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a b s t r a c t 

Mapping groundwater potential zones in a semi-arid region is crucial for sustainable water management. 

This study used remote sensing and GIS-based AHP to identify groundwater potential zones in the semi- 

arid district of Garowe, Puntland, Somalia. Nine thematic layers related to groundwater influencing factors 

were generated using both conventional and satellite-based data. These include rainfall, geology, slope, 

lineament density, soil, land use/land cover, drainage density, and the normalized vegetation index el- 

evation. Saaty scale values for the thematic layers and their classes were determined based on expert 

opinions and the literature. Thematic maps were integrated according to their weights and rates to gen- 

erate a potential zone map through ArcGIS’s weighted overlay analysis (WOA) function. The WOA cate- 

gorizes potential groundwater zones into five levels: abysmal (12.83%, 1116.8 km ²), poor (23.77%, 2069.9 

km ²), good (27.48%, 2383.5 km ²), perfect (28.11%, 2446.9 km ²), and excellent (7.87%, 685.16 km ²). The val- 

idation of these zones was conducted using 50 pre-existing data points from boreholes, hand-dug wells, 

and springs, with the accuracy evaluation performed via the kappa coefficient error matrix. The precise 

assessment and kappa statistics produced values of 80% and 74%, respectively, confirming the study’s re- 

liability. The groundwater potential zone (GWPZ) map was developed as a comprehensive geological tool 

to support effective groundwater planning and management, particularly during periods of scarcity. 

© 2026 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. This is an open 

access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Groundwater is the most important source of freshwater world- 

ide. ( Sutradhar et al., 2021a ). It functions as a reliable source of

ater for drinking, agriculture, and industry, offering several ad- 

antages over surface water, including broader accessibility, greater 

urability under dry conditions, and higher production potential. 

 Senanayake et al., 2016 ; Alshehri et al., 2024 ; Debela et al., 2025a ).

roundwater occurs in the saturated zone, which varies in thick- 

ess and depth, under the Earth’s surface. Fractures and voids ex- 
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sting in the rocks and unconsolidated materials provide a sub- 

tantial subterranean reservoir in which a portion of the precipi- 

ation is retained ( Subramani and Kamaraj, 2024 ; Subramani et al., 

024 ). > 97% of Earth’s water is found in the oceans. The remaining

% is conserved as freshwater in lakes, glaciers, ice caps, soil and 

ubsoil formations, the atmosphere, and the bodies of biotic or- 

anisms. Groundwater constitutes about 30% of the world’s fresh- 

ater resources and serves as a crucial source of drinking water 

 Verma and Patel, 2021 ; Tesfa and Sewnet, 2025 ). 

Climate change, population growth, and urbanization pose a 

ignificant threat to many countries, with the most pressing need 

ffecting those already experiencing water scarcity ( Kumar et al., 

016a ). One potential solution to this issue is to utilize groundwa- 

er, which is one of the most valuable natural resources in terms 

f ecological diversity, economic development, and human health 
of China. This is an open access article under the CC BY license 
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 Nigussie et al., 2019a ). In Sub-Saharan Africa, many cities, particu- 

arly in arid and semi-arid regions, depend on groundwater as their 

rimary water supply ( Abdullahi et al., 2023a ). Therefore, it is es- 

ential to develop a comprehensive understanding of groundwater 

ystems across both temporal and spatial dimensions. The World 

ank estimates that only 52% of the Somali population has access 

o a fundamental water supply, with 28% in rural areas and 83% 

n urban regions ( Hassan et al., 2021 ). In northeast Somalia, char- 

cterized by poor and unpredictable rainfall patterns, groundwater 

s the main source of water supply. The Garowe district, situated 

n northeast Somalia within the Nugal region, is characterized as 

emi-arid, with groundwater serving as its primary water source. 

n this area, groundwater provides approximately 90% of the to- 

al annual water supply for agriculture, domestic use, and indus- 

ry ( Hassan and Danert, 2021 ). Water scarcity in Garowe is due to

 lack of surface water resources, rapid population growth, poor, 

ater management strategies, and a lack of data on groundwater 

ources. 

In recent decades, the increasing demand for groundwater 

cross various industries has precipitated a sustained crisis, mak- 

ng it insufficient to satisfy the requirements of a growing pop- 

lation ( Araya et al., 2023a ). The rising demand underscores the 

rgent need for strategic management and rehabilitation efforts to 

acilitate sustainable use and support longer-term developmental 

oals. ( Adiat et al., 2012 ; Chowdary et al., 2013 ). Groundwater dis-

ribution and availability are determined by considering both lo- 

al hydrogeological and geological conditions. The most important 

ontrolling parameters, including lithology, landforms, lineaments, 

oil type, land use and land cover (LULC), slope, rainfall intensity, 

uantity, and infiltration rates, significantly influence groundwa- 

er occurrence and flow ( Athick et al., 2019a, 2019b ; Ndhlovu and 

oyessa, 2021 ). Identification of groundwater potential zones 

GWPZs) is crucial for the effective management, development, and 

llocation of water resources for irrigation, industry, domestic use, 

nd other purposes. Various methods and technologies can be em- 

loyed to delineate GWPZs and their corresponding characteristics. 

n recent years, remote sensing (RS) and geographic information 

ystems (GIS) have been widely used along with analytical hierar- 

hy process (AHP) to determine and delineate the area of prospec- 

ive groundwater zones ( Adiat et al., 2012 ; Nigussie et al., 2019b ;

dhlovu and Woyessa, 2021 ; Upadhyay et al., 2023 ; Diriba et al., 

024 ). Remote sensing offers reliable, economical, temporal, and 

pectral data over extensive and inaccessible regions ( Debela et al., 

025b ). Timely mapping and surveillance of the quantity and 

early extraction rates of groundwater resources are essential for 

ttaining sustainable groundwater management. Previously, the 

ost common method of groundwater mapping involved imple- 

enting field surveys, supported by geomorphic interpretation, ex- 

ert knowledge, and additional data processing. However, these 

echniques are expensive, time-consuming, and labor intensive. 

Remote sensing and geospatial data analysis provide an en- 

anced method for mapping groundwater resources, particularly 

egarding the pressing need for comprehensive data and evalua- 

ions of groundwater conditions ( Nigussie et al., 2019b ). Thus, re- 

ote sensing has emerged as an effective technique for evaluating, 

onitoring, and preserving groundwater resources ( Sreedevi et al., 

015 ; Balasubramani, 2018 ). Multiple thematic layers derived from 

atellite images, for instance, LULC, provide rapid and primary 

aseline indications on groundwater movement and determining 

ariables for availability ( Ban et al., 2015 ; Gómez et al., 2016 ). Ad-

itionally, rational conditions may also be overlaid on the maps 

f soils, geology, slope, drainage, and climatic data to delineate 

roundwater potential areas in a GIS setting ( Sutradhar et al., 

021b ). Precipitation is the dominant control of an area’s ground- 

ater potential, as it is the principal source of water in the hydro- 

ogical cycle ( Ibrahim-Bathis and Ahmed, 2016a ). Besides precipita- 
2

ion, the presence and flow of groundwater rely on the geological 

tructure ( Nigussie et al., 2019b ). Integrating GIS technologies and 

emote sensing data for investigating groundwater in areas with 

imited water supplies conserves both time and financial resources. 

This study attempts to provide a comprehensive understanding 

f GWPZs in the region by integrating various factors that affect 

roundwater recharge, occurrence, and movement, including slope, 

ULC, drainage density (DD), soil type, geology, lineament density 

LD), normalized difference vegetation index (NDVI), and rainfall, 

s shown in Table 5 . Numerous researchers have shown that the 

ntegration of remote sensing, GIS, and the analytical hierarchical 

rocess (AHP) successfully identifies GWPZs ( Sreedevi et al., 2015 ; 

eh et al., 2016a ; Berhanu and Hatiye, 2020a ; Pande et al., 2021 ).

his novel approach significantly favors proper observation and 

imely decision-making by policymakers and water planners. The 

HP approach can provide weights to the factors affecting ground- 

ater potential ( Golla et al., 2018 ; Andualem and Demeke, 2019a ; 

ju et al., 2021a ). Groundwater constitutes the primary source of 

ater supply for domestic consumption, industry, and agriculture 

n the study area; however, limited studies have been conducted 

or groundwater exploration ( Araya et al., 2023b ). At various lo- 

ations within this study area, boreholes drilled by international 

artners, local NGOs, and local authorities have yielded very low 

mounts or have dried up after a short period of use. Such cases 

re a direct indication of borehole drilling without adequate con- 

ideration of the surface and subsurface properties determining 

heir occurrences. Therefore, to meet the needs of a rapidly in- 

reasing population and urbanization, each nation must examine 

he possibility of recoverable groundwater deposits through the 

pplication of efficient technological methods. The Garowe district 

acks research in GWPZs, despite employing labor-intensive ap- 

roaches such as hydrogeology and seismic analysis. Thus, geospa- 

ial methods and remote sensing data could address the knowledge 

ap by evaluating the groundwater potential in the study region. 

apping and identifying the GWPZ in Garowe provides an excel- 

ent water resource management strategy. Prior to this research, 

he GWPZs in Garowe city had not been identified. The literature 

eview confirms the lack of research aimed at mapping groundwa- 

er potential areas, largely due to access, cost, and transportation 

hallenges. This research paper seeks to address the research gap 

n the study area by evaluating the groundwater potential zones 

f the Garowe district and contribute an advanced integrated wa- 

er resource management approach in the region. The specific ob- 

ective of this research is to identify the parameters controlling 

roundwater potential zones, prepare thematic layers/maps, over- 

ay these layers in GIS software, and finally validate the results us- 

ng available borehole data and past trends in the study area. 

