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Abstract: Runoff water harvesting (RWH) is considered as an important tool for overcoming water
scarcity in arid and semi-arid regions. The present work focuses on identifying potential RWH sites
in the Wadi Watir watershed in the south-eastern part of the Sinai Peninsula. This was carried out
by means of significant integration of the analytical hierarchy process (AHP), distributed spatial
model, geographical information system (GIS), watershed modeling system (WMS), and remote
sensing techniques (RS). This integration of modern research tools has its own bearing on the accurate
identification of optimum RWH sites, which could be relied upon in developmental planning for arid
environments. Eight effective RWH parameters were chosen to apply a multi-parametric decision
spatial model (MPDSM), namely the overland flow distance, volume of annual flood, drainage
density, maximum flow distance, infiltration number, watershed slope, watershed area and watershed
length. These parameters were used within ArcGIS 10.1© as thematic layers to build a distributed
hydrological spatial model. The weights and ranks of each model parameter were assigned according
to their magnitude of contribution in the RWH potentiality mapping using a pairwise correlation
matrix verified by calculating the consistency ratio (CR), which governs the reliability of the model
application. The CR value was found to be less than 0.1 (0.069), indicating acceptable consistency
and validity for use. The resulting MPDSM map classified the watershed into five categories of RWH
potential, ranging from very low to very high. The high and very high classes, which are the most
suitable for RWH structures, make up approximately 33.24% of the total watershed area. Accordingly,
four retention dams and seven ground cisterns (tanks) were proposed in these areas to collect and
store the runoff water, whereby these proposed RWH structures were chosen according to the soil
type and current land-use pattern. The resulting MPDSM map was validated using a topographic
wetness index (TWI) map, created for the watershed. This integrative and applied approach is an
important technique which can be applied in similar arid environments elsewhere.

Keywords: remote sensing (RS); runoff water harvesting (RWH); multi-parametric decision spatial
model (MPDSM); analytical hierarchy process (AHP); dry regions

1. Introduction

Water shortage could potentially cause a socio-economic crisis in Egypt. Drought
management and sustainable agricultural production in arid and semi-arid areas depend
heavily on careful planning in exploring and exploiting water resources for human needs.
In arid and semi-arid regions, intense rainfall causes high runoff water, with resultant
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flooding which poses problems for the human population and the infrastructure of com-
munities in these areas [1–4]. These areas must be carefully managed in order to mitigate
against the potential risks of flood events.

The Sinai Peninsula is a strategic part of Egypt because of its historical importance,
tourist sites, natural resources and new development activities. The Peninsula is one of
the arid regions of the country and is experiencing a worsening water crisis. Hence, water
resource management systems are very important in this region. Many watersheds in
the Sinai Peninsula are characterized by flood activity, such as Wadi Watir, Wadi Dahab
and Wadi Fieran. These floods cause serious threats and frequent disastrous results for
infrastructure, human life and property. Suitable runoff water harvesting (RWH) techniques
should be applied to these watersheds to preserve the many important economic and
tourism advantages of cities such as Nuweiba, Dahab and Al-Tur, and to support many
thousands of people in this area with sufficient quantities of water.

RWH is an important technique which helps provide surface water for different uses
in arid regions, as well as increasing opportunities for recharging groundwater reserves,
mitigating the risk of flash floods and implementing various development activities, such as
rain-fed local agricultural areas and ground cisterns for drinking-water purposes. RWH can
minimize the excess loss of potable water in landscape sanitation and irrigation [5,6]. There
is a vital need to manage the resultant runoff water in arid and semi-arid environments
with unpredictable rainfall patterns [7]. Runoff water from rainfall events is a promising
water resource and can be utilized for different demands if it is correctly harvested [8]. As
a matter of fact, determining the RWH potential is opposite to the concept of groundwater
potential. Some techniques of water harvesting involve using runoff water for recharging
groundwater aquifer systems, but RWH was originally intended to have its own bearing
on the overall enhancement of local groundwater regimes, improving moisture conditions
and raising the soil productivity.

Various watershed models (empirical, conceptual or physically-based) as well as
remote sensing (RS) and geographic information system (GIS) are used to resolve watershed
problems such as flash flood hazards and to determine the optimal locations for RWH
structures and recharging groundwater. Watershed modeling system (WMS) is usually
applied as simple lumped, distributed and semi-distributed models [7]. Lumped models
refer to each watershed as a monolithic unit, in which all hydrological parameters of the
watershed are spatially linked together to generate uniformity through the watershed [8].
Lumped models assume uniform distribution of rainfall over a watershed time period [9].
Semi-distributed models were developed to represent the spatial diversity of watershed
characteristics. The watershed is supposed to divide into sub-watersheds, each with its
own hydrological parameter. Vieux et al. [10] stated that semi-distributed models represent
spatially variable parameters or conditions as a series of sub-watersheds, each having
uniform characteristics. These models can be formulated by means of the Hydrological
Modeling System (HEC-HMS) or Hydrological Simulation-Fortran Program (HSPF) using
the hydrological response unit (HRU) [11]. Distributed models are the latest extension
of lumped and semi-distributed models. These models represent the physical properties
and spatial heterogeneity of the watershed. They are based on dividing the watershed
into elementary grid cells and applying physical equations to simulate water pooling
processes [12]. Flows are run from each grid cell to another, where water drains through
the watershed, allowing these models to simulate the heterogeneity of the watershed in
each cell of the grid [13]. Distributed models are used to represent the spatial diversity
of precipitation, soil type and land use within each watershed [14]. Distributed modeling
is an active area of research due to the increasing power of modern computers and the
increased capabilities of GISs [13].

Previous research studies used morphometric, hydrological parameters for flashflood
mitigation and watershed management, e.g., [5,15–18]. Elewa et al. [17] determined the
flood potential of Wadi El-Arish by applying a semi-distributed model for watershed
morphometric parameters. AbuZied et al. [18] identified the geospatial assessment of
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sudden flood risk in the Nuweiba area using morphometric and hydrological factors
within RS and GIS techniques. Mishra et al. [19] applied the soil and water assessment
model to the morphological characteristics of sub-watersheds to determine their priorities.

The purpose of this work is to identify potential sites for RWH in the Wadi Watir
watershed in order to mitigate flash floods. As the input for the present work, RS, GISs,
WMSs, the spatial distributed model and analytical hierarchy processes (AHPs) were
integrated for RWH potentiality mapping. These tools play an imperative role in identifying
and analyzing hydro-morphometric information for watersheds.

