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SUMMARY

Micrometeorological measurements of evaporation were made for the first six weeks of the dry season at

a fallow savannah site in the Sahel. The evaporation fell from typically 4.5 mm per day at the start of the dry

season to 1.5 mm per day six weeks later. The surface conductance was modelled in terms of empirical functions

Vof time of day, and the number of days since the final rain of the scason. It was found that there was little

variation in surface conductance within cach day. with no significant correlation with solar radiation and only

a weak correlation with humidity deficit. Daily values of the surface conductance necessary to estimate the
actual evaporation, from the data provided by a standard climate station, were also dernived.

1. INTRODUCTION

During the past twenty years rainfall in the West-African Sahel has been consistently
less than the long-term average (Nicholson 1989). The frequency of severe droughts has
increased (Sivakumar 1991), and the ability of the land to produce a reliable harvest to
feed the growing populations has diminished. Traditional agriculture, which is typically
a shifting millet monoculture within which areas of bushland are left fallow for years at
a time, has been under pressure as the increasing population created a need for more
land to be under permanent arable agriculture. Grazing, particularly by sheep and goats,
and fuelwood collection prevent the re-cstablishment of the natural forest in these arcas
of fallow bushland. This combination of drought, grazing and fuelwood collection can
lead to such an increased pressure on the vegetation that a process of desertification is
initiated, with the vegetation becoming increasingly degraded, leaving large areas of soil
exposed and vulnerable to erosion. Charney (1975) proposed a mechanism whereby the
reduced solar radiation input resulting from the higher albedo of bare soil could produce
an atmospheric feedback process leading to lower rainfall. General Circulation Models
(GCMs) have modelled this effect (sec Rowntree 1988). Less attention has been paid to
modelling the effects of changes in the other surface energy fluxes which might occur as
desertification proceeds. This is partly because it is only recently that the land-surface
sub-models of GCMs have become sufficiently realistic to allow the incorporation of the
evaporative characteristics of different vegetation types, but also because there are little,
if any, data against which such models could be calibrated. This paper describes data
which have been collected as part of a study to meet this need. The measurements
described here were made in a fenced area of fallow bushland with a good cover of
vegetation. In any investigation into the climatic effects of desertification they could be
used as the limiting case of vegetation in good condition.

2. SITE

The measurements were made between 28 September and 10 November 1988 in an
area of fallow bushland on the International Crops Research Institute for the Semi-Arid
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Tropics (ICRISAT) experimental farm at Sadoré, 45 km south of Niamey, Niger (Lat.
13°15'N. Long. 2°17'E). Some preliminary measurements at this site have been described
by Wallace et al. (1990). The area is flat and the site was situated so that there was a
fetch of at least 300 to S00m of bushland in all directions. Further details of micro-
meteorological aspects of the site are given by Lloyd er al. (1991). The observations were
made at the start of the dry season in 1988 when the surrounding area was mainly millet
stubble or grazing land. During the experiment the wind direction was changing from
south-westerly, which prevails in the wet season, to north-casterly as it is in the dry
season. There was thus no predominant wind direction. There was a windbreak of Neem
(Azadirachta indica) trees approximately Sm high on the castern boundary of the
experimental area. Measurements were made during the first six weeks of the dry scason
when 81 per cent of the ground coverage was a mixture of mainly annual leguminous
and grass species, predominantly Cassia mimosoides. Tephrosia lincaris. Aristida mut-
abilis and Eragrostis tremula. The remaining ground was covered by woody shrub, Guiera
senegalensis, with an average height of 2.3m. There were also occasional trees, for
example Balanites aegyptiaca, between 5 and 10 m tall and with a density of approximately
1.5 per hectare. The site was lightly grazed by the cattle, horses and donkeys, used for
animal traction on the experimental farm, but not normally by sheep or goats. No animals
were allowed within 200m of the measurement position during the period when these
measurements were being made. There was also only a small amount of fuclwood
collection. The site had not been cultivated for the six years since the farm was fenced.
Although it is not known how long the land had been fallow before then, an examination
of the rings in the stems of the bushes indicated that the area had been fallow for a total
of seven to eight years (S. J. Allen, personal communication). No measurements of leaf
area were made, but in qualitative terms it was clear that as the dry season progressed,
the senescence of the short vegetation resulted in a reduction of green leaf arca. The
soils of this area, which are sands, have been described in detail by West er al. (1984).
At this site there was some 500 mm of sand overlying lateritic rock.

