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Abstract: Freshwater scarcity remains a pressing global issue, exacerbated by inefficien-
cies in stormwater management during rainy seasons. Strategic stormwater harvesting
offers a sustainable solution through runoff utilization for irrigation and livestock sup-
port. However, challenges such as limited farmer knowledge, difficult terrain, financial
constraints, unpredictable weather, and scarce meteorological data hinder the accuracy of
optimum stormwater harvesting sites. This study employs a GIS-based SCS-CN hydro-
logical approach to address these issues, identifying suitable stormwater harvesting loca-
tions, estimating runoff volumes, and recommending site-specific storage structures. Us-
ing spatial datasets of daily rainfall (20 years), land use/land cover (LULC), digital eleva-
tion models (DEM), and soil data, the study evaluated 80 watersheds in Uganda’s cattle
corridor. Annual runoff estimates within watersheds ranged from 62 million to 557 mil-
lion m?3, with 56 watersheds (70%) identified for multiple interventions such as farm
ponds, check dams, and gully plugs. These structures are designed to enhance stormwater
harvesting and utilization, improving water availability for livestock and crop production
in a region characterized by water scarcity and erratic rainfall. The findings provide prac-
tical solutions for sustainable water management in drought-prone areas with limited me-
teorological data. This approach can be scaled to similar regions to enhance resilience in
water-scarce landscapes. By offering actionable insights, this research supports farmers
and water authorities in effectively allocating stormwater resources and implementing
tailored harvesting strategies to bolster agriculture and livestock production in Uganda’s
cattle corridor.
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1. Introduction

Freshwater scarcity, escalated by population growth, urbanization, and climate
change, has intensified the global need for sustainable water management. With just 3%
of the world’s water being freshwater, pollution, exploitation, and the high costs of water
extraction exacerbate the issue. In many African countries, these pressures are intertwined
with poverty, hindering physical and economic water extraction, undermining commu-
nity well-being [1-4]. Future predictions show the intensification of climate change
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through increased occurrence of extreme events like floods and droughts [1,5,6]. This calls
for sustainable water conservation solutions such as stormwater harvesting to minimize
the environmental and social impacts of runoff and promote its utilization for essential
activities like irrigation [7,8]. Sustainable solutions have stimulated increased research on
stormwater harvesting in different aspects like structural designs, environmental impli-
cations, sustainable urban drainage designs, state-of-the-art perspective, and opportuni-
ties and challenges associated with stormwater harvesting [9-12]. Several factors limiting
the widespread utilization of stormwater harvesting are sustainability, social and envi-
ronmental, economic, and policy regulation issues [13]. These limit the adaptation and
implementation strategies to solve stormwater challenges in developing countries [13].
Excess stormwater runoff causes erosion and flooding, damaging watersheds and result-
ing in loss of life and property. The development of strategies to capture and manage
stormwater can reduce pressure on strained global water resources by providing sustain-
able alternatives to traditional water sources [14,15].

The process of identifying appropriate sites for stormwater harvesting involves
ground footing to assess climate and hydrological parameters like rainfall patterns, topog-
raphy, soil types, land use and land cover, environment, and socio-economic factors
which requires time and often leads to delayed implementations [16-18]. Quantifying the
amount of stormwater capture requires a solid understanding of rainfall-runoff dynamics
with the watershed characteristics [19]. The relationship is significantly limited by station
data deficiencies in areas with scarce and unreliable weather stations. Accessing accurate
historical rainfall data is quite a challenge in the study area, posing great risks and ineffi-
ciencies in stormwater assessment [20-22]. Identifying suitable sites for stormwater har-
vesting in Uganda’s cattle corridor faces numerous challenges which hampers the accu-
racy of hydrological assessments against climate alterations. Challenges including climate
variability, where unpredictable rainfall patterns and irregular distribution can either ex-
ceed drainage capacities or lead to water shortages. Topographical and soil conditions,
resource limitations, and socio-economic factors like land size and farmers” experience
further hinder the adoption. Water quality issues from saline and agricultural runoff de-
mand careful planning and, in some cases, require complex treatment solutions. Weak
governance, inadequate infrastructure, limited financial and technical resources exacer-
bate these issues.

Uganda’s economy relies on rainfed agriculture, accounting for 25% of the GDP, gen-
erating 35% of export revenue, and providing employment to 68% of the population [22].
Stormwater harvesting is instrumental in addressing water shortages in Uganda’s cattle
corridor to adapt to the unpredictable rainfall [23,24]. The region faces periodic droughts,
making agricultural productivity vulnerable to recurrent crop failure and insufficient pas-
ture for livestock, exacerbating poverty and food insecurity among rural households
[22,25]. Implementing sustainable stormwater harvesting practices is vital to reduce the
negative impacts of weather pattern destabilization in this critical economic sector [24,25].
Stormwater harvesting is a critical climate change adaptation strategy for supplementary
irrigation to enhance crop productivity and livestock in the region [14,22]. Various storm-
water harvesting technologies such as farm ponds, check dams and gully plugs are vital
in combating water scarcity, augmenting agricultural output, and fortifying community
resilience to unstable weather patterns.