Hydro-morphometric parameters were calculated using WMS, RS and GIS techniques
based on climatic data, geologic maps, the digital elevation model (DEM) and Landsat
Enhanced Thematic Mapper Plus (ETM +) satellite images for Wadi Watir. These parameters
were used as thematic layers within ArcGIS 10.1© software (Esri, Redlands California,
United States) [20] to perform multi-parametric decision spatial models (MPDSMs) to
determine the possibility of harvesting runoff water. The model applied eight parameters:
watershed area (A), watershed length (BL), maximum flow distance (MFD), watershed
slope (BS), overland flow distance (OFD), watershed infiltration number (IF), drainage
density (DD) and volume of annual flood (VAF). The weights and ranks of these parameters
were determined by applying the AHP technique. This technique is used to justify the
weights of the model’s variables based on expert judgment [21]. AHP has wide applicability
in various fields due to its flexibility, simplicity, ease of handling and successful integration
with various techniques [22]. The method is based on a pairwise correlation matrix to
compare different parameters and determine their weights. AHP offers solutions to many
complex multi-parametric, multi-period and hierarchical decision-making problems [23].
Malczewski et al. [24] used the AHP technique with linear programming in land-use
planning. Jiang et al. [25] and Taheri et al. [26] used the same method to identify zones
subject to sinkholes. Nekhay et al. [27] assessed the suitability of olive farms to restore
wildlife habitats using AHP and GIS techniques.

Drainage areas and hydro-morphometric parameters of Wadi Watir were identified
using the watershed modeling system in WMS 8© software (Aquaveo LLC, U.S. Army
Corps of Engineers, Engineer Research & Development Center) [28]. The volume of the
annual flood was calculated by applying the Soil Conservation Service Curve Number
method (SCS-CN) [29] and the Finkel method [30]. In the present work, the Wadi Watir wa-
tershed occupying the south-eastern part of the Sinai Peninsula was chosen as a case study
to apply the proposed MPDSM (Figure 1). The results of this model will assist decision-
makers in proposing effective RWH structures and implementing micro-catchment rain-fed
agriculture. The Wadi Watir watershed is characterized by substantial floods, which occur
sporadically in autumn or spring and often cause extensive damage to the major roads
crossing the Wadi and many infrastructure items in the vicinity [31]. Effective runoff
in South Sinai can be achieved through storms exceeding 10 mm [32]. Moore et al. [33]
suggested that in the Middle East, 10 mm in the coastal areas and up to 50 mm in the
highlands often cause sudden flooding.
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Figure 1. Landsat ETM+ satellite image showing the location of Wadi Watir watershed.

2. Materials and Methods
2.1. Study Area

Wadi Watir is located in the south-eastern part of the Sinai Peninsula, between lon-
gitudes 34◦38′ and 34◦41′ E and latitudes 28◦40′ and 29◦30′ N (Figure 1). It is one of the
main and active watersheds in the Gulf of Aqaba drainage system, covering an area of
3515 km2. Its main channel runs north–south for about 40 km and then bends slightly in
a north-northwest–south-southeast direction for approximately 25 km, finally entering
the Gulf of Aqaba near the city of Nuweiba, which is one of the most important tourist
and historical cities in the Sinai Peninsula, and therefore needs large quantities of water,
which may be obtained by applying RWH technologies. The watershed is characterized
by steep hills rising up to 1600 m above sea level (ASL) (Figure 2a). The hills are mainly
composed of impermeable rocks, while the stream beds are covered with a highly perme-
able mix of gravel and sand. The watershed is characterized by great slope diversity, as it
varies between gentle to very steep slopes (Figure 2b). It consists of ten sub-watersheds,
joining the trunk channel from east and west at highly acute angles and varying in their
orders from the fourth to the seventh (Figure 2c). The watershed area received an average
rainfall of 54.87 mm/year between 1998 and 2007 [34], and it was estimated by [35] as
46.96 mm/year between 1960 and 1990. The Wadi Watir watershed is characterized by
precipitation which is sufficient to produce a large amount of runoff water, feeding the
famous Ain Furtaga spring with a continuous flow all year round. This spring is one of the
largest in the Sinai Peninsula and is widely used by the local Bedouin for drinking water
and limited agriculture.
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Figure 2. (a) Topographic elevations (based on 30-m resolution of the Advanced Space-Borne Thermal
Emission and Reflection (ASTER) digital elevation model (DEM)); (b) slope map; (c) stream orders in
Wadi Watir watershed.

2.2. Geological Conditions

The geological map of Wadi Watir was produced within the ArcGIS 10.1© software,
based on the geological map produced by CONOCO [36] (Figure 3a) and validated by
Spot-4 satellite images using the ERDAS Imagine 9.3© software (Leica Geosystems GIS
and Mapping LLC) [37]. The geological setting of the watershed is influenced by igneous
and metamorphic rocks, whose ages range from Precambrian to Quaternary [38]. The Pre-
cambrian basement rocks mainly consist of igneous and metamorphic rocks differentiated
into gneisses, meta-gabbros, meta-sediments, intrusive meta-gabbros and older granites
dissected by basic dikes, fractures, joints and fault zones. Precambrian rocks underlie about
34% of the watershed. A sedimentary sequence forms the rest of the region [18], with
sedimentary rocks ranging from the Carboniferous to Quaternary ages. The Quaternary
deposits, consisting of detrital products from various sedimentary, igneous or metamorphic
rocks [39,40], are mainly composed of granular sands or coarse gravels and carbonate rocks
integrated into a clay matrix [41]. The main channels take many forms. Braided channels
appear in the northern parts, in areas of low surface gradient, and parallel channels across
the area adjacent to the cliff of the El-Egma Plateau. Wadi bottom soil occurs as long narrow
strips of land occupying the lower parts of the flood plains. The lower units in the wadi
feature a moderate sloping surface. The slope and topographic maps of the Wadi Watir
watershed were created using ArcGIS 10.1© software from the Advanced Space-Borne
Thermal Emission and Reflection (ASTER) DEM with 30-meter precision. In the present
work, an isohyetal map was constructed in raster format (point format) for the mean
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annual precipitation recorded in mm for six climate stations near the studied watershed
for the period from 1998 to 2008 [42,43] (Figure 3b). Nevertheless, some predictions of
precipitation were also based on linear and non-linear approaches using climate indices. In
these cases, the models required prior statistical correlation and trend analysis [44–46].Water 2021, 13, x FOR PEER REVIEW  7  of  27 
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2.3. Surface Runoff Calculations

Surface runoff was calculated by applying the Finkel method [30] and the Soil Conser-
vation Service Curve Number method (SCS-CN) [29] using the WMS 8.0© software [28].
The two methods were used together for the purposes of verification and validation [5].
The Finkel method was previously applied to calculate surface runoff in areas of similar
climatic conditions to the study area as Wadi Arba, the Sinai Peninsula and other desert
areas of Egypt [5,16,47,48]. It consists of a simple formula determining the possibility of
annual or seasonal precipitation [5]. The SCS-CN method is widely used by many authors
and is a more useful method for determining rainfall–runoff relationships in watersheds,
with or without rain gauges [49]. However, some researchers, e.g., [50–52] have highlighted
some limitations in the use of the SCS-CNS method for runoff calculation. Some of these
limitations are not applicable for the studied watershed, where W. Watir could be con-
sidered as a medium-sized watershed with an area of about 3515 km2. The landscape in
which it was produced has a limited geographic variation. The method depends mainly
on the selection of initial abstraction (Ia) (infiltration, evaporation, and surface depression
storage) and the potential maximum retention (S) expressed in terms of curve number
(CN) [53], which are suitable for the studied watershed area that is characterized by no
wide geographic or geomorphic variation. Accordingly, the two methods were applied
here in tandem for validation and comparison purposes.

