
Citation: Umukiza, E.; Abagale, F.K.;

Apusiga Adongo, T.; Petroselli, A.

Suitability Assessment and

Optimization of Small Dams and

Reservoirs in Northern Ghana.

Hydrology 2024, 11, 166.

https://doi.org/10.3390/

hydrology11100166

Academic Editors: Pengxiao Zhou,

Qianqian Zhang, Fei Zhang and

Zoe Li

Received: 21 August 2024

Revised: 3 October 2024

Accepted: 4 October 2024

Published: 7 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

hydrology

Article

Suitability Assessment and Optimization of Small Dams and
Reservoirs in Northern Ghana
Etienne Umukiza 1,2 , Felix K. Abagale 1,2, Thomas Apusiga Adongo 1,3 and Andrea Petroselli 4,*

1 West African Centre for Water, Irrigation and Sustainable Agriculture (WACWISA), University for
Development Studies, Tamale P.O. Box TL 1882, Ghana; umukiza.etienne@students.jkuat.ac.ke (E.U.);
fabagale@uds.edu.gh (F.K.A.); aapusiga@uds.edu.gh (T.A.A.)

2 Department of Agricultural Engineering, University for Development Studies,
Tamale P.O. Box TL 1882, Ghana

3 Department of Agricultural Mechanization and Irrigation Technology, University for Development Studies,
Tamale P.O. Box TL 1882, Ghana

4 Department of Agriculture and Forest Sciences (DAFNE), Tuscia University, 01100 Viterbo, Italy
* Correspondence: petro@unitus.it

Abstract: Water shortages, exacerbated by erratic rainfall, climate change, and population growth,
pose significant challenges globally, particularly in semi-arid regions like northern Ghana. Despite
the construction of numerous small dams in the region that were intended to provide reliable water
for domestic and irrigation purposes, critical water issues persist during dry periods. Key drivers
in this failure are attributed to the lack of studies and/or the number of inadequate studies on
suitable dam siting. This study focused on assessing the sites of selected small dams in northern
Ghana, employing various methods such as stream order analysis and the Analytic Hierarchy Process
within a Geographic Information System framework. Results showed that many existing dams
are poorly sited, with over half located far from major stream networks, resulting in drying out
during the dry season and failing to meet sustainable water storage standards. This study proposed
new dam locations that would allow achieving a significant increase in storage capacities from
30% to 60%. These results highlight the necessity for decision-makers to adopt research-based
approaches to address water shortages effectively, balancing agricultural, domestic, economic, and
environmental needs. Future research should integrate climate change considerations, long-term
monitoring, environmental impact assessments, and advanced decision-making techniques such as
machine learning.

Keywords: water shortage; stream order; dam optimal locations; multicriteria decision-making;
storage capacity; northern Ghana

1. Introduction

Water plays an essential role in the survival of humans and the sustainability of
communities. However, concerns about water scarcity are becoming more widespread,
ex-acerbated by ongoing global climate change, particularly in Arid and Semi-Arid Lands
(ASALs) [1]. Therefore, with the rapid population growth, and the development in in-
dustry and agriculture, it is of great importance to mitigate water shortage with more
effective ways to preserve water resources [2,3].

A study conducted by Faizal et al. [4] suggested that good planning of small dams
could be a water source alternative. The water stored in these reservoirs serves multiple
purposes, including supplementing rainfed agriculture, facilitating dry season irrigated
agriculture, and ensuring a stable supply of water for domestic needs [5]. Moreover, small
dams play a vital role in supporting communities in ASALs, mitigating water shortage and
averting the decline of the water table [3].
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However, ASALs in developing countries, especially in Africa, still confront severe
water challenges where a significant portion of the manageable water resources is rainwater
harvesting through small dams [6,7].

In these areas, limited and irregular precipitation accompanied with high evapo-
transpiration and evaporation affect the task of meeting the water requirements of both
populations and ecosystems [8,9].

Encouraging small dam construction to tackle the challenges of water access in small-
holder farming systems is a crucial need for effective agricultural and domestic water
management [10,11]. Therefore, striking a balance among the conflicting needs of agri-
culture, domestic consumption, economic, and environmental sustainability in the face
of water scarcity remains a focal point, shaping the trajectory of water management in
ASALs [12].

Additionally, accurate information about the actual storage capacity and subsequent
changes over time of these reservoirs is most required for effective and efficient
water management.

The World Commission on Reservoirs (WCR) defines a small reservoir as a structure
with a height of less than 15 m and a storage capacity ranging from 50,000 to 1 × 106 m3.
Moreover, Annor et al. [13] suggest that small reservoirs can also be defined based on sur-
face area coverage (water storage systems greater than 1 hectare but less than 100 hectares).
However, the volume of water stored in most reservoirs fluctuates over time due to factors
such as siltation, seepage, evaporation, and the availability of rainfall. In most of the cases,
dams are classified according to their use, their hydraulic design, or the materials in which
they are constructed.

