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[1] In the central part of the Lake Chad Basin, Africa, the
superficial Quaternary aquifer (500,000 km2) forms the
main water resource. Little is known about the aquifer
recharge processes. Large piezometric depressions affect the
aquifer and are still unexplained. Meteosat thermal
composite data were used to infer qualitative information
about time-space variations of soil moisture. Over the
aquifer, Meteosat data reveal that after heavy rainfall, the
piezometric depressions (Kadzell, Chari-Baguirmi) appear
cooler than the surrounding areas (Manga and Harr). The
interpretation is that above the depressions, rainwater
accumulates at the surface and does not infiltrate deep
into the ground, leading to the observed cooler ground.
Accordingly, the depressions are characterized by low
rainwater infiltrability, which presumably results in a small
rainfall recharge. As far as we know, this is the first time
that an observed surface phenomenon is directly related to
the origin of some piezometric depressions. INDEX
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1. Introduction

[2] The central part of the Lake Chad Basin (Figure 1) is a
semiarid area with a rainy season from May to September
and a dry period during the rest of the year. It lacks relief, and
climatic variation mainly follows a south-north gradient
according to the migration of the intertropical convergence
zone. During the 1951–1989 period, the average rainfall at
10�N was 800 mm/yr., whereas it was only 100 mm/yr. at
15�N. In the central part of the Lake Chad Basin, the
Quaternary aquifer is the main water resource available for
the population. This aquifer extends over 500,000 km2 and is
characterized by five large and closed piezometric depres-
sions, also referred to as ‘‘hollow aquifers’’ [UNESCO,

1972; Eberschweiler, 1993]. Elsewhere in the Sahel band,
other large piezometric depressions have been reported and
various theories about their formation and dynamics have
been proposed [Aranyossy and Ndiaye, 1993; Dieng et al.,
1990; Durand, 1982]. Yet to date, few data have been
gathered to support any particular explanation. In semiarid
areas, another challenging issue is the estimation of ground-
water recharge and discharge processes. In fact, the methods
developed for temperate climates are not suited to such
complex and varied phenomena [Allison et al., 1994; Lerner
et al., 1990].
[3] The infiltrability of the soil, which can be defined as

the flux of water infiltration into soil when water is main-
tained at the atmosphere-soil boundary, is a key factor
guiding the amount of rainfall that penetrates through the
ground to recharge the water table. In the Lake Chad Basin,
Meteosat thermal data (Tmax) are expected to provide
information on the spatial distribution of soil infiltrability.
In particular, areas of poor infiltrability retain water at the
surface and thus should be detectable with the satellite
images.

2. Methodology

[4] This work was aimed at monitoring major patterns in
soil moisture distribution over the Quaternary aquifer at the
end of the rainy season using satellite data. Pieces of
information on rainwater infiltrability were ultimately
expected. To obtain qualitative information on soil moisture
over the Quaternary aquifer, we used maximum value
composites of thermal infrared data from Meteosat (Tmax
data). This section discusses the methodology adopted and
the physical principles involved.
[5] Most of the Earth’s energy is derived from solar

radiation, and surface temperatures depend on net short-
wave radiation, net long-wave radiation, sensible heat flux,
latent heat flux and change in heat storage. Every object
above absolute zero radiates energy at thermal wavelengths
(3mm to 15mm) during day and night. In land, a thermal
sensor detects radiant energy from a target surface, heated
through radiation (solar insolation and sky radiance), con-
duction (through the ground) and convection (atmospheric
circulation). Every material has internal properties that play
important roles in governing its temperature and typical
values of these parameters for some materials are shown in
Table 1.
[6] In remote sensing, the land surface temperature (LST)

is generally defined as the skin temperature of the ground.
Considering the spatial resolution of satellite data, the LST
in sparsely vegetated grounds—like over the Quaternary
aquifer—can be defined as the average surface temperature

GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 19, 1998, doi:10.1029/2003GL018094, 2003

