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Abstract: Remote sensing (RS) data have allowed prospective zones of water accumulation (PZWA)
that have been harvested during rainstorms to be revealed. Climatic, hydrologic, and geological
data have been combined with radar and optical remote sensing data. A wide array of remote
sensing data, including SRTM, Sentinel-1&2, Landsat-8, TRMM, and ALOS/PALSAR data, were
processed to reveal the topographical characteristics of catchments (elevation, slope, curvature, and
TRI) and geological (lineaments, lithology, and radar intensity), hydrological (Dd, TWI, and SPI),
ecological (NDVI, InSAR CCD), and rainfall zones in Wadi Queih (WQ), which is an important
drainage system that drains into the Red Sea. Radar data improved the structural elements and
showed that the downstream area is shaped by the northeast-southwest (NE-SW) fault trend. After
giving each evidential GIS layer a weight by utilizing a GIS-based, knowledge-driven methodology,
the 13 GIS layers were integrated and combined. According to the findings, the studied basin can be
classified into six zones based on how water resources are held and captured, which are very low,
low, moderate, high, very high, and excellent. These zones correspond to 6.20, 14.01, 21.26, 36.57,
17.35, and 4.59% of the entire area. The results suggested a specific location for a lake that can be
used to store rainwater, with a capacity of ~240 million m? in the case of increasing rainfall yield.
Such a lake complements the present lake at the end of WQ, which can hold about 1 million m3.
InSAR coherence change detection (CCD) derived from Sentinel-1 data revealed noticeable changes
in land use/land cover (LU/LC) areas. Areas that displayed changes in surface water signatures and
agricultural and human activities were consistent with the predicted very high and excellent zones.
Thus, the predicted model is an important approach that can aid planners and governments. Overall,
the integration of optical and radar microwaves in RS and GIS techniques can reveal promising areas
of rainwater and water accumulation.
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1. Introduction

Water resources are needed for the expansion of agricultural, urban, and industrial
activities. Population growth, along with numerous environmental, social, economic,
and climate change factors, is causing increased demand for freshwater supplies, which
is the biggest obstacle to reaching the goals of sustainable development [1-3]. Future
water availability in many locations is subject to significant uncertainty due to climate
change [4]. Climate change will have an impact on precipitation, runoff, snowmelt, and
groundwater recharge, in addition to having an impact on hydrological systems, water
quality, and temperature. Therefore, it will cause droughts and storms and increase water
shortages in developing countries, which will affect the agriculture sectors (IPCC. 2014b).
Furthermore, in coastal places, increases in sea level will have an impact on the salinity of
surface water and groundwater [4,5]. Accordingly, water supplies around the world are
becoming diminished, endangering human and environmental health as well as sustainable
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development [6,7]. Therefore, securing water resources through rainwater harvesting is a
critical issue.

In arid and semi-arid places where there is a scarcity of water and where water sources
are not accessible or too expensive to develop and utilize, collecting rainwater, also known
as rainwater harvesting (RWH), is a strategy for increasing surface water resources to
increase the quantity and quality of water available to the inhabitants [8] and alleviating
drought [9]. Rainwater harvesting (RWH) includes the collection of the water captured
during storms [10] in ponds, lakes, etc., with or without the groundwater infiltrated into
the soil. The rainwater harvesting system’s surface acts as the region of catchment because
it directly collects rainfall and supplies the system with water during storms [11]. Such
captured rainwater can be employed in irrigating plants and can provide people and
animals with water for use in their lives in arid regions [12]. Furthermore, RWH can reduce
surface runoff and flash flood hazards [13,14].

Hydrologic modeling is necessary to address and prevent the depletion and scarcity
of water resources [15-18]. For water resource research and estimation and the global
assessment of groundwater events, remote sensing (RS) and GIS techniques are beneficial
instruments [18-22]. In recent years, geospatial methods like GIS and RS have attracted a lot
of interest in finding the optimum locations for water harvesting [23-25] and recharging [26].
For the identification of groundwater potentiality, methodologies based on data and knowl-
edge were used [27,28]. To find groundwater resources, a wide array of techniques are
employed, such as overlay analysis [17], the analytical hierarchy process (AHP) [29-31],
Boolean logic [32], index overlays, and fuzzy methods [33]. Big geographical data can be
processed and combined using a GIS technique to anticipate and make it possible to identify
new water resources [26]. The GIS-based AHP technique develops a solution to a complex
choice analysis and provides valuable information in predicting promising areas [34,35].

