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Introduction

Groundwater recharge estimate is one of the sustainable 
water resources management approaches aimed at 
evaluating the quantity of water that is added to a 
groundwater reservoir within any specified time frame 
of interest  (Xu and Beekman 2018). Recharge is said to 
have occurred when a groundwater reservoir increases 
in volume, which is usually a piece of evidence that 
water has been added to the existing water in the 
reservoir. Water could reach the saturated zone via 
vertical infiltration as in the case of precipitation or from 
a perched and leaky aquifer or lateral flow from other 
adjoining aquifers or rivers, lakes, and other water 
reservoirs (Macdonald, et al., 2005, Hammond and 
Han, 2006). Groundwater recharge is controlled by 
several factors such as climate, runoff, land use/ land 
cover, topography, etc. For instance, recharge is low in 
arid and semi-arid areas when compared to humid areas 
(Scanlon, et al. 2002). According to Gee, et al. (1994), 
recharge is higher in non-vegetated areas than in 
vegetated areas, and recharge is also high in areas 
cultivated with annual crops than in areas made of 
perennial crops and trees. 

Groundwater recharge estimate is a research area that 
has long received unprecedented attention from many 
scientists and engineers with an interest in water-related 
research (Xu and Beekman, 2018, Hammond and Han  
2006, Scalon, et al. 2002, Neshat, et al. 2018, Arabi, et 
al., 2006, Yates, 1997, Ashaolu, 2020, Srinivasan and 
Arnold, 1994, Obuobie, 2008 and Adomako, et al., 
2010, however, groundwater estimate remains an 
implicitly hard undertaking considering the 
speculativeness and presumptions related to the choice 
of appropriate and suitable methods to deploy for the 
task because of the peculiarities in different terrains 
(Scanlon et al., 2002). In addition, the absence of long-
term climate and hydrological data required for accurate 
recharge estimates is lacking especially in developing 
continents like Africa (Xu  and Beekman 2018).

In Nigeria, researchers have equally ventured into the 
task of recharge estimation in areas with differing 
geology and climate. The approaches used include but 
not limited to: Hydrograph separation techniques 
(Carter and Alkali, 1994), Idowu and Martins (2007); 
mathematical formula (Adeleke, et al. 2015, Umar, et 
al., 2019 and Ashaolu, 2016; isotopic/tracer technique 
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discharge yielded a mean monthly discharge of 96.25m /s at calibration and 95.65m /s at Validation. The estimated 
groundwater recharge was 182.10mm, which is 18% of the mean annual rainfall of 1019mm. The computed mean 
annual potential evapotranspiration, actual evapotranspiration, and surface runoff were 1600m, 500mm, and 
236.53mm respectively. A comparison of observed and simulated monthly river discharges showed a coefficient of 
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determination (R ) of 68.3% and Nash-Sutcliffe efficiency (NSE) of 98% for calibration and R of  65.7%  and NSE of 
84% for validation periods respectively. Although the modeling proved successful and was applied in estimating 
groundwater recharge and other hydrological parameters, there are, however, two limitations in the Sokoto-Rima 
basin model: (1) there were just 2 river discharge measuring points in the entire watershed, and (2) SWAT capabilities 
were also affected by limited data on available reservoir/impoundments and agricultural management information.
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(Onugba and Aboh, 2009, Goni et al., 2021 and Ali, 
2017; and a combination of methods (Obiefuna and 
Orazulike, 2011, Adindu et al., 2013 and Adelana, et al., 
2006). In the study area, information on recharge 
estimate is lacking with the best effort being the research 
undertaken by Adelana et al. (2006) in which he applied 
three simple methods-mathematical methods, chloride 
mass balance, and climatic-hydrological methods. 
However, these methods discussed above have limited 
spatial and temporal abilities (Ashaolu, 2020 and 
Abbaspour et al., 2015), are unable to estimate recharge 
over a short period, are unable to synchronize the 
influence of land use/land cover, and are unable to take 
into account the relationship between surface water and 
groundwater when used to estimate recharge.

Given the shortcomings above, this research applied the 
Soil and Water Assessment Tools (SWAT) to estimate 
groundwater recharge and other hydrological variables 
in the study area (Arnold et al., 1988). SWAT has proven 
to be robust, highly efficient, and reliable for modeling 
different scenarios as it was designed to predict the 
effect of management practices on water, sediment, and 
agricultural chemicals yield for basins that lacked such 
data. Since its design in the '70s, it has been extensively 
deployed for these purposes in the United States and 
other parts of the world (Arnold et al., 1988, Nijssen et 
al.  2001, Gassman et al., 2007, Gassman et al., 2001, 
Santhi et al., 2001, Jha et al., 2006, Afinowicz et al., 
2005 and Gorgan et al., 2012). 