The factors for the Finkel method were calculated according to peak flood flow (Qmax)

Qmax = K1 A0.67 (1)

where Qmax = peak flood flow, m3/s and annual volume of flooding (V) at 1000 m3

V = K2 A0.67 (2)

where A is the watershed area in (km2), and (K1 and K2) are constants depending on the
probability of rainfall occurrence.

The probability of rainfall occurrence through a given year (for K1 and K2 calculation)
was taken as 10%, i.e., 1.58 and 26.5 for K1 and K2, respectively [5,16,30,47].

It is noted that the probability of rainfall occurrence of 10% was used because it is very
appropriate and less optimistic, but suitable to the local climate conditions of the study
area [5,16,47].

The SCS-CN method was used to determine the annual flood volume of the watershed.
This method was created on the basis of the water balance equation and the equations of
proportional equality, and the linear relationship between the potential maximum retention
and initial abstraction [51] (Equations (3)–(7)).

Water balance equation:
P = Ia + F + Q (3)

where the proportional relationship is defined as:

Q
P− Ia

=
F
S

(4)

Ia = λS (5)

where P is the total precipitation (mm); Ia is the initial abstraction; Q is the volume of direct
runoff (direct surface runoff depth in mm); F is the cumulative infiltration excluding Ia;
S is the maximum potential water abstraction by soil in (mm); and λ is the 0.2 (standard
value) [53]. The maximum potential retention limit at surface runoff start, S, is stated in
terms of the scale parameter CN, which can vary between 0 and 100, signifying either
zero storage or 100% surface runoff. The curve number is dependent on the hydrologic
condition, soil groups and land use [29,42]. The value of CN was derived from the tables
of United States Department of Agriculture-Soil Conservation Service-Curve Number
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(USDA-SCS-CN) for watershed characteristics [29], Wadi Watir geological map and the
classification of the infiltration capabilities of the exposed rocks in the Sinai Peninsula
established by [42] (Table 1). Subsequently, the CN values for Wadi Watir sub-watersheds
were calculated, then, the values were added to the WMS 8.0© software to complete the
surface runoff calculations.

S =
25, 400

CN
− 254 (6)

Table 1. Major exposed rocks in Sinai according to their infiltration capabilities and groundwater potentiality [42].

Lithologic Group Soil Hydrologic Group Infiltration Rate
mm/h Groundwater Potentiality

Sand dunes, Nile silt, undifferentiated Quaternary
deposits, wadi deposits, G. El-Ahmar Fm.,
stabilized sandstone, Naqus Fm.

A >7.62 (High) High to very high

Risan Aneisa Fm., Safa, Cairo-Suez Hgul Fm., Abu
Aggag Fm., Lake Nasser, Duwi Fm., lower to
middle Miocene deposits, Hammamat clastics, and
Ranga Fm., Umm Mahara, calc-alkaline granitic
rocks-tectonized

B 3.81–7.62
(Moderate) Moderate

Matulla Fm., Pliocene deposits, undifferentiated
Plio- Pleistocene deposits, Gharandal Group,
metasediments, Qiseib Fm., Abou Durba Fm.

C 1.27–3.81 (Low) Low

Sabkhas deposits, undifferentiated Thebes Group,
medium-to-high-grade metamorphic rocks,
Samalut Fm., Mokattam Group,
Egma Fm., Sudr Fm., Esna Fm., Masajid Fm.,
Tertiary alkali olivine basalts, older granite or grey
granite, Katherina volcanics, intrusive metagabbro
to metadiorite, mostly leucocratic medium-to-high
grade metamorphic rocks, ring complexes, Ras
Malaab Group, intermediate to acid metavolcanics
and metapyroclastics, gabbroic rocks, gneiss and
magmatic gneiss, Quseir Fm., pink granite,
Trachyte plugs and sheets.

D <1.27 (Very low) Very low

The direct surface runoff, Q, can be stated as:

Q =
(P− Ia)

2

(P− Ia) + S
=

(P− 0.2S)2

P + 0.8S
(7)

where Equation (7) is valid for P ≥ Ia, Q = 0
The average annual precipitation values were derived from the created isohyetal map

and used in runoff calculations. The hydro-morphometric parameters were determined
using the WMS 8.0© and ArcGIS 10.1© software (Aquaveo LLC, U.S. Army Corps of
Engineers, Engineer Research & Development Center and Esri, Redlands, CA, USA).

The watershed area and watershed length were determined according to [54], whereas
stream order was applied based on the hierarchical rank method [55]. The total number
and total length of all streams in the watershed were determined according to [56,57],
respectively. The infiltration number (IF) was calculated as in Equation (8) [58].

IF = DD * Fs (8)

where DD is the drainage density and Fs is the stream frequency.
The drainage density and stream frequency were calculated according to [59]

Equations (9) and (10).
DD = Σ Lu/A (9)
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Fs = Σ Nu/A (10)

where Lu is the total length of all stream orders (km); A is the watershed area (km2) and Nu
is the total number of all streams in the watershed.

2.4. Analytical Hierarchy Process (AHP) Technique

The analytical hierarchy process (AHP) was used to determine the weights of each
RWH parameter. This technique was applied using its algorithms within the Microsoft
Excel software. It is one of the common methods of multi-parameter decision analysis and
was first created by Saaty [21]. AHP is generally implemented in three main steps: hierarchy
creation, priority check, and consistency check [22]. Relative weights were determined by
applying a pairwise comparison matrix to a set of parameters, thus determining the degree
of relevance of each parameter and relativity to each other [60]. The pairwise comparison
matrix reduces the cognitive load to determine the relative importance of many parameters
at once [61]. The weighting of each RWH parameter (Wi) was determined by taking the
eigenvector matching to the largest eigenvalue of the matrix and then was followed by
normalizing components summation to unity [61] (Equation (11)). The importance of each
RWH parameter was determined according to the Saaty importance scale [21] (Table 2).

n

∑
i=1

Wi = 1 (11)

where (Wi) is the weight of each parameter.