3. INSTRUMENTATION

Hourly average fluxes of water vapour, sensible heat and momentum were measured
using a Mk 2 Hydra eddy-correlation device (sce Shuttleworth er al. 1988). This was
mounted at a height of 12.3m above ground, on a mast on top of a [0m high tower.

A second Hydra was mounted at the top of a variable-height, pneumatic mast. This
Hydra was operated at 3m, 6 m and also at Ym. There was also a short period when the
two instruments were intercompared on the tower at 12.3m.

An automatic weather station was mounted at the top of the same tower as
the eddy-correlation mast. This measured solar radiation, aspirated wet and dry bulb
temperature, and wind speed and direction. These instruments were logged on a solid-
state data logger. For the purposes of the analyses presented in this paper all the
measurements were processed to provide hourly average values. Other measurements
not directly relevant to this paper included reflected solar radiation, soil temperaturc
and heat flux, and surface temperature. Net radiation was also measured, but because
of doubts over the design and calibration of the instruments (Oliver and Wright 1990,
the net radiation data have not been used in this analysis.

Soil moisture content was derived from S gravimetric samples taken along a 100 m
transect some 25m to the south of the observation tower. The samples were taken to ¢
depth of 500 mm. Measurements were made once after the only substantial rainstorm
during the observation period, and otherwise at weekly intervals. The transect was movec
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(b) Evaporation

Evaporation was recorded on 28 September 1988 and then continuously from 2
October to 10 November 1988 inclusive. The daily totals of evaporation for this period
are shown in Fig. 2. For days with missing data the daily totals have been derived by
linear igterpolation between hours with data. These periods, of up to three hours,
occurred when the instrument was being serviced. normally only once a week. As a
comparative index the Penman potential evaporation calculated from the agro-
meteorological station data is also shown in Fig. 2. The method of calculation follows
that given by Jensen (1973), with net radiation being calculated from solar radiation
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Figurc 2. Variation in daily evaporation, as measured by the eddy-correlation instrumentation, compared
with the Penman potential evaporation during the measurement period.

using an cmpirical relationship derived from previous measurements over a millet crop
at this site. Full details arc given by van Donk e al. (1989). Midday solar radiation was
typically 900 Wm *; minimum temperatures were typically 23°C and maxima 36 °C.
During the course of the measurement period the specific humidity fell from some
15gkg ! at the start, to more typically Sgkg ' at the end.

Rainfall during the measurement period is shown in Fig. 3: the only substantial
rainfall occurred on 28 September. The decline in the soil moisture content of the top
S00mm of soil, expressed as percentage of the maximum value observed during the
study, is also shown in Fig. 3.

Figures 2 and 3 show that the evaporation remained close to potential for the first
ten days following the end of the wet scason, but then declined. By the end of the
measurement period, i.e. after six wecks without rain, the evaporation was less than 30
per cent of potential. While this was partly a result of the increase in potential evaporation
in response to the greater humidity deficits encountered as the dry season progressed,
there was also a decline in evaporation in absolute terms from approximately 4.5 to
1.5mm per day. There is a steady declinc in the evaporative fraction, or the percentage
of the available energy used for evaporation. This is shown in Fig. 4, calculated from the
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1 m to the south for each new measurement to avoid any arcas where the vegetation had
been damaged by the previous sampling.

The chimatological data were taken at the standard agrometeorological station
situated about 1km from the experimental site. Readings of temperature. humidity,
windspeed and solar radiation were made at 0700 and 1300 GmT: daily maximum and
minimum temperature were also recorded.

