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Abstract

The lack of precipitation and erratic rainfall patterns in arid and semi-arid regions of
the world raise concerns about water scarcity. Rainwater harvesting (RWH) is a
traditional technique employed to gather and store rainwater for diverse uses such as
drinking water and agricultural applications. A number of frameworks, each with its
unique set of criteria, have been developed in recent decades to help detect and
prioritise locations for rainwater harvesting (RWH), an essential technique not only
for the preservation and enhancement of water resources but also as a key component
of sustainable integrated watershed management. To rank possible sites, these
frameworks were created using what are known as structural criteria (biophysical and
socio-economic). While these frameworks are effective in identifying potential sites
for RWH, they often do not account for the broader ecological criteria that are
essential for the sustainability of the watershed system as a whole. The sustainability
of the system, regulatory compliance, climate resilience, biodiversity preservation,
water quality improvement, and environmental protection are all dependent on
ecological criteria.

In this study, this deficiency is addressed by the development of a hybrid framework
which combines structural criteria with important ecological criteria. Planning to
identify rainwater harvesting sites in arid and semi-arid regions based on various
criteria—namely biophysical, socioeconomic, and ecological—is a complex issue
especially when including ecological criteria.

The first part of this thesis involved a systematic review to identify the gaps in
knowledge and the criteria used in existing frameworks. The conducted systematic
review is based on the two major databases of Scopus and Engineering Village.
Sixty-eight relevant studies were found and critically analysed to identify patterns
and unique features in the adopted frameworks. The results of this review reveal that
41% of the frameworks consider both biophysical and socioeconomic criteria,
whereas the remaining 59% of the frameworks depend solely on biophysical criteria.
The importance of each criterion is encapsulated through a suitability score.

The term "scale" is used here to refer to the system or range used to rate or measure
how well a site aligns with specific criteria for suitability, whether through a binary
indicator (match or no match) or through graded scales of varying levels of detail.

The first scale which accounts for 21% of the frameworks uses a binary (0 or 1)




indicator of whether the site matches a criterion or not. While the other frameworks
use graded scales of differing granularities, with 52% using a low-resolution scale of
1 to 3, 4, or 5. This is followed by a 7% that uses a medium-resolution scale of 1 to
10, and a further 7% using a high-resolution scale of 1 to 100. The remaining 13% of
the frameworks did not specify the scale used. Importantly, this part of the thesis
concludes that all existing frameworks for selecting RWH sites are solely based on
biophysical and/or socioeconomic criteria; ecological impacts, the consideration of
which is vital for building RWH systems sustainably, are currently ignored.

The latter part of the thesis is to identify the important ecological criteria and
their corresponding weights as well as to use a case study to apply the framework.
The important ecological criteria have been identified based on additional literature
review. The inter-relationships of ecological criteria are complex, with
“independent” criteria affecting the “mediator” criteria (e.g. dissolved oxygen,
phosphorous concentration) which directly impact ecological standards, i.e. the
“dependent” criteria such as the number of aquatic organisms. This study focuses on
the key independent criteria of temperature and light, which are prioritised based on
findings from the analysis of the literature. These findings have shown temperature
and light to be the most influential factors affecting water quality criteria. However,
the hybrid framework could easily be expanded to include additional ecological
criteria, depending on the region to which it is applied. The framework encompasses
independent, mediator and dependent ecological criteria identified from the
literature, and the importance of each (represented as weightings in the framework)
has been quantified through a robust combination of data analysis and expert
opinion. The importance of the ecological criteria inclusion is demonstrated through
a case study of Erbil Province in Iraq, where both climate change and human actions
have seriously reduced water supplies in the past 20 years. A number of proposed
rainwater harvesting sites are assessed via a structural and the new hybrid
framework. The results demonstrate that the inclusion of these ecological criteria
changes the ranking of the sites. Four different sites for rainwater harvesting (RWH)
were chosen within Erbil city, each identified by its specific geographic coordinates.
The hybrid framework implemented on these sites encompasses two distinct
scenarios. The first scenario incorporates three key components: biophysical, socio-

economic, and ecological criteria. In contrast, the second scenario integrates two




components: biophysical and socio-economic criteria. For the first scenario, the
suitability scores for the sites, listed in sequence from site numbers 1 to 4, are as
follows: 1 (2.71), 2 (2.52), 3 (2.13), and 4 (3.31). For the second scenario, the
suitability scores for the sites, listed in sequence from site numbers 1 to 4, are as

follows: 1 (2.53), 2 (2.62), 3 (2.26), and 4 (3.03).
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Chapter 1: Introduction

Water is among the planet's most vital resources, especially in regions where rainfall is
limited and scarcity is a constant challenge. Water scarcity refers to the insufficient
availability of water or the lack of access to safe and reliable water sources. A region is
considered "water-stressed" when it withdraws 25% or more of its renewable freshwater
resources (Biancalani & Marinelli, 2021). Across the globe, many areas grapple with severe
water shortages, making effective management and conservation crucial. More than two
billion people will live in areas with severe water scarcity by 2050 according to the United
Nations Environment Program which might affect the development of the countries on the

planet (Field & Barros, 2014; Sekar & Randhir, 2007).

Water resources are particularly limited in arid and semi-arid regions, characterised by
average annual precipitation of 150-350 mm and 350-700 mm, respectively (Ammar, 2017).
Arid and semi-arid regions represent about 50 million km? of the earth, which means 35% of
the earth has issues related to water scarcity for drinking, crop and other demands see Figure
1-1 (Ziadat et al., 2012). Also, some of these regions have short duration and high intensity of
precipitation, and this precipitation occurs only in short wet seasons. In addition, Arid and
semi-arid regions face increasing pressure due to rising per capita water use, population

growth, irrigation demands, and the uncertainties of climate change (Ammar, 2017).

Figure 1-1 displays a map highlighting the arid and semi-arid regions of the world
(Ahmad et al., 2021).
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To control these issues, it is important to utilise systems to conserve this water for use in the
dry season. Therefore, water management is essential in these regions to improve the quality
of life and ensure effective use of water resources (Yaseen et al., 2020). Integrated watershed
management (IWM), which takes into account the interdependence of water, soil, plant, and
human activity within a watershed, is a crucial component of this strategy. Integrated
watershed management promotes the sustainable use of water resources, enhances ecosystem
health, and lowers the danger of flooding and soil erosion by regulating these factors
collectively (Rockstrom et al., 2011).

Rainwater harvesting (RWH) represents a pivotal technique within the realm of water
management. This method is considered the most important technique to collect and store
rainwater, thus ensuring continuous supply throughout the year (Sayl, 2017). In addition,
rainwater harvesting represents long-term sustainability through groundwater recharge,
supporting soil conservation, and overall watershed health when incorporated into larger

watershed management initiatives.