. Material and methods 

.1. Description of the study area 

This research was conducted in the Garowe district of Punt- 

and, Somalia, located at latitudes 8 °4′ 40′ ′ −9 °5′ 20′ ′ N and longi- 

udes 48 °0′ 20′ ′ –49 °1′ 0′ ′ E ( Fig. 1 ) covering an area of 8702.3 km ².
arowe city serves as the administrative center of the Puntland 

tate of Somalia and is situated in a region surrounded by rugged 

errain and semi-arid landscapes. 

The region features a diverse array of physical landscapes, in- 

luding plains, steep gorges, flat-topped plateaus, and rugged high 

ountains. Elevation varies from 840 m to 280 m above sea level, 

radually decreasing toward the east and northeast, as shown in 

ig. 1 . In the highly elevated and steep catchment, gravity helps 

ater flow toward the stream channel, while in gently sloping 

atersheds, water is retained longer, increasing infiltration and 

roundwater recharge. The drainage pattern is dendritic, with main 
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Fig. 1. The location map of the study area. 

Table 1 

Data sources used in the study. 

Data Types Data Source Data type and 

acquisition data 

The function of 

the data 

Reference 

SRTM DEM (10 m) USGS Grid 22/5/2025 SL, DD, and EL, maps https://earthexplorer.usgs.gov/ 

Rainfall CRU TS v. 4.06/ 0.5 ° × 0.5 °/2014–

2024 

Rainfall map https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.06/ 

Soil data MOWRE and FAO Polygon/2023 Soil map https://storage.googleapis.com/fao- maps- catalog- data/uuid/ 

446ed430–8383–11db-b9b2–000d939bc5d8/resources/DSMW.zip 

Landsat 8 OLI/TIRS USGS 22/5/2025 LULC, LD, and NDVI 

maps 

https://earthexplorer.usgs.gov/ 

Geological data USGS and MOWRE Polygon 

1:250,000/2020 

Lithology map https://www.usgs.gov/centers/central- energy- resources- science- center/ 

science/world- geologic- maps 

Note: USGS – United States Geological Survey; CRU TS vs. 4.04 – Climatic Research Unit gridded Time Series version 4 data; MOWRE – Ministry of Water Resources and 

Energy; SL – Slope; DD – Drainage density; EL – Elevation; LULC – land use land cover; NDVI- Normalized Difference vegetation Index; LD – Lineament density. 
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ivers such as Major Maqarshe and Armalle originating in high- 

ltitude areas and flowing eastward to the Indian Ocean, joining 

umerous streams along the way. Garowe has a desert climate, 

ith summer days frequently reaching 38 °C—long, hot, and dry. 

inters are milder, with daytime temperatures ranging from 20 

o 30 °C and cooler nights. Rainfall is generally low, resulting in 

ry, dusty, and windy conditions, with limited vegetation, includ- 

ng shrubs and acacia trees, which are adapted to an arid environ- 

ent. 

.2. Data sources 

Table 1 lists the data sources. Landsat 8 Operational Land Im- 

ger/Thermal Infrared Sensor (OLI/TIRS) data for path 162 and row 

52 were downloaded on May 22, 2025, from the US Geologi- 

al Survey website. These data were used to generate lineament 

ensity (LD), normalized difference vegetation index (NDVI), and 

ULC maps for the study area. Geological data were updated us- 
3

ng information from the Ministry of Water Resources and Energy 

MOWRE) and used to develop the area’s lithological unit. The 

huttle Radar Topography Mission Digital Elevation Model (SRTM 

EM) with a spatial resolution of 10 m was obtained from the US 

eological Survey website (accessed on May 22, 2025). These data 

ere used to generate slope, drainage density, and elevation maps 

f the study area. Rainfall data from 2014 to 2024 were obtained 

rom the CRU TS v. 4.06 website, which provides high-resolution 

ridded data at 0.5 ° × 0.5 ° Soil data were obtained from the Min- 

stry of Water and Energy and updated with FAO soil data. These 

ata were used to determine the soil type. 

.3. Research methods 

Various criteria were employed to identify groundwater poten- 

ial zones. Raster maps of the relevant variables were generated 

sing GIS (version 10.8) and Envi (version 5.6) from remote sens- 

ng data. These thematic layers included land use/land cover, slope, 

https://earthexplorer.usgs.gov/
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.06/
https://storage.googleapis.com/fao-maps-catalog-data/uuid/446ed430-8383-11db-b9b2-000d939bc5d8/resources/DSMW.zip
https://earthexplorer.usgs.gov/
https://www.usgs.gov/centers/central-energy-resources-science-center/science/world-geologic-maps
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levation, NDVI, lineament density, drainage density, soil texture, 

nd geology. Atmospheric and radiometric corrections were ap- 

lied with the Semi-Automatic Classification Plugin. In GIS, pro- 

esses such as conversion, interpolation, categorization, reclassifi- 

ation, augmentation, and filtering were used to process the satel- 

ite data. Elevation data from the Shuttle Radar Topography Mis- 

ion Digital Elevation Model (SRTM DEM), with a 10 m × 10 m 

esolution, improved accuracy in both vertical and horizontal mea- 

urements. This data was used to produce an elevation map in Ar- 

GIS. The elevation information was then used to generate slope 

aster data for each grid cell by calculating the maximum rate 

f change between neighboring cells. Slope classes were classi- 

ed using the Slope Spatial Analyzer tool. Drainage density, in- 

erred from the slope data, was calculated to measure the spacing 

f stream channels, defined as the total stream length per unit area 

 Sar et al., 2015 ). The stream order was determined through flow 

ccumulation and flow direction operations in ArcGIS. The drainage 

ines were assessed by evaluating stream lengths greater than 10 0 0 

nits ("value > 10 0 0"), and drainage density (km/km ²) was calcu- 

ated as shown in Eq. (1) . 

D =
n ∑ 

i =1 

DI 

A 

(1) 

here Di is the total stream length in stream order i th (km), and 

 is the basin area (km2 ). Utilizing PCI Geomatics 2016, the Land- 

at 8 OLI/TIRS image (path 162, row 52), exhibiting 5% cloud cover, 

as extracted to compute the lineament density of the study re- 

ion. In recent years, high-resolution satellite imagery has proven 

o be an effective technique for mapping groundwater in arid and 

emi-arid regions. The thematic layer for lineament density (LD) is 

efined as the cumulative length of all identified lineaments rela- 

ive to the area of the catchment under consideration( Das, 2019a ). 

he calculation of lineament density was done using Eq. (2) . 

D =
n ∑ 

i =1 

(
Li 

A 

)
(2) 

here Li is the length of the ith lineament, �Li is the sum length of 

ll lineaments in kilometers, and A is the grid size in square kilo- 

eters. Lineament extraction was performed with random lines 

n various regions based on hillshade analysis. Subsequently, lin- 

aments were extracted using ArcMap 10.8. The manual extrac- 

ion of lineaments is more dependable than alternative automated 

echniques ( Alshehri and Abdelrahman, 2023 ). The geological, or 

ithological, thematic map of the study area was downloaded from 

SGS and updated with the latest (2015) geological maps of the 

arowe district from the Ministry of Water Resources and Energy, 

omalia (MOWRE, 2015). The ESRI land cover of Sentinel-2, at a 10- 

eter resolution, was used to determine the recent (2024) LULC 

ap of the study area. We obtained the soil map of the study area

rom FAO (2003) data and MOWRE’s Somalia soil map ( Table 1 ). 

 rainfall map of this research was created using the inverse dis- 

ance weighting (IDW) interpolation approach. The NDVI assesses 

he greenness of vegetation and serves as a strong indication of 

emporal changes in vegetation within a specific area. The NDVI 

ayer was created using the Near Infrared and Red bands in the 

aster Calculator of ArcGIS 10.8 Eq. (3) . 