Several investigations have effectively modified and evaluated the approach for de-
termining optimum regions for RWH and water accumulation. Several factors can be
employed to reveal the optimum areas for RWH, such as the physical characteristics of
the terrain, precipitation, LULC, runoff, topographic factors, and soil cover [23,36-38].
Topographic, lithological, climatic, and hydrologic conditions are utilized in probing and
modeling the areas of water resources [16,39-44]. Areas with relatively low topography
make excellent locations for gathering rainfall, which has historically been used largely for
housing and agricultural needs, although there are higher flood hazards [45-48]. In compar-
ison to steep slopes, flat or gently sloping areas hold water [26,34,49], and areas of curvature
hold water as well [50]. There are two prominent methods for collecting rainwater: storing
it on the surface for later use and recharging groundwater [51]. Additionally, by storing
and absorbing rainfall, rainwater harvesting not only enables successful rainwater runoff
management [52] but also helps to reduce pollution from non-point sources in metropolitan
settings [51,53]. The main supply of groundwater is rainfall that seeps into soil pores in
shallow aquifers.

Most of the research in Egyptian deserts was conducted without applying further
techniques of RS and GIS to reveal the optimum areas of water resources, and it is becoming
necessary to secure such resources through rainwater harvesting in arid regions. Therefore,
the goal of the current study is to identify potential water resource locations by utilizing a
variety of factors concerning geologic, climatic, topographic, and ecologic data.

2. Study Area

The study area of WQ is a prominent drainage area between Quseir and Safaga cities
that covers more than 1890 km? (Figure 1). It serves as a significant commercial, industrial,
and economic hub, particularly due to its location in the Golden Triangle Area. The known
tributaries and wadis are W. Queih, W. Saqi, and W. Abu Aqarib along with hills and moun-
tain areas, e.g., G. Weira, G. Abu Gaharish, G. Kab Amir, G. El-Aradiya, G. Um El-Abas, G.
Um Halnami, and G. Abu Aqarib (Figure 2). It is covered by Neoproterozoic crystalline
rocks that can be identified and delineated in the eastern and western sectors by NNW and
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WNW major normal faults. Compared to impermeable lithologic units, extremely porous
lithologic units can hold and capture surface water. The Conoco geological map [54] was
applied to digitize the lithologic units. The area consists of ophiolitic rocks, metavolcanics,
metasediments, Hammamat sediments, Dokhan volcanics, and Cretaceous/Tertiary rocks
that are covered by wadi deposits (Figure 2).
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Figure 1. (a) Location map of WQ marked with red polygon; (b) study area of WQ between Quseir
and Safaga along the Red Sea region overlaying the topographic map.

In WQ, variable rainfall and flash floods are the sources recharging groundwater
aquifers. Through the loose sediments, this water permeates and gathers on basement
depressions or becomes trapped by faults [17,41,55,56]. The average vertical infiltration
for the surface soil (aeolian gravel and well-sorted sand) is 5.1 m/day [57]. Rainfall has
the capability to permeate strata in large quantities to a high vertical infiltration rate [58].
The WQ basin has a catchment area of around 1800 km? and a length of about 67.5 km. Its
average width is roughly 26.6 km. The WQ depression runs from northwest to southeast
and receives water from the nearby mountains and elevated areas. The area has experienced
heavy rainy storms such as those on 6-10 March 2014, 17 January 2010, and 29 December
2010 (Figure 3). On 6 March 2014, the rainfall ranged from 0 to 4.1 mm/day, reached up
to 16.63 mm/day on 7 March 2014, and reached its maximum (59.22 mm/a day) on 8
March, after which it decreased to reach 2.57 mm/day. Furthermore, on 17 January 2010,
the area was struck by a storm; its precipitation rate ranged from 0 to 13.45 (mm/day); the
precipitation rate ranged from 0 to 9.54 mm/day on 29 December 2010. These seasonal
rainfall storms can replenish the shallow aquifers (Figure 4).
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Figure 2. Geological map of the study area.
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covering WQ basin.
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Figure 4. Precipitation rate (mm/day) on 17 January (a) and 29 December 2010 (b).
3. Data and Methods

