
186 Hydrology of the Mediterranean and Semiarid Regions (Proceedings of an international symposium held at 
Montpellier. Apri l 2003). IAHS Publ. no. 278, 2003. 

Applications of remote sensing and GIS for 
groundwater modelling of large semiarid areas: 
example of the Lake Chad Basin, Africa 

MARC LEBLANC1, CHRISTIAN LEDUC 2, 
MOUMTAZ RAZACK3, JACQUES LEMOALLE2, 
DOMINIQUE DAGORNE4 & LINUS MOFOR5 

1 School of Ecology and Environment, Deakln University, Warrnambool 3280, Victoria, Australia 
m a r c l @ d e a k i n . e d u . a u 

2 IRD, Maison des Sciences de l'Eau, Montpellier, France 

3 Laboratoire d'Hydrogéologie, University of Poitiers, France 

4 IRD, Brest, France 

5 School of Technology, Civil Engineering, University of Glamorgan, UK 

Abstract Because of its large extent and the extremes of its climatic and 
environmental conditions, the Lake Chad Basin is an example of a region 
where it is extremely difficult to collect hydro(geo)logical field observations. 
So far, the scale and the scope to which remote sensing and GIS can assist 
groundwater modelling in such regions has not been fully exploited. We detail 
applications of remote sensing and GIS to improve groundwater modelling of 
the large superficial Quaternary aquifer, which covers 500 000 1cm2 and forms 
the main water resource of the basin. Satellite imagery and GIS enabled us to 
refine the location of recharge and discharge areas. In a GIS framework, 
relevant maps and pertinent satellite images were analysed together with 
hydrogeological data. The rationale was to search and map key characteristics 
in the terrain that indicate groundwater discharge and recharge areas. In 
addition, maps and low cost satellite data, such as AVHRR and Meteosat, 
were used for a thorough mapping of the fluctuations of Lake Chad extent 
over the last three decades. Using GIS, this valuable information was 
implemented in a transient groundwater model, with the MODFLOW 
program. The model calibration was greatly improved by the use of remote 
sensing data. 
K e y w o r d s G1S; g r o u n d w a t e r m o d e l l i n g ; L a k e C h a d Bas in ; large superf icial aquifer ; 
Q u a t e r n a r y aquifer ; r e m o t e s ens ing ; s emia r id 

INTRODUCTION 

The Lake Chad Basin covers about 2 500 000 km 2 in Africa (Fig. 1) and is the largest 
endorheic basin in the world (Herdendorf, 1982). Our research focuses on its central 
part. The climate of this region is semiarid to arid with a rainy season from May to 
September and a dry period the rest of the year. The topography is very flat and the 
distribution of the climate follows a south-north gradient. During the period 1951-
1989, the average rainfall at 10°N was 800 mm year"1, but only 100 mm year"1 at 15°N 
(L'Hôte & Mahé, 1995). The central part of the Lake Chad Basin is occupied by the 
large fresh water Lake Chad, fed by two perennial rivers (the Chari and the Logone) 
and an ephemeral one (the Komadugu Yobe). Yet, in the central part of the Lake Chad 
Basin, the main water resource available for the population is the Quaternary aquifer; a 
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Fig. 1 Location of the Lake Chad Basin and the Quarternary aquifer. 

continuous phreatic water table contained in fluvio-lacustrine and aeolian deposits and 
isolated from the underlying aquifers by a thick layer of Pliocene clay (Carter et al, 
1963; FAO-Schroeter & Gear, 1973; Schneider & Wolff, 1992; UNESCO-PNUD-
CBLT, 1972). This extensive reserve covering 500 000 km" offers a relatively easy and 
permanent access to water. 

The scale of the Quaternary aquifer and the lack of infrastructure are major 
challenges for data collection, analysis and management. For such a large area, satellite 
imagery is an appropriate way to acquire up-to-date data with good spatial and/or 
temporal resolution. New applications of GIS and remote sensing are, therefore, 
investigated to support a detailed groundwater model of the whole of the Quaternary 
aquifer. The first section of this paper examines applications for mapping recharge and 
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discharge areas and recalls the importance of such information for precise groundwater 
modelling. The second section gives details of the long-term fluctuations of Lake 
Chad's surface area, thanks to satellite imagery and GIS. 

