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Abstract 

The process by which rainfall reaches the aquifer in a sedimentary area is in-
filtration. This process could be affected quantitatively or qualitatively by the 
changes in the land use land cover (LULC) as a result of anthropogenic activ-
ities which could affect groundwater reserves. This study focuses on the in-
fluence of LULC change on groundwater recharge in the context of urbaniza-
tion and population growth. Four weather stations data and satellite image 
data were used in order to evaluate water infiltration which is the amount of 
water that reaches the piezometric surface from 1990 to 2016. The spa-
tial-temporal LULC change in relation to urbanization sprawl was assessed 
based on a series of Landsat images for 1990, 2000 and 2016. The maximum 
likelihood pixel-based on classification method was used to analyze the spa-
tial-temporal LULC dynamics. The Thiessen polygon method was used for 
the mean area precipitation computation. The recharge was determined using 
water balance method after determining the runoff based on the Soil Conser-
vation Service curve number method. The results show an increase in 
built-up and agricultural land, while the forest and shrub areas declined with 
water body remaining unchanged over the period 1990-2016. The decline in 
forest could be imputed to the demographic and socio-economic growth as 
expressed by the expansion of agriculture and urbanization. Groundwater 
recharge and runoff results are respectively 34%, 20% in 1999; 21%, 46% in 
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2000 and 26%, 14% in 2016 of rainfall and show their strong dependence on 
precipitation and LULC change. 
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1. Introduction 

Nowadays, over 50% of the Earth’s population now lives in cities and it is esti-
mated that by 2025 this leads to an increase in population over 67% [1]. The 
anthropogenic activities on the environment increase impervious cover and 
storm drains that channel precipitation off roads [2]. Impervious cover is a ma-
jor index of urbanized areas and is considered the most pervasive, relevant cha-
racteristic leading to hydrologic impacts [3]. Furthermore, the rapid growth of 
urban areas has two basic effects on groundwater resources, such as effects on 
natural recharge of aquifers due to sealing of ground with concrete, and pollu-
tion of groundwater due to leakage from drainage and, industrial wastes and ef-
fluents [4]. Nevertheless the contribution of groundwater, the part of ground-
water in water consumption is extremely important for water supply for most of 
the urban area [5]; therefore it will be important to analyze urbanization influ-
ence on groundwater. In this study, we will see the case study of Abidjan 
groundwater. Continental Terminal aquifer in the South East of Ivory Coast, 
commonly known as Abidjan aquifer, is the only source of drinking water 
supply in the Abidjan district since the independence of Ivory Coast. This un-
confined groundwater plays an important role providing water for the popula-
tion of Abidjan city. They need to supply water for private, public, agriculture, 
industrial and commercial uses. The population has increased considerably in 
recent decades due to an exodus of population from north to south. This growth 
has been accompanied by strong urbanization and uncontrolled industrial 
growth [6]. The variability of precipitation and the urbanization process affect 
more and more the quality and the quantity of this aquifer [7] [8]. For instance, 
the decrease of piezometric level results from the increase of soil sealing. In fact, 
water infiltration process depends on the grounds slope, the unsaturated zone 
and the LULC [9]. Therefore the increase in bare soils and urbanized areas con-
tributed to a decrease in infiltration and take advantage of runoff [10]. 

Relevant studies were carried out by several researchers [11]-[17] in the past. 
These researches highlight several methods for determining the recharge, such as 
water table fluctuation method and the water balance method. Water Table 
Fluctuation is the most used, especially in the context of shallow unconfined 
aquifers. It is simple, easy to use. The main constraint of the method is based on 
the difficulty of evaluating the specific storage coefficient (Sy), which directly 
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controls the estimated value of the recharge. This method also considers that any 
rise in the water level of the water table is due to recharge. However, water 
pumping or evapotranspiration could question this hypothesis. For the water 
balance method, it requires some parameters such as precipitation, runoff and 
actual evaporation but runoff determination method remains the most impor-
tant to find a good result of water recharge. Rainfall and runoff are significant 
sources of water for recharge, therefore, evaluation of water availability by an 
understanding of rainfall and runoff is essential [18]. The Soil Conservation Ser-
vice Curve Number method (SCS-CN Method) used in this study to determine 
runoff comes to overcome the limitations of previous methods. The SCS-CN 
(1985) method has been established in 1954 by the USDA SCS [19], defined in the 
Soil Conservation Service (SCS) by National Engineering Handbook (NEH-4) Sec-
tion of Hydrology [20]. The Soil conversations Service-Curve Number approach 
is based on the water balance calculation and two fundamental hypotheses had 
been proposed [21]. This method was used by [22] [23] to estimate runoff po-
tential from rainfall and by [24] in order to assess floodwater. The objective of 
this study is to estimate surface runoff and groundwater recharge of Abidjan 
aquifer for the year 1990, 2000 and 2016 using the water balance method taking 
into account the hydrologic soil group of the area, the different LULC, treatment 
and hydrologic conditions.  

