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Abstract:

One of the most important issues for water resource management is developing strategies for groundwater modelling that are
adaptable to data scarcity. These strategies are particularly important in arid and semi-arid areas where access to data is poor and
data collection is difficult, such as the Lake Chad Basin in Africa. In the present study, we establish a numerical groundwater
flow model and evaluate the effects of dry and wet periods on groundwater recharge in the Chari–Logone area (96 000 km2) of
the Lake Chad Basin. Boundary conditions, flow direction, sources, and sinks for the Chari–Logone local model were obtained
by revising and remodelling the Lake Chad Basin regional hydrogeological model (508 400 km2) developed by the BRGM
(Bureau de Recherches Géologiques et Minières) in the 1990s. The simulated aquifer water level showed good agreement
with observed levels. Aquifer recharge is primarily determined by river–aquifer interactions and mostly occurs in the southern
section of the study area. In wet years, groundwater recharge also occurs in the N’Djamena area. The approach we adopted
provided relevant results and was useful as an initial step in more detailed modelling of the area. It also proved to be a useful
method for groundwater modelling in large semi-arid and arid regions where available data are scarce. Copyright © 2013 John
Wiley & Sons, Ltd.
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INTRODUCTION

One of the main challenges in understanding the
hydrogeology of large arid and semi-arid areas, such as
Lake Chad in Africa, is the limited availability and low
quality of relevant data. The data that are available are
often spatially and temporally inconsistent. Regional
groundwater systems generally comprise different geolog-
ical and hydrogeological zones, and the availability of data
usually varies between zones. This may result in
inadequate data coverage for assessing the groundwater
system as a whole. Moreover, data collection and
compilation are particularly time consuming, as ground-
water systems regularly extend across multiple water
authorities. Under these circumstances, developing a
conceptual model requires the simplification of a complex
groundwater system. A parsimonious approach may be
reasonable, applying constant properties over large zones
or throughout hydrostratigraphic units.
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In data-scarce regions, achieving reliable results from
modelling requires compromises in the conceptual model,
modelling strategy, and spatial discretization (Jagelke
and Barthel, 2005; Barthel et al., 2008). A modelling
approach that can be well constrained to the limited data
available, while still representing the dominant processes,
is needed. Moreover, regional groundwater models entail
the need to interpolate data, introducing uncertainties
given the large distances between observation points.
Consequently, the use of regional models is limited to
certain purposes. Previous studies have applied several
approaches to overcome these limitations with varying
degrees of success. A detailed review of previous methods
and current approaches to modelling is beyond the scope
of the present study but can be found in existing literature
(e.g., van der Linden and Woo, 2003; Ireson et al., 2006;
Barthel et al., 2008; Pande et al., 2011; Wu et al., 2011).
The most appropriate method for modelling a given
environment depends on project-specific objectives.
The Lake Chad Basin is an inland drainage system

covering approximately 2 355 000 km2 in the eastern part
of the Sahel (Figure 1), which is an important freshwater
resource for neighbouring countries. The size of the lake



Figure 1. Lake Chad Basin. The Chari–Logone study area extends southwards to the city of N’Djamena. I–II: cross-section shown in Figure 2
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has varied considerably over time (Lemoalle, 2004): in
the 1960s, the area of the lake was 25 000 km2, but now, it
is approximately 2000 km2 following severe droughts.
Discharge from tributary rivers has also reduced, partly
resulting from the construction of dams and an increasing
demand for water from the local population. More than
two thirds of the basin is situated in an arid zone that does
not actively contribute to the surface flow into Lake Chad.
The Chari–Logone perennial river system, located in the
sub-humid–humid tropical climatic zone, provides the
most significant contribution of water to Lake Chad.
Since the publication of major hydrogeological works

by Isiorho (1987) and Schneider (1989), a number of
studies have examined diverse aspects of the basin
hydrology (e.g., Oteze and Fayose, 1988; Isiorho and
Matisoff, 1989, 1990; Adeniji, 1991; Isiorho et al., 1996;
Birkett, 2000; Leduc et al., 2000; Massuel, 2001; Leblanc
et al., 2003, 2007; Goni, 2006; Boronina and Ramillien,
2008; Ngounou Ngatcha et al., 2008). Previous studies
have demonstrated that the water balance in the lake
reflects the interactions among rainfall, evaporation,
lateral inflow, and groundwater, with the inundated area
varying substantially according to the amount of annual
rainfall and run-off (Birkett, 2000; Schneider 1989). In
the Lake Chad Basin, the surface water supply is
insufficient to fulfil the needs of the local population,
and groundwater therefore provides the main water
supply for urban and rural areas.
Copyright © 2013 John Wiley & Sons, Ltd.
A succession of dry years in the 1970s and 1980s
severely depleted the water resources in this area, and the
important seasonally inundated river plains were drasti-
cally reduced in area during the dry years (Coe and
Birkett, 2004). The consequent effects on groundwater
recharge have not been adequately addressed by water
authorities. Several factors have severely constrained the
availability of water resources in the region (LCBC,
1992) a lack of strategies for supplying irrigation in dry
years, belief that low-water years are temporary anoma-
lies, and the lack of an integrated development strategy
for surface and groundwater resources. The current water
resource management strategy is inadequate for a region
in which drought is endemic and groundwater is the
primary water resource. Furthermore, there is no detailed
understanding of hydrogeological processes, including
how the groundwater system behaves under changing
climatic conditions; the possibility of undesirable environ-
mental change, such as the drawdown of groundwater
levels; how the decrease in base flow during the dry season
affects rivers and lakes; and the effect of climate stress on
groundwater availability (Kinzelbach et al., 2003).
The present study focuses on the upper aquifer of the

