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Abstract

Estimation of aquifer recharge is a prerequisite for understanding groundwater systems and sustainable water resources man-

agement. In arid and semi-arid areas, where access to hydrologic data for groundwater studies is often limited with spatial

and temporal inconsistencies, data collection is difficult. Therefore, in these regions satellite products of meteorological data

series have recently turned into the most reliable alternative. This study presents a daily groundwater recharge estimation

in the NW part of the Lake Chad Basin using VisualBALAN, a water-soil-plant distributed model, from two data sources

(ground and satellite-based meteorological data) under non-irrigated and irrigated land. Precipitation and temperature data

from ground-based gauge stations and the Multi-Source Weighted-Ensemble Precipitation product (MSWEP), was gathered for

the years 2005-2014; average annual values were 283 and 417 mm and 30 and 29 for gauges and for MSWEP, respectively. The

estimated mean annual aquifer recharge from precipitation equals 10.9 and 14.7 mm/yr, while in irrigated areas was 33 and

41 mm/yr, for ground and satellite-based data, respectively, being always slightly higher for the satellite estimates. Sensitivity

analysis was performed to assess the dependency of input data in final recharge. Recharge estimates were mainly sensitive to

soil type, soil parameters such as field capacity and wilting point, and to surface hydrology-related parameters such as curve

number.

1. Introduction

Scarce precipitation, inter-annual dry periods, marked seasonal and spatial variability, and extreme rainfall
events are the main features of arid and semi-arid zones that condition groundwater recharge (Noy-Meir,
1973; Lerner et al., 1990). Therefore, reliable precipitation and temperature data in these areas are of
extreme importance for accurately assessing the soil water balance and groundwater recharge (Tolera et al.,
2018; Kwarteng et al., 2009). Beyond the uncertainties inherent in available in-situ data, i.e., from weather
ground-based stations, one of the main difficulties is data scarcity (Bhowmik and Costa, 2014; Dumolard,
2007; Wagner et al., 2012). Meteorological stations are generally scarce, unevenly distributed and may
operate during short periods or have important gaps. This in turn can lead to problems if long-term values
are required with only short data periods available (Lerner et al., 1990). Data and information are also often
scattered among different agencies making difficult to obtain complete records of available data. Overall this
results in information that is rarely suited to practical needs. To overcome this challenge, researchers have
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traditionally increased data availability using different statistical methods, especially filling gaps in time
series and interpolating between data points, introducing uncertainties given the intermittency of rainfall
and the large distances between observation points.

An alternative and complementary source of information is from satellite products (e.g., TRMM, CMORPH,
TMPA) which can provide meteorological data series over large areas useful for multiple applications in
hydrology (Habib et al., 2008; Mzirai et al., 2005; Velpuri et al., 2013; Sheffield et al., 2018). In arid and
semi-arid zones, given the general scarcity of ground data, satellite products are a potentially useful tool for
hydrological studies. Nevertheless, these data products are affected by uncertainties resulting from physical
sensor limitations, limited space-time coverage and spatial resolution (Prigent, 2010; Knoche et al., 2014),
which is especially relevant in these regions because of the high spatial and temporal variability of surface
meteorology. A comparison with ground-based data as an indicator and estimation of uncertainty is necessary
to understand the utility of such products, and much work has been done in this especially with regard to
precipitation (e.g., Beck et al., 2017; Jiang et al., 2016; Lu et al., 2016; Nogueira et al., 2018; Haile et al.,
2015). However, to date, no studies have compared the performance of these two data sources (ground-based
and satellite) in hydrological studies for the quantification of groundwater recharge in particular.