 DV I = N IR − RED 

N IR + RED 

(3) 

here NIR represents the near-infrared band, whereas RED sig- 

ifies the red band in the reflectance values of the electromag- 

etic spectrum. Finally, the delineation of the groundwater po- 

ential zone involved converting all data layers into raster format, 

aintaining a uniform spatial resolution of 10 m × 10 m. The rel- 

tive importance of each element influencing groundwater poten- 

ial was assessed by a pairwise comparison of all features. Each 
4

ap was categorized using computed weights. The weighted over- 

ay module in ArcGIS 10.8 was used to create a groundwater po- 

ential map by integrating all thematic layers. The groundwater 

otential zones identified through GIS and RS techniques were as- 

essed against existing ground data from boreholes, springs, and 

and-dug wells to confirm the validity of the qualitative results. 

his enhanced confidence in the application of qualitative results 

erived from GIS and RS analysis. The overall framework for data 

rocessing and analysis is illustrated in Fig. 2 . 

.4. Multi-criteria decision-making methods 

A multi-criteria decision-making method is employed to eval- 

ate groundwater potential. It includes multi-influencing factor 

MIF), analytical hierarchy process (AHP), fuzzy logic (FL), fre- 

uency ratio (FR), certainty factor (CF), weights-of-evidence (WOE), 

nd index models (IM). In this study, the analytic hierarchy pro- 

ess (AHP) was used to identify groundwater potential zones 

 Murmu et al., 2019 ; Owolabi et al., 2020 ; Sahoo et al., 2024 ). The

HP method is a highly efficient decision-making tool, with consis- 

ently dependable results ( Andualem and Demeke, 2019b ). It min- 

mizes complex judgments into a series of pairwise comparisons 

nd then integrates the results. Moreover, AHP serves as an ef- 

ective instrument for assessing the consistency ratio of results to 

itigate biases in the decision-making process ( Saaty, 1990 ). 

.5. The analytical hierarchy process (AHP) 

The analytic hierarchy process (AHP) is an effective decision- 

aking approach for addressing complex problems. It is used to 

dentify potential solutions while analyzing multi-criteria decision- 

aking situations. This method provides the assessment of the rel- 

vance of various characteristics through pairwise comparisons, al- 

owing the AHP analysis to perform a significance test on the fea- 

ures ( Abdullahi et al., 2023b ). Saaty proposed mathematical equa- 

ions to determine the optimal solution in a multi-criteria analysis 

 Saaty, 1990 ). 

In this study, we used the mathematical principles of AHP and 

elated computational methods to create a matrix that expresses 

he relative values of a set of attributes. The approach consists of 

our steps: problem modeling and hierarchical structure formation, 

airwise comparison, weight evaluation, and weight aggregation. 

he current study employed AHP to determine the weights of fac- 

ors based on weight assignments and normalization, considering 

he relative contributions of various themes to groundwater oc- 

urrence ( Kumar et al., 2016b ). AHP employs a preference matrix 

o assess relevant criteria and consolidates the weights to ascer- 

ain the requisite weights for various criterion map layers. To use 

aaty’s scale of relative significance, the first step is to construct a 

airwise comparison matrix (PCM), as described by Saaty. Table 2 

llustrates the normalized weights following the importance rank- 

ng of each layer. Weights were allocated to the critical layers using 

he pairwise comparison technique. 

A senior hydrogeologist, a hydrologist from the Ministry of Wa- 

er Resources and Energy (WOWRE), the Puntland Water Develop- 

ent Agency (PWDA), and the local authority office were invited to 

stablish the relative significance of indicators using Saaty’s scale 

alues ( Table 2 ) for the construction of the pairwise comparison 

atrices. Furthermore, we meticulously examined several previ- 

us works to incorporate the perspectives of hydrologists and re- 

earchers; therefore, we constructed pairwise comparison matrices 

ith precision and assessed the significance of characteristics in- 

uencing groundwater occurrence. Satty’s nine-point significance 

cale ( Saaty, 1990 ), facilitated the derivation of the pairwise com- 

arison matrix. The relative significance values are assessed on a 

cale of 1 to 9 ( Table 2 ). Saaty (1990) , proposed a nine-point scale
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Fig. 2. Methodological framework for the research. 

Table 2 

Saaty’s relative significance scale. 

Scale Definition Explanation 

1 Equal importance Two elements contribute equally to the objective 

3 Moderate importance Experience and judgment slightly favor one element over another 

5 Strong Importance Experience and judgment strongly favor one element over another 

7 Extreme importance One element is favored very strongly over another; its dominance is demonstrated in practice 

9 Extreme importance The evidence favoring one element over another is of the highest possible order of affirmation 

2, 4, 6, and 8 Intermediate numbers 

Source: ( Saaty, 1990 ). 

5
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Table 3 

Satty’s scale of relative importance and RI. 

Number (N) 1 2 3 4 5 6 7 8 9 

Randomized Index (RI) 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 

Source: ( Saaty, 1990 ). 
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anging from 1.1 to 1.9 to assess options that indicate slight vari- 

tions ( Table 3 ). Each element was evaluated using a scale based 

n actual issues, taking into account the significance of each cri- 

erion in the occurrence of groundwater. Finally, a pairwise com- 

arison matrix ( n × n ) was generated based on the input factors 

 Table 6 ). Each entry indicates the influence of the row-relative on 

he column-factor. We compare the elements at each level of the 

atrix in pairs to determine their significance to the elements at 

he next higher level. Starting at the top of the hierarchy and pro- 

eeding downward, the pairwise comparison square matrices were 

onstructed so that all components inside the matrix are positive, 

s shown in Eq. (4) . 

A =
[
aij 

]
=

⎡ 

⎢ ⎣ 

a11 a21 .. a1 n 

a12 a22 .. a2 n 

. . . . . . .. .. 

a1 n a1 n .. ann 

⎤ 

⎥ ⎦ 

(4) 

here [aij ] > 0. The diagonal elements of the square matrix equal 

ne, because identical factors possess equivalent weight, as shown 

n Eq. (4) . Therefore, the upper and lower triangular matrices must 

e constructed by comparing the components with one another. 

q. (5) , as shown below, calculates the lower triangular matrix. 

aij =
1 

aij 

(5) 

Subsequently, the matrix is summed, and each element is di- 

ided by the sum of its column to obtain the normalized relative 

eight, as shown in Eq. (6) and Table 7 

w = ail ∑ n 
i =1 aij 

(6) 

here n stands for the number of elements in the column, and 

 is the normalized weight. Finally, the weights of the pairwise 

atrix are computed by averaging the normalized relative weights 

n each row for every class, adjusted by a factor corresponding to 

he higher hierarchy as described in Eq. (7) . 

W =
n ∑ 

j=1 

( w) ij 

n 

(7) 

.6. Calculation of the CI and CR 

The accuracy of groundwater zonation was evaluated using the 

onsistency index (CI) and consistency ratio (CR). The AHP con- 

istency ratio approach was used to assess the consistency of the 

eighted criterion layers. Saaty ( Saaty, 1990 ) proposed the consis- 

ency index (CI) as a measure of variation or degree of consistency, 

sing Eq. (8) . 

CL = λmax − N 

N − 1 

(8) 

here λmax is the maximum eigenvalue, and N is the order of 

he comparison matrix. Eq. (9) is used to determine λmax using 

eighted sum and priority: 

λmax =
( ∑ 

(
Weig hted sum or prio rity 

)
N 

) 

(9) 
6

here N is the order of the comparison matrix. Efficiency require- 

ents are assessed using the consistency ratio (CR) in Eq. (10) 

CR = Cl 

Ri 

(10) 

here RI represents the random consistency indices. Saaty 

 Saaty, 1990 ). provided the RI, as shown in Table 3 . When CR > 0.1,

here is evidence of an error in the ranking of the criteria/factors. 

s such, it needs to recalculate the relative importance of the ele- 

ents at stake. When CR is below 0.1, the overall weight assigned 

o each element is suitable for decision-making. 

.7. Weighted overlay analysis (WOA) 

A weighted overlay GIS model was used to identify suit- 

ble prospective areas for groundwater potential. The groundwa- 

er prospect zones were assessed using the groundwater potential 

ndex (GWPI), which was derived from the integration of all the- 

atic levels that affect groundwater. The ’weighted overlay anal- 

sis’ tool was used to calculate groundwater potential index val- 

es using Eq. (11) , provided by Malczewski Jacek (1999) . The GWPI 

alues were used to identify whether an area is excellent, very 

ood, good, poor, or very poor with respect to groundwater poten- 

ial ( Andualem and Demeke, 2019b ; Godif and Manjunatha, 2023 ; 

ohammed et al., 2025 ). 