Northern Ghana is classified as an ASAL, and water-related challenges emerge as
pivotal aspects of socioeconomic development [14,15]. Despite long-term investment in
small dam construction [16], with the recent one village one dam (1V1D) policy, northern
Ghana still faces chronic water scarcity affecting both agriculture and house needs [16–18].
However, many of these small dams were reported to be improperly sited and poorly built
to store water during the dry season.

Selection of the most suitable site for dam construction is one of the most complex
and controversial decisions in water allocation [2]. Locating suitable dam sites for effective
management of water resources and addressing competing demands is a major problem
for optimal construction of water-harvesting reservoirs [19,20].

Moreover, considering multidisciplinary complexities involved in dam construction
and limited financial resource allocation in developing countries, an appropriate siting and
optimal storage capacity are persistent critical issues for sustainable water storage [21,22].

However, nowadays there are improved tools and advancements in geospatial tech-
nologies and machine learning techniques to create dam site suitability maps with limited
effort [23]. The integration of Geographic Information System (GIS) and Remote Sensing
(RS) can result in accurate site selection, and time and cost savings [24]. Therefore, strate-
gic interventions are meticulously required in assessing dam siting where water scarcity
presents formidable barriers to sustainable development, agricultural productivity, and
overall societal well-being [9,25].

From the existing literature, there are several approaches that have been used for
dam site selection, such as statistical, rational method, GIS Multicriteria Decision Analysis
(MCDA) [26], integrating GIS and Analytical Hierarchical Process (AHP) [2,3,27,28], GIS-
AHP and weighted overlay analysis [3,28], AHP and fuzzy logic [29], and AHP and machine
learning [23,30,31]. Moreover, AHP, as decision-making was extensively used in the site for
dam construction [20,21].

According to Jozaghi et al. [32], AHP was seen as a powerful tool in dam site selection
due to its ability to handle complex, multi-criterion decisions in a structured and transparent
manner. The benefit of AHP is that it allows a hierarchical structure of the criteria that
enables users to have a better focus on specific criteria and subcriteria when assigning the
weights [33]. As a technique to analyse complex situations and make sound decisions,
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the AHP method has gained increasing attention for assessing and allocating weights and
priorities in many domains.

AHP offers a structured and systematic approach to selecting a suitable dam location
by integrating various criteria and managing subjective judgement. However, it also faces
challenges related to subjectivity, computational complexity, and consistency. Therefore,
balancing these aspects is crucial for leveraging AHP effectively in dam site selection.

RS and GIS are crucial for water resource management. While RS is applied in the
collection of vital data for mapping water resource management and hydrological fluxes,
GIS serves as a key tool for effective water resource including model setup and data
analysis [34–36]. These studies were carried out on relatively large study regions with
different numbers of physical, climatic, and hydrological criteria.

From the existing literature, GIS-based AHP has been used in several studies for the
selection of suitable sites for dam construction [3,23,37,38]. However, this approach has not
been employed in a relatively small drainage area, with little variation in topography and
environmental conditions of constructed small dams in northern Ghana, to alleviate water
issues, harness optimal catchment yield, and sustainable water availability. Therefore, in
perspective of addressing water shortage issues in northern Ghana, this study aimed to
assess the suitability of small dams constructed in the region, and advance the field by
assessing the suitability of existing small dams using GIS-based MCDM, AHP, and RS.

In addition, this study proposed optimal storage capacities by integrating spatial
data and Civil 3D. Therefore, understanding the shapes and accuracy of the dam sites
in consideration of the drainage basin and functions of watersheds will give planners
important information to reverse water scarcity for sustainable water source development.
While this study primarily focuses on technical and environmental considerations, it is
important to acknowledge that the economic benefits and costs of constructing small dams
also play a crucial role in determining dam siting.

2. Materials and Methods
2.1. Study Area

This study encompassed 16 existing small dams and reservoirs across northern Ghana
(4 northern regions), as shown in Figure 1. The geographic description and specific details
of the study areas are listed in Table 1. Geographically, Ghana is situated between latitudes
4◦30′ N and 11◦ N and longitudes 1◦ E and 3◦30′ W, sharing borders with Togo, Ivory
Coast, and Burkina Faso to the east, west, and north, respectively.
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Table 1. Geographic description, coordinates referenced in the World Geodetic System 1984 (WGS84),
and specific details of the study areas.

