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A B S T R A C T

Assessing groundwater recharge is essential for managing water resources sustainably,
especially in semi-arid regions. In order to assess groundwater reserves for residential
and agricultural use, this study examines the spatial and temporal distribution of recharge
in the Kabago watershed in Southern Zamfara State, Nigeria. The watershed, which
is roughly 5.97 km2 in size and is composed of migmatite, gneiss, schist, and granitic
rocks, has a Sudan savannah climate with high evapotranspiration and little annual
rainfall (1164 mm). Hydrological processes during a 21-year period (1990–2010) were
simulated using the Soil and Water Assessment Tool (SWAT 2012) linked with ArcGIS.
SUFI-2 in SWAT-CUP was used for calibration and validation utilizing streamflow data
from the Maru gauging station. With NSE values of 0.85 and 0.75, R2 values of 0.85
and 0.75, PBIAS of 2.5% and −1.3%, and RSR values of 0.43 and 0.52 for calibration
and validation, respectively, the model performed satisfactorily. Soil water capacity,
groundwater delay, baseflow coefficient, and surface runoff factors were among the
sensitive characteristics. The results indicated that model-derived potential recharge
values, which represent roughly 49% of annual precipitation, ranged from 379.93 to
678.88 mm/year with an average of 545.69 mm/year. Runoff and evapotranspiration
were responsible for 15.35% and 33.24% of the water loss, respectively. Recharge
variability was largely influenced by rainfall distribution, soil type, slope, and land use,
with agricultural land promoting infiltration. Overall, the Kabago watershed functions
as a significant recharge zone, though high evapotranspiration highlights vulnerability
to land use and climate change. These findings provide a sound basis for groundwater
management and policy in Zamfara and comparable semi-arid regions.
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1. INTRODUCTION

Groundwater is an extremely important resource upon which sur-
vival of life on Earth depends. The focus on groundwater is im-
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portant particularly in Sub-Saharan Africa, where drought, pop-
ulation growth, and climate change impact water resources. In
arid and semi-arid regions, replenishment is more crucial for
the expansion of water resources [1, 2]. The amount of water
that recharges the vadose zone makes up the surface and subsur-
face water balance components of the aquifers. The most im-
portant human factors impacting groundwater resource change
are changes in land use and land cover (LULC), as they affect
groundwater recharge [3].
Watersheds integrating urban and agricultural land use must

prioritize sustainable development and management due to cli-
mate change, the increasing demand for water supplies, and in-
adequate management of water resources [1–4]. Understanding
the hydrological water cycle and its kinship system in detail is
essential for controlling and preserving the watershed’s water re-
sources [5, 6]. It affects water quality, water supply, and water-
shed recharge-discharge [6, 7]. Furthermore, it’s critical to es-
timate water balance components using an appropriate method
[5, 6, 9]. Therefore, evaluating the groundwater recharge of the
studied watershed is the main focus of this article.
Addressing water resource concerns, such as the effects of ur-

banization, various management options, and future climate os-
cillation on streamflow and water quality, requires a detailed un-
derstanding and accurate modeling of Earth surface processes at
the watershed scale [10]. Understanding watershed dynamics re-
quires a thorough understanding of weather conditions as well as
measurements of runoff, water stage, erosion, soil moisture, and
water quality.
Experimental catchments are meticulously designed and

closely monitored to generate databases of long-term historical
hydrological data that support the study of the processes causing
surface runoff [11]. Furthermore, experimental catchments can
serve as satellite sensor validation sites and aid in the creation
and verification of many watershed models [12].
Prior research employed a variety of methods to estimate

groundwater recharge, including numerical methods [13–15],
physical methods [10–12], and tracer methods [2, 16, 17]. Every
technique has limitations when it comes to evaluating recharging
[11]. Researchers are increasingly using the numerical method,
which analyzes either surface or aquifer conditions, or both, to
assess groundwater recharge [18, 19].
The Soil and Water Assessment Tool (SWAT) is routinely

used to simulate surface water flow, whereas the Modu-
lar Three-Dimensional Finite-Difference Ground-Water Flow
Model (MODFLOW) is frequently used to assess unconfined
groundwater flow. The quantity and quality of surface and
groundwater at various watershed sizes have been evaluated us-
ing SWAT [20, 21]. It also predicts how a chosen watershed will
be affected by land use/cover and climate change [22–25]. The
SWATmodel has been used for multi-scenario environmental in-
vestigations and at a variety of scales in hydrological watersheds
[26–28].
For instance, water resource sustainability [29], water bal-

ance analysis [28], and water quality assessment [30] were all
conducted in South Korean watersheds using the SWAT model.
Although the SWAT model emphasizes surface processes, its
lumped structure makes it insufficient for simulating groundwa-
ter movement [31].