Several satellite radar and optical data were collected (Table 1). We selected 13 factors
that cover the hydrologic, topographic, geologic, and climatic features. Such factors aid
in revealing the optimum areas of rainwater harvesting. Layers representing topographic
(elevation, slope, curvature, TRI), hydrologic (Dd, TWI, and DR), climatic (rainfall), ecologic
(NDVI], InSAR CCD), and geologic (lineaments, lithology, radar intensity) information were
collected with conventional maps to characterize and achieve the goals of the present article
through a combination of a GIS technique (Figure 5). The collected data were processed
using ENVI, SNAP, and ArcGIS software packages.

Table 1. Collected remote sensing data utilized in the present study.

No. Type of Data Source Date Resolution
1 Landsat-8 OLI USGS/NASA 2014 to 2023 bands 2, 3,4,5,6,and 7 (30 m)
2 Sentinel-1 ESA /Copernicus 2014 to 2023 C-band SLC (12.5 m)
3 Sentinel-2 ESA /Copernicus 2014 to 2023 bands 2,3, 4, %,( %,O m), 11, and 12
(“20” m)
4 PALSAR-2 JAXA JAXA 2017 25 m
5 SRTM DEM USGS 11-22 February 2000 C-band (30 m)
6 TRMM data NASA January 1998 to 0.25 degrees in latitude and longitude

November 2015

Optical Landsat-8 (OLI) data obtained from 2016 to 2023 showed the changes along
the Red Sea and downstream area of WQ. The Landsat-7 ETM archive and Landsat-5
helped us to collect optical images recorded since 1984. Processing Landsat-8 (OLI), images
acquired on 30 December 2020, 31 January 2021, 20 March 2021, and 7 May 2021 allowed
characterizing the decrease in the collected water in a lake of WQ. OLI data are important
for mapping the vegetated areas, which were delineated by applying the visible infrared
bands (NDVI = NIR (band 5) — R (band 4) NIR (band 5) + R (band 4)).



Water 2023, 15, 3592

6 of 19

Remote Sensing data Conventional maps

l

Altitude
Slope -

E.

Thematic layer classification using natural break method

Experts' opinions/knowledge "\; l

Curvature NDVI Bands 7,5and 3
Weight assignment and subclasses of thematic maps maina;:;ensm
v sPI
Normalization of the assigned weights using AHP method L e Well data
Lineamentdensity SNl A e
Radar intensity Fusion
GlS-based overlay method > e Reclassifying GWPZs

\ |
; — (-
SRTM DEM TRMM ALOS/PAISAR Geologic map 3
i
\l/ -
Landsat-8 Georeferencing
Deterministic-8 Interpolation ' v
(D-8) algorithm ‘ A ———
v RE— : Digitization
Drainage networks, ; . v
' 72 Lineaments
watershed Radar | | v
\ SPl. npvi intensity | i cament Lithologic
Curvature  Drainage density I . InSAR E density map
\J, J/ o @ \L Ra\;/nfall ccD : \l/

Elevation
Slope
TWI

v Validation

InSAR CCD

Figure 5. Flowchart representing data and methods utilized in WQ.

In addition to the Landsat series, Sentinel-2 imagery data acquired from 2016 to 2023
were processed to display land use/land cover change detection mapping. Sentinel-2
data come from the ESA spacecraft, an optical satellite platform. This project comprises
two land-monitoring satellites covering a wide portion of the Earth’s surface, regularly
providing high-resolution optical imagery. Sentinel-2 satellites have temporal resolutions of
10 and 5 days, making them extremely valuable for time-series investigations. Two images
were acquired on 12 December 2016 and 21 November 22 to display the variation in water
resources and vegetation.

Microwave data are effective in hydrologic, geologic, and geomorphic studies and
in revealing near-surface features and tectonic movements. SRTM, ALOS/PALSAR, and
Sentinel-1 data were collected and implemented to delineate the optimum areas for rain-
water harvesting. The interferometric SAR (InSAR) CCD approach can be implemented
to assess changes in land cover over time. Using phase and intensity data obtained in
SLC-format SAR output, two Sentinel-1 scenes that were collected on 15 August 2019,
and 1 March 2021, were combined. This showed modifications to the LUC. The SRTM
DEM data (30 m cell size) were implemented to map the topographic characteristics and
compute the hydrologic catchments in WQ, Red Sea region. These images were employed
widely in mapping surface water runoff and accumulation, revealing the potential areas
for harvesting rainwater.

