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Abstract

Groundwater is the primary water source in arid and semi-arid regions, but
its assessment is often hindered by limited observational data. This study pre-
sents a comprehensive geospatial framework to estimate groundwater recharge,
changes in storage, and available resources in the Mandera sub-basin in north-
eastern Kenya. The framework combines GIS-based recharge calculations and
GRACE/GRACE-FO mascon data (JPL RL06) satellite-derived groundwater
storage estimates. Recharge was estimated using an inverse water-balance ap-
proach, combining effective rainfall from CHIRPS precipitation and FAO
Penman-Monteith evapotranspiration with hydrogeological factors, including
lithology, soil texture, and slope. Results show significant spatial variability:
high recharge occurs in the southern and eastern sub-basins, where coarse,
permeable sediments are present, while the northern and western regions, with
shale and dolomite formations, exhibit low recharge. GRACE-derived ground-
water storage anomalies indicate interannual variability across the Mandera
sub-basin, with interannual variability driven by episodic rainfall events. Alt-
hough Mann-Kendall trend analysis reveals a weak positive trend (7= 0.134,
p = 0.398), it is not statistically significant and likely reflects short-term cli-
matic variability rather than long-term aquifer recovery. The study demon-
strates that integrating GIS-based recharge modeling with satellite observa-
tions provides a dependable, transferable framework for assessing groundwa-
ter variability in data-scarce arid regions, supporting evidence-based water
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management and planning.
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1. Introduction

Groundwater is the primary freshwater resource in Arid and Semi-Arid Lands
(ASALs), where surface water is limited, episodic, or absent. In these regions, ground-
water sustainability depends on the balance between highly variable recharge pro-
cesses and increasing extraction driven by population growth, livestock needs, and
climate variability [1] [2]. Throughout Sub-Saharan Africa, groundwater provides
a significant portion of domestic and livestock water needs and is vital for drought
resilience and long-term water security [3] [4]. Despite this dependence, quantita-
tive assessments of groundwater recharge, storage dynamics, and sustainable yield
arelimited in many ASAL areas due to sparse monitoring networks and complex
hydrogeologic conditions [5].

Kenya is classified as a water-scarce country, with renewable freshwater availa-
bility below 1000 m’ per capita. Water stress is most severe in northeastern Kenya,
where recurrent droughts, high potential evapotranspiration, and the lack of per-
ennial surface water systems make groundwater the main reliable water source. In
Mandera County, borehole failures and increasing abstraction demand have risen
during recent droughts, signaling growing pressure on local aquifer systems [6].
However, groundwater resources in the Mandera sub-basin have not been system-
atically assessed at the basin level, and existing evaluations mainly depend on point-
based borehole data [7].

Estimating groundwater recharge and storage in ASAL environments is meth-
odologically difficult. Recharge primarily occurs through episodic rainfall events,
focused infiltration along alluvial systems, and preferential flow pathways, leading
to significant spatial variability [1] [8]. Conventional physically based groundwa-
ter models need extensive hydrogeological parameterization and long-term calibra-
tion data, which are often unavailable in data-scarce regions [9] [10]. As a result,
alternative methods that combine spatially distributed surface data with indirect
observations of subsurface changes are increasingly being used [6] [10].

Geographic Information Systems (GIS) offer an effective framework for inte-
grating spatial datasets relevant to recharge estimation, including rainfall, evapo-
transpiration, geology, soil texture, land cover, and topography [10] [11]. Multi-
criteria and water-balance-based GIS methods have been widely used in arid and
semi-arid regions to estimate both relative and absolute recharge and to identify

groundwater potential zones [12] [13]. While these methods enhance the spatial
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understanding of recharge processes, they do not directly address groundwater stor-
age dynamics.

Satellite gravimetry, particularly observations from the Gravity Recovery and
Climate Experiment (GRACE) and GRACE Follow-On missions, provides an in-
dependent means of quantifying temporal changes in terrestrial water storage, in-
cluding groundwater storage, at regional scales [14]-[16]. GRACE-derived ground-
water storage anomalies have revealed significant depletion trends in overexploited
aquifer systems worldwide. However, GRACE’s relatively coarse spatial resolution
requires integration with complementary datasets and modeling approaches to
support sub-basin-scale groundwater assessments, particularly in hydrogeologically
heterogeneous ASAL settings [6] [13].

Recent studies indicate that combining GIS-based recharge estimation with
GRACE/GRACE-FO mascon-derived groundwater storage observations and ab-
straction data can improve groundwater assessments by jointly constraining re-
charge and storage changes, within a consistent analytical framework [6]. Such
integrated approaches remain underapplied in African ASAL regions and are largely
absent in northeastern Kenya, where hydrogeological data limitations and trans-
boundary basin settings further complicate groundwater evaluation [6] [11].