Study Area Location

Sokoto-Rima Basin is one of the major sub-basins of the 
Illumedan Basin of West Africa. The Basin lies in the 
Sub-Saharan Sudan belt of West Africa in the zone of 
Savanna-type vegetation generally classified as Semi-

0
arid. It lies in northwestern Nigeria between latitudes 8  

1 0 1 0 1  0 
30  - 14  00 N and longitudes 3  30 - 8 00' E.  It borders 
the Niger Republic to the North and Benin Republic to 
the west (Fig. 1). This research covers a watershed of 

about  within the Kebbi, Sokoto, and 
Zamfara States. The whole basin can be described as 
Sudan and Sahel Savanna and it extends beyond the 
border to the Niger Republic and the Northern part of the 
Benin Republic.

Physical Features of the Study Area 

The Sokoto basin falls within the hottest parts of 
Nigeria. The critical zone, located above latitude 10°N, 
belongs to the Sahel region of Africa, an area most 
affected by droughts. Temperatures are generally 

2
72,498.71Km

0
extreme, with an average daily minimum of 16 C during 
the cool months of January and December, and in the 
hottest month of April to June, an average maximum of 

0 0
38 C and a minimum of 24 C. Throughout the year the 

0
average maximum is 36 C and the average daily 

0
minimum is 21 C. Rainfall is generally low. The average 
annual rainfall for 35 years is about 470mm. Much of 
the rain falls between May to September, while the 
rainless months are October to April. Evaporation is 
high ranging from 80mm in July to about 210mm from 
April to May. A monthly average evaporation range of 
about 140mm represents 30% of monthly average 
precipitation into the catchment [32]. The hottest 
months of April to May are periods of highest 
evaporation. The relative humidity is low most of the 
year and only increases during the wet seasons of June to 
September. The vegetation is typically Sudan savannah 
and is characterized by stunted and thorny shrubs, 
invariably of the acacia species.

Brief Hydrology of the Basin 

The basin is drained by the river Sokoto, an important 
component of the  Niger river drainage system. The 
Sokoto river rises with its major tributaries, the Ka, 
Zamfara, and Rima from the 600 to 900 meters high 
Mashika and Dunia highland areas adjoining the basin 
on the eastern flank, and descends, rather slowly down a 
gentle gradient toward the northwest, where around 
Sokoto town, it meets the Rima in the north, diverting to 
a southward turn, taking up the Zamfara and Ka before 
descending to the River Niger. The mechanism of the 
interconnectivity of the rivers and tributaries in the 
basin shows that the basin is properly drained by the 
river systems mentioned. The Sokoto river system is 
prominent in the wet seasons in the eastern part where it 
originates from. However, in the western portion of the 
river system, it becomes perennial after it has been 
recharged considerably by groundwater flow 
(Abdullahi et al., 2014).
.
Materials and Methods

Model Set-up and Sensitivity Analysis

SWAT is a hydrologic model that requires a lot of input 
data (DEM, land use/ land cover map, soil map, climate 
data-precipitation, solar radiation, relative humidity, 
temperature, etc) and parameters to model watershed 
effectively. The SWAT model was set up (Fig. 2) for the 
Sokoto basin via the MWSWAT and following the step-
by-step procedure outlined in the SWAT user guide 
(Luzio et al., 2002 and Neitsch et al., 2009). The 
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  Fig. 1: Location of the study area

MWSWAT is GIS interface software designed with the 
advantages of working with Microsoft Windows, which 
is the operating system that most users are familiar with. 
The basin was divided into 24 sub-basins based on the 
DEM and stream network of the study area. The 
minimum and maximum sizes of the sub-basins were 

2 2
200.46 km  and 10,953 km , respectively. The sub-basin 
d e l i n e a t i o n  w a s  f o l l o w e d  b y  a u t o m a t i c  
parameterization of streams and subdivision of the sub-
basins into 127 hydrologic response units (HRUs) based 
on soil and land use data and a predefined threshold of 
10 % soil and 10 % landuse.

The sensitivity of SWAT-simulated discharge to model 
input parameters was analyzed using the automatic 
sensitivity analysis tool provided in SWAT CUP. 
Twenty selected SWAT hydrology input parameters 
were analyzed. The purpose of the sensitivity analysis 
was to determine the most sensitive model parameters 
that needed to be given high priority during model 
calibration.

