radiation (both climatic forcing 
factors) for the Sahelian land surface. 

By considering that the region behaves as an uniform hydrological unit in respect of soil 
water content, Eq. (11) provides information about the water exchange rate for the grid 
scale. An estimation of spatial and temporal variation of the evaporation may be obtained 

computation of the savanna evapotranspiration rate, E ,  from the rainfall, which contributes 1 
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by combining Eq. (11) with the midday radiometric surface temperature obtained from 
remote sensing (Monteny et al., 1994; Amram et al., 1995). The soil water depletion 
modifies the biosphere evapotranspiration and COz exchange rates by increasing the 
surface resistance and later on by reducing the active green leaf area. 1 

3.3. COz downward JEUX 

The downward CO2 fluxes for two selected days are shown in Fig. 9: a clear day with 
soil moisture fully recharged (Day 266) and a clear day with moisture shortage (Day 282). 
The pattern of photosynthesis of the canopy during the daylight hours (Day 266) is not 
symmetrical in shape; it increases quickly in the morning until 1O:OO-11:OO h, to a value 
around 10 pmol COz mb2 s-*, then decreases slowly after 15:OO h. This is for a savanna 
where the grass layer had an LAI of 0.70 (Table 1). The rapid increase could be due to the 
turbulence, which affects the CO2 air concentration in the morning near the surface, 
reducing it from 350 ppm at 08:OO h to 335 ppm at 1O:OO h. The CO2 exchange rate values 
for non-limiting soil water content are lower than those quoted in the literature for crops or 
grass prairie area (Verma et al., 1989; Verma et al., 1992). It is not only the LAI of the 
grass layer which limits the assimilation rate but also its structure, because erect leaves 
intercept very little photosynthetically active radiation (Bégué et al., 1994, Bégué et al., 
1997). 

With soil water depletion, a general decrease in CO2 assimilation is seen as the grass 
layer proceeds towards water stress conditions (Day 282). The stomatal resistance rises, 
reducing the atmospheric CO2 and latent heat transfer. This, in turn, increases the vege- 
tated surface temperature, which acts on the respiration process by reducing the net CO2 
assimilation rate of the grass layer. The low value of the canopy CO2 assimilation on Day 
282 results from the combination of the depletion of the soil water content and the 
respiration rates. The observed general decrease in CO2 assimilation rate and water vapour 
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Fig. 9. Diurnal pattern of the savanna CO2 assimilation rate for two contrasting soil water conditions. 
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transfer comes particularly from the savanna grass layer, which is affected by soil water 
depletion 2-3 weeks after the rainfall events (Fig. 3). Similar observations have been 
made at the other sites (Verhoef et al., 1996; Moncrieff et al., 1997). The CO2 flux 
from the soil was not measured, so the results do not express the composite net 
assimilation rate of the savanna surface. 

he regression equation relating the net assimilation rate of the savanna land area and 
the incoming PAR is shown as a continuous line and compared with experimental points 
fro central sites and in relation to the soil water availability S/S, (Fig. 10). The 
re1 F tionship has the rectangular hyperbola form: 

+ c  ' 
with n = - 22, b = - 0.045, c = 6.5 and SIS, the relative soil water content. 

For high soil water content (S/S, > OM), the adjusted curve is a rectangular hyperbolic 
curve with an asymptotic character, with light saturation at 1600-1800 pmol m-'s-l for a 
radiative surface temperature between 36 and 42°C. When neither soil water nor temper- 
ature is limiting photosynthesis, the assimilation rate vs. the incoming PAR indicates the 
potential of the savanna to absorb the atmospheric COZ (Eq. (12)). In the intercomparison 
paper (Moncrieff et al., 1997), a comparable hyperbolic fit of COz flux data vs. PAR is 
presented for millet. At intermediate values of the soil water content (S/S, 0.75), the 
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experimental points show a decrease in the assimilation rate. The reduction of the 
availability of soil water induces an increase of the general surface resistance. This raises 
the surface temperature to values between 40 and 46°C during the day. As soil moisture 
decreases further during the early senescent stage, the shift to smaller net assimilation rates 
in the experimental points is the result of the interactions between soil moisture content 
(SIS, < 0.5) which controls the stomatal aperture, increasing the surface resistance which 
raises the surface temperature to values between 44 and 51°C. This reduces the green leaf 
area to LAI i= 0.45. In Fig. 10, the result of the parameterization described in Eq. (12) is 
given by the dotted fitting curves. The rates of CO2 assimilation by the vegetation are well 
described by the above parameterization, which is related to incoming PAR as well as to 
soil water content in the root zone. 

The general trend is a large reduction of the surface CO2 flux density with depletion of 
the soil water content, although plant species can still photosynthesize at high temper- 
atures, as shown by the results. The daily net downward CO2 flux Cp4 (08:OO-16:OO h) 
decreases from 8 to 2 g CO2 m-’ at the end of the IOP when the green leaf area diminishes. 
The soil moisture content in the root zone is the state variable that controls the magnitude 
of the surface fluxes through the canopy surface resistance. The relation between soil 
water availability and CO2 assimilation is complex, considering the secondary effects 
on the photosynthesis processes. The parameterization of the surface energy balance 
components (sensible and latent heat fluxes and net photosynthesis rate) of a semi-arid 
savanna land surface also provides links to surface radiometric temperature and the 
available soil water content (Monteny et al., 1994; Amram et al., 1995). 