This study addresses this gap by applying an integrated geospatial and remote
sensing framework to assess groundwater recharge and storage variability in the
Mandera sub-basin of northeastern Kenya. Rainfall-derived recharge is estimated
using a GIS-based inverse hydrogeologic-balance approach that incorporates cli-
matic, geological, and land-surface controls. Groundwater storage changes are es-
timated using GRACE/GRACE-FO mascon data (JPL RL06) satellite observa-
tions, corrected for soil moisture and surface water components, and converted
to groundwater storage variations using representative specific-yield estimates
[11] [14]. The results provide spatially explicit estimates of recharge and quantify
long-term trends in groundwater storage, thereby providing a transferable meth-
odological framework for groundwater assessment in data-scarce ASAL environ-

ments.

2. Materials and Methods
2.1. Study Area and Data Sources

The study was conducted in the Mandera sub-basin, located in northeastern Kenya
within the Ethiopia-Kenya-Somalia (ENN) transboundary basin. The region is char-
acterized by arid to semi-arid conditions, high potential evapotranspiration, epi-
sodic rainfall, and strong reliance on groundwater for domestic, livestock, and
drought-resilient water supply.

All spatial and temporal datasets used in this study were obtained from publicly
available sources. Precipitation data were derived from the Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS) dataset (v2.0), which provides
near-global rainfall estimates at 0.05" (~5 km) resolution [7]. Potential evapotran-
spiration data were sourced from the FAO CLIMWAT 2.0 database [3]. Monthly
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combined GRACE and GRACE Follow-On (GRACE-FO) Release 06 mascon To-
tal Water Storage Anomaly (TWSA) products were obtained from the NASA Jet
Propulsion Laboratory (JPL) Tellus portal. Digital elevation data were obtained
from the Shuttle Radar Topography Mission (SRTM) with a spatial resolution of
30 m. Soil texture data were gathered from SoilGrids, and land use/land cover data
were obtained from publicly available global land cover products. Lithological in-
formation was compiled from regional geological maps and published hydrogeo-
logical reports [15]. All spatial analyses were conducted using ArcGIS Pro (version
3.x, Esri Inc.) (Figure 1).
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Figure 1. Location of the Mandera sub-basin in northeastern Kenya within the Ethiopia-Kenya-Somalia
(ENN) transboundary basin.

2.2. Estimation of Groundwater Recharge

2.2.1. Conceptual Basis

Groundwater recharge in arid and semi-arid regions mainly happens through ep-
isodic high-intensity rainfall events, focused infiltration along temporary drainage
systems, and preferential percolation through permeable lithological units and
fracture networks [1]-[3]. In such environments, recharge varies greatly in space
and time and is often driven by short, intense hydrological pulses rather than steady
diffuse infiltration [2] [4]. Because long-term groundwater-level monitoring, tracer-
based recharge measurements, and calibrated physically based groundwater-flow
models are missing in the Mandera sub-basin, recharge was estimated using a spa-
tially distributed hydrogeologic index approach based on climatic water-balance
principles [5] [6]. Index-based and GIS-supported recharge estimation methods
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are common in data-scarce arid and semi-arid regions, where direct recharge meas-
urements are impractical [6]-[8].

The method combines effective rainfall with spatially variable infiltration con-
trols based on lithology, soil texture, and slope, which are identified as the main
factors influencing vertical percolation and groundwater recharge in sedimentary
basins [2] [7] [9]. Unlike purely relative groundwater potential mapping methods,
this framework provides quantitative recharge estimates (mm-yr™ and m*yr!) by
integrating a climatic water-balance component with a dimensionless hydrogeologic
transmissivity factor, scaled using conservative recharge coefficients that align with

semi-arid basin studies [3] [5].

2.2.2. Estimation of Effective Rainfall

Mean annual precipitation (P) was derived from the Climate Hazards Group In-
fraRed Precipitation with Stations (CHIRPS) v2.0 dataset (0.05° spatial resolution)
[7], which provides quasi-global rainfall estimates calibrated with station observa-
tions and is widely used in drought-prone African regions [1] [2]. Potential evap-
otranspiration (£7) was obtained from the FAO CLIMWAT 2.0 database, offering
long-term climatic normals for water balance studies [3]. Effective rainfall (7.),
representing the portion of rainfall potentially available for groundwater recharge
after atmospheric losses, was calculated using a water-balance method [4] [5], as

shown in Equation (1).
P =P-ET (1)

This formulation offers a conservative upper limit on evaporative losses, where
potential evapotranspiration can surpass actual evapotranspiration in water-scarce
arid environments [4] [5]. Effective rainfall values were limited to non-negative

numbers to prevent artificial recharge deficits.