Number Catchment Names Area (km2)
Latitude
(Degree)

Longitude
(Degree)

Year of
Construction Districts Regions

1 Gbalahi 110.00 9.426522 −0.761370 2019 Tamale Metropolitan Northern

2 Guno 29.5 9.599071 −0.748359 2021 Nanton Northern

3 Sambu 38.50 9.421129 −0.105968 2019 Mion Northern

4 Sandu 10.56 9.643587 −0.730433 2020 Nanton Northern

5 Nyeko 120.65 9.79261 −0.65729 1980 Karaga Northern

6 Denugu 67.81 10.761581 −0.135997 2020 Garu Upper East

7 Saboro 0.96 10.917569 −1.093346 2019 Kasena-Nankana Municipal Upper East

8 Busona 0.78 10.915739 −1.14238 1979 Kasena Nankana Municipal Upper East

9 Gia Bagania Chafia 0.56 10.91510 −1.141402 1990 Kasena Nankana Municipal Upper East

10 Gia Bagania 0.54 10.914675 −1.130696 2019 Kasena Nankana Municipal Upper East

11 Duongo 106.04 10.326808 −2.544880 1980 Nadowli-Kaleo Upper West

12 Keperisii 3.43 10.907583 −2.44581 2021 Wa Municipal Upper West

13 Siiru/Balawa 4.46 10.021704 −2.553314 1988 Wa Municipal Upper West

14 Dinaso Boo 8.70 10.063607 −2.444080 2021 Wa Municipal Upper West

15 Busa Dampu 38.40 10.215136 −2.369804 1990 Wa East Upper West

16 Kwisini 02.59 9.127211 −0.493400 2020 North East Gonja Savannah

Northern Ghana is one of the driest regions of the country due to its proximity to
the Sahara Desert and the Sahel region [39]. This part of the country experiences rainfall
marked by seasonality and annual variability. Generally, the principal feature of rainfall in
northern Ghana is its seasonal character and its variability from year to year.

The rainfall pattern is unimodal, covering the period from June to September with
a mean annual rainfall of approximately 950 mm, followed by long dry periods from
November to March, and dry and dusty harmattan winds.

The climate is tropical, characterized by high temperatures with an average annual
temperature of 30 ◦C [7]. Vegetation is predominantly Savannah woodlands dominated by
draught-resistant trees and grasses with scattered trees and shrubs.

Despite the region facing water shortage issues, it is known for its agricultural pursuits,
with farming serving as a primary occupation and a key economic activity.

2.2. Data Used

The Digital Elevation Model (DEM) of the Shuttle Radar Topographic Mission (SRTM)
raster format, with a resolution of 30 m, was gathered from Google Explorer 2023 off the
United States Geological Survey’s Earth Explorer (USGS) site (http://earthexplorer.usgs.
gov/, accessed on 22 February 2023). From the DEM, the slope and stream layers were
processed and clipped for each catchment through delineation of the whole watershed and
sub-basin using ArcMap 10.7.1.

Land cover data were downloaded from Landsat 8 satellite images accessed in March
2023 (with 30 m resolution) and enhanced by onsite inspection. The data on hydrologic
soil groups (HSG), according the USDA classification, were collected from the NASA
website’s global hydrologic soil group dataset (https://daac.ornl.gov/SOILS/guides/
Global_Hydrologic_Soil_Group.html, accessed in March 2024) in raster format and clipped
in each of the catchments accordingly.

http://earthexplorer.usgs.gov/
http://earthexplorer.usgs.gov/
https://daac.ornl.gov/SOILS/guides/Global_Hydrologic_Soil_Group.html
https://daac.ornl.gov/SOILS/guides/Global_Hydrologic_Soil_Group.html
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2.3. Weather Data

Weather data, such as rainfall and temperature data for each catchment under study,
was collected from the Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) [40] product of NASA POWER. It incorporates observational data
from various sources to create a comprehensive and accurate representation of the Earth’s
climate over a specific period.

Since the catchments of our study were ungauged and no meteorological weather
was available, we used MERRA-2 data acquired using coordinates of each catchment to
perform precipitation and temperature analyses. MERRA-2 was reanalyzed in the study
conducted by Rodrigues and Braga [41], to estimate daily weather variables in a hot
summer Mediterranean climate; the study found good agreement between MERRA-2 data
and observed data for all parameters except wind speed.

Also, comparison between daily values from MERRA-2 and meteorological stations
using several statistical tools were in acceptable agreement [42]. The study conducted by
Ngurah et al. [43] on the island of Bali using observed rainfall from several locations and
MERRA-2 rainfall data found high correlation values. In places rainfall data are not available,
as it is a case of our catchments, rainfall from MERRA-2 can be utilized as a credible source.

MERRA-2 is a reliable source for global meteorological data (precipitation, maximum
and minimum temperature, humidity, and solar radiation) when compared with observed
data [44]. In addition, considering climate changes, it is important to consider how future
climate conditions may affect water availability. For instance, rising temperatures are
likely to enhance evaporation (E) and evapotranspiration (ET) rates, which could further
exacerbate water stress.