The development of the photosynthetic activity of the savanna land area during the 
growth is characteristic of the global water and CO2 exchanges over the Sahelian region. 
During the wet season, the land surface is a sink for atmospheric carbon, which is tied up in 
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Fig. 11. Soil water depletion affects the energy exchange rates of the savanna land area, which reduces the 
atmospheric water vapour and increases the COZ concentrations during the IOP. Data were measured at 12 m 
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the biomass reservoir during the growing period when soil water is available in the root 
zone (Table 1). 

3.4. Inpact on the atmospheric parameters 

Fig. 11 presents the general evolution of the atmospheric CO:! concentration from the 
end of the rainy season until the vegetation has dried out. The atmospheric water vapour 
pressure, e, varied from day to day but the average value is nearly constant during the fast 
growing stage of the vegetation. With soil water depletion in the 0-0.6 m soil layer, the 
evapotranspiration rate from all vegetated surfaces of the region decreases and affects 
the atmospheric water vapour concentration. The reduction of COZ assimilation by the 
savanna cover during daylight hours induces an increase of the atmospheric COZ 
concentration. The daily amplitude of the CO2 signal is clearly indicated. Nocturnal 
plant respiration and soil CO2 emission increase the atmospheric CO2 concentration to 
a maximum in the early morning. Before sunrise, with low turbulence, the morning level 
of atmospheric CO? concentration may reach 360-390 ppm. After sunrise, plant cover 
assimilation and vertical mixing effects are very pronounced and the atmospheric CO2 
concentration is reduced to a value of 320-330 ppm. It is generally less than the monthly 
mean atmospheric CO2 concentration value of 340 ppm at this latitude (Fung et al., 1983). 
During daytime hours, vigorous mixing dynamics make the CO2 concentration in the 
atmosphere highly conservative. With the general decrease in the soil water content all 
over the region, the CO2 absorbed by the surface is reduced and the atmospheric COz 
concentration increases progressively. The influence of the ground area as source (water 
vapour) and sink (CO2) weakens. The atmospheric COz content can be considered as an 
integrator of the physiological activity at the regional scale (Goudriaan, 1987). The 
seasonal COZ cycle, like the diurnal cycle, is of biospheric origin. During both the wet 
and dry seasons, the Sahelian biosphere is an active driving force in the regional water and 
carbon cycles. 

4. Conclusion 

Micrometerological data were measured during the rainy season and at the beginning of 
the dry period. The flux stations provided temporal information about the development of 
the exchange processes of the savanna. 

In a semi-arid region, the major driving variable is the amount and temporal distribution 
of the rainfall, and the main state variables are the composition and evolution of the 
vegetation and the soil water availability. Both these variables control the partitioning 
of the available energy into sensible and latent heat fluxes and COZ assimilation rate. For a 
well-watered savanna vegetation, water vapour transfer from the savanna to the 
atmosphere represents 75-80% of the available energy, of which 65% originates from 
tbe grass layer. The assimilation rate represents only 0.6% of the PAR because of the 
structure of the grass layer (erect leaves and low LAI). The net CO2 downward daily 
evolution of the savanna area decreases progressively with the depletion of the soil water 
availability in the root zone of the grass species. 

1 
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With decreasing soil water content in the 0-0.6 m soil layer, the energy budget 
partitioning is modified and more sensible heat is transferred to the atmosphere, inducing 
a greater air temperature amplitude. The water stress increases the stomatal resistances so 
that surface temperatures rise, and, at midday, mean surface temperatures were usually 
greater than 42"C, higher than the optimum for photosynthesis. Plant respiration increases 
and the assimilation rate decreases. The deficit in soil water leads to a progressive 
reduction of the COz assimilation by the vegetation. 

The seasonal pattern of the downward COz flux of the savanna canopy shows an 
increase in the assimilation with the growth of the plant species in the grass layer. As 
soil water availability in the grass root zone decreases, so the COZ assimilation decreases 
and the increase of the, radiative surface temperature accentuates the reduction in the 
canopy assimilation rate. Thus, at the end of the rainy season, when senescence or 
water stress of the vegetation occurs, the mean atmospheric CO2 concentration increases. 
Sizeable diurnal fluctuations of atmospheric COz concentration can be observed in the 
lowest few metres of the surface boundary layer. 

The atmospheric CO2 can be considered as an integrated parameter in this continental 
region if the full atmospheric column is taken into account. By assuming that large 
savanna land areas respond as uniform hydrological units, the proposed submodels 
(Eq. (S), Eq. (9), Eq. (11) and Eq. (12)) can be used to evaluate the evaporation rates, 
and the CO2 assimilation rates can provide information required by atmospheric models at 
the regional scale. 
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