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A B S T R A C T

The Far-North region of Cameroon is threatened by extreme water shortage. Over the years groundwater has
increasingly been used as the main source of domestic water supply. In spite of the increased, groundwater
exploitation has been done without adequate planning. One of the key parameters of a sustainable groundwater
management is the regional groundwater recharge rate, which defines the upper limit for which groundwater
abstraction should not exceed. This paper summarizes the results of transferring the water balance model
GROWA to the Far-North region of Cameroon. The main aim was to assess the spatial distributed groundwater
recharge rate through rainfall. Due to the lack of adequate regional data bases, international data sources, e.g.
the World soil map in scale of 1: 3,000,000 were used to derive the input parameters needed to run GROWA
model. The simulated GROWA results show a satisfying agreement with existing groundwater recharge rate
assessments for most areas of the study region. Against this background, it was concluded that GROWA model
results represent reliable reference values for groundwater recharge through rainfall even though the input
parameters were derived from small-scale generalized international maps. This approach provides a relevant
initial step for a more detailed groundwater recharge estimate. A more accurate estimation for groundwater
recharge should be carried out once the input data for the study area are available in higher spatial resolution
including runoff records for a plausibility check of the modeled water quantities for groundwater recharge.

1. Introduction

Groundwater is an important resource for food production, drinking
water supply, drought mitigation, and economic development espe-
cially for rural communities around the world. According to Adelana
and MacDonald (2008), about 100 million of the rural populations in
sub-Saharan Africa are serviced by groundwater for domestic supplies
and livestock rearing. The main reason why groundwater is increasingly
gaining prominence as a water source is because of the high natural
storage capacity; the water quality is often good; the infrastructure is
more affordable to poor communities (Adelana and MacDonald, 2008)
and their usage is less restricted by seasonal and inter-annual flow
variation (Döll and Fiedler, 2008). Hydrogeological condition and the
aquifer system characteristics have a direct bearing on groundwater
management (Zektser and Everett, 2004).

Large portion of Far-North region (Cameroon) constitutes the Lake
Chad basin. Even though existing hydrogeological maps provide in-
formation, knowledge about water use, main recharge areas and the
general flow patterns are poorly known in the Lake Chad basin

(Ngounou et al., 2008). The variation in river discharges and the lack of
surface water (especially during the dry season) has made groundwater
an important source for water supply in the region. The significant
increase in population in the region has led to the extensive construc-
tion of dams, groundwater pumping and land cover/land use changes
(Geerken et al., 2012). Furthermore, groundwater exploitation in rural
communities has increased and this has been done without adequate
planning (Ngounou et al., 2008).

The Lake Chad Basin Commission (LCBC) was established to collect
data (such as climate, hydrology and hydrogeology) from member
states for the purpose of carrying out regular assessment and to publish
a hydrological yearbook. Although more data from previous work are
available, groundwater recharge assessment has not received enough
attention in the scale of the whole basin (Ngounou et al., 2008).

Previous studies (Njitchoua &Ngatcha (1997), Edmunds et al.
(1998), Goes (1999), Djoret and Travi (2001), Leduc et al. (2000),
Ngounou et al. (2001), Edmunds et al. (2002), Goni (2002), Gaultier
(2004), Goni (2006), Leblanc et al. (2007), Ngounou et al. (2007a),
Ngounou et al. (2007b), Boronina and Ramillien (2008), Babama’aji
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(2013)) have made important contribution on improving groundwater
recharge investigation in the Lake Chad basin. Rainfall and surface
water are the main sources of groundwater recharge in the region.
Water table level becomes systematically deeper as one move away
from the recharge axes constituted by the hydrographic network
(Ngounou et al., 2005). Depth to groundwater table ranges between
0 m and greater than (>) 45 m (United States Department of
Agriculture, Soil Conservation Service and Fonds d′Aide et de
Cooperation France, 1978) (see Fig. 6).