Therefore, temperature and precipitation projections from Global Climate Models
(GCMs), such as those from the Coupled Model Intercomparison Project Phase 6 (CMIP6),
provide valuable insights into how future climate conditions may evolve. These models
simulate the Earth’s climate under different Representative Concentration Pathways (RCPs)
and Shared Socioeconomic Pathways (SSPs) 4.5 and 8.5 emission scenarios, which represent
potential future greenhouse gas concentration trajectories.

2.4. Data Processing

The geographical position of current dams/reservoirs was acquired from sites and
localized within the downloaded SRTM DEM. Each catchment was delineated with the
help of an assemble of Arc Hydro and a hydrology tool watershed modelling approach in
a GIS environment [45]. The stream order was defined and extracted for each catchment
concerning the closeness of maximal flow accumulation while the elevations and slope
from DEM were organized into four classes.

Land Use/Land Cover (LULC) maps were prepared using a supervised classification
approach using ERDAS Imagine 2015 (Figure 2). LULC directly influences the Curve
Number (CN), an important parameter, ranging from 0 to 100, used to predict direct runoff
or retention, with a high CN indicating high surface runoff [7], circumstance that suggests
that the area has low natural storage capacity and high runoff potential, hence indicating a
low suitability for locating dam sites. The CN depends on the soil type, the effect of LULC,
and the hydrogeological condition.

To identify the most pertinent factors for the suitable location of dams and reservoirs,
an investigation of the literature, consultation of local community and representatives of
water users were conducted. In addition, organized consultations were undertaken in the
form of interviews with experts in various backgrounds such as geology, water resource
engineering, civil engineering, and hydrologists.

The experts provided key insights; for instance, geologists emphasized the need
for impermeable geological formations to ensure dam stability; hydrologists highlighted
catchment characteristics and rainfall patterns for adequate water inflow; engineers focused
on technical feasibility, considering construction costs and proximity to infrastructure; all
experts stressed the importance of balancing environmental impacts and community needs.
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Therefore, each criterion was classified based on the existing literature and experts’
opinion and judgement [46,47]. The Analytic Hierarchy Process (AHP) method was conse-
quently used as a weighting method for GIS-based Multicriteria Decision-Making (MCDM)
to determine the site suitability for small dams/reservoirs [2,22,40–47].

The systematic steps on identification and selection of criteria for siting small dams/
reservoirs, data acquisition and pre-processing, pairwise comparison matrix, and overlay
analysis were undertaken.

Correspondingly, after acquiring and pre-processing all data, they were all converted
into raster format and rescaled in the same spatial resolution of 30 m using the World Geodetic
System (WGS) 84 and the Universe Transverse Mercator (UTM) 30N coordinate system.

Finally, from the proposed sites for small dams/reservoirs, the suitability assessment
was performed, and their optimal storage capacity was assessed (Figure 3).

2.5. Reclassification, Analytical Hierarchy Process (AHP) Analysis, and Overlay Analysis

Reclassification was implemented using the reclassification tool in ArcGIS. Raster
layers were reclassified into four classes, except for geological, which was divided into
two potential categories based on professional judgement in geology, water resource
management, and civil engineering.

In addition, an extensive review of the existing literature was consulted [21,22,48–52].
The AHP process was developed by Saaty [53,54], as a useful technique for handling
complex decision-making.

During the decision-making process, this strategy assists decision-makers in priori-
tizing options, subcriteria, and criteria in order to arrive at the optimal choice. Therefore,
a pair-wise comparison matrix (AHP) in alignment with experts’ judgement was used
to evaluate criteria weight. During the analysis of potential dam sites, the parameters
summarized in Table 2 were considered.
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Table 2. Reclassified layers and their preference value of suitability.

Classes Preference Value Suitability

1st order 0 Restricted
2nd order 1 Not suitable

Stream order 3rd order 3 Modestly Suitable
4th order 5 Highly Suitable

>25 0 Restricted
20–25 1 Not suitable

Land Slope 13–20 3 Modestly Suitable
<6 5 Highly suitable

Built-Up Restricted
Agriculture 0 Not suitable

Land Cover Forest 1 Less
Water body 5 Highly suitable
Barren Land 3 Moderately suitable

Elevation --- --- ---

Stream density --- --- ---
Note (---): preference depends on specific catchment.
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The implementation of AHP involved the application of the MCDM preference matrix
and the determination of the parameters’ weight for site suitability analysis [49]. The
pairwise comparison was applied to all criteria (Table 3).

Table 3. Pairwise scale of relative importance: source [3,29].