The water conservation in these regions depends on climate and hydrological data, as a
result, an efficient water conservation system must be devised (Agarwal et al., 2001; Sayl et
al., 2017; Sayl et al., 2016). The scarce and intermittent rainfall is the main obstacle to
development in arid areas. To ensure continuity of water availability for use in domestic,
commercial, industry and agriculture, it is important to utilise water harvesting systems (Sayl
et al., 2020). According to Zheng et al. (2018b), it is believed to be important to identify
potential sites for rainwater harvesting in order to maximise water availability and land

productivity in the arid and semi-arid areas of China.

Rainwater harvesting (RWH) structures are critical components of water management
strategies. These structures employ various techniques to capture rainwater for different
purposes, including percolation dams, ponds, and dikes (Naseef & Thomas, 2016; Oweis,
2012). There are various RWH systems used in different countries, such as cisterns, terracing,
wadi-beds, underground tanks, and Khazzan, which are used in Yemen, Libya, and Egypt. In
addition, several traditional RWH systems are used in northern Mexico and the southwest
United States. Ancient systems have been often used for domestic and agricultural purposes

as ponds, cisterns, small dams, and diversion canals (Oweis, 2012).
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Rainwater harvesting has some problems which can make the design of the system more
complicated. These problems include firstly, one can never be sure of the amount of rainfall
that will fall. Secondly, the initial costs of the structure and the costs of maintenance, which
can be largely overcome through proper design and using the locally available material to
ensure sustainability. Thirdly, the quality of water may be affected by air pollution, birds or
animals, insects, organic matter, and dirt. Finally, supply of water is sensitive to drought also
the supply might be limited by the size of catchment area, the amount of rainfall and the
storage reservoir (Worm, 2006). Watersheds provide a diverse array of ecosystem services,
including water yield, climate regulation, soil conservation, primary productivity, and
biodiversity. However, watershed problems are critical for the livelihoods of their inhabitants,
as they present numerous challenges that can lead to poverty, food insecurity, and social
conflict. These challenges are often the result of unsustainable exploitation of natural
resources and include climate change, soil erosion, loss of biodiversity, economic conflicts,
overemphasis on local alterations of natural hydrological cycles, water quality issues, and

reduced groundwater recharge (Cao et al., 2022).

According to FAO (2003), six criteria should be considered when selecting a rainwater
harvesting site: hydrology, climate, soil, agronomy, socioeconomic conditions, and
topography. The consideration of all these criteria makes the selection of suitable sites more
complicated and more time-consuming, especially for large catchments. The type of RWH
system depends on the slope of the region. For example, the bonds are used for small flat
areas with a slope less than 5%; percolation tanks are used for moderate slopes of 5-10%;
terracing is used for steeper slopes of 5-30%; and slopes of 15% are suitable for check dams
(Ammar et al., 2016; Krois & Schulte, 2014; Ramakrishnan et al., 2009). Extracting data for
site selection has traditionally required significant time and human resources. However,
Geographic Information Systems (GIS) and remote sensing (RS) can simplify the process

(Sayl, 2017).

Ecological criteria are not currently considered in existing frameworks, despite their
important role in preventing environmental harm and ecosystem disruption. A rainwater
harvesting (RWH) structure with a comprehensive ecological system should fulfil key
ecological functions, including biodiversity conservation, mitigating potential harm to
ecosystems, and safeguarding ecological balance and resilience against degradation (Zheng et

al., 2018a). One of the most important aspects in selecting RWH sites is soil erosion. High

Chapter 1: Introduction 3



1.1

surface runoff is necessary, however, it also causes soil erosion (Zheng et al., 2018a). Zheng
et al. (2018a), developed a procedure for the continuous accounting of runoff potential risks
of water and soil loss based on the universal soil loss equation to evaluate the potential for
water harvesting and based on the Soil Conservation Service curve number. According to
Pacheco et al. (2015) sediment deposition is an important factor that affects the volume of

reservoirs and the quality of water; as a result erodibility is a crucial factor to consider.

To succeed, a rainwater harvesting (RWH) structure should be chosen in regions where the
surface area for runoff is higher, especially in areas experiencing water shortages.
Additionally, it should aim to decrease water consumption by vegetation, improve soil
quality, increase vegetation coverage and biodiversity, control sediments and silt through the
establishment of storage dams, and employ other techniques used to conserve water and soil

in regions sensitive to soil erosion (Zheng et al., 2018a).

KNOWLEDGE GAP

Site selection is an important part of the development of RWH systems. Currently,
selection depends on two main groups of criteria, biophysical and socioeconomic. In addition
to the biophysical and socio-economic criteria, ecological criteria are important when
considering sustainability yet are not included in current frameworks. These criteria include
temperature, concentration of dissolved nitrogen (n), total phosphorus (TP), light, pH,
dissolved oxygen (DO), salinity, and ammonia. These criteria are utilised to identify optimal
sites for RWH structures, aiming to establish a relationship between them to ensure
sustainable rates of water withdrawal and effective control of water evaporation (Mahmoud et
al.,, 2016; S. H. Mahmoud & Alazba, 2015; Prinz & Singh, 2000; Sayl, 2017). All prior
studies have focused on biophysical and socioeconomic criteria without taking into
consideration ecological criteria, which represent the significant pillars of sustainability.
Adopting sustainable practices in water usage can help maintain a balance between the
demand for water and its availability, especially when this water is used for drinking (Rahman

et al., 2014).

The knowledge gap which is addressed by the research detailed in this thesis is how to
extend RWH site selection frameworks to include ecological criteria in a RWH site selection

framework.
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1.2

1.3

The main obstacle of this work may be divided into two parts: firstly, finding a method
to assess the ecological criteria for RWH systems before construction, and secondly,
combining these criteria with current biophysical and socioeconomic criteria to identify

appropriate locations for RWH.

RESEARCH QUESTIONS.

The following research questions will be addressed in this study:

1- How do we evaluate the ecological impact of rainwater harvesting in arid and semi-arid
regions?

2- How do we include ecological assessment in the selection and positioning of rainwater
harvesting structures?

3- Can we combine ecological criteria with the currently used biophysical and socio-

economic criteria to enhance the final decision?

AIM AND OBJECTIVES

The main aim of this study is to create and implement a hybrid framework, which
incorporates both structural and ecological criteria, for rainwater harvesting site selection in
arid and semi-arid regions. In order to achieve this aim, the following objectives will be met:

1- Identify and understand existing frameworks via a systematic literature review.

2- Identify the direct and indirect ecological criteria of importance for RWH site
selection and determine the links between them. This will be through a literature
review.

3- Determine appropriate weights for each indirect criterion by quantifying their
impact level on direct criteria through literature review and consultation with
experts in ecological impacts on water systems.

4- Combine the structural criteria currently used for RWH site selection with the
new ecological criteria to produce a comprehensive, hybrid framework.

5- Demonstrate the applicability of the new, hybrid framework via a case study.
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THESIS OUTLINE

This thesis is divided into seven chapters and is structured as follows:

This introduction is followed by a literature review Chapter 2, which presents the background
and types of rainwater harvesting. Following this, Chapter 3 present the systematic literature
review, the purpose of this chapter is to identify the existing criteria and methods that have
been used to identify sites for rainwater harvesting in arid and semi-arid regions based on

conducting a systematic review, as well as to identify gaps in knowledge.