REFINING THE LOCATION OF RECHARGE AND DISCHARGE AREAS 

The first challenge is the definition, in place and intensity, of the recharge/discharge of 
the Quaternary aquifer. Previous authors have given significantly different estimates, 
and no maps have been published except of some groundwater modelling studies in 
consulting reports (Bonnet & Meurville, 1995; Eberschweiler, 1993). 

A first calibration of a steady-state groundwater model of the Quaternary aquifer 
was conducted without using remote sensing and GIS. Various scenarios of recharge 
and discharge were tested within the range of the values found in the literature 
(Leblanc, 2002). At this stage, the groundwater model gave a rough estimate of where 
discharge and recharge areas are needed and of their values, but it was unable to show 
precisely the location of the boundaries of these recharge and discharge areas. 

Although they have not often been applied to map recharge and discharge areas in 
semiarid regions, GIS and remote sensing can be used for this purpose (Leblanc, 
2002). Maps and satellite images were integrated in a GIS to locate pertinent 
characteristics or features in the terrain that reveal or influence recharge and discharge 
processes. For example, over the Quaternary aquifer, regions of low infiltrability were 
mapped using information on soil moisture at the end of the rainy season from satellite 
images and maps of soil types. Indexes of vegetation activity from satellite data reveal 
regions of active vegetation during the dry season and thus presumably discharge 
areas. In semiarid environments, ponding occurs in topographical depressions and 
small ephemeral channels (wadis) where rainfall water concentrates after runoff, and 
has been found to engender a higher recharge rate (localized recharge) of the aquifer 
(Favreau, 2000; Leduc et al, 1996, 2001; Lerner et al, 1990; Simmers & Hendrickx, 
1997). Across the Quaternary aquifer, satellite data with a good spatial resolution were 
employed to map regions of dense ponding at the end of the rainy season. Regions 
where the water table is shallow are favourable to strong évapotranspiration processes 
and may correspond to discharge areas. For the whole of the Quaternary aquifer, a new 
map of the depth to the water table was created in a GIS. 

Applying this methodology for two selected regions of the Quaternary aquifer, 
Fig. 2 shows how recharge and discharge areas were defined in the groundwater model 
before (Fig. 2 (a),(c)) and after (Fig. 2(b),(d)) using remote sensing and GIS. To the 
northwest of Lake Chad (Fig. 2(a),(b)) the very flat topography, the low permeability 
of the ground and the absence of ponding indicate that a discharge area (where 
évapotranspiration dominates vertical exchanges over rainfall recharge) extends to the 
limit of the Kadzell region and its border with the Manga dunefield. This is also 
backed up with the study of the soil moisture thanks to Meteosat thermal data. In the 
region of Massenya (Fig. 2(c),(d)), the extent of a large recharge zone is defined by a 
zone of dense ponding and high variation of the local topography. By progressing in 
this manner and testing the observations in parallel with the groundwater model, a 
detailed map of recharge and discharge area for the whole Quaternary aquifer has been 
obtained. 
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Fig. 2 Examples of the mapping of recharge and discharge areas before (a), (c), and 
after (b), (d), using remote sensing and GIS information. The locations of the two 
selected regions: Kadzell/Manga and Chari-Baguirmi are shown in Fig. 1. 

RETRACING THE LONG-TERM FLUCTUATIONS OF LAKE CHAD 

A "standard" Lake Chad is about 25 000 km 2 but it has considerably changed since the 
1970s (Olivry et ai, 1996). The Quaternary aquifer is interconnected with Lake Chad 
and a large part of what used to be a recharge area to the aquifer is now subject to 
evaporation. We retraced the fluctuations of the extent of Lake Chad between 1960 
and 2001 to implement this information in the transient groundwater model, and assess 
the impact of Lake Chad shrinkage on the aquifer. This represents a major challenge 
given the vastness of the area, the complexity of the processes, the rapidity with which 
changes occur, and finally the need to retrace the evolution over a long period (40 years). 
Such requirements can only be met with the use of information from multiple sources. 