Intensity of Relative Importance Definition Description

1 Equal importance Two criteria contribute equally to the objective

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

5 Strong importance Experience and judgement strongly favor one criterion over another

7 Very strong A criterion is favored very strongly over another

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

After the pairwise comparison matrix was performed, the normalized weighted matrix
was calculated according to a relative level of importance [29]. Furthermore, a consistency
ratio (CR) was computed from the normalized vector values to ensure the reliability and
consistency of judgements, see Equation (1) [52]:

CR =
CI
RI

(1)

where CR is the consistency ratio, CI is the consistency index, and RI represents the standard
value, reported in Table 4.

Table 4. Consistency indices for randomly generated matrix (RI) values: adapted from [55].

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

Consistency index results from sample-produced joint matrices. If the CR < 0.10,
it means that the pairwise matrix has an acceptable consistency [51]. Otherwise, it has
inadequate consistency, and the comparison process must be repeated [3]. Therefore, CI
was given by Equation (2) [30]:

CI =
λ− n
n − 1

(2)

where λmax is the number of factors being compared to the matrix, and λ is the highest
eigen value of the pairwise comparison matrix.

According to [49], the maximum eigen value of the comparison matrix can be calcu-
lated using the following method:

(i) Multiplying each value in the column (in the matrix table which is not normalized) by
criteria weight.

(ii) Computing the weighted sum value by adding the values in the rows.
(iii) Calculating the ratio of each weighted sum value to the respective criteria weight.
(iv) Averaging the ratio of weighted sum value to the criteria weight.

After performing the weights and reclassification of all criteria, the weighted overlay
analysis was performed in ArcGIS Spatial Analyst using a weighted overlay technique,
producing suitability maps with a spatial resolution of 30 m × 30 m.

2.6. Suitability Assessment Potential Zones for Suitable Dam Siting

Identification of potential sites for water storage was analyzed within the dam’s
catchments, far away (more than 100 m) from the current dam location. As aforementioned,
the AHP method was employed for site suitability assessment through overlay analysis,
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facilitating the identification of a suitable dam location, by considering the surrounding
area and overlaying of layers such as slope, elevation, LULC, drainage density, and geology.

The pairwise weighs each element against each other, where each level is related to real-
ity from the ground morphology, knowledge from the literature and experts’ opinions [20].
Additional analysis picked the surrounding area by considering the overlaying of layers
such as slope, elevation, LULC, and geology.

2.7. Evaluation of Current and Proposed Dam Sites Storage Capacities

Further analysis was conducted for six catchments named Dinaso Boo, Denegu, Bu-
sona, Sambu, Duago, and Kepersii. After the potential dam site locations were investigated,
six proposed new dam locations underwent evaluation of optimal storage capacity includ-
ing a thorough analysis to ascertain the viability and appropriateness of possible dam
construction sites.

This procedure took into account several variables, such as 3D surface analysis, 2D
surface area topographical features, dam height, catchment area, water flow patterns,
hydrological, and maximum volume to guarantee the dam’s long-term sustainability and
structural integrity.

Contours were generated with an interval of 2.5 m from the DEM. Civil 3D software,
the Spatial Analyst tool, was added as an extension to the Arc toolbox and the 3D analyst
tool was used to determine the storage capacities and represent the elevation, storage
capacity, and elevation submerged under different areas respectively.

Mathematically, the incremental volume between any contour elevations and live
capacity of a reservoir can be calculated using Equations (3)–(5):

Vi = ∆h
(

AI + Ai+1 +
√

AAI+1

)
1/3 (3)

VI = ∑i
k=1 ∆Vk (4)

Ya = ∑N−1
i=1 ∆Vi (5)

where ∆Vi is the volume between contour elevations i and i + 1, ∆h is the contour interval,
Ai is the area at contour elevation I, Ai + 1 is the area at contour elevation 1 + i, Ya is the
live capacity of reservoir, and N is the number of contour elevations.

After analyzing each dam/reservoir area in both 2D and 3D representations, two
options of optimal storage were identified. Option 1 highlighted the maximum storage
capacity, while Option 2 showcased the alternative potential storage based on ground
morphology and on catchment characteristics.

3. Results and Discussion
3.1. Suitability Assessment and Stream Network Maps

The first stage of suitability assessment drove an understanding of the appropriateness
of the dams’ placement concerning the natural hydrological features of the landscape. This
stage of the study focused on evaluating the alignment of the current dams’ locations with
the available stream networks within each catchment.

After each catchment was analyzed in terms of the current dam’s location compared to
the main stream network, the results from the stream network versus current dams’ location
showed that Guno, Nyeko, and Sandu current dams were located within a reasonable
distance (less than 100 m) away from a major stream network, suggesting that they are
well located in considered catchments. However, Sambu sub-catchment was suggested as
a possible extension to further downstream the dam location to maximize the potential
runoff harvesting.