Following this, the methodology Chapter 4 outlined the research design, data collection
methods which include quantitative and qualitative approaches via a questionnaire, and data

analysis techniques employed in the study.

Then, Chapter 5 presents a detailed analysis of the questionnaire findings related to ecological
criteria and the analysis weightings of existing biophysical and socioeconomic criteria. It is
organised into four sections, each focussing on different aspects of the analysis. The chapter
also identifies knowledge gaps in ecological criteria by assessing the weights assigned

through a survey conducted among experts.

Chapter 6 demonstrates the application of the framework through a case study and conducts a
comparative analysis of the framework in arid and semi-arid regions (RHF-ASAR) with

existing framework outputs, specifically focusing on Erbil City, Iraq.

Chapter 7 details the important conclusions derived from the study's findings and gives

recommendations for future research in this field.

The dissertation follows a hybrid format, consisting of chapters that include both published
papers and traditional chapters. Specifically, it contains two published journal papers, as
outlined below:
i.  Ahmed, S., Jesson, M., & Sharifi, S. (2023). Selection Frameworks for Potential
Rainwater Harvesting Sites in Arid and Semi-Arid Regions: A Systematic

Literature Review. Water, 15(15), https://www.mdpi.com/2073-4441/15/15/2782.

ii.  Ahmed, S., Jesson, M., & Sharifi, S. (2025). A Novel, Ecology-Inclusive,
Hybrid Framework for Rainwater Harvesting Site Selection in Arid and
Semi-Arid Regions. Water Resources Management,

https://link.springer.com/article/10.1007/s11269-024-04073-7
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Chapter 2: Background of rainwater
harvesting

This short chapter provides background information on topics relevant to the
main body of this thesis. Some parts of the chapter are included in the introduction to
the author’s published paper which forms Chapter 3: of this thesis and details the
systematic literature review and its key findings. Therefore, some repetition of

material, as necessary to maintain the coherence of the thesis.
2.1 WATER HARVESTING

Water harvesting is defined as “The collection and management of floodwater
or rainwater runoff to increase water availability for domestic and agricultural use as
well as ecosystem sustenance” (Mekdaschi Studer & Liniger, 2018).

Due to an increase in water demand, water from streams, rivers, and reservoirs
and pumped groundwater are no longer sufficient. subsequently in recent decades
new interest in water resources such as rainfall and floodwater harvesting (Ingrao et
al., 2023).

Many arid and semi-arid places have used traditional water collection
techniques for a long time. For example, rainwater harvesting, floodwater harvesting,
fog and dew harvesting, and groundwater harvesting (Kahinda & Taigbenu, 2011).
These traditional strategies have been important in the past and were very useful for
ancient civilizations in arid and semi-arid areas around the world (Kahinda &
Taigbenu, 2011). According to Kahinda and Taigbenu (2011), there are four types of
water harvesting: fog and dew harvesting, rainwater harvesting(RWH), floodwater

harvesting(FWH), and groundwater harvesting (GWH) as shown in Figure 2-1.

In addition, the study explores rainwater harvesting techniques in macro
catchments to address water scarcity in arid and semi-arid regions worldwide. Most
of these regions have seasonal rain and dry seasons, such as Iraq, Saudi Arabia,
Tunisia, Jordan, etc. The available water quantities must be managed to collect water
during the rainy season and utilize it in the dry season for irrigation, drinking, and

domestic purposes.
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Figure 2-1 Strategies of water harvesting (Kahinda & Taigbenu, 2011).
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2.1.1 Rainwater Harvesting (RWH)

Rainwater harvesting (RWH) refers to the process of collecting and storing
rainwater for future use. Unlike irrigation, RWH directly connects the catchment area
with the benefiting target area, where water is either stored in the soil profile or
reservoirs without controlled distribution. This method is versatile and can be used

for purposes beyond agriculture, such as domestic or drinking water needs (Oweis et

al., 1999).

RWH encompasses a variety of techniques that link runoff-producing areas to
runoff-receiving areas. These techniques include collecting water from rooftops,
ground surfaces, or larger catchments for agricultural, domestic, or drinking purposes
(Mbilinyi et al., 2005). This can include both fluvial and pluvial flows. Based on the
method of collection and use, RWH can be categorized into three main forms: water
collection, rooftop harvesting, and macro or micro-catchments. Each method is
tailored to specific purposes, depending on the geographical and environmental

context.
1-  Collection of Runoff Water

This approach is employed to mitigate net runoff within a designated area by
retaining rainwater and prolonging the duration of infiltration (Mbilinyi et al., 2005).
According to Prinz, (1996) believed that this method is diverse and is often a product
of local ingenuity and varying cultural practices. For example, water collection

includes mixed cropping, trash lines, ridges, borders, terraces, ponds, fog harvesting,
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deep tillage, and dry seeding. Most of this water is used for irrigation purposes

(Rutherford, 2000).

2-  Rooftop Harvesting

Rooftop harvesting is a method commonly used to collect clean water for drinking
and domestic purposes. This technique involves a small catchment area, typically the
roof of a house, where gutters and pipes direct rainwater into a ground-level storage
tank. A tap is often attached to the tank for easy access, see Figure 2-2 (Mbilinyi et
al., 2005).

However, there are concerns about the quality of rainwater due to atmospheric
pollutants, which can contaminate rainfall during collection (Rutherford, 2000).
Modern runoff water may also be affected by pesticide residues, elevated mineral
levels, bacteria, and other impurities, making it potentially unsuitable for drinking

without proper treatment (Palmback, 2004).
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Figure 2-2 A typical rooftop rainwater harvesting system (Anchan & Prasad, 2021)

RWH has two systems (micro and macro systems) that depend on the size of
the catchments and the distance for runoft transfer. Macro systems have been more
applicable among communities as compared to micro catchment systems (Mzirai,

2010).
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The ranges of the area in macro-catchment systems type start from 0.1 hectares
to several thousand hectares. The utilisation area may be located far or near the

macro catchments (Ketsela, 2009).

RWH (such as cisterns, or the soil in the target area itself), which are used
outside the target area to collect the runoff water from a large catchment see Figure
2-3. To convert the water storage in the usage region, this system requires a storage
structure and transfer infrastructure such as a natural stream, channels, and gullies
(Zakaria et al., 2012). According to Oweis et al. (2001) "water harvesting from long
slopes" or "harvesting from an external catchment" are two terms used to describe
macro-catchment systems. In a macro-catchment system, there are two broad
categories of constraints: management of harvested runoff at the farm level scale and

hydro-climatic factors (Mzirai, 2010).

According to De Pauw ( 2008), it is more complicated to model the suitability
of the macro catchment because of the large area of unknown quantity, and the
runoff is generated outside the pixel to be evaluated. It is important to evaluate the
catchment area and for use area separately, the criteria are different for catchment

and use area (De Pauw, 2008):

1- For the use area, it is preferred to have level or gradually sloping land
with deep soils and no additional restrictions on agricultural use.