Chari–Logone area, which largely sustains the region. We
aim to characterize the aquifer with a 50 000 km2 field
study and to simulate through a modelling exercise the
hydrodynamic performance of the aquifer in the area,
including an assessment of groundwater recharge in dry
Hydrol. Process. 28, 3714–3727 (2014)
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and humid climate scenarios. A steady-state groundwater
model to provide water balance estimates for a given
period (accounting model), formulated from groundwater
extractions, climatic stresses, and river–aquifer interac-
tions, constitutes an interesting tool with which to
quantify aquifer behaviour. Steady-state models are
particularly useful where a model is required to predict
groundwater responses to environmental change and
where the stresses and boundary conditions can be
adequately simplified. The development of a steady-state
numerical model is an initial step towards creating a tool
to support aquifer management in the area, particularly
during dry climatic episodes.
THE CHARI–LOGONE STUDY AREA

The study area is located within the Lake Chad Basin,
which lies south of the lake, between 8�120 and 12�020N
and 14�060 and 18�450E (Figure 1). The area covers
96 000 km2, from the forested savannah in the south to the
spiny-shrubbed savannah in the north. It is primarily
located in Chad but also extends along the floodplains of
Wasa (Yaeré) in the Republic of Cameroon. The
topography is dominated by a plain of clayey soils in the
north and laterite deposits in the south, which are
periodically flooded from July to December. The popula-
tion is predominantly rural, although the largest urban
population in the region is located within the study area,
along with many agricultural settlements.
The climate in the region is characterized by high spatial

variability and is controlled by the tropical continental air
mass (the Harmattan) and the marine equatorial air mass
Figure 2. SW–NE geological cross-section of the

Copyright © 2013 John Wiley & Sons, Ltd.
(monsoon). As a result, North N’Djamena has a semi-arid
climate with rainfall between 400 and 600mmyear–1,
while more than 1100mm year–1 is recorded in the
southernmost region of the study area. Most precipitation
occurs between April and October. The average temper-
ature varies between 24 �C and 33 �C; January is the
coldest month of the year, and April is the hottest. Potential
evapotranspiration for N’Djamena is 1914mm year–1

(estimated using the Thornthwaite method for the period
1964–1973). During the period 1970–2002, 1984 was the
driest year and 1994 was the wettest, with 226 and 639mm
of rainfall, respectively. Since 1971, the area has been
affected by a sustained decline in rainfall.
The study area is drained by the Chari and Logone

rivers (Figure 1), which eventually converge at
N’Djamena and discharge into Lake Chad. For the period
1998–1999, the average annual flow rate at N’Djamena
was 1040m3 s–1. During flood episodes, the Logone River
inundates the adjacent floodplains. According to data
provided by the Direction de l’Hydraulique et de
l’Assainissement-DHA (Chad), a persistent decreasing
trend in groundwater level was observed during the 1980s
and early 1990s. However, water levels recovered to some
extent towards the end of the 1990s due to high rainfall
from 1997 to 1999, which caused some of the largest floods
in recent years in terms of both extent and duration.
The study area is located in the graben region of Chad,

and this graben formed prior to the Upper Jurassic. The
stratigraphic sequence that fills the Chad Graben
(Figure 2) contains material from the Precambrian,
Mesozoic (Cretaceous), Cenozoic (Oligocene–Miocene
and Pliocene), and Quaternary (Burke, 1976; Schneider
regional aquifer system (after Schneider, 1989)

Hydrol. Process. 28, 3714–3727 (2014)
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and Wolff, 1992; BRGM, 1994; Schneider, 1989). The
Cretaceous material is predominantly continental and is
composed of fine and coarse sands with some reddish and
grey clays. The Oligocene–Miocene Tertiary formations,
referred to as the Continental Terminal, are composed of
heterogeneous sandy sediments, clayey sandstones, and
sandy clays. The Pliocene deposits comprise reddish sandy
deposits, clayey lacustrine materials with some sand layers,
and clays with sand intercalations. The Quaternary deposits
comprise fluvio-lacustrine, fluvio-deltaic, and aeolian
material, with kaolinite or neo-formation clays. The
Pleistocene sediments contain coarse sand, sandstone, clays,
and diatomites that cover the clayey Pliocene sediments
towards the centre of the Chad Graben. Finally, weathered
lacustrine sediments and gypsum of Holocene age are
also present.