2.2.3. Hydrogeological Infiltration Index
A dimensionless hydrogeological factor (H) representing infiltration capacity in
Equation (2) is calculated by a weighted linear combination of standardized the-

matic layers.
H =(wG)+(w,S)+(w,S!) (2)

where Grepresents lithology, Sis soil texture, S/is slope, and wi - ws are assigned
infiltration weights. To ensure reproducibility and reduce subjectivity in the as-
signment of thematic weights, a rule-based weighting scheme was adopted based
on the relative control of each factor on vertical percolation as documented in hy-
drogeological literature [6]. Lithology (G) and soil texture () were assigned higher
weights (0.35 each) because they directly control permeability, porosity, and hy-
draulic conductivity, which govern infiltration and storage capacity. Slope (/) was
assigned a slightly lower weight (0.30) as it primarily influences runoff generation
and residence time rather than subsurface flow properties [4] [6].

Each thematic layer was classified into five ordinal infiltration-suitability clas-

ses (1 = very low to 5 = very high); lithology classes were ranked based on perme-
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ability (e.g., shale = low, sand/gravel = high), soil texture based on grain size and
infiltration capacity (e.g., clay = low, sandy soils = high), slope based on runoff
potential (steep slopes = low infiltration, gentle slopes = high infiltration). The hy-
drogeological factor (/) was computed as a normalized weighted sum of these
standardized classes, ensuring that all inputs contribute consistently and that A
remains dimensionless and bounded between minimum and maximum suitability

values, as shown in Equation (3) below:

2 =1 (3)

2.2.4. Recharge Calculation
Mean annual groundwater recharge (R) was calculated by combining effective rain-

fall with the hydrogeological factor.
R, =B(F.xH) (4)

where: R, isthe mean annual groundwater recharge (depth, usually in mm/yr
or m/yr).

P, is effective rainfall (portion of precipitation available for recharge after evap-
otranspiration losses).

H is the hydrogeological infiltration factor (dimensionless index representing
the combined effects of lithology, soil texture, slope, and sometimes land cover).

B isan empirical scaling coefficient that adjusts the water-balance product
( Pg x H ) to a realistic estimate of actual recharge.

In Equation (4), fis an empirical recharge efficiency coefficient (dimensionless)
that represents the fraction of effective rainfall and hydrogeological potential that
actually contributes to groundwater recharge. It accounts for losses due to evapo-
transpiration, surface runoft, and preferential flow processes not explicitly repre-
sented in the index model [4] [8].

Based on published recharge studies in semi-arid sedimentary basins, long-term
recharge typically ranges from 2% to 15% of annual precipitation [4] [5] [10]. To
maintain consistency with this range and avoid overestimation, S was constrained
between 0.05 and 0.15, with a baseline value of 0.10 selected for the main analysis.
This midpoint value represents a conservative estimate appropriate for arid envi-
ronments where recharge is episodic and limited. This coefficient scaling helps pre-
vent systematic overestimation of recharge that can occur with purely index-based
methods [7] [8].

Raster map algebra was used to ensure pixel-level integration of all datasets. For
each raster cell, the volumetric calculation was performed as shown in Equation
(5) below:

Vc = Rd X Ac (5)
where V, is the recharge volume per cell (m*yr™'), R, is the recharge depth

(myr')and 4, isthe cell area (m?). Total basin recharge is calculated using Equa-

tion (6) by summing all cell volumes within the basin:

Rbasin = Z::l ch,i (6)
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The recharge coefficient values (R/P) were compared with published recharge
estimates from semi-arid East African basins to ensure physical plausibility [5] [11].
The resulting basin-average recharge fell within accepted semi-arid recharge ranges,

reducing the likelihood of systematic bias.