Some published maps were available for certain limited periods. The international 
map of the world 1:1 000 000 N'Djamena ND-33 (published in 1969) was considered 
representative of Lake Chad extent in the 1960s and early 1970s, as one can assume 
that variations of the surface area during this period were relatively small. The period 
between June 1973 and October 1977 was studied by Lemoalle (1979) using Landsat 
MSS data and aeroplane surveys. This work was updated with the use of Meteosat data 
and led to the publication of the extent of Lake Chad northern pool in January 
("maximum annual extent") from 1973 to 1990 (Lemoalle, 1991). 
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Archive satellite images complement these published maps with a comprehensive 
monitoring of the Lake from 1986 to date. We chose AVHRR/LAC and Meteosat 
thermal images (1 and 5 km spatial resolution respectively) because of their high 
temporal resolution and availability over a long period. For many periods AVHRR/ 
LAC were not available or affected by clouds. They were supplemented with Meteosat 
Tmax 30-day thermal composite data, obtained from IRD-CMS, Lannion, France. 
Meteosat Tmax composite data were archived from 1986 to 2001. They are obtained 
by first processing the Maximum Value Composite (MVC) of all the brightness 
temperatures obtained in one day with the sensor's infrared channel. A 30-day 
composite image is later processed as the mean of the MVC obtained over six spans of 
five days. The method has the advantage of suppressing the clouds, whilst maintaining 
a relatively good memory of surface events (Guillot & Lahuec, 1994). 

Since its shrinkage, dense mats of floating vegetation have invaded large parts of 
the remaining Lake Chad. The difficulty of mapping open water as well as water under 
aquatic vegetation is overcome by using thermal AVHRR and Meteosat data. The 
rationale of the methodology is that, in such an environment, both open water and 
water covered with aquatic vegetation have a higher thermal inertia than the surround­
ing bare dry land and non-aquatic vegetation (see also Rosema, 1990; Travaglia, 
1995). That is, they warm-up less during the day. This robust method is illustrated in 
Fig. 3. An AVHRR/LAC near infrared image only detects the open water (see 
Fig. 3(a)), but the AVHRR NDVI (Fig. 3(b)) shows that the vegetation around this 
open water is very active. In fact, at that time of the dry season such active vegetation 
can only be sustained by the water of the Lake. This is aquatic vegetation. The thermal 
images (Fig. 3(c), (d)) detect both the open water and the aquatic. Note the similarity 
of the water area detected by thermal AVHRR data and Meteosat Tmax. 

Using this approach, frequent records of the Lake extent were acquired to 
coincide with the groundwater model time step and the rapid fluctuations of Lake 
Chad. 136 maps showing the extent of Lake Chad from 1960 to 2001 were generated. 
They provide detailed inputs for the transient groundwater model. This information 
was stored in a GIS and pre-processed as input for the groundwater model. Where 
surface water from the Lake occurred (both open water and water under aquatic 
vegetation), flow exchanges between Lake Chad and the aquifer took place and were 
represented using the MODFLOW96 River Package. Wherever the Lake dried up 
these exchanges stopped and evaporation processes were applied to the aquifer. 

DISCUSSION 

The calibration of the groundwater model with remote sensing and GIS improves our 
knowledge of the location and intensity of recharge and discharge processes. For 
example, this study reveals that discharge areas may cover up to 30% of the 
Quaternary aquifer. This highlights the endorheism of the system with a significant 
part of the outflows being assured internally. 

Meteosat Tmax has proved to be an excellent tool for monitoring the Lake extent. 
For some years, the detection of Lake Chad's surface area was impossible during the 
rainy season because of the persistence of clouds. Apart from this, the reconstitution is 
thorough, with a time step of one month from 1986. To obtain detailed inputs for the 
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Fig. 3 Thermal inertia of Lake Chad waters. 

groundwater model was important because of: (a) the high spatio-temporal variability 
of Lake Chad; and (b) the fact that not only a recharge area disappears with Lake Chad 
but a discharge area (evaporation) is created, which amplifies the effect on the water 
table. The application of the transient groundwater model reveals that the impact of 
Lake Chad's shrinkage on the water table is strong, but limited in space to a relatively 
small area around the north pool and the south-eastern and south-western extremities 
of the Lake. Satellite images show a recent improvement of the hydroclimatic situation 
with, for example, the north pool being flooded all year long in 1999. 

The technology applied in this study is not new, but it is the scale and the scope 
with which remote sensing and GIS were used to enhance the groundwater modelling 
which is something that has not often been exploited. Now is an appropriate time for 
hydrologists and hydrogeologists working in semiarid regions to reconsider the use of 
satellite data because of the increase in hardware and software capacity, the launch of 
new sensors and the willingness of satellite operators to offer readily accessible data. 
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