Quantification of natural groundwater recharge is a basic prerequisite for efficient water resources manage-
ment. Groundwater recharge is a complex function that results from the coupling of several factors. The
factors controlling the amount and type of aquifer recharge include: precipitation (volume, intensity, du-
ration), topography, vegetation (cropping pattern, rooting depth) and evapotranspiration, soil and subsoil
types, flow mechanisms in the unsaturated zone, bedrock geology, and available groundwater storage (Scan-
lon et al., 2002). Various reviews on the quantification of aquifer recharge have been conducted in the past,
focusing primarily on arid and semi-arid regions (Scanlon et al., 2006) and methods (de Vries and Simmers,
2002; Scanlon et al., 2002; Walker et al., 2019). While the spatio-temporal distribution of precipitation is the
most critical factor (Wu et al, 1996), the chosen method can make recharge estimation vary greatly (Leduc
et al., 2000).

The current work focuses on the Lake Chad Basin, an arid region in which 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. Over the last 40 years, much attention has been given for improving
recharge estimation in this area. These have mainly included isotopic studies (Fontes et al., 1970; Ketchemen,
1992; Njitchoua and Ngounou Ngatcha, 1997; Edmunds et al., 1998; Goes, 1999; Leduc et al., 2000; Djoret
and Travi, 2001; Ngounou Ngatcha et al., 2001; Gaultier, 2004; Goni, 2006; Ngounou Ngatcha et al.,
2007a; Tewolde et al., 2019) and mathematical modelling (Babama’aji et al., 2012). Some studies have
used remote sensing data for investigating groundwater processes (e.g., Meteosat thermal data) combined
with hydrogeological data (Leblanc et al., 2003, 2007), or the spatiotemporal variability of the hydrological
parameters of the Lake Chad basin (Buma et al., 2016), but natural recharge for the area, which is highly
variable over spatial and temporal scales, still remains uncertain.

The main objective of this work is to explore changes in groundwater recharge, i.e., performance evaluation of
data input, in an arid area based on a soil-water-plant distributed model from two data sources: i) available
ground-based meteorological data from local stations, and from ii) satellite-based meteorological data. A
detailed comparison and sensitivity analysis of the model parameters is performed to evaluate the reliability
and uncertainty of the estimated recharge values from the two data sources.

2. Study area. The Lake Chad basin

The study area is located in the north-west part of the Lake Chad basin system, extending over an area of
about 155,000 km2 of the basin in Chad, Niger and Nigeria (Figure 1). The region is categorized as arid
to semi-arid, having the major rainfall season between April and September. Average annual precipitation
varies from 20 to 600 mm, daily temperatures between 8 and 45 , and mean annual potential evaporation
above 2000 mm (Mahmood and Jia, 2018; LCBC-GIZ, 2016). A succession of dry periods during the last
100 years has led to a severe depletion of the lake area from 22,000 km2 to 8,000 km2 currently, decreasing
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drastically the extension of the seasonally inundated river plains. The associated impact on infiltration and
groundwater recharge remains unknown, but it is likely important.

The region is relatively flat with a gentle slope (10%) from the highlands in the NW towards the SE. The
land cover is grassland (65%), bare land (20%), sparse vegetation (5%), and croplands (rain fed and irrigated,
10%) (LCBC-GIZ, 2016). Irrigation of crops (mainly peppers and millet), covering approximately 21,295
km2, is done by combining groundwater and surface water.

At regional scale, the geology of the study area consists of materials from the Precambrian, Mesozoic (Creta-
ceous), and Plio-Quaternary (Burke, 1976; Schneider and Wolff, 1992; BRGM, 1994; Schneider, 1989). The
Cretaceous material is predominantly continental, and that along with Miocene formations is known as the
Continental Terminal (Kilian, 1931). The Plio-Quaternary deposits comprise fluvio-lacustrine, fluvio-deltaic,
and aeolian material. Outcrops of igneous rocks complete the geology of the region (Ganwa et al., 2009;
Vicat et al., 2002). From the hydrogeological point of view, three aquifers are distinguished in the area
(Schneider and Wolff, 1992): Quaternary, Lower Pliocene and Continental Terminal, both mainly confined.
Only the groundwater recharge to the Quaternary unconfined aquifer is the objective of this research (Figure
1).