2.3. GRACE-Based Groundwater Storage Analysis

2.3.1. GRACE and GLDAS Data Processing

Monthly combined GRACE and GRACE Follow-On (GRACE-FO) Release 06 mas-
con Total Water Storage Anomaly (TWSA) products were obtained from the NASA
Jet Propulsion Laboratory (JPL) Tellus portal. The dataset provides a continuous
time series from April 2002 to 2024, combining observations from the original
GRACE mission (2002-2017) and the GRACE-FO mission (2018-present), with a
short data gap between missions. The mascon solutions have an effective spatial
resolution of approximately 0.5° (~55 km). JPL-provided scaling (gain) factors were
applied to correct for signal attenuation and leakage effects inherent in GRACE/
GRACE-FO mascon data (JPL RL06) processing [12] [14]. Soil moisture storage
anomaly (SMSA), surface runoff (Qs), and canopy water storage anomaly (CWSA)
data were obtained from the Global Land Data Assimilation System (GLDAS) Noah
model version 2.1 at 0.25° resolution [11]. These datasets were temporally aligned
with GRACE observations.

GRACE/GRACE-FO mascon data were spatially aggregated to the Mandera sub-
basin by applying an area-weighted averaging approach. The basin boundary was
overlaid on the mascon grid, and for each time step, the basin-average Total Water
Storage Anomaly (TWSA) was computed as the weighted mean of all intersecting
mascon cells, with weights proportional to the fraction of each grid cell falling within
the basin. This approach preserves the native resolution of the GRACE mascon
data and avoids artificial spatial disaggregation. Groundwater Storage Anomalies
(GWSA) were computed using the residual method by disaggregating GRACE/
GRACE-FO TWSA into water storage components [12]

GWSA=TWSA—(SMSA+Q, + CWSA) (7)

All terms represent basin-averaged monthly anomalies expressed as equivalent
water height. This formulation follows established GRACE-based groundwater
assessment methods [17]. GRACE-derived anomalies (mm equivalent water height)
were converted to volumetric groundwater storage change, calculated using Equa-
tion (8):

AGWSA = Ahx A (8)

where: A/ = equivalent water height change (m), A = basin area (m?).

The groundwater storage anomalies were also used to calculate the volumetric
groundwater storage change by scaling the equivalent water height by the sub-basin
area. Groundwater level changes (AA) were estimated using representative aquifer-

specific yield values (S)):
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)

Specific yield (S)) values were selected based on commonly reported properties
of sedimentary aquifers, with unconsolidated sands typically exhibiting higher
drainable porosity than fractured sandstones. Representative ranges include un-
consolidated sands (S, = 0.15 - 0.25) and fractured sandstones (S, = 0.05 - 0.15),
consistent with published hydrogeological compilations of specific yield for dif-
ferent lithologies [11]. For the basin-scale approximation, a representative value
of §,=0.15 based on regional hydrogeological studies of unconsolidated sedimen-
tary aquifers in northeastern Kenya [11] was used to convert equivalent water-
height changes into an approximate water-table decline. This conversion primar-
ily reflects unconfined aquifer behavior; confined aquifer storage changes are gov-
erned by storativity rather than specific yield and may not translate directly to

water-table decline [11].

2.3.2. Trend Analysis of Groundwater Storage

Long-term trends in groundwater storage anomalies were evaluated using the
Mann-Kendall test, a nonparametric method widely used for detecting monotonic
trends in hydrological time series [15]. To reduce short-term variability and serial
correlation inherent in monthly GRACE/GRACE-FO data, the groundwater stor-
age anomaly time series was aggregated to annual averages for the period 2003-
2024, resulting in n = 22 observations. The Mann-Kendall test was then applied to
this annual time series. The test does not require the data to follow a normal dis-
tribution and is robust to missing values and outliers, making it suitable for satel-
lite-derived groundwater datasets.

The Mann-Kendall statistic (7) was computed for the monthly Groundwater
Storage Anomaly (GWSA) time series to determine whether a statistically signif-
icant increasing or decreasing trend exists over the study period. The magnitude
of the detected trend was estimated using Sen’s slope estimator, which computes
the median rate of change across all pairs of observations in the time series [16].
Sen’s slope provides a robust estimate of the annual groundwater storage change
expressed in millimeters per year (mm-yr™) of equivalent water height. The com-
bined application of the Mann-Kendall test and Sen’s slope estimator provides both
the statistical significance and magnitude of groundwater storage trends, allowing

assessment of long-term aquifer depletion within the Mandera sub-basin.

3. Results

3.1. Groundwater Recharge Estimation

Applying the climatic water-balance formulation (Equation (1)) produced basin-
wide estimates of effective rainfall (Z.), which represents the portion of precipita-
tion potentially available for groundwater recharge after atmospheric losses. The
analysis shows that only a small part of annual precipitation contributes to possi-

ble recharge due to high evaporative demand typical of semi-arid climates. Poten-
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tial evapotranspiration greatly offsets precipitation across most of the Mandera
sub-basin, limiting the amount of effective rainfall available for infiltration. As
a result, effective rainfall varies significantly across the basin, influenced by local
precipitation patterns and evapotranspiration gradients. Areas in the southern
and eastern parts of the basin, with relatively higher rainfall and lower evapora-
tive losses, have higher effective rainfall than the northern and western regions.
The spatial distribution of effective rainfall across the basin is shown in Figure
2.
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Figure 2. Spatial distribution of effective rainfall derived from mean annual precipitation
and evapotranspiration.