Table 2. Analytical hierarchy process (AHP) pairwise comparison scales [21].

Importance Degree of Preference Explanation

1 Equal Two activities contribute equally to the goal
3 Moderate Experience and judgment slightly or moderately favor one activity over another
5 Strong Experience and judgment strongly or fundamentally favor one activity over another
7 Very strong One activity is strongly favored over another and its dominance appears in practice
9 Extreme Evidence of a preference for one activity over another is the most assured possible

2,4,6,8 Intermediate values Used to represent compromises between preferences in weights 1, 3, 5, 7, and 9
Reciprocal Opposites Used for inverse comparison

A pairwise comparison matrix (matrix A) was created for n parameters (eight RWH
parameters were determined) according to the Saaty scale ratio, in the form of (n * n) as in
Equation (12) [62,63].

Matrix A = (aij), i, j = 1, 2, 3 . . . ... n (12)

where, aij represents the elements (RWH parameters) of matrix A.
The pairwise matrix was created as a square matrix (diagonal arrangement for the

eight specific RWH parameters). The scores for the parameters are given on one side of the
diagonal, where the other side is represented by the reciprocal value of the given scores.
The score 1 to 9 and interchange values were assigned according to the Saaty scale [21].
The score 9 was assigned to the most important factor in determining RWH, while the
score 1/9 was given to the least important one (Table 2). The generated matrix A1 was
then normalized to produce a new matrix (matrix B) in order to obtain the relative values
of eigenvector values for each RWH parameter (parameter weights) (Equation (13)) [64,65].

Matrix B = (bij), i, j = 1, 2, 3 . . . ... n (13)

where bij are the elements of matrix B and can be defined as in Equation (14) [62]

bij = aij/
n

∑
i=1

aij = 1, 2, 3, . . . . . . , n (14)
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Finally, parameter weights (Wi) were calculated as shown in Equation (15).

Wi =
∑n

j=1 bij

∑n
i=1 ∑n

j=1 bij
i, j = 1, 2, 3, . . . . . . , n (15)

2.5. Watershed Modeling

Eight parameters were selected for the multi-parametric decision spatial model
(MPDSM) application and embedding; VAF, OFD, MFD, IF, DD, A, BS and BL. These
parameters were provided for the sub-watersheds in Wadi Watir and linked to ArcGIS
10.1© software in a geographical database format to produce spatial thematic layers using
the spatial analyst module [20]. The thematic layers were then used as multi-decision sup-
port layers to construct the MPDSM for the optimal positioning of the RWH potentialities.
The MPDSM was then created to classify the watershed into five possible RWH grading
categories. MPDSM was run in two scenarios: the first proposed that all parameters used
had the same degree of effectiveness for determining RWH, since equal weights were
assigned to all parameters; the second scenario was applied using weights calculated using
the AHP technique. The overall flow diagram of the methodology is shown in Figure 4.

Figure 4. Methodology flow chart used for this study. GIS: geographical information system;
WMS: watershed modeling system; MPDSM: multi-parametric decision spatial model; RWH runoff
water harvesting.

3. Results and Discussion
3.1. Parameters of Multi-Parametric Decision Spatial Model (MPDSM)

Our MPDSM was used to resolve a wide range of problems involving complex param-
eters across different levels, where overlap between parameters was common [27,66,67].
The probability mapping of RWH for the Wadi Watir watershed was performed with spatial
integration of eight parameters, namely VAF, OFD, IF, BS, DD, A, BL and MFD. These
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parameters were selected because they are the most effective ones in determining RWH po-
tentiality, and moreover these parameters have been used in many previous studies related
to RWH and flooding potentialities, e.g., [5,15,17,18,68,69]. The following is a description
of these parameters:

3.1.1. Overland Flow Distance

The OFD parameter is an important factor for RWH, where it is affected by variations
in slope, relief, lithology and topography, which together control the resulting erosion
caused by surface runoff [70]. This consists of water flowing over watershed slopes and
then becoming concentrated into a definite stream channel [57]. Most of the Wadi Watir
watershed is composed of low (0.4304–0.4481 km) and moderate (0.4482–0.4691 km) OFD
categories, which cover almost all of the watershed area (Tables 3 and 4; Figures 1 and 5a).
High (0.4692–0.5111 km) and very high (>0.5111) OFD categories are represented only by
small portions of the Wadi Watir trunk channel, Sawana and El-Ear sub-watersheds in the
south-eastern parts of Wadi Watir. The very low OFD class (<0.4304 km) is represented
by small areas scattered over all sub-watersheds except for the Wadi Watir trunk channel
(Figures 1 and 5a). The increase in OFD is generally towards the watershed outlet.

Table 3. Output parameters resulting from the WMS 8.0© software, used to characterize watershed characteristics.

Sub-
Watershed

Volume of
Annual Flood

(VAF)
(m3) Finkel

Method

Volume of
Annual Flood

(m3)
SCS-CN Method

Overland
Flow

Distance
(OFD) (km)

Max. Flow
Distance

(MFD) (km)

Watershed
Infiltration

Number
(IN)

Drainage
Density

(DD)
(km−1)

Watershed
Area (A)

(km2)

Watershed
Slope

(BS)(m/m)

Watershed
Length

(BL) (km)

El-Ear 3,203,020 13,258,477.9 0.380 87.88 0.83 0.76 1282.16 0.150 63.7
Sawana 1,207,680 3,962,709.9 0.390 42.78 0.80 0.78 299.01 0.180 31.02

Abyad Batnah 513,160 991,064.7 0.358 24.84 0.69 0.72 83.65 0.153 16.06
Kadriah 918,300 2,058,670.8 0.383 38.77 0.76 0.77 198.96 0.128 25.13
El-Batm 1,527,650 3,544,434.9 0.392 50.01 0.82 0.78 424.64 0.082 28.22
El-Hesay 1,556,920 2,592,202.9 0.432 44.43 0.92 0.87 436.85 0.078 32.02
El-Shaflh 428,160 601,010.1 0.345 20.91 0.78 0.68 63.61 0.159 13.70

Watir Trunk
Channel 1,504,030 4,274,581.05 0.774 68.35 0.71 0.72 414.88 0.216 43.81

Samghy 686,980 1,393,763.4 0.398 28.30 0.80 0.80 128.82 0.179 23.21
Ghazalah 866,680 1,844,572.5 0.394 31.08 0.77 0.78 182.43 0.214 25.46

Table 4. Parameter ranges used to configure the MPDSM.