2. Study Area  

The Continental Terminal (Figure 1), part of the sedimentary zone is located in 
the south-eastern part of Ivory Coast between Latitudes of 5˚10 and 5˚38 North 
and Longitudes of 3˚45 and 4˚21 West. It has an area of about 1160 km2 and is 
located in Abidjan district with an estimated population of 4,707,404 [25] The 
region is influenced by the transitional equatorial climate and has four seasons 
in the annual cycle [26] [27] with a long rainy season from March to June, fol-
lowed by a short dry season between July and August, a small rainy season in 
September to the end of November and a long dry season from November to 
February. The average temperature is 27˚C (monthly temperature range 24˚C - 
30˚C) and the average annual rainfall recorded in the Abidjan district ranges 
from 1822 mm to 1611 mm over 1960-2016 period. The area is characterized by 
fairly low relief with elevation ranging between −16 m and 146 m. The LULC at 
the area is mainly dominated by secondary forests and agricultural area in the 
North, then savannah of palmyra in the South. There are also several plant land-
scapes such as dense moisture forest; pre-lagoon savannas; mangroves and 
swamp forests. According to [28], the soils of the study area (Figure 2) belong to 
the class of highly desaturated lateritic soils, depleted-modal, on tertiary sands 
(Continental Terminal). However, the iron formations (levels gravel, fragments 
of armor and ironstone), classified in depleted soils are more or less reworked 
frequently in the west of Abidjan in northern and southern border. Also, the se-
dimentary soil of Abidjan developed on Neogene collection consists of more or  
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Figure 1. Geographical location of the continental terminal. 

 

 
Figure 2. Soil class map used for deriving the hydrological soil group. 
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less clayey sands classified in the group of waterlogged soils. Hydromorphic 
soils, in turn are at the estuary and near the main river.  

3. Data  

3.1. Climate Data  

There are four meteorological stations situated in the study area (Figure 3), with 
daily rainfall from 1983 to 2017 and air temperature from 1960 to 2017. Table 1 
shows the characteristics of the climate stations used in the study. The climate  
 

 
Figure 3. Climate station of the study area. 
 
Table 1. Characteristics of the selected stations and other dataset used in this study. 

Type of data Scale/resolution Station Period Source of data 

Rainfall 
(mm) 

Daily 

Aeroport 1960-2017 

SODEXAM 
CNRA 

Bingerville 1960-2017 

Irho-Lamé 1983-2017 

Adiopodoumé 1971-2017 

Temperature 
(˚C) 

Monthly 

Aeroport 1960-2017 

SODEXAM 
CNRA 

Bingerville 1960-2017 

Irho-Lamé 1983-2017 

Adiopodoumé 1971-2017 

Landsat 30 m (1990, 2000, 2016) - - www.earthexplorer.usgs.gov/ 

Soil 1:200,000 - - 
Geographic Institute of Côte 

d’Ivoire (IGT), 1992 

DEM 30m - - https://gdex.cr.usgs.gov/gdex/ 
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data from the four climate stations were provided by SODEXAM (Société 
d’Exploitation et de Développement Aéroportuaire et Météorologique) and 
NCAR (National Center of Agronomical Research). 