This study focuses on optimizing stormwater harvesting in Uganda’s cattle corridor
by identifying suitable sites, estimating runoff volumes, and suggesting effective storage
structures. We integrated spatial datasets such as rainfall, land use, soil types, and DEM
within a GIS framework, to enhance the precision and efficiency of water capture. Remote
sensing and satellite data address challenges like poor site selection and limited station
data, ensuring more accurate watershed assessments [5]. With agriculture consuming 70%
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of available water, the region’s freshwater scarcity threatens livestock and crop produc-
tivity, highlighting the critical need for innovative stormwater storage solutions to bolster
water security [26].

To combat water scarcity in agriculture and livestock during dry periods, govern-
ments and development partners promote adaptive strategies such as valley tanks, dams,
and in situ stormwater harvesting techniques [21,27]. Widely adopted methods, including
Fanya juu and Fanya chini trenches, enhance soil moisture, reduce erosion, and improve
water infiltration, with around 66% of cattle keepers using smaller storage structures to
increase water availability for agricultural needs [14,22,28,29]. Farmers rely on stormwater
harvesting for livestock, household use, and micro-scale irrigation, with adoption shaped
by factors like land size, herd size, experience, and group membership, where larger and
more experienced farmers are the primary adopters [20,22,30]. However, the growing
population and climate variability drive a rising demand for these technologies, empha-
sizing the urgent need for sustained investment and promotion to secure water access in
the region [22].

This study adopts geospatial technologies like Arc GIS 10.7 software with the SCS-
CN method to address data gaps, improve site selection accuracy, and optimize storm-
water harvesting in Uganda’s cattle corridor, where rainfall is unevenly distributed. The
approach leverages spatial data on rainfall, land use, soil, and topography to estimate
runoff and identify suitable harvesting sites, providing scalable, and cost-effective solu-
tions for data-scarce regions [1,31-34]. GIS enhances runoff prediction by calculating
weighted curve numbers, enabling temporal analysis, scenario modeling, and visual rep-
resentation to support water management decisions [15,32,35-37]. The SCS-CN method,
valued for its simplicity and minimal input requirements over other techniques like hy-
drograph analysis, rational method, computer simulation models, and hybrid techniques
such as combining physically based and data driven approaches like Artificial Neural
Networks, effectively estimates surface runoff by incorporating landscape and hydrolog-
ical characteristics [6,8,32,34,38,39]. Combining this with satellite and remote sensing data
offers near-real-time runoff estimates, crucial for ungauged watersheds [40]. By integrat-
ing technical, financial, and policy interventions, this approach strengthens farmers’ resil-
ience and promotes sustainable stormwater harvesting strategies, making it a reliable and
scalable tool for water resource planning in data-limited environments.

2. Materials and Methods
2.1. Study Area Description

The study focused on 15 districts within Uganda’s cattle corridor, covering an area
of 29,567 km?, located between 1° S to 1.5° N and 30° E to 33° E, represented by six tradi-
tional districts: Mbarara, Rakai, Sembabule, Kiboga, Mubende, and Luweero (Figure 1)
[41]. Uganda’s cattle corridor is a semi-arid region spanning over 40 districts, covering
84,000 km? occupying 43% of the country’s total land area. It is dominated by savanna
grasslands and drought-tolerant vegetation, serving as a pastoral and agricultural hub,
producing over 95% of Uganda’s beef [20,25,30]. However, it faces severe challenges due
to erratic rainfall, frequent droughts, and water shortages, which hinder agricultural
productivity and lead to significant crop losses [23,24]. The erratic and unevenly distrib-
uted rainfall (900-1500 mm annually), coupled with temperatures (21.5-30 °C), com-
pounds the region’s vulnerability to moisture stress and water scarcity [21,29,30]. Given
its reliance on rainfed agriculture and limited groundwater resources, the area is highly
suitable for exploring stormwater harvesting solutions to enhance agricultural resilience
[23,24].
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Figure 1. A map showing the study Area within the Uganda’s cattle corridor.

2.2. Data Sources

This study used diverse datasets, including Digital Elevation Models (DEM), land
use/land cover (LULC), soil data, and rainfall records, sourced from reputable remote
sensing platforms. The 30-m resolution DEM from USGS Earth Explorer was used to de-
fine watershed boundaries accurately [14,42]. LULC data for 2022 was sourced from
MODIS MCD12Q1 Vé6.1at a 500-m resolution. This dataset follows the IGBP classification
standards provided by USGS Earth Explore. Daily rainfall data (2004-2023) were sourced
from PERSIANN through the CHRS portal, offering a detailed record of precipitation pat-
terns at a 0.04° x 0.04° spatial resolution [43]. Soil data from the FAO soil portal offered
key insights into soil texture and hydrological soil groups (HSG) [18]. All data processing,
analysis, and visualization were performed using ArcGIS 10.7 software.

2.3. Methodology

The study used the GIS-SCS-CN approach to assess stormwater runoff potential and
determine the best sites and structures for storage (Figure 2) [18,35,39]. Key factors like
LULC, slope, soil properties, stream order, and daily rainfall data were considered
[7,18,33,44]. Rainfall, the primary driver of runoff, sets the thresholds for hydrological pa-
rameters, while LULC types like forests, croplands, and urban areas affect runoff conver-
sion [5]. The DEM provides topographical details, highlighting slope and basin features
that affect drainage and runoff patterns [18,45]. Steeper slopes lead to higher runoff, while
flatter areas are more suitable for water harvesting [8,27,32,34]. Soil texture and HSG



Water 2025, 17, 349

5 of 20

classification determine infiltration rates, with poorly drained soils like clay generating
more runoff [34,46]. The integration of these layers helps pinpoint ideal stormwater cap-
ture sites and structural designs for water scarcity solutions in Uganda’s cattle corridor
[2,7,34,47].
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Figure 2. Schematic overview of the methodology.