Hydrogeological setting

Three aquifers of interest can be identified in the Lake Chad
Basin: (1) the upper aquifer, present in theQuaternary deposits
throughout the entire basin; (2) the intermediate aquifer in the
Lower Pliocene materials; and (3) a deep aquifer in the
Continental Terminal deposits. A SW–NE hydrogeological
cross-section of the Lake Chad area is shown in Figure 2.
At the regional basin scale (the Lake Chad Conventional

Basin), a piezometric map obtained from 1968 data
(Eberschweiler, 1993a,1993b; Figure 3) shows that ground-
water flow is generally towards the central area of the basin
where Lake Chad outcrops. The water level depth varies
from a few metres below the surface in the lowland area
Figure 3. Regional piezometric map of the Quatern

Copyright © 2013 John Wiley & Sons, Ltd.
around the lake to approximately 50m below the surface in
the recharge zones. Several piezometric depressions are
observed, and similar features have been reported as well by
Leblanc et al. (2003) and Boronina and Ramillien (2008).
The aquifers are primarily recharged by water from the
humid tropical mountainous areas in the southern and
western regions of the basin (Mayo Kebbi), in addition to
seasonal streams and infiltration from perennial rivers.
The three hydrostratigraphic units have been also

identified in the Chari–Logone study area, with appar-
ently limited hydraulic interconnections. The aquifer units
are composed of materials in the sedimentary Chad
Formation, which overlies major Cretaceous formations
and crystalline bedrock. Groundwater exploitation is
concentrated in the upper aquifer, which is therefore of
primary interest to the present study. This aquifer exhibits
the behaviour of a phreatic and semi-confined aquifer and
consists of sandy Quaternary formations and Continental
Terminal deposits. A detailed hydrogeological description
of this aquifer is presented in the following section.

Conceptual model of the upper aquifer

To the north of the Chari–Logone area, from Bongor to
the margin of Lake Chad (Figure 1), the upper aquifer is
composed of Quaternary deposits overlying impervious
Pliocene clays. These deposits include Upper Pleistocene
aeolian sands and Lower Pleistocene fluvial sands. The
basal surface of the Quaternary sands dips towards the north
and reaches depths of 90m below the surface near
N’Djamena. In the central part of the study area (Figure 1),
ary aquifer in 1968 (after Eberschweiler, 1993a)

Hydrol. Process. 28, 3714–3727 (2014)



Figure 5. Map of the Chari–Logone study area showing the piezometric
level of the Quaternary aquifer measured in 1999. Location of measured

wells have been indicated
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the thickness of these deposits varies between 30 and 40m,
with interlayered clay lenses. Alluvial deposits from surface
water streams are also present in the Quaternary materials.
Between the central part of the study area (Bongor–

Bousso) and the crystalline massif in the Central African
Republic, the upper aquifer is formed by the Continental
Terminal deposits. The aquifer consists of sandstones,
clays, and conglomerates. To the south-east of the study
area, the geological contact between the Quaternary
deposits and the Continental Terminal is located between
10 and 15m below the surface.
Previous studies (Schneider, 1989) and in situ tests show

that transmissivity (T) values in the Quaternary aquifer
reach 1500 to 5000m2 day–1 (Figure 4). The highest T
values occur at geological boundaries in the south-west and
east of the basin, where coarse-grained geological
materials exist. In the remaining aquifer area, T values
are between 100 and 500m2 day–1. The storage coefficient
(S) ranges between 10–3 and 10–4. For the Continental
Terminal, T values are between 10 and 10–1m2 day–1, and
S values range from 10–3 to 10–5.
The groundwater level recorded during the 1999 field

campaign (Figure 5) shows that the local flow direction is
towards the N–NE, from the topographically high areas to
the south and east of Lake Chad. The water table ranges
from less than 1m below the surface in areas near the
Chari and Logone rivers to 90m below the surface in
northern N’Djamena. Piezometric oscillations between
the dry and wet seasons may reach up to 3.60m.
The aquifer is primarily recharged by precipitation

received over its spatial extent, with additional contribu-
tions from seasonal streams and the perennial Chari and
Logone rivers. The upper aquifer discharges at the
Figure 4. Map of the local study area showing the distribution of (A) transmis
Continental Terminal aquifers