Land use also changes the permeability and storage characteristics
of the subsurface (Ngounou et al., 2008) and this favors the percolation
of water from floodplains into the aquifer (Ngounou et al., 2001;
Ngounou and Mudry, 2004). Groundwater levels are higher during the
wet season than during the dry season (Ngounou et al., 2008). As a
consequence of the decrease in groundwater levels, over 60% of wells
and boreholes run dry in the region (Ngounou et al., 2005). Further-
more, increasing the length of groundwater recharge because of pro-
longed dry season can cause a drop in the water table. This process
facilitates the drying up of wells in the region and this constitutes the
main source of water supply for most rural communities in the north
part of Cameroon (Molua and Lambi, 2006).

In addition to the natural causes of groundwater depletion, other
reasons might be because of the construction of boreholes and wells in
areas with low groundwater yield or a situation where by the abstrac-
tion rate of wells is greater than groundwater recharge rate.
Groundwater flow is very slow, meaning that the consequences of over-
exploitation might only become apparent after years or decades
(Ngounou et al., 2008). According to EU Water Framework Directive, a
“good quantitative status” of groundwater is achieved when the mean
long-term groundwater extraction does not exceed the mean long-term
groundwater recharge. In spite of the widespread and increased use of
groundwater in the region, the knowledge base concerning ground-
water (Ngounou et al., 2008) and the spatial distribution rate of
groundwater recharge are still deficient.

Groundwater resources can be used sustainably if their spatial ex-
tent and their variation through time are properly understood.
According to Ngounou et al. (2008), there is still a critical need to
improve the hydrodynamics data sets and organize them on maps
through mathematical models for the Lake Chad basin. Most studies
about groundwater recharge modeling in the Far-North region of Ca-
meroon have been done within the context of Lake Chad basin. There is
no large-scale study on groundwater recharge rate for the Far-North
region of Cameroon. Additionally, opinions regarding the degree of a
reasonable fit for all models used in the Lake Chad basin have been
varied. For example, Massing and Zhonghua (2010) stated that models
used in Eberschweiler (1993), Leblanc (2002), Boronina et al. (2005)
were conceptual models because traditional hydrogeological para-
meters were sparse, not homogeneously distributed in space, and highly
variable in time. This made it difficult for the results to be upscale over
the whole aquifer. Genthon et al. (2015) emphasized on the poor spatial
resolution and data coverage in some previous studies e.g. Leblanc
(2002), Gaultier (2004), Zairi (2008), Boronina and Ramillien (2008)

and Candela et al. (2014). Table 1 summarizes selected studies of the
groundwater recharge rate within the Far-North region of Cameroon.
On like the previous studies mention, no disapproval or drawbacks have
been put forward against the results stated in Table 1.

Empirical models are often used to model the long-term ground-
water recharge rates in large catchment areas. The best choice for a
particular situation depends upon the spatial and temporal scales being
considered and the intended application of the recharge estimate
(Scanlon et al., 2002). Therefore, other objectives of the paper were as
follows: (1) to test the general transferability of GROWA model to the
site conditions of the Far-North region in Cameroon, (2) to test the
reliability of the model results in case where world data bases are use
due to the lack of detailed regional databases, and (3) to demonstrate
the added value of groundwater recharge through rainfall based on
GROWA model for the overall purpose of implementing sustainable
groundwater management strategies.

2. Study area description

Far-North region of Cameroon is located within the coordinates of
latitude 10° 34´55´´North and longitude 14°19´39´´East. Fig. 1 shows a
map of the region and some physical characteristics. The region has a
total surface area of about 34,263 km2 and shares international
boundaries with Chad and Nigeria in the east and west respectively.
Maroua is the capital of the region. The region is a semi-arid region
with high temperature and evapotranspiration. Temperature ranges
between 28 °C and 45 °C. The region has a population of about 3.5
million inhabitants which makes it one of the most populated regions in
the country. About 80% of the population depends on agriculture for
subsistence, with little or no surplus for marketing.

Water availability and climate variability poses a major problem in
agriculture and domestic water supply. Analysis of temperature and
precipitation data between 1957 and 2006 concluded that water
shortage in the region might be as a result of poor water management
and not (directly) climate change (Cheo et al., 2013). The region is
characterized by a very distinct long dry season that lasts for about
seven months (October-April) and a short rainy season that last for
about 5 months (May-September). Rainfall varies greatly and historical
records have also shown series of years with rainfall and drought. An-
nual rainfall ranges between 300 mm to about 1100 mm (WorldClim-
Global Climate Data: Credits: Hijmans et al., 2005). Fig. 2 shows the
map of the mean annual rainfall in the region. The region is crisscrossed
by many non-perennial and perennial rivers.