In the Upper West region, Busa Dambu and Siiru/Balawa were found to be well located
(less than 100 m) to collect the runoff from the catchment, based on the stream flow networks
analysis. However, based on the findings of Figure 4, additional dam locations were suggested
by expanding the catchment area in Dinaso Boo, Duago, and Kepersii sub-catchments.
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In the Upper East region, the analysis suggested that Busona, Gia Bagania, and
Gia Bagania (1V1D) were located within the suitable location considering the distance
separating the major stream networks and current dam locations. Nevertheless, the Denugo
sub-catchment was suggested as an additional location of dam with possibility to expand
the catchment area for potential maximum runoff yield.

Most of the investigated dam sites were properly chosen. The outcome of the analysis
across the studied catchments in Northern Regions of Ghana, where current dam locations
were analyzed versus stream networks within the catchment is presented for the Northern
Region, Upper East, and Upper West, in Figure 4a–c, respectively.

In general, the outcome of the analysis showed that among the 16 analyzed catch-
ments, 10 were in reasonable distance (less than 100 m) to major stream networks and,
consequently, judged relatively well located. However, for six of them (Kepersii, Sambu,
Duago, Denugo, Dinaso, and Busona) a potential suitable relocation was proposed to
maximize the catchment runoff yield.

In the pursuit of sustainable water resource management, it is indeed imperative to
ensure that dams are strategically located to optimize their functionality and minimize
environmental impact. After analyzing each catchment, the results from the first part of this
study show the assessed suitable sites based on stream network prevail in the respective
catchments with the existing dam locations.

Figure 4a–c highlight disparities in dam placement across the studied catchments.
Some dams exhibit a considerable distance (more than 100 m) away from the available
stream network, indicating potential challenges in harnessing the full hydrological potential
of the catchment. However, other dams were found to be strategically positioned at reason-
able distances from tributaries, suggesting a more judicious selection in their locations.

3.2. Dam Sites Suitability Maps

The AHP method was used for site suitability assessment through overlay analysis
and design of their optimal storage capacities. The pairwise weighed each element against
each other (Table 5), where each level was related to reality from the ground morphology,
knowledge from the literature, and experts’ opinions.

Table 5. Preference matrix, pairwise matrix with intensity judgements.

Criteria Stream DEM LULC Geology Slope

Stream 1 3 2 3 4
DEM 1/3 1 2 3 5
LULC 1/2 1/2 1 2 3
Geology 1/3 1/3 1/2 1 2
Slope 1/4 1/5 1/3 1/2 1
Sum 2.416 5.033 5.833 9.5 15

The normalized matrix was established by dividing each entity’s parameters by the
sum of all from their respective column. According to our study, stream networks were
given the highest importance while DEM and Geology were attributed equal value to
moderate values, while the slope was attributed a lower value based on its insignificance
from the ground nature (flat areas).

Thus, the weight used in overlay for each criterion was calculated from an average of each
raw multiplied by 100 (Table 6): (Average of the normalized matrix) × 100. With λmax equal
to 5.18, the resulting consistency ratio was acceptable (0.04) [28,48]. Moreover, a CR exceeding
10% is not reliable. Otherwise, the iteration starts again unless the result is less than 0.1.

The overlay analysis was operated by agreeing with all criteria layers to perform
suitability maps based on superimposition activities in ArcGIS. In combination with other
parameters, higher to less suitable areas of the six catchments analyzed in detail are
displayed in Figure 5. Moreover, Figure 6 delineates various storage stages in volume and
corresponding area, corresponding to different elevations.
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Table 6. Normalized matrix.

Criteria Stream DEM LULC Geology Slope Weight

Stream 0.413 0.596 0.342 0.316 0.267 39
DEM 0.138 0.199 0.342 0.316 0.333 27
LULC 0.206 0.099 0.171 0.210 0.2 18
Geology 0.138 0.066 0.086 0.105 0.133 10
Slope 0.113 0.093 0.056 0.052 0.067 6
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storage capacity. Option 2 showcases the alternative potential storage.

The results show possible options for increasing water harnessing to attenuate the
water shortage and reverse the effects of climate change. Regarding dam planning, con-
struction, and optimization, this visual analysis sets the stage for a detailed examination of
each catchment’s unique characteristics, as reported in the next paragraph.

3.3. Evaluation of Storage Capacities of Existing Dams

The results of current reservoirs’ storage capacities are presented in Figure 7 for
existing reservoirs, and Appendix A for the proposed ones (Options 1 and 2). The elevation–
area and elevation–volume curves provided graphical representations of elevation stages
and corresponding surface area and volume of water stored.

For each catchment, there was a discernible correlation between elevation and the
resulting variations in reservoir area and volume.