3.2. Hydrogeological Controls and Spatial Distribution of
Groundwater Recharge

The hydrogeological infiltration index (H), calculated using Equation (2), com-
bines lithology, soil texture, and slope to depict the spatial variability of infiltration
capacity across the Mandera sub-basin. Lithology and soil texture have the strong-

est effect on infiltration because they control permeability and hydraulic conduc-
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tivity, while slope influences the partition between surface runoff and infiltration
by regulating the duration that rainfall remains on the land surface.

Combining effective rainfall with the hydrogeological infiltration index produced
spatially distributed estimates of groundwater recharge across the basin. The anal-
ysis indicates that recharge is highest in the southern and eastern sectors, where
permeable sediments and favorable infiltration conditions prevail. In contrast,
northern and western areas show limited recharge due to low-permeability litho-
logical formations. The spatial distribution of estimated groundwater recharge is
presented in Figure 3.

Comparing recharge distribution with existing groundwater abstraction points
reveals a spatial mismatch between borehole locations and areas with high re-
charge potential. Several boreholes are located in zones characterized by low re-
charge capacity, which may contribute to localized groundwater stress. The rela-
tionship between recharge zones and borehole locations is illustrated in Figure 4

(Table 1).
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Figure 3. Spatial distribution of estimated groundwater recharge in the Mandera sub-basin.
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Spatial Distribution of Potential Groundwater Recharge
and Drilled Borehole Yields in the Mandera Sub-Basin -
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Figure 4. Relationship between estimated groundwater recharge zones and borehole loca-
tions in the Mandera sub-basin, highlighting areas where groundwater abstraction points
occur relative to recharge potential.

Table 1. Hydrogeological recharge zones in the Mandera sub-basin.

Recharge Borehole Dominant Representative Hydrogeological
Zone Distribution (%) Lithology Formations/Units Characteristics

Dolomites, shales, Bajocian-Upper Jurassic (Posidonia Low permeability; confined to

Very Low . Shales, Kambe Oolitic Limestone—  semi-confined aquifers; localized
38.7% fine-grained . . . .
Recharge Zone J2; J3 Shales; Tithonian-Neocomian recharge along riverbanks (Daua &
sandstones .
Mandera Series) Laah Boor)
Colluvial sands,
Low Recharge interbedded Marginal Bajocian-Upper Jurassic ~ Limited infiltration; recharge via
19.35% . . . .
Zone shale-limestone units and colluvial deposits fractures and ephemeral runoff
sequences
Pebble sheets, red Moderate t
Moderate e. € sheets, Te Holocene continental sediments oderate ransrr.uss1v.1ty
29.03% soils, and old surface . secondary porosity; diffuse
Recharge Zone . (Garissa area) . .
formations infiltration
High permeability; unconfined
High Recharge Coarse sands and  Elwak Sands (Pleistocene, g. P . 7
12.9% . aquifers; direct recharge from
Zone gravels Quaternary sediments)

rainfall and stream infiltration
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3.3. Groundwater Storage Dynamics from GRACE Observations

3.3.1. Groundwater Storage Anomalies

Groundwater storage anomalies were derived from the combined GRACE/GRACE-
FO mascon time series (2003-2024), ensuring continuity across both satellite mis-
sions. Analysis of GRACE-derived Total Water Storage Anomalies shows substan-
tial interannual variability, with a weak and statistically non-significant long-term
trend (Figure 5). From 2003 to 2024, groundwater storage has exhibited a persis-
tent downward trend, with partial rebounds during periods of above-average rain-
fall, such as in 2018. Although GRACE/GRACE-FO data provide basin-scale av-
erages, comparison with spatial patterns of abstraction and recharge suggests that
observed storage declines are likely influenced by areas of higher groundwater use,
particularly in the southern and central parts of the basin.

Groundwater Storage Anomalies (GWSA), derived using the residual water-
balance method (Equation (7)), further confirm this trend. Observed GWSA values
range between -0.40 m and -0.63 m of equivalent water height, indicating ongoing
basin-wide groundwater depletion throughout the observation period. The spatial
pattern of groundwater storage anomalies is presented in Figure 6, and the temporal
evolution of TWSA during the study period is shown in Figure 5.