Soils are dominated by light, porous and sandy soil with low organic
matter content ranging between 1% and 3%, but rich in minerals such
as quartz and feld spar (Brabant and Gavand, 1985). The major soil
types include Vertisols, Fluvisols and Planosols. Permeability levels in
the region are generally poor because of the hydraulic properties of the
rocks. Fig. 3 shows the geological map of the region. The northern
lowlands consist of mostly lacustrine clay and silty clay rocks whereas
the south-western areas are covered with hard rocks such as gneiss and
biotitic granite. The middle area extending toward the south is covered

Table 1
Selected groundwater recharge studies within the Far-North Region, Cameroon.

Location Groundwater recharge rate (mm/
year)

Period Method Map types Reference

Southern border of Lake Chad
Basin

25 to 125 1970–1985 Thornthwaite-Mather No Map Ngounou et al. (2007b)

Yaéré plain 9 Not available Using empirical formulas by Allison et al.
(1983)

No Map Vassolo et al. (2016)

Along the Logone River 25 Not available Using empirical formulas by Allison et al.
(1983)

No Map Vassolo et al. (2016)

Lake Chad Basin 0 to 324.17
(for 2003)

2003–2010 WetSpass Recharge Map Babama’aji (2013)
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with sandy alluvium and dune deposits.

3. Data and method

3.1. Model description

GROWA model allows for the determination of long-term water
balance components (e.g. real evapotranspiration, total discharge, di-
rect runoff and groundwater recharge) as a function of the interaction
between the actual land cover and climatic, pedagogical, topographical
and hydrogeological conditions with reasonable accuracy (Wendland
et al., 2009). According to Wendland et al. (2013) the main features of
GROWA model are as follows:

– Scale of application: 100 – 500,000 km2

– Spatial resolution: Variable, grids
– Temporal resolution: Year
– Input data: Digital data (e.g. maps)
– Potential evapotranspiration: Penman – Monteith equation
– Runoff separation: base flow indices (BFI)
– Results: Total runoff, percolation water, direct runoff ( overland
flow, interflow, drainage flow), groundwater recharge

– Validation: observed runoff at gauging stations
– Implementation: C++; GIS- linkages to GRASS/ArcView

GROWA model results have been implemented in several German
federal states e.g. for North-Rhine Westphalia (Kunkel et al., 2006) and
other countries such as Greece (Panagopoulos et al., 2015), Slovenia
(Tetzlaff et al., 2015) and among others. The results have also been
used for practical water resources management related issues e.g. the
grants of water withdrawal rights to public water suppliers and for the
required status reviews of the groundwater bodies according to the EU
Water Framework Directive (Herrmann et al., 2009).

A detailed presentation of GROWA model, including process for-
mulations, input data, model tuning, and validation has been given in
Bogena et al. (2003), Karpuzcu et al. (2008), Tetzlaff et al. (2015) and
will not be discussed in this paper. The model was developed, calibrated
and validated for Central-European site conditions. However, the

modular concept of the model makes it possible to adapt individual
module in case of discordance between the model and measured values.
This made the implementation of the model in the African continent
possible. The basic principles of the model and the algorithm of
groundwater recharge will be described in the subsequent sections.

3.2. Basic principles of GROWA model

GROWA model calculates runoff components based on gridded
runoff-relevant area characteristics, gridded climatic and soil factors.
Discharge measurements from gauging stations are used for the vali-
dation of the spatial and varied groundwater recharge values calculated
by the model. Groundwater recharge (R) (in mm/a) here is determined
by separating the calculated total runoff into components of direct
runoff and baseflow. The long-term average baseflow component es-
sentially corresponds to groundwater recharge (Peschke, 1997). It is
mathematically expressed as follows:

= −R Q QT D (1)