2.3.1. Delineating Watersheds

Watershed delineation identifies drainage area boundaries and maps water flow
through landscape features like valleys, ridges, and watercourses. It helps locate areas of
water accumulation for hydrological analysis and assess the impact of land use on water
resources. In this study, the DEM (Figure 3) was used as the base layer for flow analysis
and was refined with ArcGIS hydrology tools, using the fill tool to correct imperfections
and create a “filled” DEM [14,18,35]. The flow direction raster was derived to create the
flow accumulation raster, which tracks the number of upslope cells contributing to each
point on the landscape. High-flow areas were pinpointed by setting a threshold of 1200,
highlighting cells with concentrated flow. A stream network was generated and classified
into stream channels, and the flow accumulation zones were refined using zonal statistics
and raster calculations to pinpoint cells with the highest accumulation [18,48].
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Figure 3. Study area DEM derived from the USGS earth explore.
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Stream networks were analyzed and classified into six hierarchical classes using tools
like stream order, stream-to-feature, and dissolve to examine tributary connections by
grid code [49]. Flow directions were resampled for integration with spatial layers, and
major basins feeding the streams were identified using the basin tool. The raster-to-point
tool, based on the Eight Direction Pour Point model (Figure 4), assigned flow directions
to watershed points for a detailed spatial analysis [18]. This converts the gride code points
(Figure 4a) into corresponding angular flow directions (Figure 4b), effectively mapping
the movement of water across the terrain.
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Figure 4. Eight Direction Pour Point model: (a) grid code values; (b) flow direction.

Small watersheds were delineated by manually selecting 80 pour points located at
the outlets of level 3 tributaries [8,50] (Figure 5a). The Snap Pour Point tool accurately
aligned these points with areas of highest flow accumulation [18]. The Watershed tool was
used to define the upslope contributing areas for each pour point, creating a raster water-
sheds map consisting of 97 watersheds [32,47,50]. These were converted into vector format
using the Raster to Polygon tool, generating 80 detailed small watershed boundaries (Fig-
ure 5b) [51]. Seventeen minor watersheds, which are less significant for runoff prediction
and stormwater harvesting optimization, were excluded.
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Figure 5. Mapping and defining the boundaries of drainage basins in the study area: (a) description
of the stream segment classification based on grid code and location of the pour point; (b) demar-

cated watersheds and pour point.

2.3.2. Preparation of Layers for Stormwater Assessment

Thematic layers of LULC, soils, and rainfall were developed to aid in identifying ar-
eas with high flow accumulation and optimal stormwater capture potential [45,52]. GIS
tools facilitated the preprocessing and reclassification of geographical, hydrogeological,
and meteorological data, streamlining the selection of suitable harvesting sites [§]. MODIS
land cover data was reclassified into five key LULC categories (Figure 6) by grouping
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similar classes, such as merging forests and wetlands into broader categories like “Forest”
and “Open Water”. Soil data were clipped and processed to create soil texture and HSG
maps (Figure 7), highlighting infiltration and runoff characteristics [34]. Daily rainfall data
from six weather stations (Mbarara, Mubende, Kiboga, Luweero, Rakai, and Sembabule),
collected between 2004 and 2023, were interpolated using the Inverse Distance Weighted
(IDW) method. This process generated 1682 point rainfall estimates (Figure 8a) and pro-
duced a high-resolution (0.040°) average annual rainfall map (Figure 8b) using the WGS
UTM 36N projection, following Equation (1) [14,18].
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Figure 6. LULC categories in the study area: (a) MODIS land cover classification map; (b) map of
the reclassified LULC.
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Figure 7. Maps describing the soil properties influencing stormwater harvesting site selection: (a)

soil texture map; (b) HSG map.



Water 2025, 17, 349

8 of 20

30°00°E

31°00°E

32°00°E I00E 30°00°E 3100°E 3200'E 300°E

1°00"N

900"

L iegorn 1°00'NH FieoorN

el

Average Annual Rainfall (mm)

B 1136 — 1422 [oor
[ 1423 — 1650
I 1651 — 1904
I 1905 — 2123
I 2124 — 2448
Study Area

RCC—
Point Rainfall 0700

+ Point Rainfall data
[ Study_Area

i Kilometers
Kilometers Licooes
0 12525 50 75 100 0 12525 50 75 00

1°00"5 F1°00's

30°00"E.

31°00"E,

32°00°E 3300E 30°00°E 31°00°E 32°00°E 3300°E
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rainfall distribution.