Watershed RWH Parameter Very High High Moderate Low Very Low

VAF (m3) (Finkel Method) >2,840,800 2,027,301–2,840,800 1,414,301–2,027,300 1,025,201–1,414,300 <1,025,201
VAF (m3) (SCS-CN Method) >13,493,937.28 9,449,250.89–13,493,937.28 5,343,281.36–944,9250.88 2,646,823.77–534,3281.357 <2,646,823.77

OFD (km) >0.5111 0.4692–0.5111 0.4482–0.4691 0.4304–0.4481 <0.4304
MFD (km) >77.17 65.22–77.17 52.85–65.21 43.71–52.84 <43.71

IF >0.846 0.811–0.846 0.786–0.810 0.751–0.785 <0.751
DD (km−1) >0.81 0.776–0.81 0.757–0.775 0.733–0.756 <0.733

A (km2) >1149.1 850.13–1149.1 540.85–850.12 303.73–540.84 <303.73
BS (m/m) >0.19150 0.16152–0.19150 0.129116–0.16151 0.094321–0.129115 <0.094321
BL (km) >57.37 44.85–57.37 34.2–44.84 26.06–34.19 <26.06

3.1.2. Volume of Annual Flood

The amount of running water caused by rainfall events is an important factor for
managing RWH in watersheds. Wadi Watir is characterized by many rapid flood events
with catastrophic effects. The highest level was recorded eleven years ago in January
2010 [18]. Water runoff in Wadi Watir was increased by surplus water flowing across
broken rocks and down the valleys. The watershed is classified into five VAF categories
(Figure 5b,c; Table 4). It should be noted that there is a high degree of correspondence
between the two resulting VAF maps [29,30], where the high and very high VAF classes are
made up of most of the south-western part of the watershed. The El-Ear sub-watershed has
the largest area among all Wadi Watir sub-watersheds, with a sixth-order trunk channel
and an average watershed slope of 0.15 m/m. It receives the highest VAF value among the
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Wadi Watir sub-watersheds (Table 3; Figure 1). Low, very low and moderate VAF classes
consist of the central and eastern parts of Wadi Watir sub-watersheds.
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3.1.3. Watershed Slope

BS is an effective factor in determining rainwater acceleration, infiltration capability,
runoff potentialities and optimum locations for water harvesting [42,71,72]. Usually, the
higher the runoff related to steeper watershed slopes, the higher the potentiality for
flooding [5,18,73]. The resulting slope map shows five categories ranging from gentle
to steep slopes (Figure 5d). The thematic layer for BS indicates a linear increase in slope
values from the north-eastern and south-western parts towards the eastern parts at the
outlet of the watershed (Figure 5d). Steep slopes (0.16152–0.19150 m/m) and very steep
slopes (>0.19150 m/m) are mainly present in the Samghy and Ghazalah sub-watersheds
as well as relatively large areas of the Wadi Watir trunk channel, and Sawana and El-Ear
sub-watersheds. BS decreases towards the upstream parts of Wadi Watir in the northern
and north-eastern parts, which feature mostly gentle slopes (<0.094321 m/m) (Figure 5d).

3.1.4. Infiltration Number

IF is a controlling factor for RWH specification, where it is based on drainage density
and stream frequency. It is an important factor for understanding the infiltration potentiality
of watersheds. The higher the infiltration number, the lower the actual infiltration, and
hence the higher the runoff [74]. This leads to higher DD. The IF map shows that the major
area of the watershed is represented by high to moderate IF categories which reflect the
moderate infiltration capability of its soil types (Figure 6a; Table 4). Moderate, high and



Water 2021, 13, 804 13 of 25

very high IF categories represent most of the Wadi Watir trunk channel and small parts of
El-Ear, Sawana and Ghazalah sub-watersheds. Very low and low IF classes make up the
central and south-eastern parts of the Wadi Watir watershed, which consist of most of the
Wadi Watir trunk channel, Ghazalah, Abyad Batnah, Kadriah and small portions of the
El-Ear, Sawana and El Batam sub-watersheds (Figure 6a). The north-eastern corner of the
watershed (most parts of El-Hesay and small parts of El-Batam sub-watersheds) features in
the very high IF class.
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3.1.5. Drainage Density

High DD is an important factor for rapid floods and high runoff volumes [75,76].
Consequently, it is an important factor for RWH potentiality determination. The spatial
distribution of the DD classes decreases from very high to very low categories (Figure 6b).
The thematic layer for DD indicates that the very high DD category (>0.81 km−1) is made
up of a small portion of the north-eastern side of Wadi Watir (El-Hesay sub-watershed).
Most of the northern parts of Wadi Watir and the south-eastern corner, which includes
most of the Samghy and Ghazalah sub-watersheds, are characterized by high DD values
(Figure 6b). Most of the Wadi Watir watershed area features moderate DD. The low and
extremely low DD categories represent small portions of the central and eastern parts of
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the watershed (most portions of the Abyad Batnah, Shaflah and Wadi Watir trunk channel
sub-watersheds). In general, the DD values for Wadi Watir sub-watersheds are moderate
and close together, with an average value of 0.76 km−1, indicating moderate permeability
for the watershed subsoil [77]. These values reflect moderate potential for recharging
groundwater by applying the appropriate RWH systems. The value of DD increases
as a result of impermeable and weak subsurface material and mountainous relief. Low
drainage density results in coarse drainage texture and highly permeable subsoil, while
high DD leads to fine drainage texture with poorly permeable sub-soil and impervious
basal rocks [78].

3.1.6. Watershed Length

BL is one the most controlling factors for RWH determinations, which is because
the longer the watershed, the lower its slope, and therefore the greater the possibilities
of RWH [5]. The thematic layer for BL is classified into five categories from very low to
very high (Figure 6c). High (44.85–57.37 km) and very high (>57.37 km) BL categories
represent only some parts of El-Ear and a very small portion of the Sawana sub-watershed
on the south-western side of the Wadi Watir watershed. Most of the Wadi Watir sub-
watersheds are in low to very low BL categories (less than 34.19 km). The moderate BL class
(34.2–44.84 km) represents some parts of the Wadi Watir trunk channel, Ghazalah, El-Ear
and Sawana sub-watersheds (Figure 6c). The largest BL value was observed in the El-Ear
sub-watershed, which had the highest watershed area value, indicating higher potential
for RWH [5], while the smallest BL value was observed in the El-Shaflh sub-watershed,
which had the lowest watershed area value (Table 3).