QT is total runoff and QD is direct runoff, in mm/a. Direct runoff
consists of three components (surface runoff, drainage runoff and in-
terflow). The model distinguishes these components but it is also able to
consider the sum. The model assumes that the values of groundwater
recharge obtained in Eq. (1) will be the same as (indirectly) measuring
baseflow of a catchment area at the gauging station. Following
Dörhöfer and Josopait (1980), Hennings (2000), the baseflow levels are
separated by so-called “baseflow indices” (BFI) (Bogena et al., 2003). In
this way, groundwater recharge level can be estimated to represent the
relative fraction of the total runoff as expressed in Eq. (2):

= ∙R BFI QT (2)

BFI is assumed to be constant over time so long as all runoff-relevant
site characteristics of a catchment remain constant. To differentiate
groundwater recharge levels for the entire study area, the BFI values
and other site specific characteristics were spatially distributed to give a
close to reality representation of the study area. The subsequent sec-
tions demonstrate some of the details that were considered to differ-
entiate groundwater recharge levels in the region.

Fig. 1. The map of the Far North region (adapted from Ngounou
et al., 2007).
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GROWA model requires several digital maps as input parameter for
modeling. Table 2 shows main database for GROWA model and their
respective sources. Prior to running GROWA model in Far-North region,
the input parameters were processed and regionalized. Table 3 shows
detailed input parameters for modeling groundwater recharge with
GROWA in the Far-North region.

The estimation of the soil group parameters was predominantly
done by correlating data of the soil texture portion (% sand, % silt, %
clay) for all soil types in the study area with data from the “German Soil
Mapping Manual (GSMM) (AG Boden) (2005)” and the “Niedersachsen
Federal Authority for Mining, Energy and Geology (LBEG), Geological
Report 19 (2011)”.

3.3. Theoretical background for determining annual total runoff

Determining total runoff (QT) was based on the water balance
equation where the annual actual evapotranspiration (ET) (in mm/a) is
subtracted from the average annual precipitation (P) (in mm) to obtain
the long term mean total runoff (in mm/a) as expressed in Eq. (3):

= −Q P ETT (3)

Normally precipitation values are obtained by direct measurement

at weather stations. For this study, precipitation values were obtained
from WorldClim-Global Climate Data (see Table 2). Actual evapo-
transpiration values were obtained by modeling procedures. The em-
pirical equation of Renger and Wessolek (1996) allows for the calcu-
lation of the annual actual evapotranspiration (ETRW) for plane
unsealed sites (i.e. flat areas with no human intervention) with deep
water tables as expressed in Eq. (4):

= ∙ + ∙ + ∙ + ∙ +ET a P b P c W d PET elog ( )RW wi su pl (4)

where:

ETRW = Actual evapotranspiration according to Renger and Wessolek
(mm/a)
a,b,c,d,e = Land use specific coefficients
Pwi, Psu = winter and summer precipitation (mm/a)*
Wpl = Plant available soil water content (mm)**
ETo = Potential evapotranspiration (mm/a)
*wet season and dry season precipitation were used for the Far-North
region, Cameroon
**Plant available soil water content was calculated as follow:

=W AWC Zr*pl (5)

Fig. 2. Mean annual rainfall for the Far-North region.
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where:

AWC = effective field capacity (mm/dm)
Zr = effective rooting depth (dm) ~ rooting depth

In this study, winter and summer precipitation (Pwi, Psu) were re-
placed by wet season and dry season precipitation respectively. The
replacement was primarily based on the quantity of water for each
season and as it corresponds for both winter and summer precipitation.

Land use specific coefficients according to Renger and Wessolek (1996)
were adapted with the land cover occurring in the Far-North region
using the land cover map of Africa from the World Resource Institution
(WRI) as data base. From this land cover map 13 land use types were
extracted as the land use types for the Far-North region (see Fig. 4).

When running GROWA, land use categories are differentiated into
the following land units: pavement, water, bare, leaf-forest, deci-forest
(representing deciduous forest), pasture and arable. For example, the
land use category of “Closed evergreen lowland forest” was assumed to

Fig. 3. Geological map of the Far-North region.

Table 2
Database of GROWA model for the Far North Region-Cameroon.