The curves provided a comprehensive overview of the optimal storage capacity for the
proposed dam sites under two distinct options, except for Dinaso Boo and Busona which
were proposed options based on ground features.
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The data provide valuable insights into the optimal storage capacity under each option,
showcasing the dynamic changes in area and volume as the elevation varies. After a general
analysis of the respective proposed relocation of the small dam/reservoir, optimal elevation
area–storage curves displayed different storage capacities and corresponding areas and
elevations for each.
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The estimated storage capacities of different dam options were compared. It was
found that the storage capacity of Option 1 for the Duago Dam was 20% greater than
that of Option 2, and Option 1 offered a 40% increase in storage capacity compared to the
dam’s current capacity. Option 1 for the Sambu Dam showed an increase of 80% in storage
capacity over the suggested capacity in Option 2, and a 40% increase over the reservoir’s
present capacity. Option 2 for the Denugo Dam showed a 50% increase over the current
storage and a 25% increase over Option 1 in terms of area and volume. Option 1 for the
Kepersii dam proposed a 60% increase in storage capacity over the current storage in the
watershed and 30% increase in volume over Option 2.

The comparison between these options allows for a nuanced understanding of the
potential storage variations based on ground morphology and elevation changes. In
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addition, the implementation of gauging stations and soil loss records in the watershed
is highly necessary to monitor direct sediment and erosion measurement before dam
construction. Understanding these relationships is crucial for informed decision-making in
stored water usage and planning.

4. Discussion

From existing academic literature, the subjects of selecting suitable locations for small
dams in ASAL regions of northern Ghana received little attention.

Given the important expectations and investments being made on dams, it was nec-
essary to assess and ascertain the safety of the small dams and their reservoirs. Safety
inspections were carried out on all critical sections of the structural and non-structural
defects, and engineering characteristics.

The assessment of reservoir condition, upstream, downstream embankment, and
spillway revealed good, fair and lack of maintenance, poor, and very poor conditions.
Generally, the results from onsite inspections highlight the importance of maintenance in
each of the inspected dams.

While cost and resource constraints are indeed important factors in decision-making for
small dam construction, strategic and important factors such as environmental, hydrological
conditions, and long-term sustainability should equally be considered through research.

In this regard, this study includes a multicriteria consideration approach that makes
use of state-of-the-art models to identify the best sites for dam construction in the in-
vestigated region. The process of selecting a dam site was here influenced by various
factors, necessitating the application of multicriteria decision-making techniques to address
this complexity.

Following the initial screening utilizing stream networks to identify potential dam
sites, based on stream order and hydrological distance from streams, the outcome shows the
differences between the current small dam/reservoir to the mainstream flow. These findings
suggest that the decision to construct some dams/reservoirs may not have considered
critical factors of suitable dam siting. This was attributed to the lack of consideration of
some suitability factors identified in this study.

The application of the AHP method across the investigated catchments found that
six small reservoirs were not located on the mainstream, and revealed distinct suitable
locations in different levels as highly suitable, moderately suitable, less suitable, and least
suitable. The method provides a potent and adaptable tool for resolving issues involving
multiple criteria, to assess and identify an optimal location for constructing a small earth
dam within diverse catchments [49,50].

Moreover, the study by Karakuş and Yıldız [3] employed GIS-based multicriteria
evaluation, considering factors like land use, slope, soil type, and proximity to water
bodies. The AHP method was applied to evaluate dam sites based on environmental and
socioeconomic criteria [3,27,31]. The integration of diverse criteria in the current study
aligns with this approach but is distinguished by the detailed use of AHP for specific
hydrological factors and also adds novelty by incorporating detailed elevation area–storage
curves, offering a more dynamic analysis of storage capacities.

Nevertheless, in regions prone to water scarcity, where increasing agricultural water
demand is a significant driver, the inclusion of various stakeholders is critical when im-
plementing water resource management strategies [56,57]. This emphasizes the broader
benefits of comprehensive and well-planned water resource management.

The study by Apollonio et al. [58], reported that improper water management in the
Asso Torrent basin, Italy, highlights the risks of relying on outdated water management
paradigms that fail to adapt to changing environmental conditions. The study revealed
how the discharge of treated wastewater into channels intended to recharge a groundwater
system led to increased flooding and damage due to insufficient infrastructure and the
growing frequency of intense rainfall events.
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This case underscores the necessity of moving away from traditional, centralized water
management approaches and adopting more adaptive strategies.

Additionally, the study determined the optimal storage capacity under each option,
showcasing detailed understanding of dynamic changes in elevation area–storage curves.
The combination of elevation area–storage curves provides a comprehensive understanding
of dynamic changes in reservoir capacity. These storage curves not only facilitate better
understanding but also serve as a vital reference for reservoir management, flood control
in case of occurrence, and water resource planning [59].

The comparison between these options allows for a nuanced understanding of the
potential storage variations based on ground morphology and elevation changes. With
climate uncertainty and the vulnerability of water resources often termed by hypsometric
factors, the developed options of reservoir operations can allow decision-makers to address
both water supply demand and the implication of the effects of climate change, and this is
in agreement with the study by [60].