GWPZ =
m ∑ 

j=1 

n ∑ 

i =1 

(
Wj ∗ Xi 

)
(11) 

Wj denotes the normalized weight of the j th theme layer, Xi 

epresents the rate value of each class on the j th layer, m signi- 

es the total number of thematic layers, and n represents the total 

umber of classes within each thematic layer. 

.8. Validation process 

The delineated groundwater potential zones, obtained using GIS 

nd RS approaches, were compared with existing ground data from 

oreholes, springs, and hand-dug wells in the study area to ver- 

fy the precision of the analysis. This would enhance trust in the 

se of qualitative data derived from GIS and RS analysis. The preci- 

ion of the designated zones is evaluated based on the total quan- 

ity of validation data and the total quantity of disagreement data. 

q. (12) was used to calculate the validation process of the ground- 

ater potential zones of this study 

GW PZ 

=
(

T otal no. of v alidation data − T otal no. of d isagreement d ata 

T otal no. of v alidation data 

)
×100% (12) 

. Results and discussion 

.1. Slope 

Slope refers to the rate of elevation change and is an essential 

actor in determining groundwater potential zones ( Das, 2019b ). 

roundwater recharge is directly influenced by slope, which de- 

cribes the degree of steepness or elevation variation between two 
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Fig. 3. Maps showing (a) slope (degree) and (b) reclassified slope. 
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oints. High-slope areas are unsuitable for groundwater recharge, 

esulting in increased runoff and soil erosion. In contrast, a gen- 

le and nearly flat slope allows for gradual water flow, provid- 

ng sufficient time for infiltration into the soil ( Ibrahim-Bathis and 

hmed, 2016b ). This study utilized the spatial analyst tools in Ar- 

GIS version 10.8 to generate the slope map ( Fig. 3 ) from the digi-

al elevation model (DEM) data. The slope map of the study area is 

ategorized into five classes using the natural breaks (Jenks) clas- 

ification method: (0–2.3 °) flat areas, (2.4–5.3 °) gentle areas, (5.4–

0 °) moderate areas, (11–17 °) high areas, and (18–48 °) steep areas, 

espectively, as shown in ( Fig. 3 a). The slope was divided into five

ategories to determine groundwater potential zones, as shown in 

able 5 and illustrated in Fig. 3 b. 

The Jenks classification thresholds method enables to decrease 

he variation within class whereas maximizing between-class vari- 

nce ( Ndhlovu and Woyessa 2021 ; Upadhyay et al. 2023 ). Approxi- 

ately 85% of this study encompasses flat to gently sloping terrain, 

llowing greater water infiltration than runoff. The slope reclassi- 

cation map indicates a reciprocal association between slope and 

roundwater production ( Yeh et al., 2016a ), with the gentlest slope 

lass (0–2.3) assigned the maximum weight of "5", whereas the 

teepest slope class (17–48) received the lowest weight value of 

1" ( Table 5 ). 

.2. Elevation 

The elevation of the study area represents the terrain’s rough- 

ess, and it is important for identifying potential groundwater 

ones. Low-elevation shallow areas often retain water for extended 

eriods, leading to increased water percolation. Areas with higher 

levations have elevated outflow and less infiltration. The research 

egion’s elevation ranges from 280 to 840 m above mean sea level, 

s shown in Fig. 4 a. Elevated altitudes are observed in the south- 

rn and western parts of the research area. In contrast, the east- 

rn and northern parts had relatively lower altitudes ( Fig. 4 a). The 
7

levation map was determined using the SRTM DEM, which has a 

patial resolution of 10 m, due to its precise vertical and horizontal 

ccuracy ( Deepika et al., 2013 ). Elevation is classified into five cat- 

gories based on altitude from mean sea level (MSL): 280–400 m, 

10–490 m, 500–580 m, 590–690 m, and 700–840 m within a 

IS environment. The elevation data were then reclassified into 

ve classes based on the suitability ranking of groundwater occur- 

ences using the reclassification tool in ArcGIS, Fig. 4 b, and Table 5 .

The suitability of groundwater decreased with increased eleva- 

ion. The lower topography retains more water than the elevated 

rea. Therefore, the maximum weight of 5 was assigned to low- 

levation regions, while the minimum weight of 1 was assigned to 

igh-elevation areas, as seen in the elevation reclassification map, 

ig. 4 b, and Table 5. 

.3. Land use land cover (LULC) 

Land use refers to human activities on land for various pur- 

oses, whereas land cover refers to the characteristics resulting 

rom land transformation. Remote sensing data primarily gather 

nformation on the land surface, which is crucial for determin- 

ng land use information. Land cover dynamics, climate change, 

nd the extreme demand for a significantly increasing population 

re worldwide issues with profound ramifications for human liveli- 

ood and systems ( Zewdie and Tesfa, 2023 ). The land use and land

over of the area have a great effect on both surface and sub- 

urface conditions, including soil erosion, soil moisture, soil fer- 

ility, surface runoff, infiltration, sedimentation, evapotranspiration, 

nd other entities ( Diriba et al., 2024 ). Vegetated surfaces, such as 

orests and agricultural land, retain water in plant roots, where ur- 

an and rocky terrains influence groundwater recharge by enhanc- 

ng runoff during precipitation ( Berhanu and Hatiye, 2020b ). There- 

ore, exploring the characteristics of the research area, LULC, is 

ssential for determining groundwater potential assessments. The 

ULC significantly influences several hydrologic processes, includ- 
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Fig. 4. Maps showing (a) Elevation and (b) reclassified elevation. 

Table 4 

Land-use/land-cover types and coverage of the study area. 

No. LU/LC Class Area (km2 ) Percentage (%) 

1 Bare ground 1044.57 11.99 

2 Built area 9.96 0.11 

3 Crops 2.54 0.03 

4 Rangeland 7655.93 87.86 

5 Trees 0.78 0.01 

6 Water 0.01 0 
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ng changing surface runoff dynamics, groundwater recharge, evap- 

transpiration, transpiration, infiltration, evaporation, and intercep- 

ion. Many watersheds are experiencing changes in land use and 

over due to population growth and other human-caused factors 

 Li et al., 2018 ; Riley et al., 2019 ; Berhanu and Hatiye, 2020a ). The

ULC map of this study has been generated and reclassified using 

andsat 8 OLI/TIRS and the maximum-likelihood algorithm. This 

nalysis identified six key land-use and land-cover units, includ- 

ng rangelands, bare ground, built areas, crops, forests, and water, 

s indicated in Fig. 5 a and Table 4 . The LULC map of this study has

een generated and reclassified using Landsat 8 OLI/TIRS and the 

aximum-likelihood algorithm Fig. 5 b 99.85% of the LULC of this 

tudy encompasses rangelands and bare lands, while the remain- 

ng 0.15% encompasses other land covers, specifically settlements, 

rops, and forests or trees, accounting for 0.11%, 0.03%, and 0.01% 

f the total area, respectively ( Fig. 5 and Table 4 ). 

Built and barren surfaces have less potential for retaining 

roundwater compared to vegetated areas, such as those covered 

y crops and forests ( Berhanu and Hatiye 2020a , 2020b ). The built-

p area constituted the land-use category with the least weight 

ompared to the other classifications. On the other hand, forests 

ave the highest rating due to decreased runoff, which increases 

he likelihood of groundwater recharge. Therefore, the maximum 

eight of 5 was allocated to forest regions, while the built area 

eceived the lowest score of 1, as seen in Table 5 . 
8

.4. Rainfall 

Precipitation is the main source of groundwater recharge, as it 

trongly influences the infiltration, hydrological cycle, and ground- 

ater potential ( Guddeti et al., 2024 ). It is designated as the main

torage of groundwater and governs its variations ( Andualem and 

emeke, 2019b ). Understanding the intensity and duration of pre- 

ipitation may provide the estimation and prediction of its impacts 

n runoff, infiltration, and groundwater recharge. The intensity and 

uration of precipitation have a substantial influence on ground- 

ater recharge. Short and intense precipitation causes less infil- 

ration and increased surface runoff, whereas prolonged, less in- 

ense rainfall increases infiltration rate relative to runoff ( Ibrahim- 

athis and Ahmed, 2016a ). The study area experiences a peculiar 

recipitation regime characteristic of its semi-arid state. The pri- 

ary rainy season, the Gu, occurs between April and June, and 

he study area receives its yearly precipitation, averaging approx- 

mately 76 to 100 mm. 