Data base Scale/Spatial resolutions Data source

Climate Data -Precipitation for current condition (Approx. 1950–2000), ESRI Grids 30″ resolution (~ 1 km) -WorldClim-Global Climate Data
-Potential Evapotranspiration data 1:2,000,000 -Institute of Developmental Research (IRD) France

Soil Data Main Soil Groups 1:5,000,000 Harmonized World Soil Database (HWSD)
Land cover Land use types 1:3,000,000 World Resource Institution (WRI) USA

Hydrogeology -Geological Map 1:2,000,000 -Institute of Developmental Research (IRD) France
-Permeability Map 1:2,000,000 -Authors and IRD France

Topography Digital Elevation Model ESRI Grids 30 arc-seconds (~ 1 km) WorldClim-Global Climate Data
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be consisting of the following land units in percentage: pavement = "0"
water = "0" bare = "0" leaf-forest = "100" deci-forest = "0" pasture
= ''0" arable = "0". The distribution of land use categories in their
different land units was based on estimating their percentage covered
through reading the land use map and the experience during field work.
Table 4 shows the distribution of land use categories in the Far-North
region.

The empirical actual evapotranspiration formula is based on the
various forms of land use and soil cover (arable land, pasture, bare land
etc.). This means that changing site characteristics for a given grid cell
will influence the actual annual evapotranspiration. To ensure the
universality of the Renger-Wessolek equation, Kunkel and Wendland,
(1998, 2002) extended the methodology by taking into consideration
the topography, groundwater influence and the rate of sealing within
the site (Bogena et al., 2003; Karpuzcu et al., 2008).

For sites affected by groundwater, applying Eq. (4) leads to an un-
derestimation of the actual evapotranspiration level, since due to ca-
pillary rise; water is constantly available for the evapotranspiration
process. It is therefore assumed that the actual evapotranspiration
corresponds to maximum evapotranspiration, which can be assumed to
be equal to vegetation-specific (see Table 4) potential evapotranspira-
tion as expressed below:

=ETa ETgw max (6)

ETagw: Actual evapotranspiration of groundwater affected sites (mm/a)
ET :max Maximum evapotranspiration

In this case, maximum evapotranspiration represents a modified
potential evapotranspiration attained under a theoretical condition of
grass vegetation with 12 cm height. However, the actual attained
maximum evapotranspiration level can deviate from the theoretical
condition and this greatly depends on the type and height of vegetation
(Karpuzcu et al., 2008).

A Digital Elevation Model - DEM was used to show the slope gra-
dient and aspect that also strongly influence the determination of actual
evapotranspiration levels. The resulting empirical equation for evapo-
transpiration of a single cell is expressed as follow:

= − ∙ET f α φ ET f D( , ).( )h RW d (7)

where f α φ( , )h is the relief correction function with the variables α =
slope aspect (°) and φ = slope (°), D is the degree of surface sealing (%)
and =f 3.44d is an empirical dimensionless coefficient.

3.4. Estimation of groundwater recharge values by using site specific
characteristics

Groundwater recharge values are obtained by applying the concept
of baseflow indices (Eqs. 1 and 2). Here the calculated total runoff value
is separated into groundwater recharge and direct runoff with
groundwater recharge being expressed as a portion of total runoff de-
pending on the site-specific runoff characteristics. The runoff-relevant
characteristics which are taken into account include: degree of surface
sealing, depth to groundwater, water-logging tendency and slope. These
characteristics vary with changing land use.

Rock types shown in Fig. 3 were correlated with the saturated hy-
draulic conductivity values in Table 5 to obtain the baseflow indices
(BFI) for the Far-North region. Data in Table 5 shows the classification
of hydrogeological properties of hard rocks according to Bogena et al.
(2003) and aquifer typologies introduced by Wendland et al. (2008).
The BFI concept is based on the assumption that petrographic rock
types of comparable tectonic setting display comparable permeability
ranges independent from their regional occurrence worldwide. The
concept was successfully transferred to Turkey (Karpuzcu et al., 2008),
and recently to Greece (Panagopoulos et al., 2015) and Slovenia
(Tetzlaff et al., 2015). The same concept was applied in the Far-North
region (Fig. 5) and provided three BFI classes for groundwater recharge
assessment, i.e. extremely low (BFI = 0.12) for the largest part of the
Far-North region where lacustrine clay, silty clay and gneiss rocks
predominate, very low (BFI = 0.18) for the areas, where schist,
quartzite and cipolin rocks predominate and very high (BFI = 0.90) in
all parts where sandy alluvium and dune deposits occur.