3. Methodology

A soil water balance modelling approach was used to estimate groundwater recharge to the Quaternary
unconfined aquifer for the 2005-2014 period. Two sources of meteorological data needed were used: i)
ground-based data from selected local meteorological stations, and ii) satellite-based data for the same time-
period and geographic location (coordinates) of field stations. The analysis focuses on understanding how
the different data sources affect the amount of recharge, given the highly non-linear behavior of the process
of recharge through the soil. Statistical relationships between precipitation and temperature of the two data
sources (ground and satellite estimates) were evaluated by visual inspection and basic statistical measures.
A sensitivity analysis of soil parameters to assess the reliability and uncertainty on recharge estimation for
the non-irrigated area was also carried out.

3.1. Soil water balance model description

Aquifer recharge was calculated using VisualBALAN v.2.0 (Samper et al., 2005), a computer code suitable
for long-term simulation of water balance in the soil, vadose zone and aquifer. It has been successfully
applied in different areas (e.g., Candela et al., 2016; Jimenez-Martinez et al., 2010, among many others).
Among the many advantages of using VisualBALAN, the use of generally available input data, which can
be estimated with reasonable accuracy, makes its application straightforward.

The code is divided into three sub-models taking into account processes in i) the upper part of the soil (root
zone), solving the critical interactions of the soil-plant-atmosphere continuum, ii) the vadose or unsaturated
zone (below the root zone), and iii) the saturated zone (aquifer). A schematic representation of the water
balance components is represented in Figure 2. Precipitation (P ) and irrigation (I ) is distributed between
surface runoff and infiltration. A part of infiltration comes back to the atmosphere by evapotranspiration
(ETa ), another part increases the water content in the soil and the remaining part contributes to potential
recharge, which is the input of water to the vadose zone. Inside of this zone, the water can flow horizontally,
as interflow, or it can percolate vertically to the aquifer (R ) (Figure 2). The potential diffuse recharge to is
estimated assuming that the soil is homogeneous and isotropic.

A comprehensive explanation of the conceptual model and corresponding parameters can be found in
Jimenez-Martinez et al. (2010). For this particular case, processes in the saturated zone have been ob-
viated, assuming that the infiltrated water reaching a depth beyond the action of the roots and evaporation
turns into percolation to the aquifer.

3.2. Climatic data sets

For the 2005-2014 period, daily temperature (ºC) and precipitation (mm) recorded time series from five

3



P
os

te
d

on
A

u
th

or
ea

11
M

ay
20

20
—

C
C

-B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

9
2
17

39
.9

41
20

36
0

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

ground-based stations in the study area and their satellite estimates constituted the model meteorological
data. The exploratory analysis of the data involved analysis using graphs and basic statistical measures.

3.2.1. Ground data

Ground-based time series were directly compiled from the Trans-African Hydro-Meteorological Observato-
ry, TAHMO platform (http://tahmo.org/african-climate-data). Data from five local meteorological stations
(Diffa, Goure, Maine, Nguigmi, and Zinder, Figure 1) were used. Over the historical data record (1973-2018),
the study period (2005-2014) was chosen as the one presenting the least gaps (≤20%) in the time series of
precipitation and temperature. The nine year’s length of the dataset enables the capture of the variability
of daily precipitation and temperature in the region.

Missing value analysis and homogeneity tests were conducted for the available precipitation dataset. To fill
the missing data, Inverse Distance Weighting based on four rain-gauge stations in the vicinity of the station
analyzed was applied (Lam, 1983). The interpolation is based on the Thiessen Polygon method.