Copyright © 2013 John Wiley & Sons, Ltd.
southern margin of Lake Chad (north of N’Djamena).
The isotopic data from groundwater samples (5–13 TU,
as measured in samples collected during the 1998–1999
field campaign), as well as results obtained by Edmunds
and Gaye (1994), Edmunds et al. (2002), Leduc et al.
(2000), and Oursingbé and Zhonghua (2010), suggest that
the Quaternary aquifer has been recharged by precipita-
tion received after 1952. Recharge occurs in areas where
the aquifer outcrops and in the floodplains of the Chari
and Logone rivers.
sivity (m2 day–1) and (B) storage coefficient values for the Quaternary and
(data from Schneider, 1989)

Hydrol. Process. 28, 3714–3727 (2014)
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Rainwater provides a significant contribution to aquifer
recharge in areas where aeolian sand covers the upper
surface and where the piezometric surface depth is less
than 15m (Ngounou Ngatcha et al., 2007). In the
northern part of the study area, rainfall infiltration is
minimal, and recharge predominantly occurs through
the sandy beds of surface water bodies. In the south of
the study area, rainfall exceeds 1100mmyear–1, and the
gentle topography and geological characteristics of
outcropping materials favours aquifer recharge through
precipitation.
For the 1999 hydrological year, hydrological parame-

ters values at the N’Djamena and Shar meteorological
stations in the Chari–Logone area were as follows:
776mm and 1139mm of rainfall, 1665mm and 829mm
of ETP, and 27.8 �C of temperature. In addition,
considerable water exfiltration occurs across the unsatu-
rated zone. Exfiltration, estimated in a sandy medium
through 18O and 2H isotopic balances (Eberschweiler,
1993a), occurs at a rate of 2–4mmyear–1 in the eastern
part of the basin (Chari–Baguirmi area; Figure 1). The
aquifer is exploited for water supply and agricultural
needs, which accounts for 34 hm3 year–1.
METHODOLOGY

Data collection

To characterize the subsurface hydrology of the study
area, a new data set was generated from two field
campaigns, which were conducted in May–August 1998
and in January–May 1999. We took a total of 74 and 78
water level measurements in these campaigns, respectively.
We also collected 214 water samples from wells, rivers, and
springs and subsequently analysed the major ion contents at
the University of N’Djamena, Chad. In addition, 75 samples
were analysed for 18O and 2H content, 58 were used to
determine tritium concentrations, and the chlorofluorocar-
bon (CFC) content was measured in 39 samples. All the
isotope and CFC analyses were conducted at the Interna-
tional Atomic EnergyAgency (IAEA) laboratory inVienna,
Austria. Note that the chemical and isotopic data will be
presented in a future study.
We drilled seven new observation wells, rehabilitated

ten existing wells, and examined 20 lithological logs from
well-characterized boreholes to assess the spatial distri-
bution of sedimentary and hydrostratigraphic units. Well-
logging information was attained from the Direction de
l’Hydraulique Rurale data set inventory.
We obtained the hydrological properties of the aquifer

from a previous study (Schneider, 1989) but also
reanalysed nine existing step-drawdown tests. One
pumping test was also conducted and interpreted using
the EPHEBO code (Carbonell et al., 2004).
Copyright © 2013 John Wiley & Sons, Ltd.
The Direction de l’Eau et de la Météorologie (Chad)
provided the daily precipitation and temperature data sets
from the N’Djamena and Sahr meteorological stations for
the period 1970–2002. These time series contained short,
intermittent periods with no data. At the study area,
recharge from rainfall (mm year–1) was estimated through
a water–soil balance, based on annual data series of
temperature and precipitation from the two meteorological
stations and Thornthwaite method to estimate potential
evapotranspiration. The domain was divided into spatially
distributed and homogeneous recharge and exfiltration
zones according to the Eberschweiler (1993a) definition.
During the field investigation, we conducted a topographic

survey tomeasure the elevation of 14 of the observationwells.
Modelling approach

Hydrogeological data for the study area obtained from
the field investigations and existing databases were
insufficient for establishing appropriate model domain
limits. Consequently, we chose to implement a model
using a dynamical downscaling approach.
Local groundwater modelling required the development

of a regional Quaternary hydrogeological model for the
Lake Chad Basin, which involved extending the modelling
domain to approximately 508 400 km2. This model provid-
ed the boundary conditions, flow direction, sources, and
sinks required for modelling the local Chari–Logone area.
Having defined and simulated the initial groundwater
conditions at a regional scale, we developed a local-scale
model (Figure 6) to simulate natural recharge scenarios.
We used a steady-state model due to a lack of temporal

coverage of hydrological data sets and to get some
indication of the aquifer system response under different
climatic regimes. There was no attempt to resolve
seasonal or interannual responses. The 1968–1978 and
1991–1999 data sets justify the use of steady-state
conditions, as they exhibit similar average precipitation
values (549.6 and 550.8mmyear–1, respectively). Further-
more, there was no significant variation in the volume of
groundwater abstracted over the sampling intervals.
On both local and regional scales, the conceptual model