Temporal Variability of GRACE-Derived Total
Water Storage Anomalies
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Figure 5. Temporal variability of GRACE-derived Total Water Storage Anomalies (TWSA)
in the Mandera sub-basin from 2003-2024, showing multi-year fluctuations associated with
climatic variability.

3.3.2. Trend Analysis Using the Mann-Kendall Test

The Mann-Kendall trend analysis was performed on the annual groundwater stor-
age anomaly time series (n = 22) derived from aggregated monthly GRACE/GRACE-
FO data. The results indicate a weak positive trend in groundwater storage anom-
alies over the study period. The Mann-Kendall test produced a statistic of §= 31
with Kendall’s tau (7) = 0.134, suggesting a slight upward tendency in groundwa-
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ter storage anomalies. The standardized test statistic (Z = 0.85) corresponds to a
p-value of approximately 0.40, which is greater than the significance threshold of
0.05. This indicates that the detected trend is not statistically significant at the 95%
confidence level.

GRACE-derived groundwater storage anomalies
(GWSA)
N
g oHullol g
5 Arda Sarbicha 4‘7;
' ST S halalio TG
°Qumbiso GSorohind Maera
oLibehya Boydler Posy
¢fi Hosle
S
Qlari
4 eWaragalla >
1= =1
N N
) JElele &
.Wargadud
Shindir
oFatuma
Fincharo
JDunto
Legend
Z | oSerman ® Towns z
8 3
& JDambas [] Sub-basin boundary | |&
GWSA (m)
Tarbaj oM
° 0.4
-0.6
| Wagalla
G sl Wajir Bor
anyure i
" eracon 75 oGerille 150 2
| ey Kilometers =
40°E ' 40°50E H1°40E

Figure 6. Basin-averaged groundwater storage anomalies derived from GRACE/GRACE-
FO mascon data (coarse spatial resolution).

The magnitude of the trend estimated using Sen’s slope was 1.12 mm per year,
indicating a slight increase in groundwater storage anomalies during the study
period. However, given the lack of statistical significance, the observed increase may

reflect natural interannual variability rather than a persistent long-term trend.

Table 2. Mann-Kendall trend test and Sen’s slope results for GRACE/GRACE-FO-derived
groundwater storage anomalies in Mandera County (2003-2024).

Parameter Value
Number of observations (n) 22
Mann-Kendall S statistic 31

Kendall’s tau (7) 0.134
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Continued
Z statistic 0.85
p-value 0.398
Sen’s slope 1.12 mm/year
Trend direction Increasing
Statistical significance (a = 0.05) Not significant

The statistical results confirm a weak upward trend in groundwater storage
anomalies, although it is not statistically significant at the 95% confidence level
(Table 2).

The observations indicate episodic declines in groundwater storage associated
with drought periods; however, the Mann-Kendall analysis does not show a statis-

tically significant long-term trend.

3.3.3. Estimated Water Table Decline

Groundwater Storage Anomalies (GWSA) were converted into equivalent ground-
water-level changes using a typical specific yield value of S, = 0.15 (Equation (9)).
This conversion provides an approximate measure of water-table fluctuations as-
sociated with observed storage changes during the study period. The results show
that groundwater levels across the Mandera sub-basin dropped by approximately
-1.84 m to -2.87 m. The spatial distribution of the estimated water-table changes
generally reflects the pattern seen in the GWSA results, indicating a consistent
link between regional groundwater storage depletion and groundwater-level de-
cline.

The most significant drawdowns occur in the southern and midwestern regions
of the basin, where groundwater extraction is more intensive, and recharge con-
ditions are relatively limited. In contrast, smaller declines are seen in the basin’s
northern and eastern areas. These spatial patterns show localized zones of increased
groundwater stress that may be linked to concentrated pumping for domestic use,

livestock watering, and small-scale irrigation (Figure 7).

3.3.4. Sensitivity Analysis of Recharge Estimates
To evaluate the sensitivity of recharge estimates to key assumptions, a simple un-
certainty analysis was conducted by varying the empirical recharge coefficient (/)
and specific yield ($;) within plausible ranges reported for semi-arid sedimentary
aquifers [17]. Recharge was recalculated using Bvalues of 0.05 (lower bound), 0.10
(baseline), and 0.15 (upper bound). The results indicate that basin-average re-
charge varies proportionally with S, producing an estimated range of approxi-
mately:
e Lower bound (S = 0.05): ~0.9 mm-yr™".
e Baseline (5= 0.10): ~1.8 mm-yr.
e Upper bound (= 0.15): ~2.7 mm-yr .

