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Abstract

Background: In arid and hyper arid regions, flash floods directly affect human life and ecosystem balance through
soil erosion and sediment exchange between different watersheds. The present study provides an integrated

approach using remote sensing and geophysical data, multiple thematic layers, and field investigations to mitigate
the flash flood hazard and explore the groundwater potentiality in Sharm EI Sheikh area, Egypt, where devastating
flash flood hazards and shortage in water supply are critical problems against the development of the touristic city.

Results: A new flood hazard index (FHI) is introduced using the morphometric parameters and multiple thematic
layers for the investigated hydrographic basins. The FHI ranges between 55.2 (low) and 73 (very high). The resulted
surface runoff from a single event (59 mm/day) reached up to 7.96 mm while the total runoff volume reached up to
20.23 (10° m? representing about 13.5 % of the total rainfall. Hydrogeologically, the Miocene sediments represent the
main aquifer, which is cut by four recognized faults providing opportunities for enhanced groundwater recharge. The
integrated geophysical datasets (aeromagnetic and vertical electrical sounding) and borehole data indicate that the
subsurface sedimentary succession reaches up to 200 m of Quaternary and Miocene sediments.

Conclusions: The present study introduces a comprehensive system to mitigate floods and increase the opportunity
of groundwater recharge that could protect and enhance the environment under arid conditions. The presented
approach can be applied in any arid and hyper arid regions with the same conditions.
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Introduction

Climate change led to a global increase of the earth sur-
face temperature and decrease of the precipitation
amounts, which consequently created stress on ground-
water exploration and exploitation (IPCC 2014). The ex-
cessive demand for freshwater supplies in arid and
hyper-arid regions is steering the governments to look
for alternative water resources. Egypt, as one of the
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countries that fall in the hyper arid belt (ie., aridity
index below 0.03; UNESCO 1979), is suffering from
water shortage and scarcity of modern precipitation
where the average annual rainfall rarely exceeds 200 mm
(Allama et al. 2002). In spite of the paucity of rainfall in
Egypt, occasional flash flood events are recorded in the
Sinai Peninsula and the Eastern Desert of Egypt occur-
ring once every 3 to 4years in the Eastern Desert but
more repeatedly in Sinai (Naim 1995; Gheith and Sultan
2002; Moawad et al. 2016). According to IFRC (2010),
the areas of Sharm El Sheikh and Nuweiba that are lo-
cated at the south section of the Sinai Peninsula have
been severely hit by flash floods (Fig. 1). These torrential
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Fig. 1 Key map of the study area. a Map showing the influenced regions by flash floods in Egypt where Sharm El Sheikh area one of the most
affected area all over the country (IFRC 2010). b False color composite of Sentinel image showing the study area that includes different touristic
resorts along the Gulf of Agaba coast. The figure is supported by photographs showing the destructive consequences of flash flood occurred in

floods have seriously affected the infrastructure of sev-
eral communities in the Sinai Peninsula (e.g., the touris-
tic resorts and nature parks of Sharm El Sheikh,
Nuweiba and Taba) which had temporarily blackout.
Moreover, the main communication center of Sharm El
Sheikh has been severely destroyed and the international
airport of the city was closed for several hours after the
floods damaged its ceiling. On the other hand, floods are
considered as precious and valuable renewable source of
fresh water in arid environments. One of the major chal-
lenges that faces Egypt and most of the arid countries is
how to manage and develop their natural resources to
meet the needs of their growing communities (El Raey
1998). Furthermore, despite of the crucial needs of fresh-
water supplies in Sharm El Sheikh area, a comprehensive
study for assessing the hydrogeologic setting and re-
charge mechanism is still not conducted yet.

Remote sensing data along with Geographic Information
System (GIS) technologies are helpful tools and widely used
in producing spatial decision support system maps (DSSM)
(Das et al. 2017, 2018). Also, it provides an easy way to pre-
pare different types of maps ( e.g., geomorphologic, litho-
logic, and structural [i.e, shear zones, faults, fractures,