The second rainy season, the Deyr, occurs between October and 

ecember and is of lower intensity. A rainfall map was generated 

n ArcGIS using the Inverse Distance Weighting (IDW) interpola- 

ion technique on data sourced from CRU TS ( https://crudata.uea. 

c.uk/cru/data/hrg/ ), updated with data obtained from rain gauge 

tations. The technique used deterministic approaches, whereby 

DW calculates cell values by averaging the values of nearby sam- 

le points. The maximum precipitation occurred in the south- 

rn and eastern regions of the study area, whereas the mini- 

um was recorded in the western and northern regions, as il- 

ustrated in Fig. 6 a. The rainfall data were grouped into five cat- 

gories based on the suitability ranking for groundwater occur- 

ences using the reclass tool in ArcGIS ( Fig. 6 b and Table 5 . Re-

ions with increased precipitation have elevated recharge rates 

ompared to regions with less rainfall. The region with the max- 

mum precipitation was assigned a score of "5" while the re- 

ion with minimal rainfall received the lowest rating of "1" 

 Table 5 ). 

https://crudata.uea.ac.uk/cru/data/hrg/
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Fig. 5. Maps showing: (a) LU/LC and (b) reclassified LU/LC. 

Table 5 

Reclassification and rating of layer suitability for the identification of groundwater potential zones. 

Thematic 

Layers 

Description Reclassification values and layer suitability for identification of groundwater 

potential zones 

Source 

Ranking 1 2 3 4 5 

Classification Very poor Poor Moderate High Very High 

Elevation Mean above 

sea level (m) 

840 −700 690–590 580–500 490–410 400–280 Ally et al., 2024b ; Rahim et al., 2025 ; 

Tesfa and Sewnet, 2025 

Category Ver Low Low Moderate High Very High 

Slope Degree > 48 17–11 10–5.4 5.3–2.4 2.3–0 Rather and Andrabi, 2012 

Category Very steep Steep Moderate Gentle Flat 

Drainage 

density 

Value 

(km/km2 ) 

1.4–1.2 1.1–0.83 0.82–0.56 0.55–0.29 0.004–0.28 Nigussie et al., 2019a ; Alshehri and 

Abdelrahman, 2023 ; Diriba et al., 2024 ; 

Berhanu and Hatiye 2020a Category Very Low Low Moderate High Very High 

Geological 

units 

Types of 

Geological 

Units 

0 0 Tertiary Holocene Lavanya and Muthukumar, 2024 

Soil texture Soil types 0 Lithosols Gypsic 

Yermosols 

Calcic 

Yermosols 

Calcic Xerosols Ibrahim-Bathis and Ahmed, 2016a 

Category 0 Low Moderate High Very High 

Rainfall Value (mm) 76–82 83–88 89–92 94–96 97–100 

Lineament 

density 

Density 

(km/km2 ) 

1.6–1.3 1.2–0.94 0.93–0.63 0.62–0.32 0.31–0 Sar et al., 2015 ; Sahoo et al., 2024 ; 

Mishra and Singh, 2019 

Category Very High High Moderate Low Very Low 

LU/LC Type Built area Bare land Rangeland Crops trees Alshehri and Abdelrahman, 2023 ; Sahoo et al., 

2024 Category Very Low Low Moderate High Very High 

NDVI Degree −0.02–0.075 0.075–0.088 0.088–0.1 0.088–0.169 0.19–0.440 Alshehri and Abdelrahman, 2023 

Category Very Low Low Moderate High Very High 
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.5. Drainage density (DD) 

Drainage density (DD) refers to the closeness of stream chan- 

el spacing and is defined as the ratio of the cumulative length 

f stream segments of all orders to a unit area ( Berhanu and 

atiye, 2020b ). Drainage density was calculated using Eq. (1) . It 

s an essential variable in evaluating groundwater recharge and 

he availability of groundwater. It provides important details on 

he hydrological landscape, including infiltration and the underly- 

ng lithology ( Godif and Manjunatha, 2023 ; Khushi et al., 2023 ; 

lly et al., 2024a ). Higher drainage density promotes increased 
9

unoff via the fragmented channels, thereby decreasing the po- 

ential for ground infiltration and subsequent percolation. On the 

ther hand, areas with low drainage density provide less sur- 

ace runoff, resulting in increased infiltration and opportunities for 

roundwater recharging ( Jenifer and Jha, 2017 ; Thomas and Du- 

aisamy, 2018 ). Drainage density is inversely related to permeabil- 

ty, significantly influencing runoff dispersion and infiltration lev- 

ls. The Arc Hydro tool version 10.8 for ArcGIS retrieves and de- 

nes drainage networks using the Digital Elevation Model (DEM). 

n this research area, the DD varies from 0 to 1.4 km/km ² and is 

ategorized into five classifications: 0.004–0.28, 0.29–0.55, 0.56–
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Fig. 6. Maps showing (a) rainfall and (b) reclassified rainfall. 

Fig. 7. Maps showing (a) drainage density and (b) reclassified drainage density. 
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.82, 0.83–1.1, and 1.2–1.4 km/km ², as indicated in Fig. 7 a and 

able 5 . The drainage density in the study area has been divided 

o delineate groundwater potential zones ( Fig. 7 b and Table 5 ). Re-

ions exhibiting high drainage density (1.1 to 1.4 km/km ²) are con- 

idered unsuitable for groundwater presence, receiving a score of 

, whereas areas with low drainage density (0–0.28 km/km ²) are 

ategorized as extremely favorable for groundwater occurrence, as- 

igning a score of 5 ( Table 5 ). 
10
.6. Lineament density (LD) 

The presence of groundwater in rock formations is mainly af- 

ected by fractures and lineaments, as well as the pores within 

edimentary strata ( Debela et al., 2025b ). Lineaments signify ar- 

as with cracked and faulted features, which experience increased 

econdary porosity and permeability. Lineaments directly affect 

roundwater transport, as they signify the naturally occurring per- 
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Fig. 8. Maps showing (a) lineament and (b) reclassified lineament density. 
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eable zones within hard rock formations. The lineament den- 

ity in this study was determined using Eq. (2) , which is provided 

n the methodology section. Higher weights are allocated to ar- 

as with higher LD values due to the positive association between 

roundwater potential (GWP) and LD ( Rasool et al., 2020 ). The 

tudy characterizes lineaments as linear, rectilinear, and curved 

tructures of tectonic origin ( Fig. 8 ). The spatial resolution of a 

atellite image is essential for detecting lineaments; thus, a pro- 

essed DEM was used to extract lineaments. The features were 

anually retrieved by on-screen digitization in ArcGIS using a hill 

hade derived from DEM data. Many lineaments are aligned in 

outheast to northeast (SE-NE) orientation, like the regional MER 

lignment. The lineament map is then transformed into zones of 

arying lineament density, ranging from 0 to 1.6 km/km ² ( Fig. 8 a). 

levated lineament densities were observed in the southeastern 

egion, whereas decreased densities have been identified in the 

estern and central areas of the study area. We assign a higher 

core to areas with elevated lineament density as potential ground- 

ater zones. Lineament density is categorized into five groups and 

rioritized based on their appropriateness for groundwater accu- 

ulation ( Fig. 8 b and Table 5 ). 

.7. Normalized vegetation index (NDVI) 

The NDVI is used to evaluate the groundwater potential in spe- 

ific areas by estimating the level of health and density of veg- 

tation cover. The NDVI is a commonly used statistic for assess- 

ng vegetation cover, as it serves as an indicator of plant growth 

nd production. Due to the enhanced surface storage component, 

lants can capture rainwater on their leaves and branches, thereby 

ncreasing evapotranspiration and extending the duration required 

or soil recharging. The amount of solar radiation reflected by 

he vegetation cover is correlated with wavelength, chlorophyll 

oncentration, leaf internal structures, and plant moisture con- 

ent. Radar backscattering is used to assess surface roughness 

nd soil moisture content ( He et al., 2014 ; Snapir et al., 2014 ;

ansaray et al., 2017 ). The present study used the normalized 
11
ifference vegetation index (NDVI) obtained from Landsat 8 im- 

gery to create the NDVI map of the study areas, as illustrated 

n Fig. 9 a. The NDVI was calculated utilizing Eq. (3) as described 

n the methodology section. This study produced five NDVI classes 

 Fig. 9 b and Table 5 ). The lowest NDVI values (−0.046 to 0.089)

ere observed in large parts of the study area, including built ar- 

as, and received the lowest score 1, while the highest normalized 

ifference vegetation index (NDVI) values (0.18 to 0.43) were as- 

igned the highest score 5, as shown in Table 5 . 