1University of Poitiers UMR 6532, Poitiers Cedex, France.
2I.R.D., Plouzané France.
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of the vegetation canopy and soil surface. Brightness
temperature is the measure of the LST as recorded at
satellite level by thermal infrared sensors. Surface temper-
ature can be an indicator of relative soil moisture distribu-
tion. As a general rule, during the day a dry ground heats
and cools faster than a wet ground, and to a greater degree.
This is may be due to water having a higher thermal inertia
than land, but also heat may be distributed by water through
mixing. Most of all, wet grounds have a supply of water for
evaporation, and an effect of evaporation is the cooling of
the surface affected. For these reasons, the surface temper-
ature of the ground is, to a certain extent, related to the
moisture content [Byrne et al., 1979; Idso et al., 1975;
Sabins, 1999].
[7] Several approaches have been developed to map

surface moisture using satellite thermal infrared data. For
example, Wetzel et al. [1984] used mid-morning differential
of surface temperature and Van den Hurk et al. [1997]
derived soil moisture from satellite based evaporation maps
and a weather prediction model. In this study we used
Meteosat Tmax data which were provided by Meteo-France
and IRD at CMS Lannion. Tmax data has been used to
monitor the agricultural season in the African Sahel domain
by providing a long-term comparable indicator of soil
moisture [Lahuec and Guillot, 1994]. Every 30 minutes,
Meteosat records the brightness temperature by means of its
thermal infrared channel (10.5mm to 12.5mm) for the whole
of Africa and a large part of the world. Tmax data are
obtained by first processing the maximum value composite
(MVC) of all calibrated brightness temperatures obtained in
1 day using the sensor’s infrared channel. Ten-day and 30-day
composite images are subsequently processed as the mean
of the MVCs obtained over two 5-day spans and six 5-day
spans, respectively. The method has the advantage of
suppressing the clouds and reducing atmospheric effects

whilst maintaining a relatively good memory of surface
events. The compositing of thermal images in Tmax data
gives a multi-temporal signature of the surface character-
istics and meteorological events. Tmax data should be
analysed as a historical synthesis and not as instantaneous
data. There are good reasons for using Tmax data for
monitoring major patterns of soil moisture distribution in
the central part of the basin:
[8] . A long archival record of Tmax data is available

(from 1986 to 2001) with few gaps;
[9] . The high temporal resolution of Meteosat allows for

effective cloud removal. Meteosat has, for instance, a much
higher temporal resolution than AVHRR;
[10] . Meteosat high temporal resolution also consider-

ably increases the chances to get closer to the actual
maximum surface temperature of the day and have consis-
tent data;
[11] . Meteosat has a relevant viewing area and a spatial

resolution of 5 km.
[12] Tmax data do not have atmospheric correction and

emissivity correction applied to them. However, in our case
it was not necessary to know about absolute ground tem-

Figure 1. Situation of the lake Chad Quaternary aquifer and location of piezometric domes and depressions affecting the
water table.

Table 1. Typical Thermal Properties of Some Materials [Janza,

1975]

K C r P

Water 0.0013 1 1 0.036
Sandy Soil 0.0014 0.24 1.8 0.024
Basalt 0.005 0.2 2.8 0.053

aK: Thermal conductivity, the rate at which heat passes through the
specific thickness of a substance (cal.cm�1.sec�1.�C�1); C: thermal
capacity, the ability of a material to store heat (cal.g�1.�C�1); r: density
(g.cm�3); P: thermal inertia, a measure of the thermal response of a material
to temperature changes with P = (KCr)1/2 (cal.cm�2.sec�1/2.�C�1).
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perature. We simply wanted to study the relative differences
in the radiant temperatures over the Quaternary aquifer.
[13] Nevertheless, relating surface temperature to soil

moisture remains difficult. In fact, for a given solar insola-
tion, the land surface temperature not only depends on the
soil moisture content but also on a series of factors: cloud
cover; composition, density and texture of the materials;
emissivity of the materials; topographic irregularities; effects
of evaporation; vegetation canopy characteristics; leaf tem-
perature as a function of evaporation and plant stress, near-
surface air temperature; relative humidity; wind effects and
temperature history. One must note that vegetation effects
and surface cooling by evaporation are linked to soil
moisture and have a similar impact on the land surface
temperature [Byrne et al., 1979]. In the central part of the
Lake Chad Basin, conditions are favorable to a qualitative
interpretation of Tmax data in terms of soil moisture. The
semiarid climate limits the development of the tree layer.
Because of the very flat topography that characterizes all the
central part of the Lake Chad Basin, orogenic effects and
other topographic disturbances on temperature are assumed
negligible. The deposits covering the Quaternary aquifer are
fairly homogeneous, varying from sand to sandy clay. The
cloud cover and atmospheric effects are limited by the high
temporal resolution of Meteosat and the compositing.
[14] As a general rule, Tmax images must be interpreted

with caution and can only give qualitative information on
soil moisture. Ideally, the approach employed should also be
cross-checked with another method.