lineaments and folds]) especially at regional scales due to
their multi-spectral capability and synoptic coverage (Siegal
and Gillespie 1980; Drury 1987). Furthermore, GIS applica-
tions have emerged as powerful tools in assessing and mon-
itoring the natural hazards such as flashfloods, landslides,
and earthquakes (Das et al. 2017, 2018). Additionally, re-
mote sensing data have been vastly used for better under-
standing the water cycle as well as the surface water—
groundwater interaction in arid to hyper-arid environments
(Sultan et al. 2008; Milewski et al. 2009; Abotalib et al.
2016; Abotalib et al. 2019). Moreover, the data acquired
from the geophysical investigations (e.g., aeromagnetic sur-
vey and vertical electrical sounding) are considered as an-
other type of remote sensing data that help in detecting
hidden subsurface structures. Therefore, a preliminary geo-
physical investigation was necessary to delineate the sub-
surface structures (ie., shallow and deep-seated faults) in
the study area. The aeromagnetic data provides an effective
tool for investigating the deep-seated structures along re-
gional scales (Spector and Grant 1970). Many studies have
used aeromagnetic data to detect the subsurface structures
in Egypt (Bayoumi and Boctor 1970; Said and Ahmed 1990;
Meshref et al. 1992; Hussien et al. 2017). Also,
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morphometric analysis of drainage basins represents an es-
sential step for determining the water recharge sits, runoff
modeling, watershed delineation, and groundwater pro-
specting mapping (Magesh et al. 2011; Thomas et al. 2012;
Abotalib and Mohamed 2013). Furthermore, the morpho-
metric analysis provides a quantitative watershed descrip-
tion to illustrate the initial slope or variations in the rock
hardness, structural controls, geomorphic and geological
history of watersheds (Strahler 1964; Clarke 1966).

In this manuscript, we apply a cost effective, multidiscip-
linary research approach including integration of remote
sensing and geophysical datasets (i.e., aeromagnetic and
vertical electrical sounding), thematic layers produced from
Geographic Information System (GIS) and field investiga-
tion to assess the groundwater potentiality and mitigate the
flash flood hazards in coastal areas in arid environments.
Specifically, this study aims to (1) investigate the flash flood
hazards and suggest controlling systems to reduce their de-
structive effects; (2) assess the recharge sites and best loca-
tions for groundwater occurrences in the study area; (3)
suggest potential sites for groundwater exploration based
on the obtained results; (4) create a conceptual model to il-
lustrate the recharge mechanism of the aquifers. Finally,
this study provides recommendations that could potentially
help in the development plans of Sharm El Sheikh area,
and can be applied in similar arid regions elsewhere.

Site description

Sharm El Sheikh city is one of the most fascinating touris-
tic resorts along the Red Sea Coast that is suffering from a
shortage in the water supply (water supply-demand gap)
where the fresh water is imported from El Tor city that is
located about 100km to the west of Sharm El Sheikh
(Ahmed et al., 2014, b; El Dien 2016). The area of study
(surface area, 1866.73 km?) is located at the southernmost
part of the Sinai Peninsula (Long. 33.9983 E and 34.4476
E and Lat. 27.7186 N and 28.5218N). It is bound by
volcano-sedimentary rocks that are part of the Neoproter-
ozoic Arabian Nubian Shield (ANS) (550-900 Ma) from
the west and the Gulf of Aqaba from the East (Greenwood
et al. 1980; David, 1984) (Fig. 1). The area of study repre-
sents 20% of the total surface area of the Gulf of Aqaba
hydrographic basin (surface area, 8927 km?) which con-
sists of a network of minor valleys that cut through the
ANS and join into main valleys that finally drain into the
Gulf of Aqaba. These drainage networks (16 basins) har-
vest the rainwater of the occasional events as a surface
runoff in the main streams and as a recharging source for
the shallow groundwater aquifers in the study area. Evi-
dences from chemical and isotopic analysis (5'®0 and
8’H) of groundwater samples from the Eastern Desert of
Egypt and Sinai Peninsula support that the groundwater
of shallow alluvial and Nubian sandstone aquifers are cur-
rently receiving recharge from modern precipitation and
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flash floods with modern and evaporated isotopic signa-
ture (Sultan et al. 2000; Hussien et al. 2017).