Therefore, the presented options for storage capacity hold significant implications
for decision-makers involved in dam site selection and reservoir planning. In addition,
it is essential to consider the practical applications of the collected water for agricultural,
domestic, and other purposes. The potential for agricultural water uses in northern Ghana
is significant, particularly in supporting small-scale irrigation systems that could improve
local food security.

Domestic water use could provide critical benefits for rural communities by enhancing
access to reliable water sources, which remains a challenge in many areas. In the context
of climate uncertainty and rising demand, optimizing water use for both agriculture and
domestic needs will be key to ensuring the sustainability of these dams and reservoirs.

Moreover, these findings emphasize the understanding of the estimation of area-
storage capacities using a Triangular Irregular Network (TIN) model in the ArcMap at
appreciable costs, as reported by Fuska et al. [59], compared to existing techniques that
require labour-intensive, time-consuming, and cost implication [60]. Also the study by
Sawunyama et al. [61] conducted on the estimation of the small reservoir storage capacities,
emphasized the significance and the linear correlation from data collected from the field
using GIS and remote sensing.

The presentation of storage options empowers policy makers to make informed choices
that balance environmental, economic, and social considerations contributing to the overall
success and sustainability of the dam project.

5. Conclusions

This study aimed to address pressing water shortages for domestic use and irrigation
purposes in ASALs of northern Ghana, where constructed small dams face issues harness-
ing optimal catchment yield. The process of selecting a dam site was influenced by various
factors, necessitating the application of multicriteria decision-making techniques to address
this complexity.

The initial screening utilized stream networks to ascertain and identify potential
dam locations based on stream order and hydrological distance, identifying six dams
(Kepersii, Sambu, Duago, Denugo, Dinaso, and Busona) situated more than 100 m from
mainstream flows.

The application of the AHP to these six small reservoirs identified varying levels of
suitability: highly suitable, moderately suitable, less suitable, and least suitable. The highly
suitable zones were noted for their potential to yield water effectively, considering the
valley shape for dam wall construction, high stream density, and contributing catchment
area. Furthermore, optimal elevation area–storage curves for the existing and proposed
locations demonstrated different storage capacities and corresponding areas, offering a
comprehensive understanding of optimal storage, water management, and allocation.

The findings underscore the usefulness of AHP as a versatile tool for resolving multi-
criteria issues, essential for optimal dam site selection. By identifying highly suitable zones,
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this study provides a foundation for improved water resource management, particularly in
semi-arid areas facing climate change challenges.

This study highlights the critical role of multicriteria decision-making techniques,
particularly AHP, in optimizing dam site selection to enhance water resource management
in semi-arid regions.

By addressing both technical and managerial aspects, the research offers a pathway
to sustainable water harvesting, crucial for adapting to climate change and meeting do-
mestic and agricultural water demands. This can aid policymakers and water resource
managers in making informed decisions about water allocation, drought management,
and infrastructure design, ultimately enhancing water harvesting and sustainability in
the region.

However, this study acknowledges some limitations, including the exclusion of some
environmental criteria in the site selection process and the lack of assessment of socioeco-
nomic impacts. Additionally, this study did not engage with the community to track the
long-term performance and structural integrity of the small dams and reservoirs.

Even though it would have been ideal to have more onsite experts to potentially
contribute more relevant knowledge about the failure cause of small dams/ reservoirs in
the study area, this study had to be carried out with the specialists we could identify from
different locations.

In addition to hydrological factors, non-hydrological parameters also play a critical
role in dam site selection. These include land tenure and ownership, which can affect the
ease of land acquisition and community acceptance; accessibility to infrastructure, which
influences construction and maintenance costs; ecological impact, especially the potential
for disrupting local ecosystems and biodiversity; and socioeconomic factors, such as the
population’s reliance on the land for agriculture or settlement.

The inclusion of such factors ensures that dam site selection is not only technically
viable but also socially acceptable and environmentally sustainable. Incorporating these
broader considerations helps ensure that dam projects are integrated into the local context,
minimizing conflicts and maximizing benefits.

Therefore, future research should incorporate a broader range of environmental criteria
for dam site selection and assess the socioeconomic impacts of small dams and reservoirs.
Engaging with the community to monitor the performance and structural integrity of these
water resources over time will provide valuable insights.

Moreover, to give the results more validity, future iterations of this study could con-
sider including a variability and confidence analysis regarding the extent of the participants’
knowledge of each site.

It is also advised to carry out fieldwork for community consultation in order to
ascertain the population’s perspective regarding the construction of the dams/reservoirs in
the suggested locations in order for the process to be deemed community property. These
efforts will help to refine site selection methods and enhance the sustainable management
of water resources in similar contexts.
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Appendix A. Elevation–Storage Curve and Elevation–Area Curve for the
Proposed Reservoirs
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