of the aquifer system consisted of two independent layers.
Layer 1 represented the upper aquifer, a phreatic aquifer
consisting of Quaternary deposits with an upper limit at
the topographic surface and the base defined by thick
layers of Middle and Upper Pliocene clays. Layer 2
represented the confined lower aquifer, formed by the
Lower Pliocene and Continental Terminal deposits. The
upper limit of Layer 2 was the thick Middle and Upper
Pliocene clays, and the lower limit was the Cretaceous
and Palaeozoic formations.
We selected VISUAL MODFLOW 2009.1, based on

the VISUAL MODFLOW 3.0 code, for the numerical
Hydrol. Process. 28, 3714–3727 (2014)



Figure 6. Regional model of the Lake Chad Basin and the Chari–Logone local model extension, including the boundary conditions and grid overlay
(maximum 54� 40 km). Grey: no-flow boundary; blue: river boundary conditions; red: constant head conditions. Cross-sections A–B and C–D show the

two layers defined in the model
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simulation. The governing equations for flow under
saturated conditions are given by Harbaugh et al. (2000).
The selection of VISUAL MODFLOW 2009.1 was based
on its applicability to this modelling problem and the code
transparency (ease of understanding and user-friendliness)
for future implementation in the Lake Chad Basin
Commission (LCBC) water management plans. In each
aquifer layer, two-dimensional flow was simulated. The
model was run under steady-state conditions to simulate the
piezometric level data for 1968 (regional model) and 1999
(local model). In this study, we present the results of the
upper Quaternary aquifer modelling, as this is the major
groundwater source for the region.

Regional-scale model update

For the regional-scale numerical groundwater model,
the principal source of hydrological information was the
Quaternary aquifer flow model established by
Copyright © 2013 John Wiley & Sons, Ltd.
Eberschweiler (1993a) using the GARDENIA code. We
revised and remodelled the model with VISUAL
MODFLOW 2009.1. The conceptual model consists of
Layer 1 (upper Quaternary aquifer) underlain by Pliocene
clays. The hydrological stresses included natural recharge
from rainfall, river–aquifer interactions, lateral inflow and
outflow, groundwater pumping, and exfiltration.
A variable-sized grid (maximum 54� 40 km) aligned

with the aquifer boundary shapes over the area of interest
and a two-layer structure were considered (Figure 6). The
upper limit corresponded to the land surface (based on a
1 : 200 000 scale topographic map), while the bottom
layer was set at the depth of the impervious Pliocene clay
layer. The boundary conditions of the aquifer system
were based on the 1968 piezometric level observations
(Figure 3) and natural geological or hydrogeological
boundaries. We defined constant head conditions for
Layer 1 based on the topographic surface, and river
Hydrol. Process. 28, 3714–3727 (2014)
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boundary conditions dependent on the state of the aquifer
were implemented for the Chari, Logone, and Yobe
rivers. For the lower boundary, a no-flux boundary condition
was assigned. Based on the observed groundwater flow, no-
flow boundary conditions were assumed for the remaining
aquifer boundaries; however, it must be noted that the
positions of these boundaries cannot be exactly determined
due to uncertainty in the measured data. Figure 6 shows the
surficial extent of the LakeChadBasin groundwatermodel, a
cross-section demonstrating the layer structure, and the
boundary conditions used for modelling. We used the 1968
piezometric contour map to assess the performance of the
regional model and to fit the hydraulic parameters. To reduce
the number of free parameters, effective specific storage was
assumed to be 10–5 for the entire modelled area, based on
lithology and field hydraulic tests.
Figure 7. (a) The Chari–Logone local model, including the aquifer bound
boundary conditions; red: constant head conditions. (b) The infiltration/exfi

Table I for details of the infi

Copyright © 2013 John Wiley & Sons, Ltd.
The Chari–Logone local-scale model

The second step in the modelling process involved the
upper aquifer (Layer 1) extending over approximately
145 000 km2 in the Chari–Logone area (Figure 6). The
extent of the defined model domain was sufficiently large
to minimize the influence of boundary conditions on
modelling outcomes. For the local-scale model, a variable-
sized grid (maximum 37� 38 km)was superimposed on the
horizontal plane, with the upper aquifer surface correspond-
ing to the land surface elevation. The thickness of Layer 1 is
highly variable, ranging from 50m near N’Djamena to
100 m in the southern region of the study area, with an
average thickness of approximately 70m. Layer 2 is formed
by the Lower Pliocene and Continental Terminal deposits.
The boundary conditions were derived from the

regional model outputs and are shown in Figure 7a. The
ary conditions for the upper layer. Grey: no-flow boundary; blue: river
ltration zones in Layer 1 (adapted from Eberschweiler, 1993a). Also see
ltration/exfiltration zones