Geologically, Sharm El-Sheikh area encompasses many
lithologic units that range in age from Precambrian to
Quaternary (Fig. 2, EGSMA 1994). The Precambrian base-
ment complex (ANS) forms a highly rugged granitic
mountains facing the Gulf of Aqaba (Said 1962; Aggour
et al. 2000). These rock units are composed mainly of
older and younger granites (Said 1962; Bentor 1985; Stern
1994; Abu-Alam and Stiitwe 2009) and underlie a thick
sedimentary succession that ranges in age from Neogene
to Quaternary. This succession include (from base to
tope) the Rudays Formation of lower Miocene age, Ras
Muhamed Formation of Pliocene age, and Quaternary al-
luvium deposits (EGSMA 1994). According to Shata
(1969) and Abdeltawab (2012), the Miocene succession is
bisected into two units, upper and lower units with a total
thickness of 80.5m and 90m, respectively. The lower
Miocene unit is formed mainly of clastic facies (e.g., coarse
grained sandstone, red shale with lenses of conglomerate,
and manganese oxides) while the upper Miocene unit
formed mainly of non-clastic facies (e.g., limestone, dolo-
mitic limestone intercalated with coarse grained sandstone
and shale) (Shata 1969). While Ras Muhamed Formation
composed mainly of highly fossiliferous reefal limestone
of Pliocene age occupying some parts of the coastal area
between Ras Nusrani and Sharm El Sheikh area (EGSMA
1994). The Quaternary alluvium deposits are formed of
the weathered product of the Precambrian igneous rocks
and Miocene deposits filling the courses of the hydro-
graphic drainage network (El Manakhly et al. 1997). These
sediments have great potentiality to store and transmit
considerable amounts of groundwater.

In general, the area under investigation falls within arid
to hyper-arid belt and characterized by long hot, rainless
summer, and mild winter (Arnous and Green 2011). The
average monthly temperature is 17 °C in January and 32
°C in August, while the relative humidity record 32% in
July and 48% in December (El-Refeai 1992; Abd Allah
1999). In spite of the low average annual precipitation in
the Sharm El sheikh area, 25 mm/year (El-Refeai 1992),
flash floods take place as a result of heavy showers in a
short duration. These flash storms represent the main
sources of fresh water that recharge the shallow aquifers
in the Gulf of Aqaba hydrographic basins (Himida 1997;
Eissa et al. 2013), which are estimated by 5 to 20% of the
total annual precipitation and flood storms (Desconnets
et al. 1997; Wheater et al. 2010).

Methods

Processing and analysis of remote sensing and GIS data
sets

In the present study, all collected data were co-registered to
unified projection (Datum; WGS 84, Universal Transverse
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Fig. 2 Geologic setting of the study area and its vicinities. a Lithologic map showing the basement complex (one unite) and sedimentary
exposures (EGSMA 1994). b Detailed geologic units are clarified on the false color composite (RGB, 7, 4, 2) of Landsat 7 ETM* image

Mercator (UTM) zone; 36 North) in Arc GIS program, ver-
sion 104 for further correlation. The remote sensing data
sets sources and processing include the following: (1) false
color composite (RGB; 4, 3, 2) of Sentinel-2 image was used
as a base map for the study area and also to illustrate the lo-
cation of suggested warning system for flash floods mitiga-
tion (2 scenes; spatial resolution 10m; source: USGS
website'). The Sentinel-2 images were combined into a sin-
gle mosaic covering the study area using the application of
ERDAS IMAGINE version 14. (2) The Digital Elevation
Model (DEM) of Shuttle Radar Topographic Mission
(SRTM) (2 scenes; spatial resolution: 30 m; sources: USGS
website ') were assembled in a single mosaic using ARC
GIS application version 10.4 to cover the area of Sharm El
Sheikh and vicinities. Then both mosaics of the Sentinel-2
images and SRTM DEM were imported to ESRI Arc Scene
version 104 to create a 3D view for the study area. The
produced 3D view was used to create conceptual model for
the expected recharging mechanism from the flash floods
that strike the study area. (3) False color composite (RGB;
7, 4, 2) of Landsat 7 Enhanced Thematic Mapper plus

(ETM+; 2 scene; spatial resolution: 30 m; USGS website)
was assembled into a single mosaic using the application of
ENVI version 5.1. Then the mosaic of SRTM and ETM+
were imported into ESRI Arc Scene application to create a
3D view for Sharm El Sheikh for better visualization of the
landscape and to illustrate the main landform and geomor-
phologic features in the study area. (4) Landsat 7 (ETM+;
RGB: 7, 4, 2) 14.5m pan-sharpened image was produced
using Arc GIS application to create a high spatial resolution
image. Then this image was used with the help of the geo-
logic maps to identify the rock units in the study area espe-
cially the basement rocks and the Quaternary deposits. (5)
Hillshade relief of SRTM DEM 30 m spatial resolution was
used with Landsat 8 image (band combination 7, 5, 3) in
the Arc GIS software to extract the structural lineaments
(fault and/or fractures) used in this study. The structural
lineaments are traced manually from the hill shaded map
and used to create the rose diagram that provides more
clarification of the lineaments alignment. (6) Band combin-
ation of Landsat 8 (OLI) ratio image (e.g., 4/3, 6/2, and 7/4
in RGB) was created.
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http://www.earthexplorer.usgs.gov (accessing date 2018)