2.3.3. Surface Runoff Assessment Using the SCS-CN Technique

The USDA-developed SCS-CN method is a widely used approach for estimating sur-
face runoff by encapsulating factors like soil properties, land use, and hydrological con-
ditions into the CN, which represents a watershed’s rainfall (P) response (Equation (2))
[44]. Its integration with GIS enables precise spatial analysis and runoff mapping, making
it effective for small watersheds (up to 250 km?) and adaptable for larger ones through CN
adjustments [6,38]. Based on the hydrological balance equation, its simplicity, scalability,
and minimal data requirements make it especially valuable in rural and data-scarce areas
like the study region [1,6,8,53]. Designed for storm-specific scenarios, it has also been
adapted to estimate annual runoff, offering a practical, versatile tool for water resource
planning and sustainable management [6,8,34].

1. Soil analysis

Soils are classified into HSG A, B, C, and D, based on their infiltration capacity, with
sandy soils having higher infiltration and low runoff. while clay soils generate more run-
off due to lower infiltration rates [33,36]. The study soils were categorized into three HSG
B, C, and D, primarily dominated by sandy clay loam texture, reflecting their varying in-
filtration capacity.

2. Land use land cover categories

LULC significantly influence runoff potential. Vegetated areas, such as forests or
grasslands, enhance infiltration and reduce runoff, while impervious surfaces like roads
and pavements increase runoff [2]. By combining LULC and HSG data, CN values were
assigned to different zones (Table 1). Higher CN values closer to 100, indicate areas with
high runoff and low infiltration, while lower CN values reflect better infiltration potential
[2,8,31,44].

Table 1. CN values derived from LULC coverage matched with the HSG of the study area [44].

HSG
No. LULC Area (km?) Percentage (%) A B C D
1. Grassland 18,995 58 . 69 79 84
2. Cropland 12,704 39 _ 78 85 89
3. Open water 438 1 _ 100 100 100
4. Forests 341 1 55 70 77
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5. Built-up land 44 0 82 86
Total 32,522 100

The study accounted for antecedent moisture conditions (AMC) to reflect the soil
moisture levels before rainfall that influence infiltration and runoff. AMC is classified into
three levels: dry (AMC I), normal (AMC II), and wet (AMC I1I) [33,34,44,51,54]. For this
analysis, CN values were selected based on normal moisture conditions (AMC II).

Q = Lkt @)

P +0.85

The direct surface runoff (Q) is a function of precipitation (P), initial abstraction (I, ),
and the potential maximum retention (S) after runoff begins. Initial abstraction represents
a fraction of the potential retention given by Equation (3) [44,45].

I, = 1xS 3)

where 1 represents abstraction ratio, set at 0.2, based on the region’s seasonal water scar-
city [3]. Although the area receives sufficient annual rainfall, water shortages occur during
specific months, necessitating efficient stormwater harvesting and management.

Equations (2) and (3) constitute the core framework of the SCS-CN method, where
initial abstraction accounts for interception, surface runoff, and infiltration prior to the
onset of runoff. The potential maximum retention (S), derived from Equation (4), utilizes
the CN values from the combination of LULC and HSG, representing the area’s runoff
potential [8,44,45].

25400
— 4
S N 254 4)

Equations (2)-(4) were integrated into GIS to generate spatial maps based on the CN
values listed in Table 1. The resulting CN raster (Figure 9a) shows the spatial distribution
of runoff coefficient with CN values ranging from 55 to 100. Using the CN raster and
Raster Calculator, maps were generated to represent S (Figure 9b) and I, , highlighting
soil and land use water retention capacities. The retention map showed values ranging
from 0 to 207 mm, with lower CN values indicating greater water retention potential com-
pared to areas with higher CN values
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Figure 9. Schematic maps demonstrating the SCS-CN method. (a) CN map; (b) potential maximum
retention (S) map.
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2.3.4. Stormwater Runoff Volume Across Watershed

The stormwater runoff volume (Q,) was calculated by multiplying the watershed
area (A) with the runoff depth (Q) [32,47]. Watershed boundaries and runoff depth rasters,
aligned within the same coordinate system, were used as the foundation. The Clip tool
refined the runoff depth raster to fit watershed boundaries, and the Zonal Statistics as
Table tool calculated the mean runoff depth (Q) for each watershed. Finally, the Field Cal-
culator was used to compute the watershed runoff volume in cubic meters using Equation
).

Q XA
1000 (5)

Qy =

2.3.5. Determining Optimal Stormwater Storage Solutions for Selected Sites

Stormwater harvesting structures are vital for water conservation, especially when
tailored to the watershed’s unique attributes of topography and runoff volume [18,45].
Common structures like farm ponds, check dams, and gully plugs, are widely adopted by
farmers in the cattle corridor to mitigate the unpredictable rainfall and recurrent droughts
[22]. This study identified optimal locations for stormwater harvesting structures by eval-
uating key soil and water conservation factors, including slope, runoff depth, LULC, soil
type, and stream order (Table 2) [44]. A suitability map was generated using an overlay
analysis, where weighted overlay techniques were applied by assigning ranks and
weights to each factor based on its influence [2,7,55]. This approach enabled the precise
identification of ideal sites for effective stormwater harvesting structure.

Table 2. Criteria used to evaluate ideal structures by relative importance of each layer [2,7,55].