3.1.7. Watershed Area

Watershed area is one of the most important factors in determining RWH potential, as
it significantly affects the watershed runoff processes. The greater the area of the watershed,
the greater the volume of rain collected and the higher the peak flood discharge [79,80].
The reclassified map for the watershed area reflects a discrepancy in the regions between
the different sub-watersheds from very low to very high (Figure 6d). The regions with
a very high (>1149.1 km2) and high (850.13–1149.1 km2) watershed area occur mainly in
the south-western parts of the watershed, where most parts of the El-Ear sub-watershed
are included in this class, which also have higher values of VAF, BL, and MFD, indicating
high potentiality for RWH [81]. The moderate watershed area class (540.85–850.12 km2)
is represented only by a small strip of the El-Ear and Sawana sub-watersheds. Most
of the Wadi Watir watershed is represented by low to very low watershed area classes,
which generally extend from the central parts to the eastern and north-eastern sides of the
watershed (Figure 6d).

3.1.8. Maximum Flow Distance

The watershed maximum flow distance (MFD) includes both channel and overland
flows [57]. MFD is a vital factor in determining RWH potential in watersheds, and higher
RWH potentiality in a watershed is related to higher values of MFD [5]. These values generally
increase toward the south-western side of the watershed (Figure 6e). High (65.22–77.17 km)
and very high (>77.17 km) MFD classes represent large areas of the El-Ear sub-watershed,
which also have the highest A and BL values. The moderate class (52.85–65.21 km) consists
only of a small strip in the sub-watersheds of the El-Ear and Sawana. The remaining parts
of the watershed feature in the extremely low MFD classes (Figure 6e).

3.2. Multi-Parametric Decision Spatial Model

The MPDSM of Wadi Watir was implemented using two scenarios with equal weights
for all parameters and weights determined by AHP. This model is a good example of the
distributed model of hydrology, as it relies on the spatial variance of a set of effective
parameters to determine RWH potential.
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3.2.1. Multi-Parametric Decision Spatial Model Scenario I

In this scenario, rates and weights were determined according to the magnitude of
contributions, comparing each layer range of the MPDSM, where the equal weight for each
parameter was set as 12.5%. Each parameter was categorized into five categories from very
low to very high probability according to the size of its contribution in determining the
RWH potential (Table 5). Assuming that the total value of the ranks of all categories equals
100%, the ranks of the five categories will be classified as 0–20% (very low), 20–40% (low),
40–60% (moderate), 60–80% (high) and 80–100% (very high), respectively. The degree of
effectiveness (DE) was estimated for each thematic layer by multiplying the rank of the
parameter (CR) by the weight of the parameter (CW) [42] (Equation (16)) (Table 5).

DE = CWxCR (16)

Table 5. Basic case scenario I for MPDSM (equal weights to parameters), ranks, weights and degree of effectiveness of
parameters used in mapping RWH potentialities.

Thematic Layers
(Parameter)

Probability Category
for RWH Class Rank (%) Average Rate (Rank)

(CR) % Weight % (CW) Degree of
Effectiveness (DE)

Average overland flow
distance (OFD)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Volume of annual flood
(VAF)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Infiltration number (IF)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Maximum Flow distance
(MFD)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Drainage density
(DD)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Watershed area (A)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Watershed length (BL)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25

Watershed slope (BS)

I (Very high)
II (High)
III (Moderate)
IV (Low)
V (Very low)

100–80
80–60
60–40
40–20
20–0

0.9
0.7
0.5
0.3
0.1

12.5

11.25
8.75
6.25
3.75
1.25
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In this way of analyzing and processing data, the degree of effectiveness of each pa-
rameter provides a relative comparison between the different thematic layers. Accordingly,
category V for all parameters has a DE value of 1.25, so it is the least effective category
in mapping RWH potentialities, whereas category I (DE = 11.25) is the most effective
category (Table 5).

Our MPDSM was created by incorporating the eight thematic layers using a weighted
overlay spatial analyst model within the ArcGIS 10.1© software. The MPDSM model
was run twice; one with the VAF calculated using the SCS-CN and the other using the
Finkel surface runoff method. Two maps of RWH potentialities were produced from the
operation of this model, as each map contained five RWH potentiality categories, ranging
from very low to very high (Figure 7; Table 6). The maps show the spatial distribution of
these categories in relation to the total watershed area (Table 6). There is a very good match
between the two maps produced from the first scenario, where the high and very high
RWH potential categories make up the south-western and some of the south-eastern areas
of Wadi Watir. These categories represent most of the El-Ear and the main trunk channel
sub-watersheds as well as small parts of the Sawana sub-watershed. The moderate RWH
potential class is distributed over the central and south-eastern regions as well as some
northern regions, according to the Finkel RWH potentiality map (Figure 7).Water 2021, 13, x FOR PEER REVIEW  18  of  27 
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Table 6. Areas with RWH potential categories resulting from first model scenario.

Areas with Categories of RWH Potential; VAF Calculated Using the Finkel Method [30]

RWH Potentiality Class Very Low Low Moderate High Very High

Area (km2) 301.17 1298.35 932.13 501.03 480.35
Area (% of total watershed area)
Total watershed area 3513 Km2 8.57 36.95 26.53 14.26 13.67

Areas with Categories of RWH Potential; VAF Calculated Using the SCS-CN Method [29]

RWH Potentiality Class Very Low Low Moderate High Very High

Area (km2) 845.19 855.54 736.98 534.27 541.07

Area (% of total watershed area)
Total watershed area 3513 Km2 24.05 24.35 20.97 15.2 15.4
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3.2.2. Multi-Parametric Decision Spatial Model Scenario II (Weights Assigned by the
AHP Technique)

A second MPDSM scenario was created using weights defined by means of the AHP
method [21]. This method relies on expert judgment to determine the relative importance
among the eight RWH parameters. To achieve greater accuracy in determining the rela-
tionship and significance between the parameters, bivariate correlations were made using
the Pearson correlation coefficient “r” in SPSS Software version 25 (SPSS Inc., Chicago, IL,
USA) [82] (Table 7). The best way to present the value of “r” is to square it to “r2”. It is a
value from zero to one, and it is the fraction of the variance between two variables which
are “shared”. Correlations between VAF, MFD, A and BL are high, and their coefficients
are important (r2 > 0.9). There are other important correlations between A and BL (r2 = 0.9),
and there are other strong positive correlations between MFD, BL and A (r2 > 0.9). High
correlation was also observed between IF and DD (r2 > 0.7). Accordingly, there are strong
relationships between the parameters chosen for MPDSM application, some of which
positively affect the RWH capability, namely VAF, A, MFD, IF, DD, OFD and BL, while
others such as BS have a negative effect [5]. The pairwise comparison matrix was used to
determine the importance of the model parameters in relation to each other (Tables 8 and 9).