*http://www.planet.com./explorer/(accessing date 2018)

The ratios of bands 4/3, 6/2, and 7/4 in Landsat 8
are distinctive ratios for lithologic discrimination be-
tween different rock types based on their mineral-
ogical and chemical compositions. Such ratios have
been used in semi-arid to hyper-arid region in geo-
logic mapping and visualizing structural lineaments
(Mwaniki et al. 2015). (7) Principal component ana-
lysis (PCA) is a simple method used to enhance the
multispectral Landsat image prior to the visual inter-
pretation or being used as a primary stage before
image classification (Chae et al. 1997). The PCA im-
ages were created to produce non-correlated output
data and to separate noise in specific bands. Starting
with the original Landsat image, six bands of PCA
were extracted, where PCA 1, 2, and 3 represent the
least noise component. The band combination of
PCA 1, 2, and 3 have been used in lithologic discrim-
ination between different rock units in this study. (8)
The stream network and watershed boundaries were
extracted and created from SRTM DEMs data follow-
ing the method of the D8 flow algorithm of Jenson
and Domingue (1988). Furthermore, multi thematic
layers have been created from the DEMs including
flow direction, slope map, and Hillshade relief map.
(9) False color composite (RGB:321) of planet satellite
image (5 scene; spatial resolution 3 m; source a planet
explorer website?) was used to illustrate the accurate
locations of the proposed sites for groundwater ex-
ploration in the study area.

Morphometric analyses

Morphometric analysis of catchment areas and stream
networks have a great contribution to understanding
the hydrogeologic attitude of drainage basins and re-
flect the existing geomorphologic, geologic, structural,
and climatic conditions (Ansari et al. 2012). The
measurement of the morphometric parameters (i.e.,
linear, areal, and relief aspects of the watersheds)
have been calculated using the Arc GIS software. The
adopted method for calculating the morphometric pa-
rameters have been shown in Table 1. The quantita-
tive morphometric analysis of the studied basins led
to the determination of a total of 21 morphometric
parameters. The information provided from these pa-
rameters have strong relevance in evaluating the flood
hazard with the surface hydrology in the studied
catchment area.

Producing equations for estimating flood hazard index
(FHI)

Based on climatic, geologic, and geomorphologic condi-
tions of the study area, 12 morphometric parameters
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were selected based on their relevance to the strength of
flash flood events. These parameters include the area of
the basin (A), slope index (SI), drainage density (D),
drainage frequency (F), shape index (Ish), ruggedness
number (Rn), texture ratio (Rt), area of the alluvial de-
posits (Av), weighted mean bifurcation ratio (WMRB),
structure lineament density (SLD), length of overland
flow (Lo), and sinuosity index (Si). According to the na-
ture of each parameter and its influence on the flood
hazard, they were subdivided into two groups; the first
group shows the parameters with direct proportional re-
lation with the FHI and includes A, SI, D, F, Ish, Rn, and
Rt (Eq. 1). The second group includes parameters that
have an inverse relation with the FHI and includes Av,
WMRB, Lo, SLD, and Si (Eq. 2).

P,a FHI (1)

where P, represents the morphometric parameters
that are directly proportional to the FHI and p is directly
proportional relationship.

P 1/FHI (2)

where P; denotes the morphometric parameters that
are inversely proportional to the FHI, i is inversely
relationship.

Different weights (w) were proposed for each param-
eter based on their sharing effect on the strength of the
flood hazard degree. These proposed weights were used
in Egs. (3) and (4) to estimate the FHI for each param-
eter in each basin.

FHI, = [value ofP,in basin/

maximum recorded value of the parameter in all basins] x W

(3)

FHI; = [value of Pyin basin/

minimum recorded value of the parameter in all basins] " x W.

(4)

In order to determine the flood hazard index for each
of the studied basins relative to each other, the summa-
tion of the 12 flood hazard index of the directly propor-
tional and inversely parameters were calculated in each
basin as shown in Eq. (5).