2- Land suitable for use should have a suitable distance for agricultural

Ty
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Figure 2-3 A Typical macro-catchment water-harvesting system (Oweis et al., 2001).
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2.1.3 Micro-catchment

Micro-catchment rainwater harvesting is a technique used to store water in the
root zone of an adjacent infiltration area by collecting surface runoff from a small
catchment area (Cofie et al., 2004). The system is mainly used for cultivating crops

that require a moderate amount of water, such as groundnuts, millet, and maize, see

Figure 2-4 (Cofie et al., 2004).

Runoff is stored in the root zone and used directly by crops. Alternatively, it can be
stored in a reservoir for later use. The catchment area may be planted with annual
crops. The range of sizes for the catchment area starts from a few square meters to

approximately 1000 m? (Oweis, 2004).

Figure 2-4 Micro catchment System (Abdo & Eldaw, 2004)

Micro-catchment rainwater harvesting (RWH) systems typically involve two
main components: a catchment area that collects rainwater from ground surfaces or
roofs, and a cultivated area that uses the runoff for watering cropsb (Moges, 2004).
Micro-catchment systems offer several advantages over other irrigation methods.
They are relatively easy to construct, cost-effective, and can be rapidly built using
locally available materials and labor. One of the key benefits is that the runoff water
does not need to be transported or pumped, and it typically has low salt content,
which helps to keep costs down. Furthermore, these systems often improve leaching
and can reduce soil salinity (Bainbridge, 2002). Various types of micro-catchment

systems include earth basins, semi-circular bunds, earthen bunds, strip catchment
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tillage, Meskat-type systems, Negarim micro-catchments (water harvesting in

Sudan), contour ridges, and stone lines (Critchely & Siegert, 1991).

The source and target areas in a micro-catchment should be close to each other
because they cannot be separated on a scale beyond the field level. In a GIS context,
this translates to the source and target areas being in the same pixel of relatively
small size (e.g. 100-250 m).In this system, the place of storage is a root zone for

immediate or a small reservoir for later use (De Pauw, 2008).

The environmental criteria for appropriateness are based on guidelines for selecting
water-harvesting systems in drier settings (Oweis et al., 2001). These guidelines
include soil depth, texture, slope, land use/land cover, and geological substratum,
with minor adjustments. The suitability of the catchment for this system depends on
different factors such as slope, precipitation, soils, and geological material (De Pauw,

2008). See Figure 2-5 illustrates the Classification of water-harvesting systems.

Water-Harvesting Methods
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Figure 2-5Classification of water-harvesting systems (Oweis et al., 2001)
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2.2 RAINWATER HARVESTING COMPONENTS.

The water harvesting system has three components (Ziadat et al., 2012):

I. Catchment area: it is also called the runoff area, this area has been used to
collect water, which has different sizes starting from a few m? to several
km?. It also represents several types of rooftops, cultivation, paved roads,
bare, etc.

11. Storage Facility: This facility is used to store surface runoff water for use by
people, crops, and animals. There are three types of storage methods: above
ground (e.g., large tanks to catch and store rainwater), in the soil profile, and
underground (e.g., reservoirs or ponds, cisterns for agricultural use).

iii. Target: symbolises the water harvesting system's final destination, as well

as the users of the captured water, such as plants, animals, and people.
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Chapter 3: Selection Frameworks for
Potential Rainwater
Harvesting Sites in Arid and
Semi-Arid Regions: A
Systematic Literature

Review

The aim of this chapter is to identify and understand existing frameworks and
criteria, determine the weights for these criteria through analysis, and identify gaps in

current knowledge.

This Chapter conducts a systematic literature review to identify rainwater
harvesting (RWH) sites in arid and semi-arid regions. After a thorough screening
process, 68 papers were found to meet the search criteria and were considered
relevant for the study. The study highlights that current frameworks for assessing
sustainability primarily rely on biophysical and socioeconomic criteria. The existing
frameworks consist of structural criteria (biophysical and socioeconomic), which
were identified. Then, the weights of these criteria were analysed to determine the
final weight for each criterion. However, these criteria alone are inadequate to fully
address the pillars of sustainability. The frameworks fail to account for important
ecological aspects, such as the impact of the location of rainwater harvesting (RWH)

structures on water quality and living organisms.

This chapter has been published as “Selection Frameworks for Potential
Rainwater Harvesting Sites in Arid and Semi-Arid Regions: A Systematic Literature
Review.”. The first author conducted the systematic literature review which was the
basis for the paper, wrote the initial draft and updated this based on review and

feedback from the other authors.
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This paper is published as:

Ahmed, S., Jesson, M., & Sharifi, S. (2023). Selection Frameworks for
Potential Rainwater Harvesting Sites in Arid and Semi-Arid Regions: A Systematic
Literature Review. Water, 15(15), https://www.mdpi.com/2073-4441/15/15/2782.

3.1 ABSTRACT

Water shortage is a concern in arid and semi-arid regions across the globe due
to their lack of precipitation and unpredictable rainfall patterns. In the past few
decades, many frameworks, each with their own criteria, have been used to identify
and rank sites for rainwater harvesting (RWH), a process which is critical for the
improvement and maintenance of water resources, particularly in arid and semi-arid
regions. This study reviews the present state of the art in rainwater harvesting site
selection for such regions and identifies areas for additional research. The results of a
systematic review performed based on two major databases of engineering research,
Scopus and Engineering Village, are presented. Sixty-eight relevant studies were
found and critically analysed to identify patterns and unique features in the
frameworks used. The results of this study show that 41% of the frameworks
consider both biophysical and socioeconomic criteria, whereas the remaining 59% of
the frameworks depend on biophysical criteria alone. The importance of each
criterion is encapsulated through a suitability score, with 21% of the frameworks
using a binary (0 or 1) indicator of whether the site matches a criterion or not and the
other frameworks using graded scales of differing granularities, with 52% using a
low-resolution scale of 1 to 3, 4, or 5, 7% using a medium-resolution scale of 1 to 10,
and a further 7% using a high-resolution scale of 1 to 100. The remaining 13% of the
frameworks did not specify the scale used. Importantly, this paper concludes that all
existing frameworks for selecting RWH sites are solely based on biophysical and/or
socioeconomic criteria; ecological impacts, the consideration of which is vital for

building RWH systems sustainably, are currently ignored.

3.2 INTRODUCTION

Adequate water supply is the most important requirement for human life. The
water demand has increased due to the increase in the Earth’s population, from 2.5
billion to 7.35 billion between 1950 and 2015. However, more than 40% of the
earth's surface is covered by arid and semi-arid regions, defined as those that receive

an average annual rainfall of only about 150-350 mm and 350-700 mm, respectively

Chapter 3: Selection Frameworks for Potential Rainwater Harvesting Sites in Arid and Semi-Arid
Regions: A Systematic Literature Review 15


https://www.mdpi.com/2073-4441/15/15/2782

(Ammar, 2017). Historically, arid and semi-arid regions have contained many
settlements, such as those in the Middle East, Northern Africa, and Western Asia, and

rainfall and other water sources in these areas must be used efficiently.