3.2. Land Use/Land Cover Data 

Available from the United States Geological Surveys (USGS) archives, data from 
the Landsat Thematic Mapper (TM), the Enhanced Thematic Mapper (ETM) 
and the Operational Land Imager (OLI) were assessed for the years 1990, 2000 
and 2016 respectively to study the LULC changes in order to determine the ur-
banization rate at the study area. To ensure the best quality, the driest and 
cloudless months (December to February) datasets were downloaded. Two (2) 
scenes are necessary to cover the Continental Terminal zone corresponding to 
the following paths/rows: 195/56 and 196/56. All images downloaded were al-
ready geometrically corrected and georeferenced to the Universal Transverse 
Mercator (UTM) projection WGS84 zone 30 north. 

After the completion of the ordered data, it was processed and classified using 
the maximum likelihood pixel-based supervised classification method. 

4. Methodology  

4.1. Mean Areal Precipitation Estimation at a Spatial Scale  

Thiessen polygon method is used for computing the mean area precipitation for 
a catchment from rain gauge observations. One of the assumptions of this me-
thod is that linear rainfall distribution exists; hence, many researchers recom-
mend that the use of the method should be restricted to relatively flat areas with 
linear rainfall distribution. Arguments remain, however, concerning the optimal 
gauge density and spacing conditions for its application. Several authors rec-
ommend the method’s use for areas characterized by a relatively dense and un-
iformly spaced rain-gauge network. [29] for example, considers that the method 
is satisfactory with even rainfall distribution, a good 3.2. Unigauge network, and 
flat country. [30] also says that the method is most applicable in densely gauged 
networks.  

4.2. Land Use/Land Cover Data Analysis Method 

Mapping LULC accurately and efficiently using remote sensing images requires 
a good image classification method. Unfortunately, there are many factors which 
could affect the effectiveness and accuracy of the classification. The maximum 
likelihood pixel-based on classification method, which was developed in the 
1970s, is the most commonly method used on Landsat images processing [31] 
[32]. This method was used to produce the LULC maps for the years 1990, 2000 
and 2016 by considering five (5) LULC types namely: urban area, shrubs, agri-
cultural, forest and water (Table 2).  

The maximum likelihood method calculates according to the reflectance of 
the pixels, the probability of their belonging to a given class. The pixel is assigned to  
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Table 2. Land use/land cover classification scheme. 

LULC categories Description 

Urban area or built-up 
urbanized areas and roads as well as land covered by buildings and other 
man-made structures, residential areas, commercial services, industrial 
areas, mixed urban and built up lands 

Shrubs 

some woody plants, smaller than a tree, usually having multiple  
permanent stems branching from or near, the ground or woody plants of 
relatively low height, having several stems arising from the base and 
lacking a single trunk 

Agriculture 
the farmland areas or the lands covered with temporary crops followed 
by harvest period, crop fields and pastures 

Forest growth of trees and other plants covering a large area 

Water the stream line, lagoon 

 
the class with the highest probability. Geometric errors, misclassifications, and 
undefined classes can affect Land classification and produce errors. To statisti-
cally quantify these errors, a random selection of pixels of the classified maps 
was performed to build a confusion matrix [33]. In order to validate the land 
cover classification, an accuracy assessment in the form of an error matrix was 
performed as recommended by [34], and the kappa coefficient was used as the 
statistical parameter. The kappa coefficient (K) determination is given by Equa-
tion (1), is multivariate used in accuracy assessment of thematic maps. It is an 
efficient method to derive information from an image via the confusion matrix. 
K > 0.80 represents strong agreement and good accuracy; K between 0.40 and 
0.80 indicates a moderate accuracy, and K < 0.40 represents a poor accuracy [35] 
The overall accuracy and producer’s accuracy based on the produced confusion 
matrix were determined using Equation (2).  

Spectral signature analysis of satellite images has identified five main classes of 
land use: 

The kappa coefficient is given by the Equation (1). 
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where r is the number of rows in the matrix, ijx  is the number of observations 
in row i and column i, ix +  and ix+  are the marginal totals of row i and col-
umn i, respectively, and N is the total number of observations. 