4. Resurrs
(a) Ferch

The principal eddy-correlation instrument was mounted at a height of 12.3m, so as
to ensure that it was above the height of the trees. accepting that this might give an
unacceptably short fetch. For this site Lloyd er al. (1991) derived a value for the zero-
plane displacement of 0.93 m and for the roughness length of 0.17 m. Using these values,
Gash’s (1986) formula (as corrected by Schucpp er al. 1990) predicts that for neutral
conditions and an infinite fetch, 48 per cent of the measured flux may be from beyond
400m. If there were a 30 per cent step-change in flux beyond 400m. Gash’s (1986)
formula would predict a measurement error of 14 per cent. Apart from the days
immediately after the rain it might be expected that the bare soil upwind of the
fallow arca would be evaporating less and therefore lead to an under-measurement in
evaporation and an over-mecasuiement in heat flux. However, when the fluxes of evap-
oration and sensible heat from the Hydra at the fixed height are compared with those
from the variable height mast in Fig. 1, the reverse appears to be true. The fetch for the
highest instrument is thus probably adequate: the observed differences may be the result
of instrumental error and the fact that the instruments at different heights are sampling
different arcas of vegetation. The cenhanced diffusion which occurs under unstable
conditions also acts to reduce the fetch requirement. Leclere and Thurtell (1990) have
illustrated the effect of stability on fetch: in the example that they considered 48 per cent
of the flux came from within 420 m under ncutral conditions, but this increased to 65 per
cent under unstable conditions (with the Monin-Obukhov length equal to — 10 m). Using
the windspeed and friction velocity data collected at the same time as these data, Lloyd
et al. (1991) also concluded that from an acrodynamic point of view the fetch was
adequate.
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Figure 1. The daily 1019!3 of: (a) evaporation, and (b) sensible heat flux, measured by the instrument at
12.3m. against that measured by a similar instrument at various different heights.
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Figure 3. Vanation in the soil moisture in the top S00mm soil depth, as a pereentage of the maximum
observed during the period of observations. deduced from gravimetric sampling. ‘The ranfall s also shown,
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Figurc 4. The variation in the evaporation fraction, calculated for each day as the average ratio of evaporation
to the sum of evaporation and sensible heat flux, from the hourly data used in the surface conductance analysis.
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data used later in the surface-conductance analysis, as the ratio of evaporation to the
sum of evaporation and sensible heat flux. This decline in evaporation is also illustrated
in Fig. S which shows the daily trend in evaporation and sensible heat flux for two
example days. one near the start of the measurement period and one near the end. The
soil moisture in the top S00 mm declined for the first two weeks of the dry season but then
remained virtually constant. implying that during the last four weeks of measurements the
evaporated water must have been extracted from below S00mm. Assuming an evap-
oration rate of Smm per day for the three days of missing data starting on 29 September,
over the whole period of observations 135 mm of water was observed to be evaporated,
of which 78 mm came from the soil below 500 mm during the last four weeks of measure-
ments.
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Figure 5. Diurnal variations in evaporation and sensible heat flux for: (a) 9 October 1988, near the start of
the observation period; and (b) 6 November 1988, near the end of the period. There was no rainfall in between
these two dates.

(¢) Surface conductance

The surface conductance, g,, has been derived using the inverted form of the
Penman-Monteith equation:

]/gs = {(ASI/C/))/} - ”/ga + /)D’/E (1)

where s’ is the rate of change of saturated specific humidity with temperature, p is the
density of air, A is the latent heat of vaporization of water, ¢, 1s the specific heat of air
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at constant pressure, D' is specific humidity deficit at the reference height. f3is the Bowen
ratio and E is the evaporation rate. The aerodynamic conductance for vapour flux. g,.
was derived from the aerodynamic conductance to momentum flux obtained from the
eddy-correlation measurement of the friction velocity, w_. and the windspeed at the
reference height. u. The effects of stability and differences in the sources and sinks of
water vapour and momentum are taken account of, as described by Verma (1989), such
that

l/gu = ll/lli + {ln(:li/:h) R A wh}/k“* (2)

where & 1s von Karman's constant. and z, and z;, are the roughness lengths for momentum
and heat respectively. From measurements over a somewhat similar savannah-type
surface Garratt (1978) found In(z,/z,) to be 2.5, and that valuc has been used here. y,
and y,, are the integral diabatic correction factors for heat and momentum transfer; the
formulac given by Paulson (1970) have been used in this analysis.

The analysis was restricted to hours when the net radiation was positive. Hours with
positive momentum flux (negative ui ). which can occur at low windspeeds when the cup
anemometer is within its stalling region, were also omitted. Between 3 and 5 October
the fast-response thermometer did not work, there were no heat flux measurements, and
therefore the surface conductance could not be calculated. This gave a total of 266 hours
available for analysis.

Figure 6 shows the individual surface-conductance data-points for cach day through-
out the observation period. The few points obtained on the days immediately following
the rainfall at the end of September. i.c. 1 to 3 October, show conductances in the range
11 to 22mms ', but by 6 October the conductances had tallen rapidly to between 4 and
7mms . Figure 7 shows the trends in surface conductance for the two days at the start
and end of the measurement period shown in Fig. 4. On both days, after declining for
the first few hours, the conductance changes relatively little for the remainder of the day.
A similar trend in surface conductance was observed by Kim and Verma (1990) for
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Figure 6. The hourly surface conductance for each day plotted against date. The curve is the result of fitting
Eq. (4) to the data from 6 October 1988 onwards.
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Figure 7. The surface conductance for the same days as shown in Fig. 4, together with the curves showing
the result of applying Eq. (<) with the parameters as given in Table 1 dertved from the whole data-set.

drought-stressed prairie grass. The decline in surface conductance as the dry scason
progresses is the dominant feature of the data apparent in Figs. (5) and (6): by the end
of the measurement period conductances had fallen from values of about 4mms ! to
between 1 and 2mms .

The Penman-Monteith equation assumes a one-dimensional transfer of water vapour
from a hypothetical single source. Savannah bushland is a natural vegetation with complex
three-dimensional structure. It has at least two distinct major vegetation classes—the
bushes, and the shorter grasses and legumes. Evaporation from the soil surface adds
extra variation. The high conductances observed on the days following rainfall are clearly
the result of transpiration being augmented by direct evaporation from the soil surface.
The surface conductance is then a combination of canopy conductance, which represents
the stomatal control on transpiration, and a soil surface conductance, which represents
the physical restriction on evaporation from the soil. A single-level description is probably
not the most appropriate model under these circumstances and no attempt has been
made to represent these data with a descriptive relationship. However after 6 October
the evaporation from the soil can be assumed to be negligible and the change in surface
conductance should represent the response of the system to the increasing soil-moisture
deficit and the reducing green leaf area. As it is not possible to separate these effects,
modelling the decline in conductance during that part of the observation period has been
restricted to reproducing the combined effect as a simple empirical description in terms
of elapsed time. Although such simple descriptions lack the generality and realism of
more complex treatments they will be useful for calibrating those GCM land surface sub-
models, such as that of Warrilow and Buckley (1989), which require only a single value
of the unstressed surface conductance for a given land-surface type. The simplest
approach is to fit a curve through all the data with the form:

g, =a e’ ® (3)
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TABLE 1
Equation a, as as b r

3 4.75 —0.041 0.57
(0.15) (0.002)

(4 194 -0.30 ~0.023 -0.041 0.65
(0.16) (0.08) (0.016) (0.002)

(8) 1.57 -0.045 0.85
(0.21) (0.004)

The coefticients derived for Eqgs. (3). () and (8). together with the correlation coet-
ficients. The standard errors are given in brackets.