For as long as people have engaged in agriculture, they have used water
harvesting to collect rainwater, floodwater, and groundwater. People rely on water
harvesting to meet their water needs where sufficient supplies for drinking water and
irrigation are not easily reached (Rutherford, 2000). Water harvesting can be
classified into one of four types: fog and dew harvesting, rainwater harvesting,
groundwater harvesting, and floodwater harvesting (Beckers et al., 2013). Rainwater
harvesting (RWH) is the collection or diversion of rainfall-runoff for productive

purposes, and its use is widespread in arid and semi-arid areas (Prinz, 1996).

The very first RWH structures were constructed in southern Jordan over 9000 years
ago to provide drinking water for humans and animals (Boers & Ben-Asher, 1982).
Over 6500 years ago, Iraqis started to use RWH structures in a simple form to
provide water for domestic and agricultural use (Oweis, 2012). Water harvesting
systems were also used in China and India some 4,000 years ago (Prinz, 1996). In
the southern part of Tunisia, meskat (runoff basin that has a rectangular shape),
check dams, jessour and tabias (small water bodies used to recharge aquifers) have
been used, with collinaires (agricultural reservoirs) used in Algeria, and ancient hafir
(artificial water catchment basin) to help meet domestic and livestock water needs in
Sudan. In Niger and Burkina Faso, people have long used rock and earth bunds and
stone terraces (elevated platforms on sloping ground) to harvest water. Zay (small
pits) combined with bunds (ponds with a semicircular form that are used to collect
rainwater) are often used in the west of Africa. These methods were critical to the
successful creation of settlements in the desert (Oweis, 2012). In addition, the ancient
Greeks demonstrated remarkable ingenuity in the advancement of hydraulic
infrastructure and small-scale constructions. Notably, certain examples, such as
cisterns, have maintained their full functionality even up until the 20th century
(Iliopoulou et al., 2022) and are being used to address the water crises currently
occurring in regions of central and eastern Greece. Losses such as evaporation from
these cisterns are negligible due to their underground construction (Iliopoulou et al.,

2022; Sazakli et al., 2007).
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RWH includes all water harvesting from roofs or ground surfaces by different
techniques, and utilized for different purposes, whether agricultural, domestic, or
drinking. RWH includes two main forms: rooftop harvesting and catchment
harvesting (Critchley et al., 1991). Figure 3-1 shows the typical types of rainwater

harvesting. This study was conducted for catchment rainwater harvesting systems.

Precipitation

] P
.- . o 4 Catchment
Area

a

Drain line

" catchment “-_
A B

Storage = '.

‘w—‘-‘.".e:rt ]
= - \\. — i e - —— = f'.; i
Target Reuse Storage tank

A B

Figure 3-1 A) Typical catchment rainwater-harvesting system (Oweis et al., 2001) B) A typical rooftop

rainwater harvesting system (Anchan & Prasad, 2021)

3.3 INDICATOR-BASED FRAMEWORKS AND THEIR CRITERIA

Water resources development projects require the integration of a system that
includes multidisciplinary knowledge in social sciences, economics, and agronomy
(Pereira et al., 2002). Many projects related to water management around the world,
costing billions of dollars, have failed due to only considering the biophysical aspects
without looking at the other aspects such as social and ecological impacts (Lund,
2015). The ecological condition of a water body can be evaluated through testing of
water samples for important metrics such as total dissolved solids (TDS), dissolved
oxygen (DO), nitrogen (N), chlorophyll, bacterial growth, turbidity, total suspended
solids, ammonia, PH, total phosphorus (TP), and salinity. It is recognised that other
factors, such as the air temperature and amount of sunlight the water body receives,
affect these metrics (Qu et al., 2022) and, in our opinion, should be included in

assessments of site suitability. Water bodies represent a complex system in terms of
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the environment because they are transitional between rivers and lakes (Blabolil et

al., 2016).

Indicator-based decision-making frameworks play a crucial role in ensuring
that diverse factors are considered at every stage of a project. These frameworks help
evaluate complex, multi-dimensional aspects that are difficult to assess directly. By
using indicators, stakeholders can better understand and clarify these aspects, leading
to more informed decision-making (Alsaeed et al., 2022). Through collaboration
between experts and stakeholders, an acceptable framework can be developed to
simplify complex issues—such as evaluating multiple criteria with different
measures—into a single number that is easier for non-experts to understand (Alsaeed
et al., 2022) and simplifies the comparison of potential sites for experts, facilitating
an objective evaluation. Any indicator framework consists of three main parts:
headline categories (also referred to as components), supporting indicators, and
lower-level sub-indicators (second-order and third-order) (Juwana et al., 2012). The
components serve as broad categories of indicators, each addressing specific themes
or concerns based on user needs. Supporting indicators and sub-indicators further
break down these components into detailed measures, ensuring a comprehensive

evaluation of the framework’s objectives (Shafiei et al., 2022) (Figure 3-2).
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Figure 3-2 Indicators framework hierarchy for RWH site selection.
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3.3.1 Indicators

Indicators are the framework's primary element, and they are often chosen based
on literature review and expert opinions; their selection should be conditional on the
following points (Bradley Guy & Kibert, 1998; Schwemlein et al., 2016):

1. Availability: The data should be easy to access and straightforward to collect or
measure.

2. Measurability: The criterion should be simple to measure and analyze using
quantitative methods.

3. Repeatability: If the indicator is assessed using the same method, in the same
region, and under the same conditions, it should consistently give the same
result.

4. Validity: There should be a clear and direct connection between the criterion and

the issue it is meant to represent.

may be quantitative or qualitative. Quantitative indicators are directly
measurable with a numeric value but potentially different units, such as distance to
the nearest road (units of meters, m), runoff (m3s~1)and slope (dimensionless).
Qualitative indicators, for example, subjective opinions, do not have a direct

numerical value though they may be quantified using standardization.