This range demonstrates that recharge estimates are moderately sensitive to the

choice of S, though all values remain within typical semi-arid recharge limits. Sim-
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ilarly, groundwater-level change estimates derived from GRACE/GRACE-FO mas-
con data (JPL RL06) were evaluated using a range of specific yield values (S, = 0.05 -
0.25), reflecting variability between fractured and unconsolidated sedimentary aq-
uifers. The resulting estimated groundwater-level decline ranges from approx-
imately (Table 3):

Spatial distribution of GRACE-derived water table depth
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Figure 7. Spatial distribution of estimated groundwater-level changes across the Mandera
sub-basin derived from groundwater storage anomalies (GWSA) using a representative spe-
cific yield of S,= 0.15.

e 5,=0.25-> smaller decline (~1.1 - 1.7 m).
e 5,=0.15-> baseline (~1.8 - 2.9 m).
e 5,=0.05- larger decline (~5 - 8 m).

These results indicate that groundwater-level estimates are highly sensitive to
assumptions about specific yield, highlighting the importance of constraining aq-
uifer properties where possible. The sensitivity analysis indicates that uncertainty
in S and specific yield can significantly influence recharge and groundwater-level
estimates; however, the adopted parameter ranges ensure that results remain within

physically realistic bounds for semi-arid sedimentary basins.
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Table 3. Summary of groundwater characteristics and trends across the Mandera sub-basin.

Parameter Observed Range/Value Spatial Pattern Interpretation
Higher in the southern sector, Recharge distribution is primarily
Recharge (mm/yr) ~18 mm/yr moderate in the east, and lower in the controlled by lithology, topography,

Groundwater

Storage Anomaly Sen’s slope = 1.12 mm/yr

(GWSA) (mm)

northern parts of the basin and infiltration conditions

Weak increasing tendency in
Basin-wide variability with localized & ¥ )
. groundwater storage anomalies; trend
fluctuations

Statistical trend Mann-Kendall: S = 31,
7=0.134, p = 0.398 (not significant)

not statistically significant, suggesting
largely stable storage with interannual

variability
Decline corresponds with areas of Declining water levels indicate localized
Water Table ) . ] ] )
—1.84 to -2.87 higher groundwater use and recharge  aquifer stress, likely associated with
Change (m) o 8 ; yamosiec W
variability abstraction and climatic variability

4. Discussions

The results demonstrate that groundwater recharge in the Mandera sub-basin is
highly spatially heterogeneous and primarily controlled by lithology, soil texture,
and slope. Southern and eastern sectors, dominated by coarse sands and Quater-
nary sediments, exhibit higher infiltration and recharge due to favorable hydraulic
conductivity, porosity, and gentle slopes. In contrast, the northern and western
regions, underlain by Jurassic shales and dolomitic formations, display limited re-
charge potential, as low-permeability units promote runoff and restrict vertical
percolation. Recharge is largely episodic, occurring during intense rainfall events
and along ephemeral drainage systems such as the Daua River. These findings
confirm that the sub-basin operates under a recharge-limited regime and are con-
sistent with observed spatial patterns of effective rainfall and hydrogeological suit-
ability, which have been widely documented in arid and semi-arid aquifer systems
across Africa [1] [2].

GRACE/GRACE-FO satellite analysis indicates a multi-decadal decline in ground-
water storage anomalies ranging from —0.40 m to —0.63 m across the basin. These
results correspond with estimated groundwater-level declines of approximately
—1.84 m to —2.87 m. The decline correlates with prolonged droughts between 2009
and 2015. Despite this decline, the degree of depletion varies spatially, indicating
localized stress rather than uniform basin-wide groundwater exhaustion. Mann-
Kendall trend analysis indicates a weak, statistically non-significant upward trend
(7=0.134, p = 0.398), likely reflecting interannual climatic variability rather than
sustained aquifer recovery. Similar patterns of climate-driven groundwater varia-
bility have been observed in several African aquifers where episodic recharge events
dominate long-term storage dynamics [17]. The spatial variability in recharge and
localized groundwater depletion highlights the importance of evidence-based
groundwater management strategies that account for hydrogeological heteroge-
neity. Mapping high-recharge zones can help identify priority monitoring well lo-
cations and potential sites for recharge enhancement, while GRACE/GRACE-FO-
derived Groundwater Storage Anomaly (GWSA) observations provide an early
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indication of long-term aquifer stress.