.8. Geology 

Geology plays a crucial role in determining the occurrence of 

roundwater ( Aju et al., 2021b ). The permeability and porosity of 

arious rock types, including transitional alkaline and sub-alkaline 

asalts and rhyolites, affect runoff and infiltration rates ( Yeh et al., 

016b ). Rocks with high porosity and permeability allow water to 

enetrate through subsurface flows. Conversely, impermeable rocks 

bstruct infiltration and facilitate surface runoff ( Benjmel et al., 

020 ). This study identified two lithological layers: Qe (Holocene), 

ncluding unconsolidated sands, silts, and clays with variable water 

ermeability, and T (Tertiary), consisting of sandstones and lime- 

tones that facilitate water movement, as seen in Fig. 10 a. Tertiary 

eceived the maximum weight rank of "4", signifying its excellent 

roundwater potential, whereas Holocene was assigned a weighted 

alue of "3", showing it also has substantial groundwater potential 

 Table 5 ). 

.9. Soil texture 

Soil is the top layer of the Earth’s surface that serves as a 

edium for water percolation. It is an essential component for 

dentifying groundwater potential zones. The water retention ca- 

acity of an area depends on different soil types and perme- 

bility ( Kumar et al., 2016c ). The permeability of soil types de- 

ends on their texture. As a result, the soil types identified in the 

tudy region were adjusted from those listed in the FAO (2003) 
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Fig. 9. Maps showing (a) NDVI and (b) reclassified NDVI. 

Fig. 10. Maps showing (a) geology and (b) soil types. 
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lassification for this research to align with the USDA soil tex- 

ural classification. Soil largely influences infiltration and percola- 

ion processes, which subsequently impact groundwater recharge 

nd the groundwater potential of a specific area ( Berhanu and 

atiye, 2020a ). Alluvial soils increase recharge, thus enhancing 

he possibility for groundwater availability. Conversely, compacted 

oil conditions and fine-textured soils have less permeability, 

ence promoting surface runoff over subsurface flow ( Rukundo and 
12
oğan, 2019 ). This research identified the three soil types 

 Fig. 10 b). 

The Calcic Yermosols soil, characterized by the accumulation of 

alcium carbonate, CaCO3 , might affect the structure and move- 

ent of water within the soil. Calcic Yermosols have higher hy- 

raulic conductivity than Gypsic Yermosols because of their granu- 

ar structure and high porosity associated with the calcium carbon- 

te content. This high hydraulic conductivity will promote water 
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Table 6 

Pairwise comparison matrix of the selected thematic layers and their weights. 

Matrix Rainfall Geology Slope Drainage 

density 

Elevation LULC Lineament 

Density 

Soil types NDVI Normalized 

weight 

Normalized 

principal 

eigenvector 

Checking of 

consistency 

ratios (CR) 

Rainfall 1 3 3 5 5 5 7 5 7 0.286 28.65% 

Geology 1/3 1 1 2 3 6 5 5 5 0.156 15.66% λmax = 9.748 

Slope 1/3 1 1 2 3 5 7 3 3 0.153 15.29% Cl = 0.0960 

Drainage density 1/5 1/2 1/2 1 2 5 6 3 5 0.112 11.20% RI = 1.45 

Elevation 1/5 1/3 1/3 1/2 1 2 3 4 3 0.073 7.27% CR = 0.0662 

LULC 1/5 1/6 1/5 1/5 1/2 1 2 2 2 0.046 4.58% CR < 0.1 

Lineament density 1/7 1/5 1/7 1/6 1/3 1/2 1 3 5 0.040 3.97% Consistency 

Ratio is 

acceptable 

Soil types 1/5 1/5 1/3 1/3 1/4 1/2 1/3 1 7 0.036 3.58% 

NDVI 1/7 1/5 1/3 1/5 1/3 1/2 1/5 1/7 1 0.098 9.80% 

Total 2.75 6.6 6.8 11.4 15.4 25.5 31.8 26.2 38 1 100% 

Table 7 

Normalized weight of the matrix. 

Factor Rainfall Geology Slope Drainage density Elevation LULC Lineament density Soil types NDVI Eigen vector Weights 

Rainfall 0.37 0.45 0.44 0.44 0.32 0.19 0.22 0.19 0.18 0.286 28.65% 

Geology 0.12 0.15 0.15 0.17 0.19 0.23 0.16 0.19 0.13 0.156 15.66% 

Slope 0.12 0.15 0.14 0.17 0.19 0.19 0.22 0.11 0.08 0.153 15.29% 

Drainage density 0.073 0.075 0.07 0.08 0.13 0.19 0.19 0.11 0.13 0.112 11.20% 

Elevation 0.072 0.05 0.05 0.04 0.06 0.08 0.09 0.15 0.079 0.073 7.27% 

LULC 0.072 0.025 0.03 0.02 0.03 0.04 0.06 0.07 0.052 0.046 4.58% 

Lineament density 0.052 0.030 0.02 0.01 0.02 0.02 0.03 0.11 0.13 0.040 3.97% 

Soil types 0.073 0.030 0.04 0.03 0.03 0.01 0.01 0.04 0.184 0.036 3.58% 

NDVI 0.052 0.021 0.04 0.02 0.02 0.02 0.006 0.01 0.026 0.098 9.80% 

Sum 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 100% 
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nfiltration and result in a high potential for groundwater recharge. 

he hydraulic conductivity of Gypsic Yermosols tends to be mod- 

rate to low. The presence of gypsum can enhance soil structure 

nd may lead to reducing its permeability when saturated, hence 

educing infiltration rate, depending on the soil texture and com- 

action levels. 

Lithosols, located on rocky substrates, usually have low water 

etention capacity, resulting in a decrease in the groundwater po- 

ential. Therefore, Calcic Xerosols obtained the highest rating of 5, 

alcic Yermosols received a good score of 4, Gypsic Yermosols gar- 

ered a moderate rating of 3, and Lithosols received a low score of 

, impacting groundwater recharge, as depicted in Table 5 . 

.10. Assignment of weightages to the thematic layers using AHP 

The AHP analysis approach, using Satty’s scale, was employed 

o categorize the identified thematic levels. Subsequently, we com- 

uted the pairwise comparison matrix based on the regime affect- 

ng groundwater ( Table 6 ). The consistency index was then calcu- 

ated, and the consistency ratio findings were analyzed. The the- 

atic layers were subsequently assigned normalized weights based 

n their relevance ( Table 6 ). AHP analysis was computed using the 

ifferent equations explained in Section 2.4 . Satty’s technique as- 

igns equal ratings to layers with similar influencing factors for 

roundwater targeting. A layer with more priority is assigned the 

ighest rank. In this analysis, the rainfall layer has been assigned 

he highest weighting (28.65%), followed by Geology and Slope 

 Tables 6 and 7 ). Ranks were given to all selected layers, and pair-

ise comparison matrices were calculated Table 6 . The lambda 

alue is described as the consistency vector ( λ = 9.7480). By using 

his vector value with the total number of criteria in Eq. (8) , as ref-

renced in Section 2.5 , we determine the consistency index value. 

he consistency ratio (Cr) values were verified according to the 

andom index values provided by Saaty’s AHP template ( Table 3 ). 

f Cr is < 0.1, the allocated weights are valid and consistent. In 

his instance, CI = 0.0960 (derived from Eq. (12) ) and RI = 1.45
13
 Saaty 1990 ; Saaty 2005 ; Table 3 ). Substituting these numbers into

q. (11) in Section 2.5 , a CR value is 0.0 6 620, which is < 0.1. The av-

rage values of normalized weights ( Table 7 ) were finally allocated 

o the thematic layers in the weighted overlay analysis to delineate 

roundwater potential zones. 

I = 9 . 768 − 9 

9 − 1 

= 0 . 0960 (13) 

.11. Mapping of the groundwater potential zones 

The AHP technique was utilized to determine suitable rankings 

nd weights for nine thematic layers, which were then created 

ithin a GIS tool and designated for the overlay process. Ground- 

ater potential index (GWPI) is a dimensionless measurement cal- 

ulated based on the weights assigned to each layer and sub- 

lass within each thematic layer. GWPI was calculated using the 

eighted linear combination technique, as shown in Eqs. (11) and 

14) ( Tamesgen et al., 2023 ). Where m denotes the total number of 

hematic layers, n is the total number of classes in the jth thematic 

ayer, and Xi is the rate value of each class in the j th layer. The

nput datasets included nine classified raster-format themed maps. 

he assigned weight of each component has been set on a scale 

 Table 8 ). The overlay analysis method in the spatial analysis tool 

as conducted in ArcGIS 10.8 software using the following equa- 

ion: 

WPI = 0 . 29Rf + 0 . 16GLG + 0 . 15Sl + 0 . 11DD + 0 . 73El 

+ 0 . 046LULC + 0 . 04LD + 0 . 036ST + 0 . 098NDVI (14) 

here RF represents rainfall, GLG represents geology, Sl repre- 

ents slope, DD represents drainage density, El represents eleva- 

ion, LULC represents land use and land cover, LD represents lin- 

ament density, ST represents soil type, and NDVI represents the 

ormalized difference vegetation index. 