3.5. Databases

Input data required for GROWA model are various spatially dis-
tributed thematic maps such as climate, hydrology, soil, hydrogeology,
topography and land cover maps (see Table 2). Data were obtained
from multiple sources (international, developed by the authors and
field work) and subsequently were homogenized and regionalized. Field
work included informal interviews, direct observation, self-analysis in
specific areas where the lack of accurate data emerged, or more detailed
information was required. All dataset was processed in ArcGIS using
grids of 500 m × 500 m resolutions in order to homogenize the dif-
ferent data sources and map scales. The data files were projected in the
Projected Coordinate System of “WGS 1984 UTM Zone 33 N”.

Potential evapotranspiration and geological data were obtained
from the Institute of Developmental Research (IRD) France in PDF
formats. Using ArcMap 10.1, the maps were georeferenced and digi-
tized to have a vector data. Soil data was obtained from the
Harmonized World Soil Database. It is a 30 arc-second raster database
that combines existing regional and national updates of soil information
worldwide (European Soil Database, SOTER, Soil Map of China, WISE).
The information is contained in a 1:5,000,000 scale FAO-UNESCO Soil
Map of the World.

Land cover map was obtained from the World Resource Institute
(WRI) USA. Topography and Precipitation data were obtained from
WorldClim-Global Climate Data with the current conditions version
selected as the database. The raster data were acquired at the highest
possible resolution of 30″ resolution (~ 1 km). Water balance is parti-
cularly governed by the pedological factors (Karpuzcu et al., 2008).
Other soil parameters considered when applying GROWA model were:
effective field capacity, effective rooting depth, and the Plant available
soil water content.

Water table is an important parameter influencing evapotranspira-
tion. For example, in areas where the water table lies within the range
of the rooting depth, groundwater will contribute in the amount of
water that will be lost through evapotranspiration. Fig. 6 shows that the
Far-North region has groundwater depths that range between 0 m to
greater than 45 m (United States Department of Agriculture, Soil

Table 3
Detailed input parameters used for modeling.

Database Input parameters Units

Climate data - Precipitation for current
condition (Approx.
1950–2000), ESRI grids

- Dry season rainfall mm/a
- Rainy season
rainfall

mm/a

- Potential Evapotranspiration
data (PET)

- PET mm/a

Soil data - Main Soil Group - Available water
capacity (AWC)

mm/dm

- Capillary rise mm
- Groundwater depth
(only for areas with
depth until 15 dm)

dm

- Effective rooting
depth (Zr)

dm

Land cover - Land use map - Land use category %

Hydrogeology - Geological map - Base flow index
(BFI)- Permeability map

Topography - Digital Elevation Model ESRI
grids

- Aspect Degree

- Slop Degree
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Fig. 4. Land cover map for Far North region.

Table 4
The distribution of land use categories in their different land units (unit = %).

Land use pave-ment water bare leaf-forest deci-forest pasture arable

Closed evergreen lowland forest 0 0 0 100 0 0 0
Mosaic Forest / Savanna 0 0 0 45 50 5 0
Deciduous woodland 0 0 20 0 70 10 0
Deciduous shrub land with sparse trees 0 0 20 30 40 10 0
Open deciduous shrub land 0 0 60 0 30 10 0
Closed grassland 0 0 0 0 0 100 0
Open grassland with sparse shrubs 0 0 40 0 30 30 0
Swamp bush land and grassland 0 50 0 5 0 45 0
Croplands (> 50%) 0 0 20 0 10 15 55
Croplands with open woody vegetation 0 0 10 0 30 10 50
Irrigated croplands 0 30 0 0 0 10 60
Water bodies 0 100 0 0 0 0 0
Cities 40 0 40 20 0 0 0
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Conservation Service and Fonds d′Aide et de Cooperation, France,
1978). Rooting depths above 15 decimeter (dm) can be considered as
not existing for Mid-European site conditions (Bogena et al., 2003).
However, these depths are quite common along the bank of permanent
or perennial rivers in the Far-North region of Cameroon. In order to
adequately determine actual evapotranspiration for this region, rooting
depths of less than 15 dm were considered as “sites close to the water

table”, which are influenced by plant capillary rise. Based on the cor-
rection factors for land use as stated in the GSMM (AG Boden), (2005)
and LBEG (2011) the effective rooting depths was estimated from table
values in the quoted source. The effective rooting depth values were
used to estimate the distance between groundwater table and the depth
limit of the effective rooting depth. The obtained result was then used
to calculate capillary rise for the different soil types as stated in
Table 78 in the GSMM (AG Boden, 2005).