Number of orrected pixelOverall accuracy 100
Total number of elected pixel

= ×            (2) 

4.3. Groundwater Recharge Estimation Using Water Balance  
Method  

Groundwater recharge is not easy to estimate mainly in the urban area. In fact, it 
depends on several factors such as climatic forcing, nature of soil and land use 
[36]. Furthermore, there are many methods to estimate Groundwater recharge. 
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In this study, Groundwater recharge was estimated using the water balance me-
thod by considering monthly infiltration. This recharge is computed by monthly 
mean area precipitation (1983-2017) based on the Thornthwaite flowchart. This 
method has been used in 1996 by SOGREAH on the Abidjan aquifer. It allows 
calculating the monthly infiltration rate from Equation (3) [37] [38] 

AETP R I S= + + + ∆                         (3) 

with P: total rainfall (mm),  
AET: actual evapotranspiration (mm),  
R: runoff (mm),  
I: infiltration,  
∆S: water stock variation in the available water content (AWC). 

4.3.1. Actual Evapotranspiration (AET) 
The AET is the amount of water which is actually evaporated and depends on 
many parameters such as: precipitation, temperature, insolation, wind, vegeta-
tion, nature of the soil, useful soil reserve [39]. To estimate this parameter, there 
are many methods; however in this study Thornthwaite method was used. It is a 
widely used empirical method for estimating evapotranspiration and the only 
variable used is monthly temperature.  

4.3.2. Surface Runoff Determination  
The surface runoff (R) was predicted using a hydrological model which utilizes 
the USDA (United States Department of Agriculture) procedure for the estima-
tion of surface runoff which is based on the SCS-CN (Soil Conservation Service 
Curve Number) method. The flowchart in Figure 4 summarizes the methodol-
ogy adopted for the runoff estimation. After using the satellite image to deter-
mine the LULC cover of the area, the identified soil types at the study were dis-
tributed into hydrological soil groups (A, B, C and D) according to the infiltra-
tion capacity of soil (Table 3). The area of each polygon with a unique assigned 
curve number was determined from the superimposed LULC and hydrological 
soil group based on standard SCS curve number (Table 4). The SCS-CN ap-
proach is a frequently used empirical method based on the water balance ap-
proach to estimate the direct runoff from a watershed [40]. The curve number 
for each drainage basin of area-weighting was calculated from the land use-soil 
group polygons within the drainage basin boundaries [41]. Daily rainfall data 
was chosen because the Antecedent moisture condition classes (Table 3) of the 
soil can only be computed using total precipitation for five successive days pre-
ceding a storm. To estimate the Runoff Depth, curve numbers (CNs) were first 
assigned based on computed Antecedent Moisture Condition (AMC) that 
represents five-day precipitation. 

Potential maximum retention (S) was then computed using the equation (4) 
below 

1000 10S
CN

= −                           (4) 
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Table 3. Hydrological soil group and their characteristics [43]. 

Group Infiltration rate (mm/hr) Soil texture 

A High >25 Sand, loamy sand or sandy loam 

B Moderate 12.5 - 25 Silt loam or loam 

C Low 2.5 - 12.5 Sandy clay loam 

D Very low <2.5 Clay loam, silty clay loam, sandy clay, silty clay or clay 

 
Table 4. Antecedent moisture condition classes. 

AMC-class Dormant season (mm) Growing season (mm) Condition 

I <13 <36 Dry soil but not the wilting point 

II 13 - 28 36 - 53 Average condition 

III >28 >53 
Saturated soils, heavy rainfall or 

light rainfall 

 

 
Figure 4. The methodology flow diagram [40]. 

 
Subsequently, initial abstraction (surface storage, interception, and infiltra-

tion) was computed using the following equation:  

0.2aI S=                             (5) 

For all values with precipitation greater than the initial abstraction (Ia), the 
daily runoff depth for all the specific days of the year was computed using the 
SCS-CN Equation (6) [42]  
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2
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a
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A
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                  (6) 

where: 
R = runoff (mm) 
P = rainfall (mm) 

Satellite Imagery (Landsat)

LULC

Soil survey

Hydrological Soil group 
map

DEM

WatershedCurve number map

Rainfall

AMC condition

SCS-CN model

Runoff depth estimate 
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Ia = Initial abstraction (surface storage, interception, and infiltration, mm) 
S = potential maximum retention (mm) 
CN has a range from 30 to 100; lower numbers indicate low runoff potential, 

while larger numbers are for higher runoff potential. The lower the curve num-
ber the more permeable the soil. 