3.3.2 Standardization of Indicators

According to Juwana et al. (2012). , in order to reconcile the different measures
for indicators, the quantitative values should be converted to a normalized,
dimensionless number, which can simplify comparison and aggregation and also aid
understanding by non-experts. This process is done using one of two standardization
methods (Sayl, 2017), one for quantitative indicators and the other for qualitative

indicators:

Empirical standardization normalizes quantitative indicators by the range of
values, relative to the minimum value as illustrate in equations (3-1) and (3-2) (Sayl,
2017):

R. —R.. .
X, = _—t —min (3-1)

Rmax - Rmin

Chapter 3: Selection Frameworks for Potential Rainwater Harvesting Sites in Arid and Semi-Arid
Regions: A Systematic Literature Review 19



where X; is the standardised score (0 < X; < 1), R; is the raw score for the
indicator and R,,,;,,, Rimax are the minimum and maximum scores for the indicator,
respectively. Equivalently, this standardisation may be scaled to the range 0 < X; <

100:

X, = i Rmin_ 400 (3-2)
Rmax = Rmin

The second method, used for producing equivalent scores from qualitative
indicators, is categorical scaling. Based on pre-established criteria, the values of
indicators are categorized and allocated. These classifications might be numerical,
such as ranging+ from 1 to 5, or they can be descriptors and points of view, such as
"equal importance," "moderate importance," or "strong importance.", so each
description in questionnaires has a number that represents the importance of this
criterion. For example, if the scale for suitability is from 1 to 3, then 1 will represent
"equal importance," 2 will represent "moderate importance," and 3 will represent
strong importance (Alsaeed et al., 2022). Also, Classification can take the form of
Likert scale statements, whereby participants are prompted to express their degree of
concurrence or discordance with a set of predetermined statements, typically
spanning from "Strongly Agree" to "Strongly Disagree." The inclusion of a neutral
midpoint option, such as "Neither Agree nor Disagree," may be considered in the
construction of the scale. The responses are quantified using numerical values,
typically within the range of 1 to 5 or 1 to 7, in order to measure the extent of

concurrence or discordance (Joshi et al., 2015).

3.3.3 Weighting Scheme

Weights are employed to aggregate the indicators within a framework into a
resultant output index. This gives users of the framework the ability to vary the
weights on the various indicators for a particular application. In order to arrive at the
final index number, the weighting scheme involves multiplying each component of
the indicator-based framework by a value that represents the component's

significance, or weight, during each stage of the calculation.

In general, statistical methods and participatory methods are employed to
assign weights to various criteria. In the statistical method, weights are assigned

based on the analysis of criteria data from the literature, whereas in the participatory
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method, weights are assigned using questionnaires and workshops meant to gather

expert and stakeholder perspectives on weighting (Juwana et al., 2012).

3.4 THE PROCESS OF CONDUCTING A SYSTEMATIC REVIEW

A systematic literature review is employed to answer specific questions by
identifying, appraising, and synthesizing relevant literature that fits pre-specified
criteria(Piper, 2013). Briefly, such a review includes a comprehensive search that
concentrates on providing a summary of the existing literature on a subject and
specific goals that have been established. In terms of the strategy for selecting
papers, it should be transparent, with explicit inclusion and exclusion criteria for
papers established prior to initiating the review. Moreover, the process of assessment
of articles should be comprehensive and the selection of the information that is
related to the study should be clear and specific, and the summaries of articles should

be clear and based on high-quality research.

The aim of the systematic review in this study is to review the current state-of-
the-art rainwater harvesting site selection, focusing on applications in arid and semi-
arid regions, and identify areas in which further research is necessary. A
comprehensive, systematic literature review has been employed for this purpose; the
first step of such a review is defining the research questions that the review is

designed to answer, in this case:
1. What RWH site selection criteria have been used in existing frameworks?

2. What are the differences and similarities in the way these frameworks combine

the criteria they use, i.e. their scaling and weighting methods?

3. What gaps exist in the criteria currently applied, and what future work is
necessary to improve frameworks, particularly bearing in mind the need for

sustainability?

Two databases of scientific publications were interrogated, Scopus and
Engineering Village. These databases have a good search engine for complex queries
and cover most of the main engineering journals. To ensure reliable, high-quality
sources, the scope was restricted to peer-reviewed books, articles, and conference
papers. Only English language papers were included, though with English being the

language of most (if not all) of the major engineering journals this is likely to include

Chapter 3: Selection Frameworks for Potential Rainwater Harvesting Sites in Arid and Semi-Arid
Regions: A Systematic Literature Review 21



all important works. Details of the precise query, keywords and filters used for each

database are given in the following subsection.

Once papers were identified using the systematic literature review keywords and
filters, the search was expanded to include papers which cited those papers, and
which were cited by those papers. Again, these papers were filtered by relevance to

the review questions.
3.4.1 Search Queries and Keyword Selection

The search queries were designed to search the “title-abstract-keyword” fields
in Scopus and (equivalently) the “subject/title/abstract-keyword” fields in
Engineering Village. Three groups of keywords were used for the search queries:
“scope” keywords, “target” keywords, and “methods” keywords, with keywords in
each group. The groups each represent a range of possible acceptable options;
therefore, the OR operator was utilized to search for one or more of the group’s
keywords. The search was narrowed by using AND operators between groups to

ensure that at least one keyword from each group appeared in the paper.

The keywords used for the scope group were those that were primarily related
to water harvesting; these keywords were used to define the broad frame from which
the search should begin. Specifically, these keywords and their variations were
“water harvesting”, “rainwater harvesting”, ‘“rainwater collection”, “RWH”,

’

[ 1 L3 . . . E)
water storage systems” and “store precipitation”.

The terms for the target group were “arid”, “semi-arid”, “water scarcity”,
“water shortage”, “dry areas”, “Iran”, “Jordan”, “Iraq”, “Morocco”, “Saudi
Arabia”, “Yemen”, “Lebanon”, “China”, “India”, “Tanzania”, “Tunisia”,
“Pakistan”, “Ethiopia”, “Malawi”, “Mongolia”, “Egypt”, “Kenya”. These
keywords were selected to ensure all relevant regions were captured by the search
query, using aridity-related phrases and relevant country names, i.e., all countries in
the Middle East, all countries in northeast Africa, and China, because most of these
countries are affected by seasonal rainfall and a lack of water for people, agriculture,

and animals.

The final set of keywords was related to the specific purpose of the study, and

were “suitable location”, “site selection”, “suitable sites”, “site suitability”,

G«

“possible sites”, “RWH sites”, “potential sites”, “criteria”, “suitable area”.
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Figure 3-3 shows the keyword groups and their relationships. The full query
strings used for each database are given in Appendix A TableA-1.

"Water harvesting” OR "Rainwater harvesting” OR "Rainwater collection” OR "RWH" OR

LEn ' "Water storage systems” OR "Store precipitation”

"Arid" OR “Semi-arid" OR "Water scarcity” OR "Water shortage" OR "Dry areas"OR
"Iran” OR "Jordan” OR "frag” OR "Morocco™ OR "Saudl
Target group —> Arabia"OR "Yemen"OR "Lebanon "OR"China" OR “India" OR
"Tanzania" OR "Tunisia" OR"Pakistan" OR "Ethiopia"
OR "Malawi" OR "Mongolia” OR "Egypt" OR "Kenya"

“Suitable location” OR "Site selection” OR "Suitable sites " OR "Site suitability * OR
Methods —— "Popssible sites" OR "RWH sites " OR "Potential sites” OR "Criteria" OR "Suitable Area”,

Figure 3-3 keyword group for this search

3.4.2 Database Search

The Scopus and Engineering Village databases were searched on October 29,
2022, using the queries detailed in Section 3.4.1. Specific search was conducted in
this study for frameworks relevant to arid and semi-arid regions, available in two
literature databases, covering the period from 2000 to 2022. These searches resulted
in 244 and 312 articles, respectively. The results were collated using an EndNote
library, and duplicates were automatically removed. Two hundred and sixty-two
unique articles were returned by this process. To ensure relevance, the results were
manually filtered based on the title and abstract, based on the scope of the study and
the aim of the review. This stage was conducted based on the inclusion criteria for
the articles that related to site selection for rainwater harvesting; 186 articles were

excluded based on these criteria.
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Seventy-six articles were retained after this process, following which the
remaining articles’ full text was examined in detail. This final round was added to
ensure that each of the 76 papers contained essential elements related to this study,
such as arid and semi-arid, and was included in the full-text analysis. And excluded
articles were 8 articles. This process is summarised in Figure 3-4. Following the
completion of all of the preceding processes, 68 articles were selected for in-depth
review. From this review, the design and implementation of existing frameworks

were identified and analysed, along with the criteria which they use.