No. Structure Soil Texture HSG LULC Slope Runoff Potential Stream Order

1. Farm ponds  Sandy clay loam/Clay loam B Cropland <5 Moderate to high 1-4
(Influence by weight %) (3) 3) 8) 6) (54) (12)

2. Check dams Clay loam C  Open water/stream <15 Moderate to high 14
(Influence by weight %) (3) 3) 7) (6) (45) (11)

3.  Gully plugging Sandy clay loam/Clay D  Drainage Channel 210 High 1-2
(Influence by weight %) (7) (7) (7) (35) (37) (7)

A weighted ranking system was implemented, assigning scores from 1 to 5 and
weights ranging from 3 to 54, based on each factor’s significance in stormwater harvesting
[55]. Polygons meeting suitability criteria were given codes (0-6) to represent the suitable
stormwater harvesting solutions, ensuring site-specific structures that optimize water
conservation and system efficiency.

3. Results and Discussion

The integration of the SCS-CN method with spatial datasets in ArcGIS yielded sig-
nificant results, pinpointing 80 ideal locations for stormwater interception in data-scarce
regions to enhance stormwater storage and utilization. The assessment utilized key factors
including soil texture, slope, HSG, LULC, CN, rainfall distribution, and runoff.

3.1. Soil Data
3.1.1. Soil Texture

Soil texture plays a crucial role in runoff by affecting water retention and infiltration,
making it a key factor in optimizing stormwater harvesting sites. Clay soils, with low per-

meability and high water-holding capacity, are ideal for storage, while sandy soils pro-
mote rapid infiltration [56]. This study identified three main soil textures (Figure 7a):
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sandy clay loam (91% of the area, 29,627 km?), loam (6%, 2031 km?), and clay loam (less
than 1%, 39 km?). Sandy clay loam comprises 20-35% clay and 45-65% sand, offering a
balanced mix of infiltration, retention, and drainage, making it highly suitable for storm-
water harvesting [32,47]. Similarly, loam soils provide a favorable balance of water reten-
tion and erosion resistance [27]. The predominant soil characteristics in the study area
highlight its strong potential for effective stormwater management.

3.1.2. Hydrological Soil Group

The HSG map (Figure 7b) identifies three groups: HSG B has the least coverage of
1720 km? (5%) in the south, HSG C spans 19,837 km? (61%) in the north and south, and
HSG D covers 10,140 km? (31%) in the central region. HSG C and D demonstrate low in-
filtration and high-water retention, ideal for stormwater storage, although careful man-
agement of slope and drainage is required to prevent erosion due to their higher runoff
potential [5,28,42,47]. In contrast, HSG B has moderate infiltration and lower runoff, more
suited for groundwater recharge due to its balance between water infiltration and storage
[33,51]. The spatial distribution of soil types significantly influences runoff generation,
demonstrating their importance in stormwater analysis [33,42].

3.2. Land Use and Land Cover Map

The LULC map, derived from MODIS data, was simplified into five main categories:
grassland (58%), cropland (39%), forest (1%), open water (1%), and minimal built-up areas
(Figure 6). Grasslands and croplands dominate the region, underscoring the need for
stormwater harvesting to enhance water availability for livestock and agriculture. LULC
significantly influences precipitation-runoff dynamics, with vegetated areas like forests
and grasslands promoting infiltration and reducing runoff coefficients [33,38]. In contrast,
sparsely vegetated or impervious surfaces, such as urban areas, generate higher runoff
[18]. Additionally, LULC distribution is critical for determining CN in hydrological mod-
els, directly affecting runoff estimates and supporting stormwater management strategies
[33,38].

3.3. Curve Number

The CN map (Figure 9a) illustrates a pixel-wise CN range of 55 to 100, reflecting the
influence of land use, soil texture, and hydrological conditions on rainfall-runoff dynam-
ics. Low CN values (near 55), covering 5% of the area, are associated with forests and
grasslands on loam or sandy loam soils (HSG A and B), which promote infiltration and
are ideal for stormwater harvesting [39,47]. Moderate CN values (70-85), dominating 75%
of the region, correspond to croplands with sandy clay loam soils (HSG B and C), offering
a balance between runoff and infiltration [39,47]. High CN values (86-100), covering 20%,
are linked to clay and clay loam soils (HSG C and D), bare lands, and impervious surfaces,
indicating high runoff potential. This distribution emphasizes the need for integrated land
and water management to reduce runoff, enhance infiltration, and optimize stormwater
harvesting efforts across diverse landscapes [47].

3.4. Slope

A slope significantly influences water flow, runoff speed, and infiltration rates, mak-
ing it a critical factor in evaluating stormwater harvesting potential [8,53]. In this study,
slopes range from 0 to 67 degrees (Figure 10a) and are categorized into five groups:
flat/gentle (0-5°), covering 60% of the area; gentle to moderate (5-10°), at 28%; moderate
(10-15°), at 7%; steep (15-20°), at 3%; and very steep (>20°), at 2%. Most of the area (19,605
km? with flat slopes and 8974 km? with moderate slopes (0-10°)) is highly suitable for
stormwater harvesting due to a balanced interaction between runoff and infiltration,
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enabling effective water collection and retention [27,34]. In steeper areas, where runoff
accelerates, infiltration decreases, and erosion risks increase, targeted measures such as
erosion control and water diversion systems are necessary [1,32]. These systems direct
runoff to flatter terrains, ensuring effective stormwater management across varying land-
scapes. This approach maximizes water capture while mitigating erosion in challenging
topographies [32,34].
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Figure 10. Variation in slope and runoff depth within the study area boundary: (a) slope map; (b)

surface runoff depth map.