4.3.3. Antecedent Moisture Condition Classes 
Soil water content on the day of the storm is accounted for by an antecedent 
moisture condition (AMC) determined by the total rainfall in the 5-day period 
preceding the storm. Three AMC groups have been established with the boun-
daries between groups dependent upon the time of year as shown in Table 4. As 
time of year there is growing season which is the part of the year during which 
rainfall and temperature allow plants to grow and dormant season is the time 
when a plant has naturally stopped growing. 

5. Results  

5.1. Classification Accuracy  

The results for the Landsat images classification accuracy for the three LULC 
maps evaluated using confusion matrix are shown in Table 5. An overall accu-
racy and a kappa index of 98.29% and 0.97 for the year 1990, 99.90% and 0.99 
for 2000 and 93.80% and 0.92 for 2016 were obtained. The confusion matrix 
highlights the map accuracies ranging from 94% to 100% in 1990. In 2000 these 
accuracies are from 99% to 100% and from 78% to 98% in 2016. The results re-
veal satisfactory values of kappa coefficient (>0.90) and cartographic accuracy of 
more than 90%. According to [43], a Kappa index of more than 0.50 indicates 
that the classified LULC map can be used for further analysis. These results are 
close to those of several studies such as [16] [31] [32] [44] [45]. 

5.2. Spatio-Temporal Changes in Land Use and Land Cover 

Figure 5 shows the maps of LULC changes over the Continental Terminal for 
1990, 2000 and 2016 periods. 
 

Table 5. Confusion matrix of study area land cover classification of 1990, 2000 and 2016. 

(a) 

LULC 1990 
Reference image Number of  

classified pixel 
User  

accuracy (%) 
Commission  

error (%) 1 2 3 4 5 

1-Urban area 100 0.33 0.00 0.00 0.80 721 98.77 1.23 

2-Shrubs 00.00 96.08 4.92 0.48 0.23 613 96.56 3.44 

3-Agriculture 0.00 3.59 94.10 0.00 0.00 305 92.88 7.12 

4-Forest 0.00 0.00 0.98 99.52 0.23 838 99.40 0.60 

4-Water 0.00 0.00 0.00 00.00 98.74 872 100 00 

Producer’s accuracy (%) 100 96.08 94.10 99.52 98.74    

Omission error (%) 0.0 0.00 0.00 0.03 0.37    
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(b) 

LULC 2000 
Reference image Number of  

classified pixel 
User  

accuracy (%) 
Commission 

error (%) 1 2 3 4 5 

1-Urban area 100 0.00 0.00 0.03 0.37 885 99.68 0.32 

2-Shrubs 00.00 100 0.00 0.00 0.00 662 100 0.00 

3-Agriculture 0.00 1.96 100 0.00 0.00 409 100 0.00 

4-Forest 0.00 0.00 0.00 99.97 0.23 1059 100 0.00 

4-Water 0.00 0.00 0.00 00.00 99.63 858 100 00 

Producer’s accuracy (%) 100 100 100 99.97 98.74    

Omission error (%) 0.0 3.92 5.90 0.48 1.26    

(c) 