The results were categorized into five groups based on index 

alue, ranging from Excellent potential zone to very poor poten- 
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Table 8 

Summary of scores and weightage allocated to thematic layers influencing groundwater potential. 

Thematic layer Dominant feature Suitability rank Score Weightage 

Rainfall (mm) 

100–97 Very High 5 

29 96–93 High 4 

92–89 Moderate 3 

88–83 Low 2 

82–76 Very Low 1 

Geology 

Holocene Moderate 3 15.7 

Tertiary High 4 

Slope (Degree) 

48–18 Very Low 1 

15.3 17–11 Low 2 

10–5.4 Moderate 3 

5.3–2.4 High 4 

2.3–0 Very High 5 

Drainage density 

(km/km2 ) 

1.4–1.2 Very Low 1 

11.2 1.1–0.83 Low 2 

0.82–0.56 Moderate 3 

0.55–0.29 High 4 

0.28–0.0038 Very High 5 

NDVI 

0.43–0.19 Very High 5 

9.8 0.17–0.14 High 4 

0.13–0.12 Moderate 3 

0.11–0.09 Low 2 

0.089- (−0.046) Very Low 1 

Elevation (m) 

840–700 Very low 1 

7.3 690–590 Low 2 

580–500 Moderate 3 

490–410 High 4 

400–280 Very High 5 

LULC 

Water Very High 5 

4.6 Trees Very High 5 

Crops High 4 

Rangeland Moderate 3 

Bare land Low 2 

Built area Very Low 1 

Lineament density 

(km/km2 ) 

1.6–1.3 Very High 5 

4 1.2–0.94 High 4 

0.93–0.63 Moderate 3 

0.62–0.32 Low 2 

0.31–0 Very Low 1 

Soil type 

Calcic xerosols Very High 5 

3.6 Calcic yermosols High 4 

Gypsic yermosols Moderate 3 

lithosols Low 2 

Total 100% 

Table 9 

Groundwater potential zones and corresponding areal 

distribution. 

No. GWPZ Area (km2 ) Percentage (%) 

1 Excellent 685.16 7.87% 

2 Very Good 2446.90 28.11% 

3 Good 2383.5 27.48% 

4 Poor 2069.9 23.77% 

5 Very Poor 1116.8 12.83% 

Total 8702.3 100% 
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ial zone ( Fig. 11 and Table 9 ). The groundwater potential map 

 Fig. 11 ) shows high potential groundwater locations, which are 

ainly within streams and rivers. This is mainly due to the pres- 

nce of the high-yielding tertiary surface sediment aquifer on 

at terrain. Some other areas of higher groundwater potential 

re situated in high- to very-high lineament density zones (0.94–

.2 km/km ²), low-slope zones (0 °–2.3 °), and poor drainage density 

ones (0.0038–0.28 km/km ²; Figs. 3,7 , and 8 ). The Good ground- 

ater potential zone is found in sloping terrain (2.4 °–5.3 °), flat or 

early flat plains, plains with significant hills, and regions charac- 

erized by gypsic yermolos soil type. 

A small part of the good groundwater potential zone is also dis- 

ersed in the northwestern direction, characterized by a moder- 
14
te lineament density (0.63–0.93 km/km ²). Areas of poor and very 

oor groundwater potential occur in the southern part of the study 

rea. Possibly, this is because of the region’s extensive mountain- 

us geomorphology and comparatively low water-bearing litholog- 

cal units. Conversely, the northwestern part of the study area con- 

ains an irregular distribution of this groundwater potential zone. 

he excellent and very good zones cover 685.16 km ² and 2446.90 

m ², respectively, constituting 35.9% of the total study area. The 

ood potential zone covers 2383.5 km ², representing 27.5% of the 

verall research area, whereas the Poor and very Poor zones cover 

186.7 km ², or 36.6%, of the total study area. 

.12. Validation of groundwater potential zones 

The identified groundwater potential zones, using remote sens- 

ng, GIS, and AHP techniques, have been validated with exist- 

ng groundwater data points. Validation is an important compo- 

ent of modeling; in its absence, results lack scientific significance 

 Godif and Manjunatha, 2023 ). A poor understanding of validation 

ethodologies and variables can limit the effectiveness of remotely 

ensed data ( Malczewski, 2006 ). The kappa coefficient was calcu- 

ated to assess the degree of agreement between GPZs determined 

rom nine hydrogeological parameters and inventory borehole data. 

he Kappa coefficient normally ranges from −1 to 1, with values 

pproaching 1 signifying excellent agreement ( Sahoo et al., 2024 ). 
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Fig. 11. Mapping of groundwater potential zones (GWPZs). 

Table 10 

Expressions of the Kappa coefficient agreement. 

Range of the Kappa coefficient Nature of agreement 

K < 0.00 Poor agreement 

K ≥ 0.20 Slight agreement 

0.21 ≤ k ≥ 0.40 Fair agreement 

0.41 ≤ k ≥ 0.60 Moderate agreement 

0.61 ≤ k ≥ 0.80 Good agreement 

0.80 ≤ k ≥ 1 Very good agreement 

Source: ( Das et al., 2021 ). 
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his study utilized data from 50 inventory data points across the 

tudy area for validation, resulting in the generation of a confu- 

ion matrix and a kappa coefficient ( Table 10 ). Nine of the total

oreholes were founded in excellent groundwater protection zones 

GWPZs), seventeen in very good GWPZs, eleven in Good GWPZs, 

ine in poor GWPZs, and four in very poor GWPZs ( Table 11 ). Be-

ore conducting the validation procedure, the borehole yields were 

ivided into five different groups. There is no conventional bore- 

ole yield classification system. Site observations, field expertise, 

esearchers’ experience, and hydrologists’ recommendations are of- 

en considered ( Saranya and Saravanan, 2020 ). Therefore, the bore- 

ole data of this study were classified based on information ob- 

ained from the Somalia Ministry of Water Resources and Energy 

MOWRE), the Puntland Ministry of Water, Energy, and Mining 

MOWEM), the Puntland Water Development Agency (PWDA), and 

he Puntland Information Management Center (IMC). The boreholes 

ere classified as very Poor, Poor, Good, very Good, and Excellent 

ased on yields of < 2L/S, 3–6L/S, 7–10L/S, 11–20L/S, and > 30L/S, 

espectively. Several techniques have been used in the overlay 

nalysis. Initially, the validation points (boreholes) were organized 

n Excel format, along with their categorized yields and geograph- 

cal coordinates. The Excel data was then imported into the ArcGIS 
15
latform and projected to WGS 1984 UTM Zone 39 N, a standard 

oordinate system compatible with the GIS-generated groundwa- 

er potential map. The predicted location points were then trans- 

ormed into shapefile point data and overlaid on the produced 

roundwater potential map ( Fig. 12 ). Raster values from the delin- 

ated groundwater potential map were extracted to the classified 

orehole yields using the "Extract Values to points" tool within the 

patial Analyst extension of ArcGIS to assess the degree of overlap. 

 frequency table was constructed using the "frequency" feature 

n ArcGIS’s analysis tool extension to show the number of predic- 

ions that agreed with the validation points. Finally, an error ma- 

rix was generated from the data shown in the frequency table, us- 

ng the "pivot table" feature in the data management tools of the 

rcGIS extension. The Error Matrix includes a square array of nu- 

erical values organized in rows and columns, where the columns 

enote field data, and the rows indicate information derived from 

emotely sensed data. According to Congalton (1991) , there are two 

cknowledged accuracy assessments: exclusion accuracy evaluation 

nd inclusion accuracy assessment. The exclusion accuracy assess- 

ent reflects the likelihood that the validation ground data is ac- 

urately classified within the specified area. The inclusion accuracy 

ssessment indicates the probability that the information derived 

rom remotely sensed data accurately reflects the actual conditions 

n the ground ( Story and Congalton, 1986 ). The objective of this 

tudy is to verify the probability that the identified groundwater 

otential corresponds to the actual borehole yield; thus, an ac- 

uracy assessment of inclusion was employed. Many researchers 

 Nigussie et al. 2019a ; Berhanu and Hatiye, 2020a ; Guduru and 

ilo, 2022 ; Sahoo et al., 2024 ) used a similar approach to evaluate

roundwater potential zones, with a focus on prospective locations 

or springs, hand-dug wells, and borehole yields. Table 11 shows 

he error matrix utilized for validation analysis. The matrix’s rows 

ignify the identified groundwater potential zones, the columns de- 

ote the categorized borehole yields, and the principal diagonal 
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Table 11 

Kappa Statistics and Confusion Matrix result for GWPZ obtained with the AHP technique. 