3. Results

[15] The piezometric map of the Quaternary water table
was overlaid onto Tmax data, and all Tmax data available
(1-month and 10-day composite images) were analysed.
Some interesting phenomena occurring at the end of the
rainy season, in August and September, are revealed. What
makes them particularly remarkable is that the locations of
the space-time patterns observed on Tmax data match
certain hydrogeological areas and that the boundaries
between the zones are characterized by a sharp variation
in the brightness temperatures.

[16] In August and September 1999, Tmax data show that
the ground above the Kadzell depression (see K in Figure 2)
was clearly cooler than the rest of the Manga area (M in
Figure 2). Simultaneously, the ground above the Chari-
Baguirmi depression (C in Figure 2) was cooler than the
Harr area (H in Figure 2). The same phenomena were
observed in August and September 1994. To a lesser degree,
similar signatures were detected in 1988, 1995 and 1998.
During these years, from August to the end of September,
Tmax data reveal that the land surface over the Harr
remained warmer than above the Chari-Baguirmi depres-
sion. In August and September 1995 and 1998, Tmax data
show the ground above the Kadzell and south of Mounio
depressions was cooler than in the Manga area and the
surroundings. Given the regional conditions, when this is
observed, the ground above these piezometric depressions
can be interpreted as being wetter than the surrounding areas.
[17] However, these phenomena have been observed over

a limited number of years only, namely 1988, 1995, 1998
and particularly in 1994 and 1999. It is only when making
an inter-annual comparison of the images and placing them
in the long-term meteorological context that an explanation
can be deduced. In fact, within our study period (from 1986
to 1999), 1994 and 1999 are by far the two wettest years.
This is confirmed by records at rainfall stations and by an
inter-annual comparison of the Tmax data [Leblanc, 2002].
Accordingly, hydrogeological patterns appearing in the soil
moisture distribution are only detected in very wet years
such as 1994 and 1999. This might be related to the sensor
sensitivity, which was not originally designed to study soil
moisture.

4. Discussion

[18] Although the Meteosat sensor was not designed for
this purpose, its characteristics (long archival records, large
viewing area, thermal infrared band, high temporal resolu-
tion) offer many advantages. In the central part of the Lake
Chad Basin, conditions are favorable to the interpretation of
Tmax data in terms of soil moisture. This article highlights
the value of satellite imagery in semiarid hydrogeology,
which to date has not often been achieved.

Figure 2. Meteosat Tmax thermal data at the end of the rainy season in August 1999.
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[19] Meteosat Tmax data reveal that after heavy rainfall,
the regions of the depressions (Kadzell, Chari-Baguirmi and
south of Mounio) appear cooler than adjacent areas (Manga
and Harr areas). Our interpretation is that above the depres-
sions, rainwater accumulates at the surface and does not
infiltrate deep into the ground, resulting in the observation
of a cooler ground. These results improve our knowledge of
the piezometric depressions: the data indicate that the
piezometric depressions are characterized by a low infiltra-
bility of the ground. This important factor, along with the
high evapotranspiration rates of the region, indicates that
only a small amount of rainwater is available for the aquifer
recharge. These results are among the first observations that
clearly support the theoretical scheme proposed by
Aranyossy and Ndiaye [1993], in which some piezometric
depressions of the Sahel are generated in areas of low
seasonal recharge, and where the deficit generated by
evapotranspiration processes is not compensated for by
lateral groundwater flows given the low hydraulic conduc-
tivity of the geological material.
[20] It is necessary to cross-check the results with at least

one different method. In the case of the Quaternary aquifer,
the results of a groundwater model for which varied
scenarios of recharge and discharge distributions have been
tested confirms the Tmax interpretation [Leblanc, 2002]. All
our knowledge of this aquifer indicates that the Tmax data
analyses are coherent. Other hypotheses put forward
concerning the origin of the piezometric depressions are
not relevant for the central part of the Lake Chad Basin:
[21] Overexploitation of the aquifer by human extrac-

tions: The depressions are located in very low populated
areas, where human extractions are not significant and could
not generate such deep depressions;
[22] Geological subsidence or uplift: Neotectonics has

been suggested as an explanation [Durand, 1982]. However,
Dieng et al. [1990] argue that this is more of a local
phenomenon and that it cannot provide a general explana-
tion for the depressions affecting a large part of the African
continent. Moreover, neotectonics in this part of the world
cannot be considered active enough to create such deep
depressions [Aranyossy and Ndiaye, 1993].
[23] Sea level changes: Dieng et al. [1990] suggest that

oscillations of the sea level following the last glaciation of
the Holocene could explain the piezometric depressions of
coastal aquifers. This hypothesis provides a satisfactory
explanation for coastal aquifers but cannot explain the
depressions far away from the sea. The closest part of the
Quaternary aquifer to the sea is about 800 km away.
[24] A similar approach to the one developed in this

paper could be applied in other semiarid regions where
conditions are appropriate. Environments affected by aridity
account for 32% of the world and in particular 57% of
Africa [UNEP, 1992]. Satellite observations of surface
temperature in these arid regions can significantly contrib-
ute to better identify recharge processes and be useful
ultimately for water resources management. Further

research works in the Lake Chad Basin could also include
the use of remotely sensed data from passive and active
microwave sensors.