The groundwater storage patterns observed in the Mandera sub-basin are broadly
consistent with GRACE-based groundwater studies conducted in other arid and
semi-arid regions of Africa. For example, GRACE satellite analyses in the Sahel
region have shown that groundwater systems often exhibit strong interannual var-
iability driven by episodic rainfall and multi-year drought cycles rather than con-
sistent long-term monotonic trends [18]. Similar findings have been reported for
the Niger Basin, where GRACE-derived terrestrial water storage anomalies reveal
alternating periods of depletion and recovery associated with climatic variability
and land-use changes [5]. In the East African Rift System, satellite-based gravim-
etry studies have also documented spatially heterogeneous groundwater responses,
with localized abstraction and hydrogeological controls leading to uneven storage
changes across basins [6]. Compared with these regional studies, the Mandera sub-
basin shows a comparable pattern of moderate storage decline combined with short-
term climatic variability, reinforcing the interpretation that groundwater dynamics
in arid African basins are primarily governed by episodic recharge events, hydroge-
ological heterogeneity, and localized abstraction pressures.

The spatial distribution of boreholes relative to recharge zones shows a signifi-
cant mismatch between groundwater abstraction points and areas with high recharge
potential. This indicates that water scarcity in parts of the Mandera sub-basin may
be more affected by poor borehole siting and infrastructure layout than by actual

groundwater resource limits.

5. Study Limitations

While the integrated framework provides useful insights into groundwater dynam-
ics in the Mandera sub-basin, several limitations should be acknowledged. First,
the effective spatial resolution of GRACE/GRACE-FO satellite data is relatively
coarse compared with the scale of local aquifer systems, potentially smoothing
localized groundwater variations. Therefore, the resulting groundwater storage
anomalies represent basin-scale averages and do not resolve local-scale variability
within the sub-basin. Therefore, all interpretations of groundwater storage change
are limited to regional trends rather than site-specific conditions. Second, the re-
sidual approach used to estimate groundwater storage anomalies relies on GLDAS
model outputs for soil moisture and surface water components, which introduce
additional uncertainty into the groundwater estimates. Despite these limitations,
GRACE/GEACE-FO mascon observations provide one of the few reliable means
of monitoring regional groundwater storage changes in data-scarce regions, and
when combined with GIS-based recharge modeling, they offer a valuable tool for
supporting groundwater assessment and management in arid and semi-arid envi-

ronments.

6. Conclusions

This study developed and applied an integrated geospatial framework to assess
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groundwater recharge, storage dynamics, and resource sustainability in the Man-
dera sub-basin of northeastern Kenya. The approach combines GIS-based recharge
modeling, satellite gravimetry from GRACE and GRACE Follow-On missions,
and hydrogeological analysis to evaluate groundwater conditions in a data-scarce
arid environment.

The results indicate that groundwater recharge in the Mandera sub-basin is spa-
tially heterogeneous and generally low, with an estimated basin-average recharge
of approximately 1.8 mm yr™*. Recharge is highest in the southern and eastern sec-
tors of the basin, where permeable Quaternary sediments, gentle slopes, and rela-
tively higher rainfall promote infiltration. In contrast, northern and western areas
dominated by shale and dolomitic formations exhibit limited recharge due to low
permeability and higher runoff potential. These findings confirm that groundwa-
ter replenishment in the basin is largely episodic and strongly controlled by hydro-
geological conditions.

Analysis of the groundwater storage anomalies shows substantial interannual
variability associated with climatic fluctuations, particularly drought periods and
episodic rainfall events. Although the time series indicates localized groundwater
depletion and estimated water-table declines of approximately 1.8 - 2.9 m in some
parts of the basin, Mann-Kendall trend analysis reveals only a weak and statistically
non-significant long-term trend in groundwater storage.

From a management perspective, the results highlight a spatial mismatch be-
tween existing borehole locations and areas with higher recharge potential. This
suggests that groundwater stress in parts of the basin may be influenced more by
borehole siting and infrastructure distribution than by absolute groundwater scar-
city. The integrated framework presented in this study demonstrates the value of
combining remote sensing and geospatial analysis for groundwater assessment in
data-limited arid regions and can support evidence-based planning, monitoring,
and sustainable groundwater management across similar ASAL environments.

Future research should focus on improving the temporal and spatial resolution
of groundwater monitoring to complement GRACE satellite observations. Integrat-
ing high-resolution local data from observation wells, soil moisture sensors, and
streamflow measurements would refine recharge estimates and reduce uncertain-
ties in storage dynamics. Climate variability and projected changes in rainfall pat-
terns should be incorporated into assessments of the potential impacts of droughts

and extreme events on groundwater sustainability.
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