Table 7. Correlation matrix of studied model parameters using the Pearson correlation.

Parameter VAF (Finkel Method) VAF (SCS-CN Method) OFD MFD IF DD A BS BL

VAF (Finkel method) 1
VAF (SCS-CN method) 0.960 ** 1

OFD 0.167 0.091 1
MFD 0.943 ** 0.908 ** 0.451 1

IF 0.427 0.259 −0.290 0.201 1
DD 0.241 0.048 −0.130 0.088 0.762 * 1
A 0.990 ** 0.980 ** 0.097 0.917 ** 0.389 0.164 1
BS −0.198 −0.025 0.392 −0.033 −0.616 −0.457 −0.169 1
BL 0.956 ** 0.942 ** 0.375 0.974 ** 0.261 0.161 0.942 ** 0.055 1

** Correlation significant at 0.01 level (2-tailed). * Correlation significant at 0.05 level (2-tailed).

Table 8. Pairwise comparison matrix (matrix A) for parameters used in determining RWH potentiality.

Parameter VAF OFD MFD IF Dd A BS BL

VAF 1 9 5 3 5 1 1 7
OFD 1/9 1 1/3 1/3 1/3 1/9 1/9 1/3
MFD 1/5 3 1 3 3 1/3 1/3 1

IF 1/3 3 1/3 1 1 1/3 1/5 3
Dd 1/5 3 1/3 1 1 1/9 1/7 1/3
BA 1 9 3 3 9 1 1 5
BS 1 9 3 5 7 1 1 7
BL 1/7 3 1 1/3 3 1/5 1/7 1

SUM 3.98 40.06 14 16.66 29.33 4.08 3.93 24.66

Table 9. Normalized matrix (matrix B).

Parameter VAF OFD MFD IF DD A BS BL Eigen-Values (Weights) Weight% Consistency

VAF 0.251 0.225 0.357 0.180 0.170 0.245 0.254 0.284 0.246 24.574 8.690
OFD 0.028 0.025 0.024 0.020 0.011 0.027 0.028 0.014 0.022 2.208 8.380
MFD 0.050 0.075 0.071 0.180 0.102 0.082 0.085 0.041 0.086 8.571 8.592

IF 0.084 0.076 0.024 0.060 0.034 0.082 0.051 0.122 0.066 6.640 8.641
DD 0.050 0.076 0.024 0.060 0.034 0.027 0.036 0.014 0.040 4.009 8.257
A 0.251 0.225 0.214 0.180 0.307 0.245 0.254 0.203 0.235 23.479 8.589
BS 0.251 0.225 0.214 0.300 0.239 0.245 0.254 0.284 0.251 25.141 8.659
BL 0.036 0.075 0.071 0.020 0.102 0.049 0.036 0.041 0.054 5.378 8.667

1 1 1 1 1 1 1 1 1 λ max = 8.69

CI = (0.099)

RI = 1.41

CR = 0.069
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The large number of parameters, so-called over-parameterization, is a real problem
in hydrological models, especially in distributive models [83]. Optimal assessment of
the likelihood of harvesting runoff water requires correct estimates of the weights of all
elements in the model to determine the priority areas. AHP is a designed technique
proposed by Saaty [21,60] for analyzing complex decisions taking into consideration a large
number of factors. Accordingly, we eliminated the drawbacks of over-parameterization in
the model by applying AHP to adjust the weights in the multi-parametric spatial model.
Weights were assigned to each RWH parameter after systematic pairwise comparisons
based on expert judgment. Then new weights were obtained for the final eight parameters
and distributed as 24.57, 23.47, 2.2, 8.57, 6.64, 4.009, 25.14 and 5.37 for VAF, A, OFD, MFD,
IF, DD, BS and BL respectively (Table 9). Based on the AHP weights for each thematic layer,
a new multi-layer computational overlay was built into the ArcGIS 10.1© spatial analyst
model builder. RWH maps were obtained, showing five classes ranging from very high
to very low (Figure 8). These maps indicate that very high and high probability classes
are the most appropriate places to harvest flood water. These classes make up most of
the south-western, south-eastern and central parts of the watershed, representing about
33.24% of the total watershed area (Table 10). Other parts of the watershed rank low for
potential flood water harvesting. There is a significant match in the results between the two
model scenarios, which reflects the high credibility of these results, and their suitability for
application elsewhere in similar arid regions.

Water 2021, 13, x FOR PEER REVIEW  20  of  27 
 

 

 

Figure 8. Maps of RWH potential from the second MPDSM scenario: (a) VAF calculated using the Finkel method; (b) VAF 

calculated using  the USDA  SCS‐CN method);  (c)  Suitability  of  geological units  for RWH  structures;  (d)  topographic 

wetness (moisture) index (TWI). 

3.3. Model Validation and Justification   

Weights from the AHP technique must be examined to determine their consistency. 

Accordingly, the consistency ratio (CR) and consistency index (CI) were calculated for the 

weights specified for the eight RWH parameters. This examination method is one of the 

strengths of AHP [62,63]. CR is used as an indication of the probability that the placings 

in the generated matrix were randomly generated [60,84,85], and it works by comparing 

the consistency index to the random index (Equations (17) and (18)) [60]. 

        CR=
RI

CI
                      (17)

      CI = 
1

)max(




n

n
            (18)

where λ max signifies  the  largest eigenvalue  in  the matrix; n  is  the order of  the matrix 

(number  of  used  parameters)  and  RI  is  the  random  index  derived  from  [60],  and  it 

amounted to 1.41 in the case of the eight parameters.   

Figure 8. Maps of RWH potential from the second MPDSM scenario: (a) VAF calculated using the
Finkel method; (b) VAF calculated using the USDA SCS-CN method); (c) Suitability of geological
units for RWH structures; (d) topographic wetness (moisture) index (TWI).



Water 2021, 13, 804 19 of 25

Table 10. Areas with categories of RWH potential in Wadi Watir watershed resulting from the MPDSM second scenario.

Areas with Categories of RWH Potential; VAF Calculated Using the Finkel Method [30]

RWH Potentiality Class Very Low Low Moderate High Very High

Area (km2) 1161.1 320.59 616.77 1110.72 303.83

Area (% of total watershed area)
Total watershed area 3513.01 km2 33.05 9.12 17.55 31.61 8.64

Areas with Categories of RWH Potential; VAF Calculated Using the SCS-CN Method [29]

RWH Potentiality Class Very Low Low Moderate High Very High

Area (km2) 801.48 936.08 607.85 555.27 612.33

Area (% of total watershed area)
Total watershed area 3513.01 km2 22.81 26.65 17.30 15.81 17.43

3.3. Model Validation and Justification

Weights from the AHP technique must be examined to determine their consistency.
Accordingly, the consistency ratio (CR) and consistency index (CI) were calculated for the
weights specified for the eight RWH parameters. This examination method is one of the
strengths of AHP [62,63]. CR is used as an indication of the probability that the placings in
the generated matrix were randomly generated [60,84,85], and it works by comparing the
consistency index to the random index (Equations (17) and (18)) [60].