3.5. Rainfall Distribution

Using CHRS data from 2004 to 2023 [43], the study area receives an average annual
rainfall of 1136 to 2448 mm (Figure 8), categorizing it as a moderate to high rainfall zone
suitable for large-scale stormwater harvesting [47]. Rainfall distribution was classified
into five categories to guide region-specific stormwater management strategies. The
northern region, receiving the highest rainfall (1905-2448 mm annually) over 47% of the
area, requires robust storage systems and efficient drainage to mitigate flooding and ero-
sion risks. In contrast, the southern region, with lower rainfall (1136-1650 mm annually)
covering 37% of the area, faces fewer risks but still benefits from effective runoff capture
and storage practices. Understanding rainfall distribution is vital for designing tailored
storage and drainage solutions that enhance water retention while minimizing runoff-re-
lated challenges.

3.6. Runoff Potential

The runoff depth map (Figure 10b) highlights the proportion of rainfall converting
into surface runoff, a key factor in identifying ideal stormwater harvesting sites. Runoff
potential closely mirrors rainfall distribution, reflecting the regions” response to precipi-
tation and surface water availability for harvesting [49,53]. The runoff depth was divided
into five categories: very high (21042378 mm) covering 15% in the northern area, moder-
ately high (1831-2104 mm) covering 31%, high (1557-1831 mm) at 17%, moderate-low
(1283-1557 mm) at 22%, and low (1010-1283 mm) at 15%. While the southern region (37%
of the area) shows low runoff potential, the northern region (46%) experiences high runoff
depths, increasing vulnerability to flooding and erosion. This emphasizes the need for
region-specific strategies, particularly in the north, such as constructing large storage and
runoff-trap structures to reduce risks and optimize water capture. The map provides
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valuable insights into the watershed’s hydrological response, guiding effective storm-
water management interventions.

3.7. Watershed Delineation

This study defined 80 suitable small watersheds for stormwater harvesting using a
gride code stream classification hierarchy (Figure 5a), with pour points (representing the
highest flow accumulation) placed at the downstream ends of level 3 streams to define the
contributing areas. This divided large basins into smaller, manageable units, facilitating
the implementation of localized stormwater harvesting structures like farm ponds, check
dams, and gully plugs. These targeted interventions enhance flood control, erosion pre-
vention, groundwater recharge, and community involvement, boosting the effectiveness
and resilience of stormwater management systems [27,39,52,56]. The methodology is
highly adaptable, allowing pour point adjustments to accommodate watersheds of any
size. This flexibility enables quick implementation of stormwater solutions without exten-
sive analysis, reducing time and costs while maintaining precision. Integrating key site-
selection factors and watershed-customized solutions fosters localized, efficient, and sus-
tainable stormwater management strategies.

3.8. Potential Stormwater Harvesting Structures for the Demarcated Watershed

The structures’ suitability map (Figure 11a) highlights regions ideal for farm ponds
(0%), check dams (1%), gully plugs (1%), farm ponds and check dams (27%), and gully
plugs and check dams (56%) based on the specific criteria (Table 2). The delineated water-
sheds, integrated with the suitability map, accurately align optimal stormwater harvest-
ing structures with specific watershed conditions. This overlay (Figure 11a,b) enables the
precise identification of suitable structures and provides estimates of potential water stor-
age capacity at stipulated locations within the study area (Table A1). The estimated annual
surface runoff volume across the 80 watershed spans from 62 to 557 million m? (Table Al),
representing a robust opportunity for stormwater harvesting to support irrigation, live-
stock, groundwater recharge, and community water supply in the study area. The struc-
ture suitability map (Figure 11b) reveals that 56 of the 80 watersheds (70%) are viable for
multiple stormwater harvesting structures like farm ponds, check dams, or gully plug-
ging. A total of 35 watersheds in the north can support about two structures due to favor-
able slopes, LULC, and runoff potential. However, 24 watersheds in the south are unsuit-
able for any intervention due to very steep slopes and low runoff.
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Runoff volume estimates of each watershed promote customized structural designs
that optimize water collection, ensure adequate storage, and incorporate erosion and
flood control measures for high-risk areas [42,54]. They can also foster the enhancement
of groundwater recharge to manage runoff and stabilize groundwater levels in areas not
suitable for any intervention [57]. Watershed-specific runoff volumes are critical for water
resource planning, informing the placement of stormwater storage structures that also aid
in flood control and environmental impact reduction.

This study provides crucial data to support informed decision-making for water re-
source authorities and farmers, enabling efficient resource allocation and the design of
adaptable stormwater harvesting structures. By addressing climate-induced water short-
ages, the approach enhances agricultural productivity and resilience. The weighted over-
lay method ensures precise stormwater management by tailoring solutions to specific wa-
tershed conditions, making it both practical and scalable. Additionally, the study delivers
significant social, economic, and environmental benefits, including improved water avail-
ability for agriculture and livestock, reduced water scarcity, and long-term sustainability
[5,14,18,35].