3.2.2. Satellite-based data

The Multi-Source Weighted-Ensemble Precipitation (MSWEP), a new fully global historic precipitation da-
taset, was selected as the source for the satellite-based data, based on the data availability for the region of
interest. MSWEP takes advantage of the complementary strengths of gauge, satellite, and reanalysis-based
data, providing reliable precipitation estimates (Beck et al., 2019). The datasets, including daily gauge cor-
rections and systematic terrestrial precipitation biases (e.g., from orographic enhancement of precipitation),
are corrected using river discharge observations. The provided gridded precipitation datasets have been va-
lidated using observations and by comparison with other satellite-based products (Beck et al., 2017, 2019b).
The gridded precipitation daily estimates for the study period (2005-2014) were obtained from the Lake
Chad Basin Flood and Drought Monitor System (CHAD-FDM).

3.3. Model setup and sensitivity analysis

The topography of the land surface (elevation and slope) was obtained from a 30 × 30 m DEM (USGS
Global Data Explorer, GDEx). Land use and land cover data were provided by The European Space Agency
(ESA). Different land uses occur in the region, including forest (e.g.,acacias), urban, and non-irrigated (e.g.,
millet, sorghum, maize and rice) and irrigated (peppers) crops (LCBC-IRD, 2016). Soil related information
(e.g. , clay and silt content, and hydrologic soil group) was compiled from the European Soil Data Centre
(Jones et al., 2013) and literature. A homogeneous loamy sand was considered as main soil type, according
to the USDA Soil Textural Classification (LCBC-IRD, 2016; Gaultier, 2004). Four base maps were produced,
corresponding to climate, land cover, aquifers and soil attributes, and were overlaid to create the final base
map using GIS tools.

Surface components, daily irrigation (I ) and precipitation (P ) rates, are expressed as an equivalent water
depth (mm). Irrigation of crops is done by combining groundwater and surface water; crop water needs were
derived from Allen et al. (1998). Daily potential evapotranspiration (ETp ) is computed by the Thornthwaite
method (Thornthwaite and Holzman, 1939), using available temperature from ground stations or satellite
from MSWEP. Soil–aquifer parameters (soil depth, porosity, field capacity, wilting point, hydraulic conduc-
tivity, storage coefficient) and the vegetation parameters (height and interception coefficient) complete the
main inputs to the system.

Quantifying the effect of uncertainties on the recharge estimates, depending on the data source used to define
the boundary condition,i.e., ground or satellite-based, requires also knowledge of the model parameters and
of their statistical variability and correlation structure. It is possible to evaluate the importance of the
parameter uncertainties on recharge as the objective function by means of sensitivity analysis (Jiménez-
Mart́ınez et al., 2010). A series of simulations were performed on individual model parameters by a given
amount of perturbation (± 25% of original data) and by estimating the groundwater recharge for both
sources of precipitation and temperature used to define the boundary condition.
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4. Results and discussion

4.1. Ground versus satellite-based data sets

Daily temperature (ºC) and precipitation (mm) from ground stations (TAHMO) and satellite (MSWEP) are
shown in Figure 3. Three out of five ground-based stations (Figure 1), Nguigmi, Zinder and Maine shown
complete daily temperature and precipitation records, while Goure and Diffa presented 3.3% and 2.5%
missing values for the selected time period (2005-2014), respectively. Occasionally, one station may have a
larger amount of precipitation during one particular year than the nearby stations when a large percentage
of the annual precipitation falls in one or two storms. The temperature values for both time series, ranging
between 15 and 40 ºC, show a close agreement at seasonal scale.

In general, the satellite data overestimate precipitation (Figure 4), except for two heavy (extreme) rainfall
events recorded in local weather stations (August 2008 and August 2011). Storm effect has been already
reported by several authors (McCollum et al., 1999; Nogueira et al., 2018; Young et al., 2014). The explanation
could be due to the lack of accounting for cloud microphysical processes in the satellite based data, and the
moisture distribution of the environment (McCollum et al., 1999). In particular, the overestimation by
infrared-based satellite retrieval algorithms (which contribute to MSWEP) is attributed to no raining cirrus
with cold cloud-top temperatures (Young et al., 2014).