A more sophisticated groundwater storage module [32], a
modified code [33], or the substitution of the grid cell aquifer for
the non-shallow aquifer [34–37] are some of the methods used to
solve the inadequacies of the original SWAT groundwater mod-
ule. But its ability to replicate groundwater flow properly is lim-
ited due to its semi-distribution technique.
The SWAT application describes [38] itself as a continuous-

time, semi-distributed, process-based model. The model has
been adjusted to employ sub-daily time step computations in-
stead of the daily time step [39]. SWAT was established to eval-
uate how management practices might affect the yields of water,
sediment, and agricultural chemicals over the long term in large
river basins. The weather, hydrology, soil properties, land use,
crop growth, nutrients, sediments, pesticides, bacteria, and dis-
eases are the main components of SWAT. A watershed is divided
into multiple subbasins in SWAT, which are further divided into
hydrologic response units (HRUs) based on unique soil, slope,
and land use characteristics.
With the use of HRUs, the model can take into consideration

how evapotranspiration varies depending on the kind of soil and
plant. As per Gumuła-Kawecka et al. [40], the hydrology simu-
lation of a watershed can be separated into two stages: the land
phase, which determines the loadings of water, sediment, nutri-
ents, and pesticides to the main channel, and the routing phase,
which entails transporting the loadings to the outlets via the sub-
basin streams.
A variety of hydrological processes, including canopy stor-

age, surface runoff, precipitation partitioning, infiltration, water
redistribution within the soil profile, evapotranspiration, lateral
subsurface flow from the soil profile, and return flow from shal-
low aquifers, are simulated differently by each HRU [41]. SWAT
uses a single plant growth model to recreate different types of
vegetation and differentiate between annual and perennial plants.
The plant growth model estimates transpiration, biomass/yield
generation, and the amount of water and nutrients taken out of
the root zone.
In order to establish the groundwater reserve in the region for

household and agricultural uses, this study aims to utilize the
SWAT hydrological model with the addition of geological pa-
rameters to determine the geographical and temporal distribution
of the recharge rate of the Kabago watershed.

2. MATERIAL AND METHODS
2.1. STUDY AREA
River Kabago watersheds lie within latitude 10◦ 50′′ 0′N to 11◦

30′′ 0′N and longitude 6◦ 10′′ 0′E to 7◦ 0′′ 0′E of Southern part
of Zamfara State, Nigeria with an estimated area coverage of
5,970,940 m2. The Kabago river basin has thirty-five (35) sub-
basins with 150 hydrological response units (Figure 1).
The average daily temperature is extremely high, with a min-

imum of 16◦C during the mild months of January and Decem-
ber and a maximum of 38◦C and a minimum of 24◦C during
the hottest months of April to June. All year long, the average
daily low is 21◦C, while the average high temperature is 36◦C. It
doesn’t rain much. After 35 years, the average yearly rainfall is
roughly 1164 mm. May through September sees the most rain,
and October through April sees the least amount of precipitation.
High levels of evaporation occur from July (80 mm) to April and



Shuaibu et al. / Recent Advances in Natural Sciences 4 (2026) 234 3

May (210 mm) [20].
Thirty percent of the catchment’s monthly average precipita-

tion falls within a monthly average evaporation range of roughly
140 mm [42]. The maximum evaporation occurs during the
warmer months of April through May. Only during the rainy
months of June through September does the relative humidity
rise from its low levels throughout the year. Usually found in Su-
dan savannah, the vegetation is distinguished by thorny, stunted
plants that are always of the acacia variety.

Gneiss (banded gneiss), granite-gneiss, mica schists, quartzite,
and granite varieties (fine-grained biotite granite, medium-
grained biotite and hornblende granite, biotite hornblende gra-
nodiorite, porphyritic biotite and hornblende granite) comprise
the primary lithological units in the study area. Minor rock types
include quartz veins, pegmatites, quartzo-feldspathic intrusions,
and a number of other rocks. Within the studied area, there were
both brittle (joints and faults) and ductile (foliations and folds)
structural features [43].