where n is the number of days since the last substantial rain and the description starts
on day 8, 6 October 1988. For this curve the correlation coefficient, r*, = (.57, the
parameters are given in Table 1 and the curve is plotted in Fig. 6. The fit can be
improved by also taking account of the variation within the day, assuming that all those
environmental controls on surface conductance which are driven by the diurnal cycle of
solar radiation result in a reproducible variation each day. An equation of the form

g ={a, + a,(t = 12) + a; (1 — 12)*Jett ® @

gives r* = 0.65. The parameters tor this equation are again given in Table 1. The result
of evaluating Eq. (4) is also shown in Fig. 7, for the two example days at the start and
end of the measurement period.

From a plant physiological point of view a more realistic description of surface
conductance should also take account of its variation in response to environmental
conditions. As well as green leaf area index and soil moisture, solar radiation and
atmospheric humidity deficit are normally seen to be correlated with plants’ stomatal
control. However in the present case, with the exception of the long-term decline in
surface conductance with elapsed time (and thus with green leaf area and soil moisture),
the range of variation is narrow. As can be seen from Fig. 7 there is little change in
surface conductance over the day. At this latitude the solar radiation rises and falls
rapidly at the start and end of each day, and there are almost no data for solar radiation
less than 300 W m *, the range normally observed for a response to radiation. As a
consequence there is no obvious response of the surface conductance to solar radiation,
and the stomata appear to be light-saturated for all the data collected. Dividing the data
into three periods to reduce the influence of the long-term decline in surface conductance,
it is possible to derive a relationship between surface conductance and humidity deficit,
but the correlation is poor. For example a regression between surface conductance, in
mms™', and specific humidity deficit, in gkg ', for the middle period between 16 and 25
October inclusive, gave the relationship:

g, = 3.86 (+1.11) — 0.054 (+0.019) D’ (5)
with r? = 0.10.

(d) Daily evaporation: the Thom and Oliver approach

For many hydrological and agricultural applications sufficiently frequent meteoro-
logical data will not be available to allow the Penman-Montcith equation to be used to
estimate hourly evaporation. For most situations the only data available will be those
from a standard climate station, such as the agrometeorological station used to derive
the potential evaporation estimates shown in Fig. 2. Although such data are normally
only used to derive potential evaporation, given an appropriate value of the surface
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5. CONCLUDING REMARKS

The results presented here are intended to provide some preliminary data on the
rates of evaporation and the consequent surtace conductances which might be expected
from this type of Sahelian savannah vegetation at the start of the dry season. The data
demonstrate that the evaporation remains close to potential for ten davs after the last
rainfall. After that, when some S0mm of water have been evaporated, the rate of
evaporation falls, but even after five weeks. when some 135 mm have been evaporated,
there is still appreciable evaporation with rates of I to 2mm per day.

The high values of the surface conductance measured in the days immediately after
the last rain emphasize that the surface conductances are bulk values which represent
the restriction to evaporation from the surface as a whole. Shuttieworth and Gurney
(1990) have shown that for canopies with low leaf arcas. surface conductances such as
these will be a poor representation of the physiological behaviour of the canopy. To
understand the controls on evaporation it will be necessary to model the contributions
of the individual components, separating the fluxes trom the vegetation and the soil. A
more comprehensive data-set, including data from the wet scason, will be necessary to
achieve this.

In terms of modelling the atmospheric circulation, these data represent only one
vegetation type in one part of the Sahel. There are also large arcas of sparse forest (tiger
bush). as well as substantial arcas of millet. The evaporation from these vegetation types
is to be investigated in subsequent phases of this project. In addition the strong rainfall
gradient across the Sahel ereates a corresponding gradient in the vegetation. This creates
a problem in representing the arca at the 100km scale required for climate modelling.
This problem will be addressed by HAPEX-Sahel, an international experiment planned
for 1992, when simultancous measurements will be made at multiple sites over a GCM-
grid-square-sized arca in the same region as that where the present data have been
collected.
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