Fig. 7 shows the capillary rise map as represented in GROWAmodel.
Capillary rise of groundwater into the rhizosphere depends on the
distance between the bottom limit of the rhizosphere, the temporally
varying groundwater surface and the soil types (Karpuzcu et al., 2008).
As capillary rise is more pronounce during the dry season i.e. in the
period when plants use their roots to pull water from groundwater
surface, only the 7 months for dry season were taken to account when
calculating the annual capillary rise.

Information regarding perching water resources is also an important
parameter for GROWA model because it can as well influence
groundwater formation. However, the influence is regional, given that
hydrogeological formation greatly varies between areas. In this study
areas for perching water influence and groundwater influence were not

Table 5
The classification of hydrogeological properties of hard rocks in North Rhine-Westphalia
and the associated BFI-values obtained by calibration (Bogena et al., 2003; Karpuzcu
et al., 2008).

Hydrogeological class Permeability Saturated hydraulic
conductivity

Baseflow
indices

I very high > 10−2 m/sec 0.90
II high 10−3 – 10−2 m/sec 0.60
III medium 10−4 – 10−3 m/sec 0.57
IV moderate 10−5 – 10−4 m/sec 0.30
V low 10−7 – 10−5 m/sec 0.29
VI very low 10−9 – 10−7 m/sec 0.18
VII extremely low <10−9 m/sec 0.12

Fig. 5. Base flow indices map for Far–North region.
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distinguish in the soil data base. It was assumed that these areas co-
incide with the areas under perching water influence. After compiling
all databases for GROWA model, the model was stimulated to calculate
groundwater recharge rate through rainfall. The stimulation period was
between the years 1950 and 2000 as per the obtained climate data. The
obtained values were also analyzed using the Zonal Histogram tool in
ArcGIS to show the frequency of distribution within the study area.

4. Results

The calculated mean annual groundwater recharge rate ranges from
less than 25 mm/a to greater than 250 mm/a, reflecting a diversity in
the climatological, pedological and geological conditions. Fig. 8 shows
the frequency of distribution for the calculated mean annual ground-
water recharge values. The less than 25 mm/a class in Fig. 8 occupy the
largest percentage area of about 42%. The class range of values between
25 mm/a and 50 mm/a was second and occupies a total area of about
32%. The highest rate for groundwater recharge went above 250 mm/a
but this occupies only about 4% of the total land area.

Fig. 9 shows the spatial distribution map of areas with low and high

mean annual groundwater recharge levels. The plain unconsolidated
rock areas occupying the middle area of the region recorded a mean
annual groundwater recharge rates greater than 100 mm/a. The south
western area with a mountainous consolidated rocks had a mean annual
groundwater recharge rate that ranges between 25 mm/a – 100 mm/a.
The lowest values of mean annual groundwater recharge (less than
25 mm/a) were recorded in the eastern and northern areas which are
mostly covered by clayey silty rocks.

4.1. Model validation

In general, the validation of GROWA model results is done by ob-
serving long-term runoff data from gauging stations and compare with
the runoff components calculated by GROWA. In this study, runoff data
from gauging stations were not available. Validation of result was
therefore done by comparing the model result with other groundwater
recharge studies done by Ngounou et al. (2007b), Babama’aji (2013)
and Vassolo et al. (2016) within the study area.