LULC 2016 
Reference image Number of  

classified pixel 
User  

accuracy (%) 
Commission 

error (%) 1 2 3 4 5 

1-Urban area 96.25 0.00 0.00 0.78 1.47 1894 98.38 1.62 

2-Shrubs 1.37 78.01 3.32 0.28 0.00 1064 95.62 4.38 

3-Agriculture 0.00 18.61 96.68 1.35 0.00 241 51.78 48.22 

4-Forest 2.38 3.38 0.00 97.59 0.23 1412 94.45 5.55 

5-Water 0.00 0.00 0.00 00.00 98.53 1294 100 00 

Producer’s accuracy (%) 96.25 78.01 96.68 97.59 98.53    

Omission error (%) 3.74 21.99 3.32 2.41 1.47    

 
The LULC statistic results in Figure 5 shows that water bodies occupy most 

parts of the southern and the eastern part of the catchment with almost the same 
proportion from 1990 to 2016. The forest was found to be decreasing in size over 
time from 1990 to 2016. In fact, forest land was being cleared and converted into 
a shrubland, cropland or urban area. However, the urban area which affects the 
permeability of the soil is present in the central part of the study area and in the 
south eastern part in 1990, and spreads across the entire study area in the year 
2000. The urban area was observed to be increasing at a higher rate from the 
year 1990 to 2016. Furthermore, shrubland which also affects soil permeability 
was scattered throughout the basin in 1990, same to the forest area and de-
creased in 2000 and 2016 due to the rapid increase of build-up. The agriculture 
land was found to occupy the smallest area within the watershed and to increase 
steadily over time (Figure 6). 

5.3. Development of Hydrological Soil Group Map  

The soil map was used to develop the hydrological soil group map which is a 
group of soils having similar runoff potential under similar storm and cover 
conditions (Figure 7) by assigning appropriate values for the different types of 
soil. The soil types of the study area consisted of clay sand of lowlands, clay 
sands and ferruginous sandstone of the highlands, sea cords sand, vases and  
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Figure 5. Study area land use land cover map in 1990, 2000 and 2016. 
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Figure 6. Proportion of land use land cover type in 1990, 2000 and 2016. 

 

 
Figure 7. Hydrological soil group (HSG) map of the study area. 

 
leached sands land vases of permanent marshlands. Based on the infiltration 
characteristics of the soil, the present study area soil was classified under differ-
ent hydrological soil group as well as five. The major soil type in the study area is 
clay sands and ferruginous sandstone of the highlands (Figure 2) which occu-
pies around 77.82% of the study area. 

5.4. Curve Number Change and Impacts on Runoff and Recharge  
in the Study Area 

Twelve curve numbers were derived from the three HSG and five LULC classes 
as shown in the Curve Number maps in Figure 8 and Table 6 for the three 
LULC maps for the year 1990, 2000 and 2016. The curve number ranges from 30 
to 100; the lower numbers indicate low runoff potential while the larger numbers 
indicate high runoff potential. The lower curve numbers the more permeable the 
soil. These maps reveal that in 1990, the study area was dominated by low 
weighted curve number which led to a low runoff and higher recharge, while 
2000 is marked by an increase of weighted curve number zone which favors an  
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Figure 8. Weighted curve number map based on different soil groups and LULC types. 
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Table 6. Weighted curve number of the group of soil and surface of land cover type. 

 1990 2000 2016 

Land cover Soil CN 
Surface 
(km2) 

Percent 
Area 

CN*Percent 
Area 

Surface 
(km2) 

Percent 
Area 

CN*Percent 
Area 

Surface 
(km2) 