2.2. ANALYTICAL TECHNIQUES
Hydrologic response units (HRU) are the foundation of SWAT, a
large-area hydrologic/water quality model [44–47]. SWAT repli-
cates nutrient cycle, erosion, and water movement in soil and
groundwater [48]. SWAT comes in several versions with various
interfaces; in this case, version 2012 with the ArcGIS interface
(ArcSWAT) was used.

The smallest portion of a watershed that reflects a range of
LULC, soil, and landscape characteristics is the HRU within the
subbasins. Flow is calculated separately for each watershed seg-
ment. According to [49–53], the general equation for the SWAT
model is as follows:

SW (t) = SW 0 +

t∑
i=1

(
Rannual − Qsurf −Wseep − ET − Qgw

)
. (1)

Wseep is the seepage (mm/day), Qgw is the flow from the aquifer,
Qsurf is the surface runoff (mm/day), ET is the evapotranspira-
tion (mm/day), SW0 and SWt are the starting and final soil water
levels (mm/day), and t is the time in days.

The 21-year SWAT simulation, which included a two-year
warm-up, ran from 1990 to 2010. The first 11 years were used
for calibration, while the remaining data was used to evaluate
the model after the warmup period. Streamflow data obtained at
the Maru gauging station was used to calibrate and validate the
SWAT model. The calibration and validation were performed
on monthly time steps using SWAT-CUP’s semi-automated se-
quence uncertainty fitting version 2 (SUFI-2).

The SUFI-2 algorithm was applied for global sensitivity
analysis, through which twelve key parameters were identi-
fied as most influential. These include ‘‘soil-related factors
(SOL_K, SOL_BD, and SOL_AWC)’’, ‘‘groundwater parame-
ters (GW_DELSY, ALPHA_BF, GWQMN, andGW_REVAP)’’,
a ‘‘lateral flow parameter (HRU_SLP), surface runoff variables
(SURLAG and CN2), an evaporation factor (ESCO)’’, and the
main ‘‘channel hydraulic conductivity (CH_K2)’’. Then, by con-
trasting the measured and modeled flow data, these parameters
were adjusted. The definition and the minimum and maximum
values for the calibration are listed in Table 1.

Table 1. Flow parameter and calibration range definition.
Parameters Meaning Range
v__CN2.mgt The number of runoff curves

by Soil Conservation Ser-
vice (SCS)

-0.2 – 0.6

n__GW_DELAY.gw Delay_Groundwater (days) 0 – 600
n__GWQMN.gw The shallow aquifer’s mini-

mum water depth (mmH2O)
needed to start a return flow

0 – 7000

n__GW_REVAP.gw An indicator of the water’s
readiness to flow from the
shallow aquifer to the root
zone

0.03 – 0.5

n__ALPHA_BF.gw Recession coefficient of the
baseflow

0 – 1.5

n__ESCO.hru A coefficient to adjust the
soil evaporation demand

0 – 1.2

n__CH_K2.rte Main channel hydraulic con-
ductivity (mm/hr)

0.03 –
160

n__SOL_AWC.sol Soil water capacity measure
(mm H2O/mm soil)

0.5 – 0.6

n__SOL_K.sol Hydraulic conductivity at
Saturation (mm/hr)

-0.4 – 0.6

n__SURLAG.bsn Surface runoff coefficient
lag

0.06 – 25

v__HRU_SLP.hru Mean_slope steepness
(m/m)

0 – 0.7

v__SOL_BD.sol Bulk density of Moisture
content (Mg/m3)

-0.4 – 0.7

Note: The value of v__parameter is multiplied by
(1+ a provided value); the value of n__parameter
is substituted.

RSR (standardize root mean square error), percentage bias
(PBIAS), the coefficient of determination (R2), and the Nash–
Sutcliffe coefficient of efficiency (NSE) are four commonly used
indicators that were used to evaluate the calibration and valida-
tion performance.

Among the time-series and spatial data needed by the SWAT
model are solar radiation, rainfall, wind speed, temperature, and
relative humidity. Various offices (NIHSA, NiMET and Bakolori
Irrigation Programme) and publicly accessible websites were the
main sources of the data.

The Nigeria Hydrological Service Agency (NIHSA) pro-
vided the streamflow data, the Nigeria Meteorological Agency
(NiMET) provided the precipitation data, and the Nigeria Geo-
logical Survey Agency provided the lithological map of the re-
gion. In contrast, information on land use, soil, and geomorphol-
ogy was sourced from the USGS and NASA databases. Both a
LULC and a DEM with a spatial resolution of 30 m were down-
loaded. The ArcGIS interface was mostly used to process the
topographic characteristics produced from the DEM. Prior to be-
ing included in the modeling, all of the maps were re-projected
to UTM zone 32N.