Scopus Engineering village ‘

556

Removal of duplicates 204 Duplicate

262

l

Screening on basis of title and 186 Records excluded
abstract

|

76

l

Screening on the basis of

kol bt Records excluded

88—

[
68
4

Studies included

Figure 3-4 Article filtering procedure.

3.4.3 Overview of Retained Publications

All but three publications ((Khudhair et al., 2020a; K. N. Sayl et al., 2020;
Zheng et al., 2018b)) provided author-specified keywords. ‘“Harvesting”,
“rainwater”, “water”, “GIS” and “system” were the most frequently used keyword
strings in the chosen articles, as seen in Figure 3-5. This Figure is conducted by
NVivo version 14, created by QSR International Software Company Pty Ltd., which

is widely used for literature reviews and qualitative data analysis. It helps gather
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relevant literature from various sources like dissertations, recent journal articles,
books, reliable web pages, organisational reports, and conference proceedings

(Nanekely, 2020).
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Figure 3-5 Word cloud of the author-supplied keywords (NVivo).

The country with the most publications related to RWH site selection was Iraq

(12), followed by Iran (8), Egypt (7), Jordon (6) and Saudi Arabia (5) see Figure 3-6.
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Figure 3-6 Distribution of number of publications by country
Figure 3-7 shows the distribution of articles by year of publication. Although the
search included publications going back to 2000, all but 9 of the papers are from
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12

10

within the last 8 years and 36 were published in the last 3-4 years, ensuring that the
results of this review are up-to-date. The growth in interest in this area of research

over the last 3 years or so is also evident.
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Figure 3-7 Distribution of the relevant publications by country and year.

3.4.4 Current frameworks and their criteria

As shown in Figure 3-4 and explained in Section3.4.2, the final number of
papers matching the systematic review criteria from the two databases was reduced
to 68 frameworks in the final phases which were considered for a comprehensive
assessment. Each of these frameworks was designed for a distinct application at a
different scale and within a unique set of local circumstances and situations.
Naturally, each of these frameworks serves a unique purpose, employs a unique
method of evaluation, and uses a different assessment procedure. The analysis of
these frameworks was based on (country, year, keywords), the classification of the
criteria (biophysical and socioeconomic criteria), tools, annual rainfall, catchment
area, range of the index, and methods of weighting as shown in Appendix A. The
systematic literature review found that the RWH site selection frameworks use a

variety of different criteria, weighting methods, and other tools.
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The next section provides a detailed look at the frameworks discussed in these
publications, with a focus on the criteria used and how these criteria can be combined

to make a quantitative measure of site suitability.

3.4.5 Criteria Currently Used for RWH Site Selection

Two categories of criteria have been identified for use in RWH site selection,
namely, biophysical and socio-economic. The biophysical criteria were proposed by
the Integrated Mission for Sustainable Development in 1995 and include Drainage
system, soil texture, slope, and land use/ land cover. In addition Oweis et al. (1998)
introduced a second category of criteria, the socioeconomic criteria, represent by
factors like land tenure. Subsequently, the Food and Agriculture Organisation (FAO)
(FAO, 2003) revised these categories to include climate (rainfall), agronomy (crop
characteristics), hydrology (rainfall-runoff relationship and intermittent
watercourses), topography (land slope), soil (structure, depth and texture), and socio-
economic conditions (people’s experience, workforce, people’s priority, population
density, water laws, land tenure, accessibility, and related costs).

Of the 68 publications analysed for this review, 59% use biophysical criteria
alone while the remainder used both biophysical and socioeconomic criteria. Details

of each useful and their frameworks are given in the Appendix A.

Upon analysing the criteria used, it became apparent that various synonymous
terms were used to denote equivalent criteria. In such instances, these criteria have
been consolidated to achieve the merged criteria, as shown in Table 3-1. These
criteria are categorised into two groups, namely biophysical and socioeconomic

criteria.

Chapter 3: Selection Frameworks for Potential Rainwater Harvesting Sites in Arid and Semi-Arid
Regions: A Systematic Literature Review 27



Table 3-1. Groups of existing criteria.

Biophysical Criteria Socioeconomic Criteria
Criteria Synonyms Criteria Synonyms
1- Rainfall (mm) = Precipitation 1- Distance to roads (m)
2- Runoff (mm) = Flow

= Surface runoff
= Flow distance
= Discharge

= Runoff depth

3- Hydrological losses (mm) = Evaporation

= Infiltration

4- Slope (%) = Elevation 2- Distance to agricultural area (m)

= Digital elevation

= Soil texture 3- People’s priority = Stakeholders’ priority
= Type of soil

= Soil quality

= Soil depth

= Curve number

= Soil permeability

6- Land use/land cover = Vegetation

. . ki
7- Drainage density (k—nr?z)

= Drainage texture U-  Population density = Population and rural density
= Stream order

8- Catchment area (km?) = Watershed area 5- Distance to urban area (m) = Distance to the village
= Watershed length = Distance to settlements
= Basin area = Distance to built-up areas

9- Distance to wadis (m)

10- Distance to faults (m) = Lineament density

11- Distance to water source (m) ® Distance to lake

= Distance to

= streams

= Distance to river
= Distance to wells

3.4.6 Biophysical criteria

1- Rainfall (mm)

The volume and distribution of rainfall can vary significantly depending on
geographic location, climate, and season, with higher rainfall clearly increasing the
likelihood of harvesting useful amounts (Al-Adamat, 2008). Rainfall measurements
are based on meteorological stations, which generally measure a variety of factors
such as precipitation, wind velocity, temperature, and humidity. In arid and semi-arid
regions of developing countries, many areas do not have enough meteorological
stations to give detailed local data and so interpolation from the nearest
meteorological stations is used. This method does not require high costs, human
resources, or time and can therefore be applied relatively easily in developing
countries such as Iraq, Yemen, Palestine, and Kenya, where limited resources and
high costs have been shown to make spatial interpolation an appropriate choice to

tackle this issue (Team, 2023).
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Out of the 68 frameworks examined, four explicitly mention the use of the
inverse distance weight (IDW) interpolation method, employing data stored in a

geographic information system (GIS).