FHIiota (for each basin) = Z FHI, + FHI; (5)

The obtained values of FHI of each basin categorize
the studied basins according to their flood strength in
ascending classes into four classes that express the haz-
ard degrees: low, moderate, high, and very high accord-
ing to the method described by Aggour et al. (1999).
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Table 1 Methodology used for calculation of the morphometric parameters
Serial Parameters Units  Method of calculations References
No.
1 Linear Sum of all stream numbers (S Nu) Counted using Arc GIS software where (Nu is the number of
order u)
2 Sum of all stream lengths (S Lu) Km  Measured from DEM using Arc GIS software
4 Bifurcation ratio (Rb) Rb = Nu/Nu + 1 Horton (1945)
5 weighted mean bifurcation ratio WMRb = Y[(Rbu:u, )*(Nu + Nu, )J/SN Strahler (1953)
(WMRb)
6 Valley length (VL) Km  Measured from DEM using Arc GIS software
7 Basin length (LB) Km  Measured from DEM using Arc GIS software
3 Sinuosity index (Si) Km  Si = sinuosity (VL / LB) (km). Gregory and Walling
(1973)
8 Areal  Drainage frequency (F) km? F= SN/A Horton (1945)
9 Area of alluvium deposits in basin km?  Measured from DEM using Arc GIS software with geologic
(Av) maps
10 Drainage density (D) km' D=73L,/A Horton (1945)
1 Perimeter (P) Km  Measured from DEM using Arc GIS software
12 Area of the basin (A) Km?  Measured from DEM using Arc GIS software
13 Elongation ratio (Re) Re = 2(A/M**/LB Schumm (1956)
14 Circularity ratio (Rc) Rc = 4[1A/P? Miller (1953)
15 Length of overland flow (Lo) Km  Lo=1/2D Horton (1945)
16 Texture Ratio (Rt) Km™ Rt= >Nu/p. Horton (1945)
17 shape index (Ish) Ish = 1.27. A/LB? Hagget (1956)
18 Relief  Relief (R) m Measured from DEM using Arc GIS software
19 Slope index (SI) SI'=E85 — E10/ 0.75 VL
20 Relief ratio (Rr) Rr=R/LB Schumm (1956)
21 Ruggedness number (Rn) Rn = DR Melton (1957)

Estimation of surface runoff

The curve number (CN) is a hydrologic parameter used
to express about surface water runoff potential for an
area. The current study used the curve number which
was introduced by USDA-SCS (1986) to the soil and
land use of the studied basins. The runoff volume esti-
mation is expressed mathematically as follows
(USDASCS 1972 and 1986):

Q (surface runoff) = (P-Ia) 2/(P + 0.8S) forP
> 025 (6)

la=0.2S (7)

A dimensional curve number CN is defined such as 0
< CN > 100

S = (25400/CN)-254 (8)

where P is the total rainfall, Ia is the initial abstraction,
and S is the potential maximum retention. The total
runoff volume (Qv) for an area (A) is calculated through
the next equation:

Qv (m3) = Q(m) X A (m?) (9)

The soil hydrologic group of the studied basin was
classified as (HSG-B: moderately low runoff potential
where 50-90% sand and 10-20% clay) according to Glo-
bal Hydrologic Soil Groups. These data are accessed
through the Oak Ridge National Laboratory (ORNL
DAAC 2017) Distributed Active Archive Center (DAAC)
for Curve Number-Based Runoff Modeling by using the
Geospatial Data Visualization tool (Ross et al. 2018).

Geophysical data sources

The geophysical data was obtained from different
sources in an attempt to identify the subsurface setting
where it includes aeromagnetic data (reduced to pole)
and vertical electrical sounding (VES). A brief descrip-
tion of the sources of the geophysical data can be
expressed as follows:

1) Reduced to pole (RTP) aeromagnetic data
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The RTP are provided through the work of (Saleh and
Saleh 2012) where the south Sinai area is extracted from
the 2-arc-min resolution Earth Magnetic Anomaly (nT)
grid (EMAG?2), (Maus et al. 2007 and Maus et al. 2009).
EMAG2 is available at: http://geomag.org/models/
EMAG2 for permanent archive, and at: http://earthref.
org/cgi-bin/er.cgi?s=erda.cgi?’n=970. The EMAG2 has
been compiled from satellite, ship, and airborne mag-
netic measurements and has a significant update of pre-
vious candidate grid for the World Digital Magnetic
Anomaly Map where the resolution has been improved
from 3-arc min to 2-arc min, and the altitude has been
reduced from 5 to 4km above the geoid. The extracted
data (x, y, z) was imported to the Oasis Montaj TM
package (version 7.1, 2010) to apply the 3D Euler decon-
volution solution.

2) 3D Euler deconvolution solution from RTP data

This map is obtained from (Saleh and Saleh 2012)
based on the Euler’s equation that was defined by Reid
et al. (1990). A value of 0.5 was selected as a structural
index to locate the possible magnetic contacts from the
digitized RTP magnetic data.