The SWAT model’s primary inputs include soil, weather,
LULC, and DEM data (Figure 2). Importing grid-based spatial
data, defining theHRU, defining thewatershed, and creating sub-
basins are the initial steps in configuring the model. The SWAT
model uses DEM to identify the watershed and create subbasins
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Figure 1. (A) Geological map of Nigeria (B) River Kabago watershed/subbasins within the study area.

and stream networks. Every HRU has unique soil and LULC
characteristics. The watershed was separated into 35 subbasins,
which were further subdivided into 150 HRUs. The recharge
change is the primary indicator of LULC’s impact on groundwa-
ter and surface water [42]. Over 80% of the Kabago watershed
is covered by agriculture, with seven different land-cover classi-
fications.
Six major soil groups are shown in the classification. Clay is

the predominant soil type in the region. The weather generator
model WXGEN was used to process the climatic data, prepare it
in the necessary format, and add it to the SWAT model database
in order to finish the SWAT model setup. Data from six weather
stations was processed and added to the model.

2.2.1. Conceptual limitations of SWAT for groundwater
estimation

SWAT are widely applied for simulating watershed hydrology
and assessing groundwater recharge at basin scales [6]. Despite
its robustness and popularity, SWAT embodies several concep-
tual simplifications that constrain its ability to accurately repre-
sent groundwater processes, particularly in semi-arid and base-
ment complex terrains. These limitations arise mainly from the
model’s structural assumptions, scale dependency, and simpli-
fied representation of subsurface flow dynamics [11].
SWAT conceptualizes groundwater using a lumped two-

reservoir system, comprising a shallow unconfined aquifer and a
deep confined aquifer. Recharge from the soil profile enters the
shallow aquifer, while percolation to the deep aquifer is treated
as a fixed fraction [12]. This conceptualization assumes ver-
tical flow dominance and neglects complex groundwater flow
pathways such as lateral flow through fractured basement rocks,
which are common in semi-arid regions like northwestern Nige-
ria [54]. Consequently, groundwater–surface water interactions
are oversimplified, potentially leading to misrepresentation of
baseflow contributions to streams.
Furthermore, SWAT does not explicitly represent aquifer

thickness, hydraulic gradients, transmissivity, or spatial hetero-
geneity [42]. Groundwater parameters such as the baseflow
recession constant and groundwater delay time are treated as

lumped calibration variables rather than physically measurable
properties. In heterogeneous hydrogeological environments,
where groundwater storage and movement are controlled by lo-
calized fractures and weathered zones, this assumption limits the
model’s realism and predictive reliability [32].
In addition, groundwater flow in SWAT is not governed by

Darcy-based flow equations. Instead, groundwater discharge is
simulated using empirical relationships that approximate base-
flow recession [20]. As a result, SWAT cannot dynamically
simulate changes in groundwater heads, inter-aquifer flow, or
spatial redistribution of groundwater. This limitation restricts
the model’s ability to evaluate groundwater abstraction impacts,
aquifer depletion, or long-term groundwater sustainability under
changing climatic conditions [54].
It operates on HRUs, which are non-spatial entities defined by

land use, soil, and slope combinations. While effective for sur-
face processes, HRUs lack lateral connectivity, causing ground-
water recharge and storage to be spatially disconnected from real
aquifer systems. This conceptual limitation is critical when esti-
mating groundwater recharge distribution, as recharge simulated
at the HRU level may not correspond to actual recharge zones or
groundwater flow paths within the watershed [44].
In a nutshell, groundwater parameters in SWAT are often cal-

ibrated against streamflow rather than direct groundwater ob-
servations such as water table depth or piezometric levels [45].
This calibration strategy can produce acceptable streamflow sim-
ulations while masking inaccuracies in groundwater storage and
recharge estimation [26]. Consequently, the model may perform
well statistically but remain conceptually weak in representing
actual groundwater dynamics.

3. RESULTS AND DISCUSSION
Figure 3 compares the actual and calculated streamflow in a
monthly time step from 1992 to 2010. Peaks and lows of the
two lines reflecting observed and calculated streamflow are fairly
similar, except for 1997 and 2002 and the year following. The
flow pattern during the two drought years in the area was not
replicated by the model in comparison to the other years in the
simulated period. After a sudden shift from the previous year’s
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Figure 2. SWAT model set-up.