A mosaic of the advanced land observing satellite ALOS and PALSAR-2 satellite
provided radar data at different polarization levels using a synthetic aperture radar (SAR)
L-band frequency (1257.5 MHz; k 14 22.9 cm) with an incidence angle of 8 to 70 degrees
(e.g., HH and HV) was prepared for the entire area. This is a high-tech Japanese land
observation satellite with remote-sensing capabilities. PALSAR data are widely used to
study and monitor ground surfaces under severe weather conditions. In this investigation,
the Jaxa Palsar mosaic (PALSAR-2 Global Forest/Non-forest 2017 Map) characterized
by HH polarization at 25 m resolution was applied to emphasize the variance in radar
amplitude to reflect soil properties and likely locations of infiltration.

The study area experienced several storms that could replenish groundwater and
cause runoff and flood hazards. Therefore, rainfall data collected from the TRMM satellite
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recordings provided the average rainfall data. The obtained (https://giovanni.gsfc.nasa.
gov/giovanni/ accessed on 10 February 2021) average rainfall data were for the period
from January 1998 to November 2015. The obtained data include numerous discontinuous
storms in December 2010, January 2010, and March 2014 and 2015. Data can be acquired at
the Giovanni/NASA website. The precipitation points were interpolated using the Kriging
Spatial Analyst method which is an advanced geostatistical procedure that generates an
estimated surface from a scattered set of points with z-values.

Each layer was given a weight using the AHP method [59]. A pairwise comparison
matrix was then used to compare the prediction layers (Table 2). Each layer’s subcategories
were given a rank based on how important they were for estimating mineral resources. The
main eigenvalue (A) was determined in this model using the eigenvector technique, and
the consistency index (CI) was generated using the formula in Equation (1):

_ ()\max — n)
Cl="00 @

where n is the number of factors and Apmax is the major eigenvalue. The consistency ratio
(CR) was produced by using Equation (2). The computed CR was 0 (CR = 0/1.56). The
AHP is considered consistent when the CR is <0.1; otherwise, the AHP is insignificant
(Table 2).

CI
CR = @)
Table 2. Pairwise comparison matrix.
Elev  Slope Curvature ~TWI  SPI  Rainfall Lin Dd Radar Litho NDVI Coh  TRI ‘(/3\;:;1?3 Amax
Elev 100 067 0.67 075  1.00 120 150 075 086 08 075 086 067 084 13
Slope 150  1.00 1.00 113 150 1.80 225 113 129 129 113 129 100 126 13
Curvature 150 100 1.00 113 150 180 225 113 120 129 113 129 100 126 13
TWI 133 089 0.89 100 133 160 200 100 114 114 100 114 089 112 13
SPI 100 067 0.67 075  1.00 120 150 075 086 086 075 086 067 084 13
Rainfall 083 056 0.56 063 083 1.00 125 063 071 071 063 071 056 070 13
Lin 067 044 0.44 050 067 0.80 100 050 057 057 050 057 044 056 13
Dd 133 089 0.89 100 133 160 200 100 114 114 100 114 08 112 13
Radar 117 078 078 088 117 140 175 088 100 100 088 100 078 098 13
Litho 117 078 0.78 088 117 1.40 175 088 100 100 08 100 078 098 13
NDVI 133 089 0.89 100 133 1.60 200 100 114 114 100 114 089 112 13
Coh 117 078 078 088 117 140 175 088 100 100 088 100 078 098 13
TRI 150  1.00 1.00 113 150 180 225 113 120 129 113 129 100 126 13

4. Results

The altitude of the area under investigation ranges from 0 to 1040 m (a.s.l), and it has
been divided into five zones: 0-247, 248-395, 396-529, 530-654, and 655-1040 m. These
zones occupy 8.5, 44.5, 40.7, and 6.3% of the WQ basin (Figure 6a). The low-topography
zones are the most favorable areas for water storage [46]. Noteworthily, areas of flat or
gentle slopes hold more water than steep slopes; therefore, here, the slope map has been
divided into five zones: 0-6.1, 6.1-12, 13-18, 19-26, and 27-67, which cover 34.01, 28.26,
20.39, 12.86, and 4.49, respectively (Figure 6b; Table 3).