Annual precipitation from the ground-stations and satellite estimates is plotted in Figure 5a,b; computed
annual precipitation as the cumulative deviation from the mean to identify the possible presence of trends
is in Figure 5c,d. Visual observation indicates that wet and dry conditions appear to be different for the two
data sources. The wettest and driest years of the regional mean rainfall series occurred in 2008 (600 mm)
and 2006 (10 mm) for the ground data, and in 2006 (920 mm) and 2011 (200 mm) for the satellite data,
respectively. However, and according to the analysis, the presence of trends has not be identified.

To assess the dependence between the two data sets, a regression analysis was performed, and the goodness-
of fit assessed by the coefficient of determination (R2) (Figure 6). At daily basis, lack of correlation (R2 =
0.06) has been found between ground and satellite-based data. By changing from daily to monthly scale and
focusing on months with relatively high precipitation (July-August-September), the scatter is reduced while
the R2 increases, indicating that both platforms record similar rainfall amounts at the monthly scale.

4.2. Recharge estimation

Two types of groundwater recharge are distinguished in the study area: (1) direct infiltration from preci-
pitation, and (2) aquifer recharge in irrigated areas, resulting from the combination of precipitation and
irrigation. The estimated mean annual recharge from precipitation equals 10.9 and 14.7 mm/yr for ground
and satellite-based data, respectively (Table 1). Although apparently annual recharge and total recharge for
the studied period from the satellite-based data are similar when compared with results from ground stations,
they are 46% higher. At daily scale, the highest rates of recharge from the satellite-based data are primarily
due to more abundant precipitation and lower temperature, resulting in a much higher total aquifer recharge
(Table 1). These differences are accentuated in extremely dry and wet years such as 2006 and 2011. For the
ground-based recharge values, similar ones have been obtained from an established numerical flow model in
the Lake Chad Basin for the same period (TWB, 2019). These values are similar to those of Berger (1992),
Edmunds (1998) and Ngounou Ngatcha (2009), who estimated 15-50 mm/yr in the sand dunes. This is also
in agreement with aquifer recharge estimations (1-30% of the precipitation) in semi-arid and arid regions
around the world (Carter et al., 1994).

The computed mean annual aquifer recharge in irrigated areas was 33.5 and 41.6 mm/yr for ground and
satellite-based data, respectively (Table 1). Previous studies in irrigated zones and for semi-arid climates
show that irrigation return may vary between 1% and 25% of the applied water, with the average being ˜
15% (Scanlon et al., 2006). The values obtained are within the first half of this range (1-13%). Precipitation
from the satellite-based data is 32% higher than values measured at the ground stations, nevertheless, the
differences in recharge were lower (˜ 23%), indicating the non-linearity of the recharge processes. Although
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precipitation, and therefore P+I , is higher from the satellite-based data, actual evapotranspiration is almost
double compared to the values estimated from the ground data (Figure 7). Note that in areas where the
water table is close to the ground surface, the water table can provide an additional source of water for
evapotranspiration (Smerdon et al., 2008).

Daily recharge calculation for the non-irrigated and irrigated areas for the year 2012 from ground stations
and satellite-based data are shown in figure 8. The groundwater recharge in non-irrigated and irrigated areas
takes mainly place following the rainfall period, between June and October, and recharge does not occur
during the rest of the hydrologic year. Recharge response to precipitation events (non-irrigated) is highly
variable (Figure 8a,b), more or less independent of the amount of rainfall and the changes over time, but
highly dependent on soil moisture conditions; for the ground-based calculations, it is only produced after an
important rainfall episode (60 mm, Figure 8a). Irrigation dose and its frequency of application are the most
important parameters controlling recharge (Figure 8c, d). Cyclical variability, as a response of irrigation
application, was observed; the effects of rainfall events were less influential in recharge from irrigated areas
than in the non-irrigated counterpart.