Table 2. Statistics of validation and calibration outcomes.
Parameter Calibration Validation
NSE 0.85 0.75
R2 0.85 0.75
PBIAS 2.5 -1.3
RSR 0.43 0.52

regular flow to low flow, the flow resumed its normal flow the
subsequent year.

Aside from the drought periods previously stated, the region
had irregular precipitation in 1994, 2004, 2008, and 2010 as a
result of the occurrence of lengthy and brief rainy seasons. The
region’s wettest months are typically half of June through Au-
gust, however extended rainy seasons with a moderate peak were
noted in 1994 and 2010. The precipitation record also reveals
that 2004 and 2008 had a lot of rain. The model performance
statistics during the calibrated validation period are displayed in
Table 2. Every parameter that has been tabulated falls within the
suggested range [43].

In contrast to the calibration period, the majority of parameters
exhibit lower performance values in the validation. For example,
the NSE, which was 0.85 in the calibration, dropped to 0.75 in
the validation. The validation period began during the region’s
2002 drought, which is most likely the cause.

Figures 4 shows how recharging fluctuates over time in the
Kabago watershed. Figure 4 displays the average monthly
recharge, evapotranspiration (ET), and surface runoff. It is clear
that the primary components of the water balance and recharge

are seasonal. The years 1997, 2002, and 2005 had the lowest
recharge levels across the whole period.

Variations in rainfall throughout the watershed are depicted
in Figure 5. Since rainfall is the main input influencing the hy-
drological cycle, variability in recharge and runoff can be ex-
plained by spatial heterogeneity in precipitation. Higher poten-
tial recharge zones are found in areas with more precipitation.

Evapotranspiration (ET) Distribution in Figure 6 draws atten-
tion to regional variations in water loss from plant transpiration
and evaporation. About 33.24% of the input is lost as a result of
ET, and the map identifies regions where temperature and vege-
tation cover increase ET rates.

Surface runoff is a function of slope, rainfall intensity, and land
cover (Figure 7). Runoff tends to be higher in areas with steep
slopes, compact soils, or urban surfaces, which helps explain the
estimated 15.35% basin loss.

Figure 8, reveals the extent of agricultural, forested, and built-
up land. Critical for interpreting how human activities affect in-
filtration, runoff, and recharge. Agricultural dominance, for ex-
ample, enhances infiltration compared to urbanized land. Simi-
larly, Figure 9 shows the distribution of different soil types (clay,
sandy loam, etc.). Soil texture controls infiltration and storage
capacity: sandy soils promote recharge, while clay-rich soils re-
strict infiltration and increase runoff.

The maps collectively provide a spatially explicit view of how
climate (rainfall), land cover, and soil control the water balance.
They reinforce the idea that recharge is not uniform across the
basin but influenced by heterogeneous environmental factors.

The groundwater model result for the Kabago watershed is
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Figure 3. Streamflow, both observed and simulated, from 1992 to 2010: seasonal variability (a), scatter plot (b).

Figure 4. Surface runoff, ET, and monthly average recharge.

Figure 5. Precipitation distributions for River Kabago watershed.

presented in Table 3 and Figure 10. The model-derived potential
recharge value range between 37.93 to 678.88 mm/annum with
mean value of 545.69, this account for 49% of the total input into
the groundwater system, highlighting how local geology, land
cover, and rainfall interplay to regulate subsurface water replen-
ishment. The potential recharge range is bounded by SUFI-2 un-

certainty envelopes. While the average precipitation received by
the basin is 1164 mm/annum. Whereas evapotranspiration and
runoff contribute 33.24% and 15.35% of the total water loss from
the basin with average values of 386.93 and 178.65 mm/annum
respectively.

The balance demonstrates that nearly half of the rainfall con-
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Figure 6. Evapotranspiration distribution for River Kabago watershed.

Figure 7. Surface runoff distribution for River Kabago watershed.

Table 3. Water budget for Kabago watershed (mm/annum).
Parameters Minimum Maximum Mean Std. Deviation
Potential Recharge 379.93 678.88 545.69 110.18
Precipitation 1027.59 1250.29 1164.27 101.88
Evapotranspiration 305.42 432.27 386.93 26.09
Runoff 88.48 281.55 178.65 67.15

tributes to aquifer replenishment, making the watershed an im-
portant recharge zone. However, the high ET fraction also shows
vulnerability to land use change (e.g., deforestation or irrigation
expansion). The relatively low runoff percentage suggests lim-
ited flooding risk but underscores groundwater reliance.