Curvature areas that reflect depressions or wadis hold quantities of surface water
during rainstorms. The curvature map is divided into four classes: —3,596,632—-—105,092.96,
—105,092.96-0, 0-116,777.28, and 116,777-2,627,411 (Table 3). They cover 8.5, 44.5, 40.7, and
6.3% of the entire area, respectively (Figure 6¢). The TRl is also an important factor in one
of the geomorphic factors that are connected to the occurrence of water accumulation. It is
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classified into four classes: 0.11-0.4, 0.41-0.49, 0.5-0.58, and 0.59-0.89, occupying 15.7, 35.3,
34.3, and 14.7, respectively (Figure 6d).
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Figure 6. Evidential parameters (a) elevation, (b) slope, (c) curvature, and (d) TRI classes of WQ,
Red Sea.

Table 3. Factors influencing groundwater occurrence and normalized values.

Elevation Rank Normalized Weight % Area %
0-247 6 0.32 12
248-395 5 0.26 221
396-529 4 0.21 27.4
530-654 3 0.16 27.7
655-1039 1 0.05 10.8

Slope
0-6.1 8 0.286 34.01
6.2-12 7 0.250 28.26
13-18 6 0.214 20.39
19-26 5 0.179 12.86
27-67 2 0.071 4.49
Curvature

—35to —10 2 0.143 8.5
—10.1to 0 3 0.214 445
0to11 4 0.286 40.7

11 to 26 5 0.357 6.3
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Table 3. Cont.

Elevation Rank Normalized Weight % Area %
TRI
0.11-0.4 5 0.385 15.7
0.41-0.49 4 0.308 35.3
0.50-0.58 3 0.231 34.3
0.59-0.89 1 0.077 14.7
Dd
5.2-86 2 0.091 219
87-130 5 0.227 30.5
131-179 7 0.318 30.7
180-300 8 0.364 16.9
TWI
—8.85 to —4.86 1 0.167 66.8
—4.86-1 2 0.333 30.10
1-13.27 3 0.500 3.10
SPI
0-0.25 2 0.20 99.45
0.25-301.27 8 0.80 0.55
Rainfall
0.0109-0.0143 2 0.1 19.7
0.0144-0.0167 4 0.2 29.9
0.0168-0.0189 6 0.3 22.8
0.019-0.0213 8 0.4 27.6
NDVI
487-949 1 0.056 48.8
949-1367 3 0.167 40.9
1368-1700 6 0.333 8.2
1700-9494 8 0.444 2.1
Radar
0-116 5 0.556 425
116-193 3 0.333 33.7
193-225 1 0.111 23.8
Lineaments
0-17.55 2 0.0952 28.20
17.56-42.70 5 0.2381 30.33
42.71-69.61 6 0.2857 27.41
69.62-149.20 8 0.3810 14.06
InSAR CCD
0.08-0.44 7 0.389 8.55
0.44-0.62 6 0.333 20.12
0.62-0.75 3 0.167 35.93
0.75-0.97 2 0.111 35.40
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Table 3. Cont.

Elevation Rank Normalized Weight % Area %
Lithology
Precambrian 2 0.083 3.69
K/T 3 0.125 80.68
Thebes 5 0.208 5.67
Miocene 6 0.250 1.28
Quaternary deposits 8 0.333 8.68

The stream networks were automatically delineated (Figure 7a) and converted into
drainage density values (Figure 7b) that are categorized into four classes: 5.2-86, 87-130,
131-179, and 180-300, which cover 16.9, 30.7, 30.5, and 21.9, respectively (Figure 7b). In this
basin, areas of high Dd are promising for water occurrence and infiltration. Furthermore,
the TWTI is one of the crucial terrain factors that are connected to the occurrence of water
accumulation. The output of the TWI map was grouped into three classes: low (—8.85 to
—4.86), moderate (—4.86 to 1), and high (1 to 13.27), covering about 3.1, 30.1, and 66.8%
of the total area, respectively (Figure 7c). Additionally, the stream power index (SPI) was
classified into two groups: 0-0.25 and 0.25-301.27, covering 0.55 and 99.45 of the entire
area, respectively. The high values correspond to stream areas that received large quantities
of water (Figure 7d).
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Figure 7. Prospective factors (a) stream networks, (b) drainage density, (c) TWI, and (d) SPI classes of
Wadi Queih, Red Sea.