4.3. Sensitivity analysis

A series of simulations were performed by perturbing the following model parameters: field capacity, wilting
point, soil thickness, soil porosity, soil hydraulic conductivity, curve number and initial conditions (initial
soil water content, initial water level) to evaluate the impact on the aquifer recharge estimates. The initial
parameters considered were: field capacity, 0.1 (m3/m3); wilting point 0.05 (m3/m3); soil thickness, 6 m; soil
total porosity, 0.42; soil hydraulic conductivity 2 10-5 (m/s); and curve number, 77. The boundary conditions
(temperature, precipitation and irrigation) were held at their baseline values. The effect of the perturbations
on the estimated recharge relative to the baseline simulation was then evaluated (Figure 9).

The results show for both ground and satellite-based data that only changes or uncertainties in field capacity,
wilting point, and curve number lead to significant changes in the aquifer recharge estimations (Figure 9).
Although the changes in the mean annual recharge due to perturbations in wilting point and field capacity
is linear and quasi-linear, respectively, the magnitude is not the same for ground stations and satellite-based
data. For example, an increase of 25% in wilting point leads to 1.6% increase of recharge for ground and 4.4%
for satellite data. On the other hand, the perturbation of the curve number results in a different magnitude of
recharge and differs depending on the magnitude of the perturbation between ground stations and satellite-
based data. Changes in porosity (soil thickness and hydraulic conductivity, these two not shown here) have
much less impact on the computed recharge.

5. Conclusions

The most important source of water to aquifer systems corresponds to recharge from precipitation. Reliable
aquifer recharge estimation is crucial to assess and manage groundwater resources and its role will beco-
me increasingly important as demand increases and the impacts of climate change and variability become
critical. Data scarcity and the non-linearity of recharge processes are the most important obstacles for rech-
arge estimation in arid and semi-arid areas. Precise ground-based daily data of temperature and rainfall is
probably the most difficult data to obtain. The use of remote sensing data sources can facilitate this by
providing continuous estimates in time and space as presented here. However, the use of these two data
sources (satellite and ground observations) can lead to different recharge estimates. A comparative analysis
of the computed groundwater recharge estimates can help to establish a range of possible real values, beyond
the uncertainty related to the model parameters considered.

In this case study, NW of Lake Chad basin, the effect of the ground-based and satellite precipitation amount
is clearly reflected in the calculated total recharge. Aquifer recharge is predominantly concentrated during
short periods of time and controlled by climatic factors such as precipitation, evapotranspiration and applied
irrigation. At annual scales, for both irrigated and non-irrigated scenarios, important cyclical variability is
observed (rainy season from June-October) as a response of intra-annual natural climate temporal variation
and the few intense rainfall events. The observed difference of recharge between ground-based and satellite
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products (23%) reflects the different precipitation input from both platforms along time. As recharge is
highly dependent on changes of soil moisture condition over time, the extended distribution of precipitation
along time from satellite implies higher soil water content and greater contribution to groundwater recharge.
When irrigation is applied, it mainly dominates final recharge. Irrigation may simultaneously abstract water
from the recharged source or surface water, while creating new diffuse recharge accounting for a substantial
portion of recharge. Recharge sensitivity to some soil parameters was shown to be variable.

The groundwater recharge is not a linear process, more precipitation does not mean a proportional increase
in recharge, since the rate of evapotranspiration will also rise with more water availability. In addition,
the spatio-temporal variability in irrigation and spatial variability of soil parameters further increases the
uncertainty in estimating recharge. Accurate recharge estimates are essential for sustainable long-term water
resources management in the Lake Chad Basin region, especially in the very arid zones, where groundwater
is the main water resource. If groundwater exploitation far exceeds recharge inflows, groundwater will mostly
come from aquifer storage, a situation leading to aquifer depletion.

Better understanding of recharge mechanisms will elucidate aspects related to the sustainability of ground-
water exploitation rates spatially across the basin. This fact is especially important if future land use changes
and new agricultural developments may require increased surface water and groundwater withdrawal.
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