Hydrol. Process. 28, 3714–3727 (2014)
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model therefore showedconstantheadconditions at the southern
boundary and in theKoros area (red), prescribed river conditions
at the Chari and Logone rivers (blue, defined in the regional
model), and no-flow boundaries for the remaining area.
Natural groundwater recharge by rainfall to the uppermost

active cells was calculated for baseline year (1989) through a
soil–water balance and taking into account the 15 infiltration/
exfiltration rates recharge zones defined by Eberschweiler
(1993a), as shown in Figure 7b and Table I. For dry and humid
years, infiltration/exfiltration rates were estimated by multiply-
ing the obtained baseline year values by the dry year/baseline
and humid year/baseline ratio of water surplus, computed from
the soil–water balance. The calculated recharge rates show that
net infiltration from rainfall occurs in only 6of the 15 zones (i.e.,
zones 1–3 and 12–14). The highest infiltration rates occur in
areas covered by sand dunes, while the lowest rates occur in the
southern sector of the study area. Similar evaporation rates from
shallow groundwater were applied by Leblanc et al. (2007) for
modelling groundwater–lake relationships.
For the Quaternary aquifer, the transmissivity and

storage coefficient values were based on previous studies,
in addition to the ten aquifer tests undertaken in the area
(Figure 4). The piezometric level used in the model
corresponds to that measured in 1999 (Figure 5).
For simplicity, pressure head in each aquifer was

considered constant with depth. This simple approach
was consistent with the data available, which shows that
vertical flows were irrelevant in comparison with lateral
flows between formations and exchange between the
upper aquifer and the atmosphere.

Aquifer response to humid and dry climate scenarios

An important objective of the modelling exercise was
to simulate the aquifer response to changes in natural
Table I. Infiltration/exfiltration estimates (mmyear-1) f

Identification Description

Ba

1 Kanem sand dunes
2 Haar sand dunes
3 Lake Chad pools
4 Lake Chad
5 NW
6 NE
7 Bahr el Ghazal
8 Manga
9 Centre-W (Koramas)
10 Centre (Nigeria plain)
11 Centre-E (Chari–Baguirmi)
12 SW
13 SE (Chari–Baguirmi)
14 SE (Koros)
15 Polders and wadis Lake Chad

Copyright © 2013 John Wiley & Sons, Ltd.
recharge and groundwater levels during dry and humid
climatic conditions. For the simulation process and model
runs, we estimated groundwater recharge by assuming
that the rainfall received in 1989 (583mm) was a
representative baseline, while rainfall in 1984 (226mm)
and 1994 (639mm) constituted dry and humid years,
respectively. The soil–water balance estimations for these
three hydrological years in the Chari–Logone area
indicate that natural recharge is ten times lower during
dry years than in the baseline year. In average (baseline)
years, groundwater recharge is limited to the southern
section of the study area (Figure 1). During wet years,
the estimated recharge was 1.6 times the 1989 recharge
estimate. Exfiltration rate only became positive in the
N’Djamena area during wet years, allowing for aquifer
recharge. Natural recharge occurs between June and
September.
Data detailing the amount of groundwater abstracted

for water supply were provided by the Direction de l´
Hydraulique. The greatest volume abstracted was in the
cities of Bongor and N’Djamena. The water supply for
rural populations is currently provided by shallow open
wells (mainly Indian-type wells) with very little exploi-
tation. The predicted future groundwater exploitation
patterns were obtained from the LCBC. There were no
plans for a significant increase in the amount of
groundwater abstracted in the future, and no major
agricultural developments were foreseen.
Estimated changes in aquifer recharge under different

climate scenarios using the exfiltration/infiltration rates
are presented in Figure 7b. Net infiltration values for the
dry and humid scenarios were obtained by multiplying
the infiltration/exfiltration baseline scaling factors of 1.6
and 0.1 for wet and dry years, respectively (Table I). Due
or each of the defined zones and different scenarios

seline scenario Humid scenario Dry scenario

(1989) (1994) (1984)

2.97 5.94 0.29
2.5 5.1 0.25
4.84 4.8 0.48
–1.52 –0.15 –1.52
— — —
— — —

–1.45 –1.45 –1.45
— — —
— — —

–0.20 0 –0.20
–1.57 0 –1.57
0.04 0.08 0
0.07 0.11 0
0.57 0.92 0.05
–1.7 –1.97 –1.7
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to a lack of data, the lateral discharge from the upper
aquifer is based on the values determined from the 1999
piezometric values, regardless of hydrological year.
Historical data detailing the behaviour of the ground-

water system were unavailable. The local model was
calibrated (or model contrast carried out, due to
limitations imposed by a lack of data) through trial and
error by matching the modelled and measured piezometric
levels over the 14 wells. The calibration/contrast process
involved assessment of hydraulic conditions, hydraulic
parameters, and the leakage coefficient of the Chari and
Logone rivers, and running the steady-state model. The
model calibration was quantitatively assessed by calcu-
lating the determination coefficient (R2) and the RMSE of
the simulated and measured hydraulic heads. The
statistical measures are given by