Rainfall during rainy storms can promote runoff and water accumulation [7], par-
ticularly in areas of low topography (Figure 8a). The rainfall average (mm/day) was
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obtained for the period from 1 January 1998 to 30 January 2015. Such a map obtained from
the TRMM satellite is divided into four classes: 0.109-0.0143, 0.144-0.0167, 0.0168-0.0189,
and 0.019-0.0213. These zones cover 19.7, 29.9, 22.8, and 27.6% of the entire area, respec-
tively (Table 3). The vegetated areas allow for lowering the runoff velocity and causing
water accumulation. The NDVI layer that was obtained from the Advanced Very High
Resolution Radiometer (AVHRR) describes the distribution of the vegetation cover. In
general, the NDVI extends from —1 to 1, frequently interpreted as 487 to 9494; a higher
NDVI value reflects varied vegetation and healthy plants. The NDVI map is classified into
four classes: 487— 949, 949-1367, 1368-1700, and 1700-9494, based on the natural break
method, occupying 48.8, 40.9, 2.1, and 8.2% of the entire area, respectively (Figure 8b).
Using ALOS/PALSAR-2 satellite data (Figure 8c), the areas of loose sediments are de-
scribed by low backscatter and, hence, low values. Therefore, the basin is categorized into
three groups: low, moderate, and high, occupying 23.8, 33.7, and 42.5% of the total area,
respectively (Figure 8c).
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Figure 8. (a) Rainfall data acquired from TRMM satellite, (b) NDVI, (c) ALOS/PALSAR, and (d) linea-
ment density classes of WQ, Red Sea; (e) InNSAR CCD-classified zones; (f) simplified geological map.
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Lineaments serve as a channel for water movement through strata, which reflects and
causes secondary porosity and increases the permeability of the medium [60]. Therefore,
the map of lineament density is grouped into four classes: 0-17.55, 17.56-42.7, 42.71-69.61,
and 149.2% (Figure 8d). Moreover, the INSAR CCD image (Figure 8e) is classified into four
classes; low coherence (0.087-0.447) indicates areas that experienced runoff (Figure 8e). In
addition, areas of Quaternary deposits hold groundwater as a result of high infiltration
(Figure 8f).

5. Potential Areas of Rainwater Harvesting and Water Accumulation

Based on their respective abilities to hold surface water, the 13 evidentiary maps were
merged. Elevation, slope, curvature, TRI, TWI, SPI, drainage density, NDVI, PALSAR,
lineaments, INSAR CCD, lithology, and rainfall were the input predictors used to generate
the prediction map. The final map was acquired using a multi-criteria GIS-based procedure
to overlay the thematic layers, with each cell in a GIS layer fitting to the same pixel
region [61]. The resulting map was then categorized into five categories, namely very high,
high, moderate, low, and very low potentiality, by integrating 13 thematic maps using the
natural break approach (Figure 9). The combination of multiple criteria can be estimated
using the following Equation (3):

n
PZWA =) Li x Ci (3)
i=1

where Li refers to the normalized grade of evidence of the i factor and Ci is connected to
the rank of the sub-classes.
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Figure 9. Potential areas of water accumulation in WQ. The dot frame is magnified and displayed in
Figure 12.