The catchment suitability clearly depends on the average annual rainfall and is
scored based on local requirements. For instance, in Tunisia (wadi Oum Zessar) the
catchments suitability is based on 5 ranges of average annual rainfall (R) (mm/year)
(R100, R (100-175), R (175-250), R (250-325), and R>325), with suitability rated
as very low, low, medium, high, and very high, respectively (Al-Adamat et al., 2010;
Ammar, 2017). This classification is based on the literature and discussion with

experts and stakeholders.
2- Runoff

The effectiveness of rainwater harvesting is extremely reliant on the volume of
water that can be collected under a specific climate. Runoff is characterised as water
flowing over the ground surface towards the nearest channel such as a stream, river,
etc., which occurs when the soil is saturated or when the catchment has a steep slope.
Soil saturation happens through losses of infiltration which is determined by soil
texture. The runoff volume is commonly calculated using the Soil Conservation
Service Curve Number (SCS-CN) method (Sayl, 2017). The curve number (CN) was
established by the Department of Agriculture of the United States of America and is
based on soil texture, land use /land cover (LULC) and hydrological surface
conditions of the catchment. The range of the curve number is from 0 to 100 where
the higher the curve number the higher the percentage runoff and lower the
infiltration, and vica versa. Runoff is calculated in accordance with Equations (3-3)

and (3-4) (Ibrahim et al., 2022; Sayl, 2017).

_ (P —0.25)*
~ (P+0.8S
( ) (3.3)
25400
=— 3-4
S N 254 (3-4)

where Q is the runoff depth in millimetres, S is the maximum possible
retention after runoff starts in millimetres, P is the amount of rain in millimetres, and

CN is the number of the runoff curve (Sayl, 2017).
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3- Hydrological losses

Hydrological losses, which represent the percentage of rainfall that does not
contribute to runoff due to evaporation and infiltration, directly impact the quantity
of water that will be harvested in RWH structures. Evaporation depends on
temperature, humidity, and wind, where low humidity and high temperatures lead to
a high rate of evaporation, Thus, it varies with season, with annual evaporation
calculated based on the average of the monthly evaporation rates (Thompson &
Perry, 1997). Evaporation is measured based on meteorological stations (Sayl,
2017). The infiltration ratio depends on the soil texture, primarily based on the

percentage of clay content, with high clay content reducing infiltration see Table 3-2.

Table 3-2 Average values of the final infiltration rate for different types
of soil (Oweis et al., 2012).

Soil Type Infiltration Rate (mm/ h)
Coarse sand >22

Fine sand >15

Fine sandy loam 12

Silt loam 10

Silty clay loam 9

Clay loam 7.5

Silty clay 5

Clayey soil 4

4- Slope (%)

The suitability of a site for RWH 1is influenced by its slope, which affects
runoff and the hydrological losses. Generally, slope is defined as the ratio of the
vertical change (y-axis) to the horizontal change (x-axis) between two points on the
catchment. Out of the frameworks examined, five (Alkaradaghi et al., 2022; Karani
et al., 2019; Makhamreh, 2011; Sayl et al., 2019b; Tiwari et al., 2018) out of 68
frameworks employ average catchment slope calculations based on digital elevation

models (DEM). However, the remaining frameworks do not provide a detailed
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explanation of the methods used for slope calculation. This omission hinders follow-
up research by reviewers and comprises the transparency of a study. Rainwater
harvesting is not recommended for slopes over 5% due to irregular flow and

expensive earthwork (Al-Adamat et al., 2010).
5- Site Soil

Soil is essential to the conservation of water within rainwater harvesting
(RWH) structures, which benefits humans, animals, and agricultural activities. For
example, sand-textured soils can't be used to build RWH structures for water
harvesting because of high infiltration losses while a higher percentage of clay in the
soil gives it a higher rank of suitability for RWH sites (Al-Adamat, 2008). The
existing different frameworks used different expressions for soil criteria, which are
soil texture, type of soil, soil quality, soil depth, curve number, and permeability. Soil
texture determines the curve number (CN), as shown in Section 2-. The suitability of
the catchment area for RWH sites in terms of soil depends on the type of soil, which
is classified based on literature and experts’ opinions. For example, according to
(Adham et al., 2018), conducted in the Western Desert of Iraq, which has six types of
soil: clay, silty clay, sandy clay, sandy clayey loam, sandy loam, and others,
suitability of each type was rated and adjusted based on discussions with experts as
very high, high, medium, low, and very low, respectively. The depth of the soil
should permit excavation to the required level for the RWH structure. In addition, the
depth of soil is a significant factor as well, which is measured based on a field test
based on hammering a steel bar into the earth until it could go no further and
measuring the soil levels between successive terraces (Ammar, 2017). According to
the Food and Agriculture Organization of the United Nations (FAO), soil depth is
classified into five categories based on suitability: Very Deep (>0.75 m, highly
suitable), Deep (0.4-0.75 m, moderately suitable), Moderately Shallow (0.3—0.4 m,
suitable), Shallow (0.2-0.3 m, less suitable), and Very Shallow (<0.2 m, least
suitable) (Kahinda et al., 2008).

6- land use/land cover (LULC)

Land use/land cover (LULC) refers to the function or utilisation of the land and
affects the amount of runoff which occurs. For example, there is a link between more
vegetation and more interception and infiltration, which reduces the amount of runoff

(Ammar, 2017). In rainwater harvesting site selection, LULC classification is carried
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out to assess LULC impact on runoff; according to Adham's (Ammar, 2017)
classification, land use and land cover categories are farmland and grass, moderately
cultivated land, bare soil, mountainous and water bodies, and urban areas. The
suitabilities for each class were scored and adjusted based on discussions with
experts, and were, respectively, very high, high, medium, low, and restricted. Bare
soil refers to areas where people have overused the land, destroying the plant cover,
which then allows the upper soil to be removed through natural processes (Sayl,
2017). Vegetation coverage rates are used to monitor changes in biomass or to
identify land degradation processes. In semi-arid and arid regions, annual and
seasonal changes in the quantity of vegetation cover are dramatic (Al-Adamat, 2008).
The selection criteria must not include farmland or urban areas since these zones
have distinct economic identities that preclude the construction of RWH buildings

(Al-Adamat, 2008).
7- Drainage density

Drainage density is often defined as the total length of the channels (network
used to transfer water to the outlet) divided by the total unit area (Carlston, 1963).
The drainage density is inversely proportional to permeability; hence, a high
drainage density indicates that a site will rank higher in suitability for RWH sites
than one with a lower drainage density (Matomela et al., 2020; Newton et al., 2020).
In addition, Stream order is dependent on the connection between tributaries. Stream
order is used to indicate the hierarchical relationship between stream segments and
permits the categorization of drainage basins by size. If the number of stream orders
increases, permeability and infiltration decrease, and vice versa (Sayl, 2017). The
drainage density is calculated in arid and semi-arid regions based on digital elevation
model (DEM) (Sayl, 2017). The 