The findings align with global advancements in GIS-based stormwater harvesting
[2,8,18]. Unlike large-scale basin-wide assessments in urban settings, this study focuses on
smaller watersheds in semi-arid rural regions, demonstrating the adaptability of GIS-
based methods across different landscapes [18]. Compared to [8] who developed a GIS-
based framework for rainwater harvesting site selection, this study refines the methodol-
ogy by incorporating weighted overlay, refining site selection for data-scarce environ-
ments, tailoring solutions specifically to Uganda’s cattle corridor, and multiple selection
criteria such as soil texture, stream order, and land use, ensuring a more comprehensive
and location-specific assessment.

By pioneering a GIS-driven stormwater harvesting approach in Uganda’s cattle cor-
ridor, this research provides a practical tool for managing water resources in data-scarce
regions, contributing to rural development, food security, and climate resilience. While
socio-economic factors and structural design elements were beyond the study’s scope,
they are acknowledged as influential for site suitability and are recommended for future
research [51], alongside the validation of these results, to further optimize this methodol-
ogy. Ultimately, the comprehensive runoff volume data are an asset for urban and re-
gional planning, supporting policies to reduce runoff, enhance water retention, and con-
serve natural landscapes, while alleviating stormwater impacts on the hydrological cycle
[42,54].

The plot of runoff depth, area, and volume (Figure 12a), shows a strong correlation
(0.91) between watershed area and runoff volume (Figurel2b), whereas the correlation
between runoff depth and volume (0.41) is moderate, indicating a significant influence of
factors like slope, soil type, and LULC on runoff volume beyond just depth. An analysis
using the Google Earth Engine revealed that the identified stormwater harvesting sites are
strategically located near key water features, including farm ponds, swamps, rivers, lakes,
and open land (Table A1). These insights are crucial for prioritizing and selecting the most
suitable water storage structures based on site-specific conditions, enhancing the effec-
tiveness of stormwater management
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Figure 12. Correlation between runoff volume, watershed area, and runoff depth: (a) a plot of the
watershed area, runoff volume, and depth; (b) strong positive correlation between watershed area

and runoff volume.

4. Conclusions

Uganda’s cattle corridor faces critical water scarcity and unpredictable rainfall, em-
phasizing the need for sustainable stormwater harvesting solutions. This study employed
a GIS-based approach combined with the SCS-CN method to assess runoff potential and
identify optimal locations for water storage structures. Of the 80 delineated watersheds,
56 (70%) were deemed suitable for structures such as farm ponds, check dams, and gully
plugs. These interventions can significantly enhance water availability, supplementing
conventional sources that often dry up during prolonged droughts, thereby improving
water security for livestock and irrigation.

Suitability was determined by evaluating key hydrological and landscape factors, in-
cluding runoff potential, slope, soil texture, LULC, HSG, and stream order. The study es-
timated annual runoff volumes ranging from 62 million cubic meters in small watersheds
to 557 million cubic meters in larger ones. By aligning structure selection with local con-
ditions, this approach optimizes stormwater capture and storage, supporting resilient ag-
ricultural practices and sustainable water resource management.

This study pioneers the application of a GIS-based stormwater harvesting approach
in Uganda’s cattle corridor, offering a practical and data-driven tool for water resource
management in data-scarce regions. By integrating weighted overlay and Boolean analy-
sis, the methodology enhances site selection accuracy, maximizing stormwater capture for
sustainable use. The findings provide actionable solutions to improve water availability
while delivering significant social, economic, and environmental benefits. These contribu-
tions support rural development, strengthen food security, and enhance climate resili-
ence, directly impacting local communities by offering solutions tailored to their specific
needs and challenges. The study also offers valuable guidance for policymakers and farm-
ers in optimizing resource allocation and infrastructure planning. Future research is rec-
ommended on validating runoff estimates through field measurements or employing re-
mote sensing data on soil water accumulation and refining the approach to account for
seasonal variations, ensuring broader applicability across diverse agro-ecological zones.
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Appendix A

Table A1l. Optimal stormwater harvesting sites’ locations, recommended harvesting structures

(codes), and estimated runoff volume.

Watershed Area

Mean Runoff Runoff Volume

Longitude (°) Latitude (°)