DEM file

The Digital elevation model (DEM) provides 
information for developing other models that are 

dependent on topography. Most DEMs have errors that 
develop when they are being created. These errors need 
to be detected and corrected before the DEM is used. 
Several techniques and software are available for 
correcting errors in DEM. The SRTM (Shuttle Radar 
Topography Mission) 90 m resolution DEM was used in 
this study (Fig.3). The Digital Elevation Model of 90m 
by 90m resolution, made freely available by the United 
States Geological Survey (USGS) was used. The DEM 
was in the format of STRM and this was processed on 3 
DEM, and imported to Map Windows GIS environment. 
The processed DEM yielded 24 sub-basins as shown in 
Fig.4 based on the topographic heterogeneity in the 
study area.

 

Land Use/Land Cover Data

SWAT uses both the soil and land-use data to determine 
the area and the hydrologic parameters of each land-use 
and soil category simulated within each sub-basin 
(Luzio et al., 2002). Once watershed topographic 
parameters have been computed for each sub-basin, the 
interface uses land cover and soils data to produce 
aggregate hydrologic response units (HRUs) within 
each sub-basin by GIS overlay process in assigning the 
soil parameters and SCS curve numbers. SWAT has 
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Fig. 2: Flowchart of model set-up and sensitivity analysis with SWAT for Sokoto-Rima Basin (modified after Fikadu et al., 2014)

Fig. 3: Processed SRTM DEM of the Sokoto-Rima Basin (Source: US 
NASA Server-ftp//e0srp01.ecs.nasa.gov).

Fig. 4: The delineated 24 sub-basins in Sokoto-Rima Basin.
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predefined land uses identified by four-letter codes and 
it uses these codes to link land use maps to SWAT land-
use databases in the GIS interfaces. The land-use/-cover 
map used in this study has a resolution of 250 m and was 
obtained from Nigerian Hydrological Services Agency 
(NIHSA) Abuja. The map was originally made from 30 
m Landsat ETM+ data from 1990 that were EarthSAT 
ortho-rectified to achieve geodetic accuracy and 
calibrated to surface reflectance using the atmospheric 
correction tool ATCOR2 (Landmann et al., 2008). The 
legend of the map is based on the Food and Agriculture 
Organization (FAO) Land Cover Classification System 
(LCCSS) legend. Some modification of the original 
legend was necessary for using the map for modeling in 
SWAT. Based on the modified legends, 10 land-use/-
cover classes can be identified in the study area (Fig. 5), 
but two are dominant. These are savannah and 
cropland/woodland in decreasing order of dominance 
(Table 1).

Soil Data

The soil map for the study area was obtained from the 
food and agricultural organization's (FAO) digital soil 
map of the world with its derived soil properties 
(Rouholahnejad, et al., (2012). The soil map has a 
spatial resolution of 10 km and almost 5000 soil types 
can be differentiated with some soil properties for two 
layers (0-30 cm and 30-100 cm depth) (Rouholahnejad, 
et al., (2012). Seven different soil textures were 
identified in the study area; the dominant ones were clay 
loam, sandy clay loam, and loam (Table 2; Fig. 6).

Climate Data

Daily climate data from 55 weather stations spread 
within the Sokoto Basin was used as the climate input to 
the SWAT model  (Fig. 7). The data were obtained from 
the Nigerian Meteorological Services Agency 
(NIMET).  The data covered the period between 2003-
2014 and included rainfall, minimum and maximum air 
temperature, relative humidity, wind run (converted to 
wind speed), and sunshine hours (converted to solar 
radiation).

River Discharge Data

Daily, monthly, and annual discharge data from the 
streamflow gauge at Kende on the main course of the 
Sokoto River (Fig. 7),  were used for calibrating and 
validating the SWAT model. Kende which has a 

2
drainage area of 72,498.711 km , is the outlet gauging 
station on the Sokoto River basin as such this was used 
for the modeling because it also has the longest 

Table 1: Distribution of Land – use/cover types 
in the Sokoto-Rima River Basin

Fig. 5: Land-use/-Cover types in the study area.

Table 2: Soil texture in the Sokoto-Rima River Basin



Agency, Abuja.  The Sokoto-Rima River Basin has only 
2 discharge measuring gauges located at kende and 
Jiderebode, with kende as the outlet point.