Rainwater is permitted to flow from the top reaches and is collected for continued crop
and plant growth in the lower reaches [13]. Two areas were suggested for harvesting rainfall
and initiating artificial lakes and dams; one of these areas is the downstream area of WQ
(Figure 9), and the second area is at the intersection of W. Saqi and W. Abu Aqarib, where
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a low-topography area occurs between basement rocks and Cretaceous/Tertiary rocks.
This is a significant use for reclaiming water for agriculture in the case of climate change
and increasing rainfall. The dam site is a drainage point situated at the downstream-most
point in the catchment. The best dam site for storage was suggested based on the short
length, high water storage volume, and low cost. A dam has been built in the WQ basin
to effectively utilize rainwater, particularly along the narrow stretches of the basin’s mild
slope courses. These considerations include dams that slow down and contain moving
water. Furthermore, dams sometimes referred to as flood retention or multipurpose dams
ought to be built so that flood courses follow a zigzag pattern. An arrangement like this
will help to ensure that floodwater is used as efficiently as possible, prevent severe flash
floods and soil erosion, maximize and promote groundwater recharge, raise the water level
in the wells below the dam to make up for the excessive lack of farmers in the area, and
stop running water from entering the Red Sea [62,63].

The InSAR CCD image (Figure 10a) displays the range from 0 to 0.97, the highly
changing characteristics at extremely low cohesiveness values close to 0 (rapid change),
and the regions at high coherence values close to 1. The low SAR coherence values can be
utilized to identify anthropogenic or natural changes in vegetation or water. The vegetation
that grows downstream of WQ is depicted in green on the Landsat 8 band composite 7,
5, and 3 (2016, 2022), while the gathered water below the dam is shown in a darker hue
(January 2021) in the Sentinel-2 and high-resolution Google Earth image (Figure 10 b—d).
The gathered water is vital to sustaining urban and agricultural expansion. A portion of the
topmost water that was trapped would have seeped into the soil and refilled the permeable
wadi deposits during the rainy season. Substantial aggregates of freshwater may have
seeped into the subterranean porous deposits, making these locations highly promising for
groundwater accretion and deserving of additional geoelectric investigation.

34°4'30"E 34°6'0"E 34°7'30"E 34°3'45"E 34°4'30"E 34°5'15"E 34°6'0"

34°4'30"E 34°5'15"E 34°6'0"E

Figure 10. (a) InNSAR CCD of VH of the downstream area revealing changes in land use/cover
between 15 August 2019 and 01 March 2021; the portion of the image enclosed by the purple box has
been magnified and is indicated in (b,c). (b) Promising areas of water accumulation, including the
erected dam at WQ farm and (c,d) the proposed area for erecting a dam and lake at the intersection
of Wadi Abu Agarib, W. Um Halnam, and Wadi Saqj.
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The primary captured flood water is reached via the flood canal, which collects water
and directs it to irrigate a farm. This watercourse was built to manage runoff and overflow
from the rain. The down-dam’s newly constructed canal is intended to quickly drain
rainwater during rains. Holding dams are used to hold excess water so that they can benefit
plant reclamation areas, replenish groundwater aquifers, or safeguard beaches and marine
ecosystems. Given the high rate of evaporation in the region, it is advised to make lakes
deeper and with a smaller surface area to limit water loss through evaporation. A suitable
layout of the dam’s water outflow is carefully planned to securely release any water to
irrigate crops (Figure 10c,d).

6. Discussion

Climate change has resulted in an increase in rainstorms as well as an increase in
the possibility of disasters because of runoff and flash flooding [46,47]. Therefore, catch-
ing such water resources becomes an important issue in converting water scarcity into
abundance [9,24,25,38,47,64]. Such water supplies captured from rainwater can be uti-
lized for sustainable development and supporting settlements in the downstream areas
(Figures 11 and 12). This would allow for land reclamation in the downstream areas based
on the amount of water. Moreover, catching water and controlling rainwater discharge pro-
tect marine ecosystems, especially coral reefs, from contaminants and excessive sediments
resulting from flash floods. Therefore, understanding the topographic, hydrologic, and
lithologic characteristics of the catchments is significant for revealing the optimum areas
for rainwater harvesting.
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Figure 11. (a—d) Landsat series obtained after a storm in December 2020, revealing the existence of
water behind a dam in WQ.