The annual recharge flux potential for the entire watershed is
estimated as the product of average recharge amount received
by the watershed and its total area coverage which is 5.46 m

× 5,970,940 m2 = 32,601,332.40 m3. The actual exploitable
groundwater storage depends on transmissivity, storativity, ab-
straction, and discharge losses of the groundwater system [42].
The estimated value represent an upper-bound, theoretical esti-
mate of groundwater system.

The Kabago watershed exhibits mean annual recharge of
∼545.69 mm/year, representing ∼49% of annual rainfall. This
proportion is remarkably high when compared to most semi-
arid basins in northern Nigeria. Studies across the Sokoto–Rima
Basin, Zamfara, Katsina, Kano, and parts of Kaduna typically re-
port recharge fractions ranging between 10–35% of annual pre-
cipitation [54], depending on lithology, soil texture, and land use.
For instance, SWAT-based assessments in neighbouring catch-
ments of northwestern Nigeria commonly yield recharge values
between 120–400 mm/year, even under similar rainfall regimes
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Figure 8. Landuse map for the Kabago watershed.

Figure 9. Soil type distribution map of the Kabago watershed.

(∼900–1200 mm/year) [6, 20].

However, the higher recharge fraction in Kabago therefore in-
dicates, favorable basement rock fracturing (gneiss, migmatite,
schist), extensive agricultural land cover, which enhances infil-
tration, relatively low runoff losses (15.35%) compared to other
basins. In contrast, semi-arid catchments dominated by urban
expansion or compacted lateritic soils (e.g., parts of Kano and
Zaria) show lower recharge due to increased runoff and reduced
infiltration.

Evapotranspiration (ET) accounts for 33.24% of annual rain-
fall (≈387 mm/year) in Kabago. This value is consistent with
semi-arid northern Nigeria, where ET typically ranges between
30–55% of precipitation. However, some basins in the Sudan–
Sahel transition zone report higher ET dominance (up to 50–
60%), often attributed to; Sparse vegetation cover, Sandy soils
with shallow moisture retention, longer dry seasons. Kabago’s

relatively moderate ET fraction suggests that soil moisture reten-
tion and vegetation cover (particularly cropland) partially buffer
evaporative losses, allowingmore water to percolate into the sub-
surface.
Surface runoff in Kabago constitutes only 15.35% of the an-

nual water balance, which is lower than many semi-arid Nige-
rian watersheds, where runoff commonly exceeds 20–35%, es-
pecially in, steeper terrains, areas with shallow soils and urban
or degraded catchments. This lower runoff aligns with, gen-
tle slopes across much of the watershed, agricultural dominance
(>80% land use), soil textures that favour infiltration over Hut-
tonian overland flow.

4. CONCLUSION
In order to evaluate the groundwater recharge dynamics of the
Kabago watershed in Zamfara State, Nigeria, this study used the
SWAT hydrological model, which was calibrated and verified us-
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Figure 10. Potential recharge distribution for Kabago watershed.

ing observed streamflow. According to model results, potential
recharge or percolation in the watershed represents 49% of total
precipitation input and ranges from 379.93 to 678.88 mm/year,
with an average of 545.69 mm/year. With respective contribu-
tions of 33.24% and 15.35%, evapotranspiration and runoff were
also important elements of the water balance. These findings un-
derscore the Kabago watershed as a critical recharge zone, where
local climate, land use/land cover, soil characteristics, and topog-
raphy jointly regulate subsurface water replenishment.

The research demonstrates that despite semi-arid conditions
and irregular rainfall patterns, a substantial portion of precipita-
tion infiltrates and sustains aquifer reserves. However, the high
contribution of evapotranspiration highlights the system’s vul-
nerability to climate variability and land-use changes such as
deforestation, agricultural expansion, and urbanization. Simi-
larly, spatial heterogeneity in recharge emphasizes the need for
location-specific water resource management strategies. The
identification of recharge hotspots provides a scientific basis for
siting boreholes and wells more effectively, reducing the risk of
groundwater failure. This is particularly important for sustain-
ing agricultural productivity andmeeting domestic water demand
in Zamfara State, where reliance on groundwater is high. With
recharge strongly influenced by rainfall variability, the study
highlights the need for adaptive water management policies that
incorporate climate projections. Enhancing water storage infras-
tructure, promoting rainwater harvesting, and maintaining veg-
etation cover will be essential in mitigating the impacts of pro-
longed droughts.
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