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Pi � Oið Þ2=n
s

Om

R2 ¼

Xn
i¼1

Oi � Omð Þ Pi � Pmð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Oi � Omð Þ2
Xn
i¼1

Pi � Pmð Þ2
s

0
BBBB@

1
CCCCA

2

where Pi is the predicted hydraulic head, Oi is the observed
hydraulic head, Om is the mean observed hydraulic head,
and Pm is the mean predicted hydraulic head.
Figure 8. Piezometric level predicte

Copyright © 2013 John Wiley & Sons, Ltd.
RESULTS AND DISCUSSION

The Lake Chad regional model

The simulated steady-state piezometric heads for 1968
(Figure 8) were similar to the measured values (Figure 3).
The piezometric surface is characterized by domes and
depressions, corresponding to sandy areas with high
recharge rates and areas of high exfiltration, respectively.
The extensive floodplains present prior to anthropogenic
water management in the west of the region are also
reproduced by the model. The natural groundwater flow
towards the central part of the basin is reproduced in the
model, as indicated by the following key features: the
regional flow is from SW to NE, aquifer discharge flows
into rivers and Lake Chad, and exfiltration is the
dominant process in the W–SW section of the lake. The
modelled results are consistent with previous studies
(Leblanc et al., 2003; Boronina and Ramillien, 2008).
The simulated water level contours in the Chari–

Logone study area, located in the southern area of the
regional model, show that the regional model adequately
reproduces the groundwater levels measured in the field
(Figure 5). As our goal was to provide the boundary
conditions for a refined local model, the results obtained
from the regional model are satisfactory.

The Chari–Logone study area results: climate scenarios
and natural recharge and local-scale model

The simulated steady-state hydrodynamic conditions
for the Chari–Logone area under the different climate
scenarios are shown in Figure 9.
d for the regional model in 1968
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Figure 9. (a) Modelled piezometric level under baseline climatic
conditions (1989; 583mm). (b) Modelled piezometric level under humid
climatic conditions (1994; 639mm). (c) Modelled piezometric level under

dry climatic conditions (1984; 226mm)

Figure 10. Hydraulic head observed and estimated by the local model in
14 observation wells
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Figure 9a presents the piezometric surface for the
baseline climate scenario (1989), also showing dry cells.
Natural recharge from rainfall infiltration and the Chari
and Logone rivers only occurs in the southern section of
the study area (corresponding to infiltration/exfiltration
zones 12–14 in Figure 7b). The flat topography of the
area, combined with flow in the Logone and Chari rivers,
is responsible for the formation of floodplains, which
constitute the most important source of water for aquifer
recharge. Exfiltration and non-recharge zones extend over
the remainder of the study area (Table I).
After lowering the boundary conditions by 7–20m in

the western section of the local area, the modelled
groundwater levels are in good agreement with the values
measured in 1999 (Figure 5) and with other modelling
Copyright © 2013 John Wiley & Sons, Ltd.
studies of the Lake Chad area (e.g., Massuel, 2001).
Figure 10 shows a scatter plot of the computed and
measured hydraulic head after lowering the boundary
conditions (Figure 7a, red). None of the other hydrolog-
ical parameters had an influence on the contrast analysis
due to the dominance of the river–aquifer contribution to the
water balance. R2 was 0.8, and the average RMSE was
12.9m, while the absolute residual mean of the measured
and modelled groundwater levels was 10.5m. The poorly
simulated results for the monitoring wells located between
the upper 95% confidence interval and the upper 95%
interval (Figure 10), all of which were near the Logone
River, was likely due to our limited knowledge of river–
aquifer interactions.Note that validation of themodel results
was not possible due to a lack of the required hydrological
data.
In the humid climate scenario (1994), the piezometric

level did not show any significantly variation from the
baseline scenario (Figure 9b). The main changes were
observed on the SW border of the Logone River where
the piezometric level increased 10m (Wasa, Cameroon;
infiltration zone number 14; Figure 7b), while a complete
drawdown was observed in some areas, as shown by the
dry cells. The model shows that the effects of water
exfiltration are concentrated on the lake boundaries (zone
4; Figure 7b). Recharge occurs south of Bongor–Bousso
(zone 14; Figure 7b) and increases in comparison with
baseline values. Aquifer recharge also occurs in the
N’Djamena area (zone 13; Figure 7b and Table I).
Simulation results for the dry scenario (1984; Figure 9c)

reveal that groundwater lowering only occurs in the SW
Hydrol. Process. 28, 3714–3727 (2014)