Percent 
Area 

CN*Percent 
Area 

Urban area 

A 85 130.96 8.27 702.55 170.10 10.74 912.52 124.81 7.88 669.56 

B 90 29.10 1.84 53.26 29.60 1.87 54.18 74.54 4.70 136.43 

C 92.5 3.48 0.22 14.06 20.47 1.29 82.68 2.08 0.13 8.40 

Shrubs 

A 29 126.64 7.99 231.79 75.4 4.76 138.00 90.57 5.72 165.77 

B 46 16.82 1.06 106.16 11.44 0.72 72.20 15.01 0.95 94.73 

C 62 3.64 0.23 20.68 10.17 0.64 57.77 1.17 0.07 6.65 

Agriculture 
area 

A 64 8.65 0.55 25.11 5.08 0.32 14.75 11.95 0.75 34.69 

B 74 0.74 0.05 3.46 3.51 0.22 16.39 0.39 0.02 1.82 

C 81 29.27 1.85 96.06 24.32 1.53 79.82 29.34 1.85 96.29 

Forest 

A 29 2.14 0.14 13.51 1.36 0.09 8.58 1.55 0.10 9.78 

B 52 201.67 12.73 1177.35 445.06 28.09 2598.25 462.53 29.19 2700.24 

C 67 523.53 33.04 2048.59 170.95 10.79 668.93 396.26 25.01 1550.58 

Water 

A 100 12.50 0.79 63.90 60.57 3.82 309.64 85.81 5.42 438.68 

B 100 447.81 28.26 1893.61 518.45 32.72 2192.32 245.39 15.49 1037.66 

C 100 47.50 3.00 299.79 37.97 2.40 239.64 43.01 2.71 271.45 

TOTAL 
  

1584.45 100.00 6749.86 1584.45 100.00 7445.69 1584.41 100.00 7222.73 

 
increase in the runoff and the decline of recharge in the study area. However, 
recharge areas identifying areas with low runoff capacity, therefore having a low 
weighted curve number reappear in 2016. 

5.5. Seasonal and Inter-Annual Variability of Rainfall, Recharge  
and Runoff 

The results (Table 7) reveal a decrease in rainfall over time while the recharge 
shows a decrease from 1990 to 2000 and an increase in 2016. However, runoff 
increased considerably from 1990 to 2000 and decreased in 2016 (Figure 9(A)). 
Inter-annual variability shows that in 2000 when rainfall and recharge were de-
creasing, runoff was increasing. This period is marked by a strong increase in 
urbanization in the study area. Figure 9(A) and Figure 9(B) show the in-
ter-annual variability and seasonal trends of rainfall, runoff and recharge for the 
year 1990, 2000 and 2016. The seasonal recharge from April to July was high and 
the peak was observed in June (174 mm) during the year 1990. The recharge de-
creased in September, November and December. In 2000, the higher values of 
recharge were observed in May and June and get down in April, July and Octo-
ber. The peak was also in June with 139 mm. The year 2016 is characterized by a 
high value of recharge in May and June where the peak was observed in June 
(175 mm). The low value of recharge is observed in March, April and October. 
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Runoff is proportional to recharge and presents lower values compared to re-
charge. Seasonal variability shows that the recharge is changing from one month 
to the next and that is due to rainfall variability. 
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Figure 9. Seasonal and inter annual variability of rainfall, recharge and runoff. 

 
Table 7. Monthly rainfall, runoff and recharge. 

 1990 2000 2016 

Date 
Rainfall 
(mm) 

Runoff 
(mm) 

Recharge 
(mm) 

Rainfall 
(mm) 

Runoff 
(mm) 

Recharge 
(mm) 

Rainfall 
(mm) 

Runoff 
(mm) 

Recharge 
(mm) 

Jan 36 0 0 79 4 0 20 0 0 

Feb 31 2 0 23 0 0 33 0 0 

March 49 0 0 110 7 0 197 13 39 

April 269 11 95 201 15 30 182 3 11 

May 323 14 167 307 51 102 314 10 157 

June 354 53 174 297 34 139 333 23 175 

July 219 9 107 148 9 36 92 8 0 

Aug 37 0 0 70 6 0 20 0 0 

Sept 132 2 16 122 13 0 56 0 0 

Oct 237 33 75 211 20 65 180 1 34 

Nov 93 2 0 137 22 0 120 0 0 

Dec 138 2 11 65 0 0 60 0 0 

Total 1919 128 644 1771 181 372 1604 59 417 

6. Discussion  

In this study, a spatial-temporal dynamics of LULC was assessed based on image 
classification and change detection method. The study highlights that the 
built-up and agricultural lands have increased rapidly in the study area. Such an 
increase in built-up area and agricultural lands can be explained by the increase 
in urbanized and cultivated areas, respectively. In addition, the decline of forest-
land can be explained by the expansion of agricultural and urbanized areas. In 
fact, forest areas are being reduced to enlarge the land use areas or, forest areas 
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are converted in agricultural and built up area. This increase in urbanization af-
ter 2000 could be explained by rural exodus of urban center population, as well 
as population growth, and is supported by [46] who indicated that urban sprawl 
in Abidjan from 2002 to 2014 is mainly due to population growth during the cri-
sis (2002-2011) and its demand for development. Indeed, due to the country’s 
crisis which started in 2001, population migration significantly increased (rapid 
uncontrolled urbanization) from the north to the southern part of the country, 
mainly to Abidjan. The urbanization is linked to the economic progress. The 
same conclusion was made by [47], who explained that the economic capital of 
Ivory Coast with developmental projects including construction of roads, houses 
and industries, as well as population growth are still increasing and therefore 
areas covered by vegetation are expected to be further transformed to urban 
areas.  