Ngounou et al. (2007b) estimated groundwater recharge rate in the
southern border of Lake Chad in Cameroon to have an effective

Fig. 6. Groundwater depth showing areas of estimated effective
rooting depth in dm.
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infiltration that ranges between 25 mm/a to 125 mm/a. Within the
same area, estimates from GROWA model ranges between less than
25 mm/a to about 150 mm/a. Babama’aji (2013) modeled groundwater

recharge in the whole of Lake Chad Basin and had values that ranges
between 0 to about 250 mm/a within the Cameroon side of the Lake
Chad Basin for the year of 2003. GROWA model had values that ranges
between less that 24 mm/a to greater than 250 mm/a within the same
area. Vassolo et al. (2016) modeled groundwater recharge in the Yaéré
plain and along the Logone river, and had groundwater recharge rate of
9 mm/a and 25 mm/a respectively. Within the same area, GROWA had
estimates that were less than 24 mm/a.

The variation in annual groundwater recharge rate as observed in
the different model results can be attributed to the difference in the
models as summarized in Table 1. The period of reference and the
spatial resolution of the input data for the models were not the same.
For example, Ngounou et al. (2007b) used the year from 1970 to 1985;
Babama’aji (2013) produced recharge results for each of the years from
2003 to 2010. For, Vassolo et al. (2016), no reference year was found.
Whereas, GROWA model used the years range between 1950 and 2000
as reference period and this was longer than for the other models.
Another reason of the variation might be as a result of the different
scales used in presenting the results.

Fig. 7. Map of capillary rise of Far–North region.
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Fig. 8. Frequency distribution of the calculated mean annual groundwater recharge.
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5. Conclusion

The approach used for this study provides information for ground-
water recharge rate through rainfall for all major aquifers in the Far-
North region of Cameroon. Higher recharge rates occur in the sandy
alluvium portions of the aquifer. The overall result points out that large
portion of the Far-North region (Cameroon) have low groundwater
recharge. The results also suggest that river beds are the major source of
groundwater recharge. Artificial groundwater recharge using rainwater
should be promoted as a strategy to increase groundwater resources and
to reduce the rate of water lost through evaporation.

According to Vassolo (2009), depending on the hydrogeology, ar-
tificial recharge in the form of injection wells and surface infiltration
systems can be applied on a small scale within the Lake Chad basin.
However, care should be taken so that the needed volume of water does
not reduce river discharge since it is needed to preserve the level of the
lake (Vassolo, 2009). The increment of groundwater resources might
reduce the rate of depletion of boreholes and wells located in areas with
low groundwater recharge.

The infiltrations of rivers into groundwater were not accounted for
during modeling process. This process should be investigated in detail

since many perennial rivers stop at sandy alluvium and dune deposits
zones. This means that there is a significant contribution of leaked
water from the rivers into groundwater resources. However, the addi-
tional recharge through leakage will corresponds to the total runoff
calculated by GROWA for the sub-catchments of the rivers concerned.
Another important factor that needs to consider in future is the
pumping out of groundwater for irrigation purpose and any other form
of irrigation since the net recharge rate can be influence positively or
negatively by these activities.

The representativeness of the calculated groundwater recharge va-
lues through rainfall shows a satisfying agreement with existing
groundwater recharge rate assessments for most areas of the study re-
gion. The lack of regional input data that has high degree of detail was
not an excuse to renounce the obtained spatial distributed groundwater
recharge values. Application in study region has shown that reliable
groundwater recharge rates can be determined based on world-wide
available digital data bases between the scales of 1:2,000,000. –
1:5,000,000.

Furthermore, the installation of more gauging stations and the
generation of runoff records respectively can be regarded as a key
parameter to enhance model based groundwater recharge assessments

Fig. 9. Mean annual groundwater recharge rate for the Far-North
Region.
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in the Far-North region e.g. by enabling plausibility checks of the hy-
drologic model results. Against the background that this limitation is
independent from the model applied and so long as more detailed site
specific soil, climate, geology etc. data are not available (allowing for a
remodeling based on these input data), the model results obtained by
applying GROWA model can be regarded as the actual best possible
groundwater recharge assessment based on the actually best available
data bases of the Far-North region.

GROWA model represents a promising method for estimating
groundwater recharge in semi-arid regions. The modeling approach is
data intensive and involves many of the region specific parameters.
Even though some data were not available, it was easy to estimate them
from existing databases by applying different methods such as pedo-
transfer functions or related approaches.
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