Figure 11. Estimations of lateral flow and infiltration/exfiltration from the
aquifer as produced by the Chari–Logone local model under baseline, dry,

and humid climate scenarios
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area of the aquifer, with the piezometric level decreasing
approximately 10m. The outputs also indicate that
minimal natural recharge occurs in the study area, as
reflected by the near-zero or negative values shown in
Table I. Similar results were reported by Ngounou
Ngatcha et al. (2007).
The results of the local-scale model show that the Chari

and Logone rivers provide the dominant contribution to the
aquifer water balance (inflow: 4Mm3; outflow: 2.3Mm3).
Most of the river basins extend over the southern humid–
sub-humid climatic zone, in contrast to the Saharan regime
that dominates themajority of the study area. The simulation
results also suggest that the impact of groundwater
withdrawals on the water balance is negligible. Figure 11
shows changes in the inflow and outflow components
(lateral contributions and infiltration/exfiltration) under the
three climate scenarios applied to the Quaternary aquifer. It
is evident from Figure 11 that there were no significant
differences in lateral contributions among the different
scenarios. Natural recharge from precipitation rarely
occurred in the dry scenario, while exfiltration occurred in
both the baseline and dry scenarios.
SUMMARY AND CONCLUSIONS

The primary source of water for the Lake Chad Basin is
rainfall that typically falls from June to September in the
southern region of the basin. The Chari and Logone rivers
are also vital to the water resources of the region. Since
the 1960s, the water table has dropped while groundwater
exploitation has remained almost constant (Odada et al.,
2005). This indicates that diminishing rainfall, rather than
increasing water exploitation, is the main cause of recent
water shortages. With an increasingly dry climate in the
future, the problem is expected to worsen, possibly
Copyright © 2013 John Wiley & Sons, Ltd.
exacerbated by an increase in population and demand
for irrigation.
To assess the potential water resource issues, we

imposed precipitation scenarios for use in a steady-state
numerical model. This allowed us to forecast changes in
water levels and recharge based on annual water balance
estimates. Steady-state models are particularly useful in
situations that require long-term predictions of ground-
water changes in environments where the stresses and
boundary conditions can be reliably considered as
constant over time. The scenarios we tested assume that
groundwater abstraction only occurs in urban areas and
that no significant increase is expected. Water inflows and
outflows estimated for the Quaternary aquifer from the
available data displayed no significant imbalance, and the
amount of groundwater exploitation has remained
relatively constant over time, justifying the use of a
steady-state model. Although the limited available data
contained uncertainties from errors andmissing information
over time, these did not appear to affect the applicability of
our results.
As the boundary conditions for the Chari–Logone area

model were not clearly defined, the goal of the regional
model was to develop an improved understanding of the
local study site based on the conditions in 1968. Despite
the difficulties arising from employing a limited data set
with which to verify the results and provide sufficient
spatial resolution, the Lake Chad regional groundwater
model provided suitable boundary conditions for local-
scale modelling.
To assess the effects of climate stresses on the aquifer, we

adopted a simplified modelling approach using representa-
tive hydrological years. It should be noted that the baseline
condition was adopted for the local-scale model without
consideration of several droughts that took place in the
1970s, which may have disrupted the steady state.
Furthermore, the piezometric level was taken as being
constant throughout the modelled period. The flat topogra-
phy of the area and the fact that accurate elevation data were
only available for a few monitoring wells were also
important factors that influenced the final simulation results.
Despite the difficulties arising from a lack of field data,

the modelled results reveal interesting aspects of the
modelling process and aquifer hydrology. The modelling
approach applied to the upper aquifer proved appropriate
for simulating hydrodynamic conditions during wet and
dry years. The various climatic scenarios revealed that
aquifer recharge is primarily controlled by river–aquifer
interaction in the southern area of the study site, which is
also the source of aquifer recharge from precipitation.
Variation in rainfall induced changes in recharge and
water levels; the Wasa floodplains in Cameroon were the
most vulnerable area to this change. The Wasa area is a
Natural Park designated as a Wetland of International
Hydrol. Process. 28, 3714–3727 (2014)
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Importance in the Ramsar list and is important for
sustaining wildlife, including large mammals. Long dry
periods may induce a decrease in water storage and an
increase in exfiltration in the northern section of the study
area, near Lake Chad.
The aquifer–river interaction was the most important

parameter defining the rate of groundwater recharge.
Surface–groundwater interactions are poorly understood
but are expected to occur during flooding episodes,
especially on the Chari–Logone floodplains and in the
Wasa area. The relationship between the Chari and Logone
rivers, and the aquifer still requires further investigation. As
groundwater recharge is a seasonal process, it is particularly
important to understand the controlling processes to inform
effective water resource management during dry periods.
Further data regarding the Pliocene and Continental
Terminal deposits are also required to establish the
hydrogeological connections in the Quaternary aquifer
and improve groundwater modelling.
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