CR =
CI
RI

(17)

CI =
(λ max− n)

n− 1
(18)

where λ max signifies the largest eigenvalue in the matrix; n is the order of the matrix (num-
ber of used parameters) and RI is the random index derived from [60], and it amounted to
1.41 in the case of the eight parameters.

According to [60], CR < 0.1 indicates acceptable consistency for the applied pairwise
comparison matrix and the determined weights are valid for model application. CR ≥ 0.1
means that the array values need to be modified and adjusted. The CR value for the matrix
created in the current work was 0.069, indicating consistency and usability (Table 9). To
categorize the advantages of the model results, areas with high to very high potential for
flood water harvesting can be equipped with harvesting facilities, in the form of ground
cisterns or dams with reservoirs.

In this regard, it is important to determine the suitability of geological units for the
establishment of flood water collection facilities, with a map of five categories ranging
from very low to very high potential (Figure 8c). The very high potential category (class
A) is made up of wadi sediments in the main trunk channels. The high potential category
(class B) consists of undifferentiated Quaternary sediments, which are mainly exposed
in the part of the main tributaries of the watershed near the exit into the Gulf of Aqaba.
These two classes represent the Quaternary soil type [18]. Areas with these categories
are most suitable for establishing floodwater harvesting facilities, limited agricultural
activities using harvested water, as well as natural recharge of the underlying aquifer. On
the other hand, the moderate, low and very low potential categories (classes C, D and
E, respectively) are characterized by types of geological units unsuitable for constructing
floodwater collection facilities, such as fractured limestone and igneous rocks (Figure 8c).
These units were classified as clastic rock soil, carbonate rock soil and basement rock soil
for classes C, D, and E, respectively [18]. Additionally, to verify the accuracy of the model
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results, a topographic wetness index (TWI) for Wadi Watir was determined using DEM
within the ArcGIS 10.1© software based on the formula [86]

TWI = lin(
A

tan β
) (19)

where A is the watershed area and β is the local slope.
The watershed area encloses sites which are capable of receiving water from the

sloping land, and the local slope has the ability to make water flow [87,88]. The TWI is
an effective method for determining humidity in watersheds [89–91]. High TWI values
indicate high potential for runoff concentration [70]. The resulting TWI map of Wadi Watir
watershed shows variation in TWI grades from wet to arid (Figure 8d). Higher TWI grades
(shown in blue) appear mainly in the main trunk channels, indicating high flood potential
and higher potential for RWH at specific sites to establish RWH structures (Figures 8d and 9).
On this basis, four dams were proposed to harvest flood water in areas featuring RWH
potential classes A and B to mitigate the risk of sudden floods, improve the natural recharge
of aquifers and store large quantities of water for population use (Figure 9). It was also
proposed to create seven groundwater cisterns to conserve water for use in dry seasons,
for limited agricultural activities and drinking water supplies for people and animals.
The proposed facilities take into account aspects of the current land use including roads,
communities and cultivated land (Figures 9 and 10), whereby the Wadi Watir watershed is
characterized by natural desert landscape and vegetation with poor coverage taking up
more than 30% of the ground area [18].
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4. Conclusions

RS, GIS, WMS and AHP are techniques which have proved to be very effective in
optimum RWH site determination. These techniques were integrated to construct a multi-
parametric decision spatial model to identify potential sites for RWH in the Wadi Watir
watershed on the Sinai Peninsula. A digital elevation model, Landsat ETM + satellite
images, topographic maps and precipitation data were used as the basic dataset within the
ArcGIS 10.1© and WMS 8.0© software to define the watershed morphometric and hydro-
logical parameters. Eight hydro-morphometric parameters were used, namely the volume
of annual flood, watershed infiltration number, maximum flow distance, watershed slope,
watershed area, watershed length, drainage density and overland flow distance. These pa-
rameters were used as thematic layers to build a multi-parametric spatial model, and were
assigned weights and ranks according to their effect on RWH potentiality mapping. The
model run started with assuming equal weights for all parameters, and then an analytical
hierarchy process (AHP) was applied to adjust the model parameter weights. Furthermore,
the consistency ratio (CR) was calculated to validate the applied model, producing a value
less than 0.1 (0.069), indicating that the applied model was appropriate. Subsequently,
a justified multi-parametric decision spatial model was developed for the Wadi Watir
watershed in southern Sinai, which separated it into five classes of RWH potential, ranging
from very high to very low. Low, very low and moderate RWH classes represented 26.65%,
22.81% and 17.3% of the total watershed area, respectively. The areas consisting of high
and very high classes were chosen as the most suitable sites for installing RWH structures,
and they account for 33.24% of the total watershed area. These areas occupy most of
the south-western, south-eastern and central parts of the watershed. The current work
proposes appropriate RWH structures to be applied in these locations, represented by four
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retention dams and seven groundwater storage cisterns. These measures will reduce the
risk of sudden floods, enhance soil moisture, replenish groundwater reserves and raise the
living standards for local residents. Current land-use features and soil characteristics were
used to identify the proposed sites for the implementation RWH facilities.

The accuracy of the model results was checked using a watershed topographic wetness
index (TWI) map. This map confirmed that the proposed RWH structures were selected
in areas of higher TWI classes represented by higher soil permeability in Wadi sediments
and undifferentiated Quaternary deposits. The study concluded that the RWH potentiality
in Wadi Watir watershed exists, which could open opportunities for the maximization of
water availability and sustainable development. With regard to the future work plan, the
current research presupposes additional future studies, including complete site characteri-
zation and detailed field surveying of the proposed RWH sites, compilation and analysis of
previous and ongoing RWH activities, evaluation and monitoring of surface flooding oper-
ations, and coordination of activities with various owners, local authorities and Bedouins,
identifying suitable types of RWH dams, cistern designs and storage capabilities.
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90. Zeleňáková, M.; Hluštík, P.; Abd-Elhamid, H.F.; Markovič, G.; Hudáková, G.; Tometz, L. Comprehensive study of the percolation

of water from surface runoff with an emphasis on the retention capacity and intensity of precipitation. Water Sci. Technol. 2019, 79,
2407–2416. [CrossRef]
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