Suitability Observation (Google

No. (km?  Depth (mm) (hm?3) Code Earth)
1 110.7 1924 2129 31.9683 1.3978 3 Open land
2 105.3 2077 218.7 32.2433 1.1881 6 Near ponds
3 181.2 2023 366.6 31.5983 1.2306 3 Open land
4 281.5 1963 552.7 31.7161 1.2864 3 Open land
5 243.7 2099 511.6 32.0836 1.0719 3 Near River
6 94.3 1990 187.7 31.5967 0.9989 3 Near Pond
7 105.8 2247 237.8 32.7169 0.9858 3 Open land
8 98.8 1984 196.1 31.7867 0.9594 3 Near Pond
9 168.4 2131 358.9 32.1833 0.9342 3 Near Lake
10 91.1 2215 201.8 32.7006 0.8786 3 Open land
11 81.2 2124 172.4 31.5131 0.9008 6 Open land
12 97.9 2155 211.1 32.2922 0.8075 3 Open land
13 66.5 2123 141.2 31.4839 0.8058 6 Swamp
14 137.1 2055 281.7 31.8856 0.8714 3 Open land
15 73.5 2216 162.8 32.6311 0.7953 3 Open land
16 96.9 2043 198.1 31.6456 0.7833 3 Open land
17 101.4 2054 208.3 31.5364 0.6642 6 Swamp
18 118.3 2046 241.9 31.8825 0.7056 6 Swamp
19 108.0 2107 227.6 32.0711 0.7469 3 Open land
20 139.5 2208 308.0 32.2628 0.7553 3 Open land
21 102.4 1955 200.1 31.7114 0.6981 6 Open land
22 84.3 2053 173.0 31.3089 0.6136 6 Swamp
23 131.8 2221 292.7 32.5089 0.6600 6 Swamp
24 51.6 2095 108.2 31.8808 0.5917 3 Near Swamp
25 129.5 1994 258.2 31.5689 0.5883 6 Swamp
26 73.7 1983 146.0 31.8269 0.5753 3 Near Pond
27 169.4 2022 342.6 31.4331 0.5408 6 Swamp
28 84.2 1929 162.3 31.6497 0.5892 6 Open land
29 260.5 2140 557.4 32.1408 0.6133 3 Swamp
30 82.8 1901 157.3 31.8100 0.5033 6 Near ponds
31 114.4 1928 220.5 31.3289 0.4758 6 Open land
32 161.2 2095 337.6 31.9675 0.4367 6 Swamp
33 73.8 1814 133.9 31.7358 0.4181 0 Open land
34 58.4 2060 120.2 31.8994 0.3703 0 Lake Wamala
35 175.8 1848 324.9 31.2492 0.3761 6 Near Swamp
36 88.8 2100 186.5 32.0778 0.3217 3 Swamp
37 91.8 2126 195.1 32.2125 0.4100 3 Swamp
38 57.7 2074 119.7 32.0119 0.3225 3 Swamp
39 99.8 1613 161.1 31.3908 0.1236 6 Open land
40 243.9 1585 386.6 31.1125 0.2175 2 Near River
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41 113.4 1561 177.0 31.5178 0.0397 6 Near Gully
42 80.1 1494 119.7 31.3614 -0.0400 3 Open land
43 112.5 1522 171.3 30.9294 -0.0169 3 Near Ponds
44 58.9 1443 85.0 31.2661 -0.1603 3 Near Ponds
45 45.8 1816 83.3 30.4283 -0.2097 6 Open land
46 83.9 1514 127.0 31.5169 -0.2364 2 Open land
47 71.7 1424 102.1 30.9408 -0.2131 0 Open land
48 184.4 1424 262.5 31.1072 -0.1428 2 Near Ponds
49 56.1 1438 80.6 31.2964 -0.2631 3 Open land
50 1229 1390 170.9 31.0728 -0.2244 3 Open land
51 66.0 1357 89.6 30.9542 -0.2603 3 Open land
52 57.5 1498 86.2 30.5631 -0.3336 3 Swamp
53 261.0 1340 349.7 30.7722 -0.2408 3 Open land
54 119.3 1335 159.3 31.1378 -0.4286 0 Open land
55 188.8 1275 240.8 30.9556 -0.4683 0 Open land
56 70.1 1400 98.2 30.5408 -0.4744 3 Open land
57 119.2 1300 155.0 30.9711 -0.5058 0 Near River
58 335.9 1265 424.8 30.8922 -0.5361 0 Open land
59 86.2 1348 116.2 31.1528 -0.5469 0 Near Lake
60 142.8 1405 200.6 31.2714 -0.6247 3 Waterbody
61 45.8 1360 62.2 31.2392 -0.6492 0 Waterbody
62 185.9 1724 320.5 31.5797 -0.6492 3 Open land
63 61.2 1528 93.6 31.4767 -0.6197 3 Open land
64 62.7 1917 120.1 31.6906 -0.7433 0 Open land
65 81.9 1239 101.5 30.5906 -0.6542 0 Open land
66 127.8 1485 189.9 31.3261 -0.7194 0 Lake

67 82.5 1833 151.2 31.6831 -0.7542 0 Near Lake
68 67.0 1239 83.0 31.1067 -0.7881 0 Open land
69 158.9 1202 191.0 30.7211 -0.7433 0 Open land
70 78.7 1172 92.2 30.9064 -0.7878 0 Lake

71 90.5 1143 103.5 30.8431 -0.8256 0 Lake

72 80.1 1471 117.8 31.4161 -0.8847 1 Open land
73 80.0 1734 138.7 31.6050 -0.8761 3 Open land
74 163.9 1350 221.3 31.1658 -0.7197 0 Lake

75 75.8 1146 86.9 30.7689 -0.9017 0 Open land
76 121.2 1292 156.6 31.1236 -0.9125 0 Open land
77 84.9 1202 102.0 30.9056 -0.9297 0 Open land
78 61.2 1172 71.7 30.7172 -0.9425 0 Open land
79 72.7 1248 90.7 30.6364 -0.9286 0 Open land
80 78.4 1211 94.9 31.0111 -0.9444 3 Waterbody

Notes: Suitability codes assigned to the different polygons include 0 (Nono of the structure), 1 (Farm
Ponds), 2 (Check Dams), 3 (Farm Ponds and Check Dams), 6 (Check Dams and Gully Plugging).
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