Several factors that have the capability of influencing the harvesting of rainfall wa-
ter resources are rainfall intensity and seasonal storms, topographic characteristics, soil
conditions, the characteristics of the catchment area, and land use and land cover. Less
RWH potential exists in steeper slope areas because they increase runoff velocity and
reduce channel capacity for holding water [47,65] in the upper stream areas (Figure 13).
Additionally, drainage density, which is connected to infiltration capacity, climate, and
erosion resistance [17,66], has a favorable relationship with RWH potentiality [65]. Areas
of sand and lineament density would hold groundwater resources. Because of secondary
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as well as primary porosity, a significant amount of water would have been recharged
into the rocks beneath the sands [12,34]. Therefore, regions that included significant sand
collections in the chosen study area could have enormous resources of groundwater [26,41],
like the vicinity of the point of intersection between W. Abu Aqarib, W. Saqi, and W. Um
Halnam. After rainstorms, the accumulated water can evaporate and appear in white
tones in satellite images. The white spots in Landsat images are salt evaporation; they are
extremely bright spots left over from evaporated lake water and are indicative of surface
water buildup (Figure 10b). These white spots show salt concentration in the type of salt
layers that cover and fill the surface sediments [67].

The erected dam at the downstream area allowed for holding approximately 1 million
m? of rainwater after rainy storms based on the measured lake capacity (Figure 11). The
planners utilized such water in planting the WQ farm; part of such water can be evaporated,
and the rest would recharge the groundwater aquifer, as indicated by the gradual decrease
in surface water areas from December 2020 to May 2021 (Figure 11). The dam helps secure
water supplies to irrigate the farm and other industrial activities in the area. Despite the
fact that the model appears to be effective at a reasonable level, the expected results are
affected by the resolution and amount of utilized input information and images, as well as
the field validation. Regarding future works, the integration of multiple criteria through
analysis using RS and GIS techniques is recommended for applications in other areas with
different environmental conditions.
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Figure 12. (a) ALOS/PALSAR image of the selected area at W. Saqi; (b) Landsat OLI7,5and 3in R, G,
and B; (c) a DEM of the area as appears in (a); (d) INSAR CCD of the area VH_15Aug2019_01Mar2021;
(e) proposed lake area; (f) A-B cross-section through the suggested lake, representing AB indicated in
(c). The cyan polygon in (a,b) is magnified and displayed in (c—e).
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Figure 13. Rainwater harvesting model adopted in the present study and water accumulation during
rainstorms.

7. Conclusions

Harvesting water resources is a significant issue in sustainable development. In this
project, multiple criteria derived from remote sensing, geologic, climatic, and hydrologic
data were combined to reveal a promising area for RWH and water accumulation. The
13 evidential layers, namely elevation, slope, TWI, SPI, TRI, curvature, Dd, radar intensity,
distance to the river, INSAR CCD, NDV], lithology, and rainfall, were initiated and merged
to reveal promising areas for water accumulation. The resulting map is categorized into six
distinguishing classes, dependent on their potential for groundwater: very low (6.20%),
low (14.01%), moderate (21.26%), high (36.57%), very high (17.35%), and excellent areas
(4.59%). It is recommended to erect a dam at the joining of W. Abu Aqarib, W. Saqi, and W.
Um Halnam that can capture about 240 million m3. InNSAR CCD revealed that the areas
of no coherence are consistent with very-high to excellent zones. In summary, the study
proved that the utilized GIS and remote sensing techniques are trustworthy and affordable
and may be used to locate potential locations for harvesting rainfall and assist planners
and decision-makers.
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Abbreviations
Shuttle Radar Topography Mission DEM Digital Elevation Model
Tropical Rainfall Measuring Mission OLI Operational Land Imager
Advanced Land Observing Satellite RS Remote Sensing
Phased-Array-Type L-band Synthetic Aperture Radar ~AHP Analytical Hierarchy Process
Geographic Information System LU/LC Land Use/Land Cover

Topographic Wetness Index NIR Near Infrared
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PZWA  Prospective Zones of Water Accumulation SNAP  The Sentinel Application Platform
InSAR Interferometry Synthetic Aperture Radar CCD Coherence Change Detection
NDVI Normalized Difference Vegetation Index MHz Megahertz

8D Deterministic Eight-Neighbors CR Consistency Ratio

USGS United States Geological Survey @] Consistency Index

TRI Terrain Roughness Index SLC Single Look Complex

ENVI Environment for Visualizing Images R Red Band

WGS 84  World Geodetic System 1984 DR Distance to River

Dd Drainage Density Lin Lineaments

Lith Lithology Rad Radar Intensity

Curv Curvature GW Groundwater

NE Northeast SW Southwest
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