[25] Acknowledgments. The authors show gratitude to the University
of Glamorgan (UK) and the University of Poitiers (Fr) who have funded
this research. We also wish to thank the CMS and the IRD (Lannion,
France) for providing Meteosat Tmax data in the frame of the Satellite
Climate Monitoring program.

References
Allison, G. B., G. W. Gee, and S. W. Tyler, Vadose-zone techniques for
estimating groundwater recharge in arid and semi-arid regions, Soil Sc.
Soc. of Am. Proc., 58, 6–14, 1994.

Aranyossy, J. F., and B. Ndiaye, Formation of piezometric depressions in
the African Sahelian zone: Study and modelling, Rev. Sc. Eau., 6, 81–96,
1993.

Byrne, G. F., J. E. Begg, P. M. Fleming, and F. X. Dunin, Remotely sensed
land cover temperature and soil water status—A brief review, Rem. Sens.
of Env., 8, 291–305, 1979.

Dieng, B., E. Ledoux, and G. De Marsily, Palaeohydrogeology of the
Senegal sedimentary basin: A tentative explanation of the piezometric
depressions, J. Hydrol., 118, 357–371, 1990.

Durand, A., Oscillations of Lake Chad over the past 50 000 years: New data
and new hypothesis, Palaeogeogr. Palaeoclimatol. Palaeoecol., 39, 37–
53, 1982.

Eberschweiler, C., Monitoring and management of groundwater resources
in the Lake Chad Basin—Final report, CBLT-BRGM, Orleans, France,
1993.

Idso, S. B., T. J. Schmugge, R. D. Jackson, and R. J. Reginato, The utility
of surface temperature measurements for the remote sensing of surface
soil water status, J. Geophys. Res., 80(21), 3044–3049, 1975.

Janza, F. J., Interaction mechanisms. in Manual of Remote Sensing, first
edition. Edited by R. G. Reeves, American Society for Photogrammetry
and Remote Sensing, Falls Church, VA.75–179, 1975.

Lahuec, J.-P., and B. Guillot, Satellite monitoring of the climate: Climatic
monitoring atlas, 1986–1994 (Africa and the intertropical Atlantic), IRD
(ORSTOM), Paris (France), 1975.

Leblanc, M., The use of remote sensing and GIS for water resources manage-
ment in large semi-arid basins, Case study of the Lake Chad Basin, Africa.
Ph D thesis. Univ. Glamorgan, UK, and Univ. Poitiers, France, 2002.

Lerner, D. N., A. S. Issar, and I. Simmers, Groundwater Recharge: A Guide
to Understanding and Estimating Natural Recharge, Int. Ass. Hydrogeol.,
Verlag Heinz Heise, 1990.

Sabins, L. F., Remote Sensing: Principles and Interpretation, W. H.
Freeman, 1999.

UNEP, World Atlas of Desertification. Edward Arnold, London (UK),
1992.

UNESCO-PNUD-CBLT., Study of water resources in the Lake Chad Basin
1966–1970, UNESCO, 1972.

Van den Hurk, B. J., W. G. M. Bastiaanssen, H. Pelgrum, and E. van
Meijgaard, A new methodology for assimilation of initial soil moisture
fields in weather prediction models using Meteosat and NOAA data,
J. Appl. Meteorol., 36(9), 1271–1283, 1997.

Wetzel, P. J., D. Atlas, and R. Woodward, Determining soil moisture from
geosynchronous satellite infrared data: A feasibility study, J. Appl.
Meteorol., 23(3), 375–391, 1984.

�����������������������
M. Leblanc, School of Ecology and Environment, Deakin University,

PO Box 423, Warrnambool 3280,Victoria, Australia. (marcl@deakin.
edu.au)
M. Razack, University of Poitiers UMR 6532, 40 avenue Recteur Pineau,

86022 Poitiers Cedex, France. (moumtaz.razack@hydrasa.univ-poitiers.fr)
D. Dagorne, I.R.D., BP 70, 29280 Plouzané, France. (dominique.
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