Excellent Very Good Good Poor Very Poor Row Total User’s accuracy 

Excellent 6 1 0 0 0 7 86% 

Very Good 3 13 0 0 0 16 81% 

Good 0 3 8 0 1 12 67% 

Poor 0 0 3 8 0 11 73% 

Very Poor 0 0 0 1 5 6 83% 

Colum Total 9 17 11 9 4 50 

Producer’s accuracy 0.67% 0.82% 0.73% 0.89% 0.75% 

Overall accuracy 0.80% 

Kappa (K) 0.74% 

Fig. 12. Validation of GWPZ with Inventory data. 
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ndicates the quantity of coinciding classified borehole values for 

ach delineated groundwater potential zone. The percentage coin- 

idence of individual borehole yield classes within each associated 

roundwater potential zone was calculated by dividing the number 

f coincident boreholes yields in each zone by the total number of 

ows and multiplying the result by 100. Therefore, 6 of 7 (85%) 

oreholes accurately coincided with the Excellent GWPZ, 13 of 16 

81%) boreholes coincided with the Very Good GWPZ, 8 of 12 (67%) 

oreholes accurately coincided with the Good GWPZ, 8 of 11 (73%) 

oreholes coincided with the Poor GWPZ, and 5 of 6 (83%) bore- 

oles accurately coincided with the Very Poor GWPZ ( Table 11 ). 

he overall accuracy (percentage of coincidence) was determined 

y dividing the sum of the principal diagonal elements of the er- 

or matrix (6 + 13 + 8 + 8 + 5 = 40) by the total number of

oreholes 50 and multiplying by 100, as illustrated in Eq. (15) : 

verall accuracy % = 

Sum of diagonal elements 

Total numb er of samp les 

×100 = 40 

50 

= 80% (15) 

Therefore, the overall accuracy assessment of consistency be- 

ween the identified groundwater potential zones utilizing the ap- 

lied technique and actual ground data is 80%. Similarly, IBM 

PSS 25 software was used to compute kappa statistics to vali- 

ate GWPZ using borehole yield data, as illustrated in Eq. (16) . The 

appa statistic considers the probability of agreement via chance 

 Das et al., 2021 ). When two measures (actual yield and projected 
16
ield) coincide only at the level of chance, the kappa statistic is 0. 

hen the two measurements coincide, the value of kappa is 1.0. 

he following formula has been used to compute the Kappa statis- 

ic value: 

 = observ ed agreement − chance agreement 

1 − chance agreement 
(16) 

Table 11 reveals that the Kappa statistic for the GWPZ map pro- 

uced with the AHP method is 0.74%, while the overall accuracy is 

.80%. An agreement level above 0.7 is considered good for valida- 

ion. 

. Limitation 

In this study, we delineate the groundwater potential zones 

f the Garowe District semi-arid region of Puntland, Somalia. We 

arefully collected data from various sources and analyzed re- 

earch results to identify areas of potential groundwater sources. 

e meticulously follow scientific research methodology to make 

ure our research results are more reliable. However, we faced 

ome research limitations as listed below. 

1) This study faces a lack of complete groundwater inventory data; 

this constraint may reduce the analysis and limit the ability to 

draw a comprehensive conclusion. 

2) We also faced irregular distribution of data points across the 

study area, which may cause uncertainty during the validation 

process. 
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3) This study faced financial resource and human limitations, 

which made it difficult to conduct an extensive field survey. We 

did not consider seasonal variations due to a lack of financial 

resources, logistics, and time, as well as a lack of a temporal 

data source and temporal irregularity. 

4) We used a limited number of existing data (50) to validate 

groundwater potential zones, which may not provide a com- 

prehensive representation of the groundwater conditions across 

the entire study area. 

. Conclusions 

This research used GIS, RS, and AHP approaches to evaluate 

roundwater potential zones (GWPZs) in Northeastern Somalia, fo- 

using on the Garowe district. Thematic layers that substantially 

ffect GWPZs, including land use/cover, lithology/geology, linea- 

ent density, slope, soil properties (texture and type), drainage 

ensity, rainfall, NDVI, and elevation, were generated utilizing 

vailable data from conventional sources and satellite imagery. In- 

ividual weights were given to the subclass categorizations based 

n literature, expert opinion, the researcher’s experience, hydro- 

eologist, hydrologist, and geologist recommendations. The study 

evealed that over 35.98% (3132.06 km ²) of the research area had 

very good" and "excellent" groundwater potential, while 27.48% 

2383.5 km ²), 23.77% (2069.9 km ²), and 12.83% (1116.8 km ²) are 

ategorized as "good," "poor," and "very poor," respectively, within 

he total area of the Garowe district (8702.3 km ²). Very Good to 

xcellent GWPZs were found in the middle, northern, and north- 

astern parts of the study area, which are locally referred to as 

dhoodi," or groundwater-rich areas. On the other hand, the poor 

nd very poor potential zones were in the southern and western 

arts of the study area, known as "hawd," water-scarce areas. Poor 

WPZs might have been characterized by hills, steep slopes, es- 

arpments, sloping ground, and solid rock ground. Based on the 

HP weight analysis results, the combined weight of precipitation 

28.65%), geology (15.66%), and slope (15.29%) exceeds 59.6%, mak- 

ng them the core factors controlling groundwater occurrence in 

he study area. 

The study finally applied observed well discharge data to val- 

date the results of the groundwater potential zone. The research 

emonstrates a robust overall assessment correlation coefficient of 

0% and a Kappa statistic of 74%, indicating a high level of con- 

dence. This research offers stakeholders, including the Garowe 

dministration office, the region, and society, an efficient, time- 

aving, and rapid assessment of groundwater resources, provid- 

ng evidence to enhance understanding of locations with varying 

roundwater levels for improved management of these vital re- 

ources. It may assist policymakers and planners in establishing 

olicies for safeguarding, exploiting, and using accessible ground- 

ater for multiple purposes. The groundwater potential zone map 

f the present study provides information to water stakeholders, 

ocal governments, and decision-makers to develop enhanced sus- 

ainable water use for urban and agricultural purposes in this re- 

ion, thereby reducing costs, time, and human effort. 

. Recommendation 

This study focuses on the determination of the groundwater po- 

ential zones in the Garowe district of Puntland, Somalia, a semi- 

rid region. We innovatively integrate remote sensing (RS), ge- 

graphic information systems (GIS), and the analytical hierarchy 

rocess (AHP) to delineate groundwater potential zones (GWPZ). 

e used nine thematic parameters influencing the groundwater 

otential areas; therefore, we recommend future studies to in- 

rease the number of criteria to enhance the accuracy of the pre- 

iction. We also suggested expanding the study area to include 
17
ther semi-arid regions. In this study, we used GIS-based AHP 

echniques, so we recommended that future scholars consider a 

ombination of machine learning algorithms (MLA), frequency ratio 

FR), certainty factor (CF), and index models (IM), and AHP mod- 

ls to make a groundwater potential zone map for a more com- 

rehensive understanding of the spatial distribution of the poten- 

ial groundwater zone in the studied area under different mod- 

ls. We found that the rainfall, geology, and slope are the main 

nfluence parameters; therefore, we recommended a future study 

o explore the differences in groundwater recharge efficiency of 

ifferent geological units under different rainfall intensities and 

lope conditions. Additionally, we recommended that future re- 

earchers consider hydrogeological field surveys as well as numer- 

cal simulation methods (e.g., MODFLOW) to predict groundwater 

ynamic changes. Since the study area is located semi-arid region, 

e suggested that future researchers explore long-term climate 

ata observation to analyze the spatiotemporal trend of ground- 

ater potential in the study area under climate change scenarios. 

urthermore, we recommended consideration of the quality of the 

roundwater along with the suitability of the potential areas. Fi- 

ally, we suggest adopting alternative sources of water, such as 

ainwater harvesting in poor groundwater potential areas, to re- 

uce excessive reliance on groundwater. 
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of land cover on groundwater recharge in the High Plains: an application to the 
Conservation Reserve program. Science of the Total Environment 696. doi: 10. 

1016/j.scitotenv.2019.133871 . 
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