Results and discussions

Calibration/validation of discharge

The calibration results show good agreement between 
simulated and observed annual discharge (Fig. 8a & b), 

2
with the coefficient of determination (R ) higher than 
0.66 and Nash-Sutcliffe efficiency (NSE) higher than 
0.90. The difference between the observed- and 
simulated-mean annual discharges is under 7 % 
(discharge-5.5 %). In two of the 5 year calibration 
period, SWAT slightly overestimated the annual 
discharge. As shown by the goodness-of-fit measures, 
the simulated and observed annual discharge, were in 

2
good agreement (Fig. 9a & b), with R  greater than 0.60 
and NSE higher than 0.80. However, the differences in 
the mean values of the flows are rather high (discharge-
11 %). This is because the model was unable to simulate 
the low flows well enough. It constantly underestimated 
the annual discharge in the entire validation period 
except for 2011 in which the observed and simulated 
discharge was very close. The underestimation of the 
low flows could be due to more than one aquifer 
contributing to baseflow in the basin, a situation not 
handled in SWAT at present. The mean annual recharge 
to the groundwater in the Basin as simulated in SWAT is  
182.10mm which is 18 % of the mean annual rainfall. 
This recharge value is similar to those obtained with the 
watertable fluctuation (3-35%) methods in Sokoto-
Rima  Basin by Akudo et al., (2016). Recharge estimate 
is low  in greater parts of the Basin as such, it is 
recommended  that irrigation  should be carried out 
during the dry months (November-April) with surface 
water sources to increase soil moisture and boost food 
production..

Annual Water Balance

The mean annual water balance in the study area was 
estimated with the SWAT model for the calibration and 
validation periods. There were slight differences in the 
values of the mean annual water balance for the two 
periods. For the calibration period, about 50 % of the 
mean annual precipitation that occurs in the study area 
evapotranspires. This value is slightly higher (55 %) for 
the validation period. For the validation period, the 
annual simulated discharge was 10 % of the annual 
rainfall. The potential evapotranspiration (PET) is high 

discharge period data in the basin. The discharge data 
were obtained from the Nigeria Hydrological Services 

Fig. 6: Texture of soils in the study area.

Fig. 7: Location of weather stations and river discharge gauge 
stations in the study area.
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Fig.  8: Observed and Simulated  monthly discharge  at Kende (a) 
Calibration period (b) Validation period

Fig. 9: Regression analysis line and statistics for Observed and 
Simulated  River discharge at Kende (a) Calibration periods (b) 
Validation periods

(1600mm) throughout the years (Fig. 9). Annual surface 
runoff is low (50-80mm) in the northeastern part of the 
basin. The southwestern part of the basin has high 
annual surface runoff (280-320mm). The estimated 
hydrogeologic and hydrologic parameters are displayed 
in table 3.

Table 3:  Mean Annual Values, Standard deviation (S.D), and 
Coefficient of Variation (CV) of the water balance of the Sokoto 
–Rima River Basin at Calibration (2006 – 2010) and Validation 

(2010 – 2014).

Fig. 10: Temporal dynamics of mean Actual evapotranspiration 
(AET), rainfall, and potential evapotranspiration (PET) in the Sokoto 
Basin ( obtained from SWAT model: 2006-2014)

Conclusions

The Soil and Water Assessment Tool (SWAT) model 
was successfully used to estimate groundwater recharge 
and other hydrologic variables like actual 
evapotranspiration, potential evapotranspiration , 
runoff, etc. The model was calibrated (2006-2010) and 
validated (2011-2014) for the Basin at Kende. The 
calibration and validation results show that the SWAT 
model performed very well in reproducing the annual, 
monthly, and daily discharge, and the annual surface 
runoff and baseflow. The monthly calibration shows the 
best agreement between observed and simulated 

2
discharge with a coefficient of determination (R ) of 
0.683 and NSE of 0.98 respectively. The validation 
results show equally good agreement between the 
observed and simulated discharge with a coefficient of 

2
determination of (R ) 0.657 and NSE of 0.84 
respectively. The simulated water balance in the basin 
shows that the annual discharge for the calibration 
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period was estimated to be 9% of the annual 
precipitation. The dependency of the Sokoto Rima 
River Basin on surface water sources makes it 
imperative to apply some methods of efficient use of 
water resources in the basin to ensure future 
sustainability. This Study has initiated the setting up of a 
model for the groundwater recharge estimation in the 
basin which encompasses hydrology and some aspects 
of water management. Therefore, more reliable/robust 
data on available reservoir/impoundments and 

agricultural management information is key for further 
studies in the basin.
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