Furthermore, three hydrological soil groups namely A, B and C were found to 
dominate the watershed with hydrological soil group C having the high runoff 
potential. This is because the hydrological soil group C lies in the urban area; 
hence limiting infiltration and favoring runoff. The southeastern parts of the 
watershed were found to be dominated by hydrological soil group A, which has 
low runoff potential. This is mainly due to the presence of agricultural lands in 
this section. The crops require more water hence increasing the rate of infiltra-
tion which in turn leads to lower runoff potential, and hydrological soil group B 
characterize by moderate runoff. It is important to mention that hydrological 
soil group must be associated with LULC to know the infiltration capacity of the 
soil. For instance, the hydrological soil group A located at the southeastern part 
of the study area is converted into urban area which is therefore favorable to 
high runoff. The LULC changes have an important effect on the catchment ru-
noff generation [48]. 

In addition, comparing maps of curve number during the years 1990, 2000 
and 2016, the amount of weighted curve number value estimated for the study 
area was increased because of the increase in the urban area, showing human in-
terventions in the landscape during that period. During the years 2000 to 2016, 
the level of forestland decreased by 4% and some part were converted in crop-
lands. This made possible the increasing of recharge in this period. A similar 
conclusion was reported by [49], who found that dry agricultural land could in-
crease groundwater recharge in the southwestern US.  

The results show a temporal variability of the recharge on Abidjan aquifer. 
The methodology uses to find the recharge highlight runoff variability which 
brings out the impact of urbanization, shrubs area and agricultural land on 
groundwater recharge. Thus, the changes in recharge are due to rainfall variabil-
ity and LULC change over time. Moreover, it is observed that the recharge de-
creases considerably, almost to a half from 1990 to 2000. This period is marked 
by a strong increase of urbanization in the study area which favors the increase 
of runoff from 128 to 181 mm. However, the study reveals an increase in re-
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charge in 2016 which is due to the increase of afforested area and agricultural 
land. In fact, it was observed that covered area favored high infiltration and 
represents a low weight of curve number which expresses low runoff. However, 
low infiltration occurs in urban areas where weighted curve number is high and 
expresses high runoff. The results are in accordance with the study of [10] and 
some previous studies in West Africa [50] and [51] provide a numbered refer-
ence for Baier et al., who affirm that the rapid growth of urban area has two ba-
sic effects on groundwater resources such as effects on natural recharge of aqui-
fers due to sealing of ground with concrete and pollution of groundwater due to 
leakage from drainage and industrial waste and effluents. Furthermore the an-
nual recharge was estimated at 400 mm/year in 2016, this value represents about 
the double of the results of the study undertaken by [46] this could be explained 
by the difference in methods used but this result is close to the previous study of 
[16] who assess the recharge at 342 mm/year in 2006. 

7. Conclusion and Recommendation 

This study attempts to bring out influence of LULC change on groundwater re-
charge for Continental Terminal from 1990 to 2016 using climate stations data 
and satellite image data utilizing several methods. The study revealed that LULC 
dynamic is dominated by urbanization area which was increasing from 16% 
(1990) to 39% (2016). Such a phenomenon had an impact on groundwater re-
charge in this period. The weight curve number value estimated for the study 
area is increasing during the study period and that caused an increase in runoff 
estimates. However, in 2016 it was observing the increase of groundwater re-
charge which is due to vegetation restoration linked to cultural areas extension. 
Furthermore, the study also revealed that rainfall is the most important parame-
ter which influences the recharge during wet season and interannually, it is in-
fluenced by both driver, rainfall and LULC change. The outcome of this study 
gives an insight into the issue of water supply in Abidjan city. In fact this city 
depends on water supply of the groundwater; therefore to have an idea of the 
recharge variability could help to predict future water management in the con-
text of climate change and population growth which is not followed by adequate 
infrastructure. This serves as a guide in developing policies to mitigate the lack 
of water observed in recent decades. 
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