3) A deduced structural map

This map was derived from the 3D Euler deconvolu-
tion solution where all major tectonic features could be
observed.

4) Vertical electrical sounding (VES)

In the present study, 2 VES profiles from Abdallah
and El Hefnawy (2002) were used to clarify the subsur-
face succession where they provided data for the cre-
ation of the schematic cross sections.

Results

The current research represents a multi-disciplinary ap-
proach that is based on data from different sources. The
obtained results can be summarized as follows:

Landforms demarcation

Based on the analyses of DEM and Landsat images, the
study area can be subdivided to 4 main landforms: base-
ment terrains, coastal plain, alluvial fans, and drainage
network (Fig. 3).

The basement terrain

It represents a wide watershed that is formed of igneous
and metamorphic rocks and dissected by an intensive
drainage network. It has elevation that reaches up to
2422 m above sea level (a.s.l) and decreases toward the
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southeast direction (to the Gulf of Aqaba). The base-
ment terrain is considered as a horst block where it
bounds by two rift systems: Gulf of Aqaba and Gulf of
Suez (grabens). This unit is the responsible for receiving
the majority of rainfall and directs them to the drainage
basins.

The coastal plain

This plain represents a narrow zone which is bound by
the Gulf of Aqaba from the east and the basement ter-
rain to the west. It covers about 319 km?, with elevation
ranges between 10 and 233 m a.s.l. The coastal plain can
be classified as an urban area where it is occupied by
many touristic infrastructures (villages, resorts, hotels,
airport, roads, governmental firms, etc.). It was structur-
ally originated and appears as connected deltas (fans) of
the main channels. The plain is composed of consoli-
dated reefs, coral reefs, sand beach, isolated hills, and
sabkha. This unit can be considered as water collector
due to its low elevation where all channel networks are
draining to its surface.

The alluvial fans

They are developed along the Gulf of Aqaba coast, and
are composed of basement terrain weathering products
with various sizes: sand, gravels, and clay. These fans
were created due to alluviation activities during the wet
periods where they occupied the downstream portions
of the drainage networks. Some fans are very well devel-
oped with its typical triangle shape such as Wadi Kid fan
(with area 20 km?). This landform has a special interest
in the current research, where its deposits are friable
and poorly sorted which provide opportunities for
groundwater recharge through flash flood events.

The drainage network

In the present study, 16 basins are extracted with dense
drainage network dissecting the basement terrain and
debouch it to the coastal plain and the Gulf of Aqaba. It
is believed that these drainage lines are structurally con-
trolled (compare Figs. 7 and 10 in the next sections),
due to its characterization by trellis and rectangular
shapes. The basement terrains include numerous lines of
weakness (faults and/or joints) which contribute effect-
ively in the development of this dense network and fa-
cilitate the groundwater recharge.

Rainfall analyses

The rainfall analysis of the study area was carried out
through the data obtained from Sharm El Sheikh me-
teorological station. This data reveals that the annual
rainfall ranges between 20 and 50 mm/year. However,
the average annual rainfall during the period from 1942
to 2002 reaches to 23.8 mm. It is clear that the area is


http://geomag.org/models/EMAG2
http://geomag.org/models/EMAG2
http://earthref.org/cgi-bin/er.cgi?s=erda.cgi?n=970
http://earthref.org/cgi-bin/er.cgi?s=erda.cgi?n=970
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Fig. 3 Discrimination of different landforms of the study area. a Geomorphologic map showing the main geomorphologic unit extracted from
topographic (1,25000) map and SRTM DEM data. b Three dimensional map of the study area created by using Landsat 8 image (OLI) where the
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falling in a hyper arid zone with relative humidity less
than 50%. The rainfall is seasonal and usually falls in the
winter season. Flash flood is usually resulted from a con-
vectional storm or from an intensive rain. Any of these
events or storms can produce a huge amount of surface
runoff in short periods and affect all forms of life. There-
fore, in the current study, the record of the highest sin-
gle event occurred in Sharm El Sheikh, was used for
estimation of surface runoff. The maximum total pre-
cipitation that was recorded in one day in the period
from 1976 to 2010 reaches up to 59 mm (Sharm El
Sheikh meteorological station) that occurred on 17 Janu-
ary 2010, (Fig. 4). This event has destructive effects on
the city of Sharm El Sheikh and its vicinity. The con-
touring map of the maximum precipitation in one day
for 7 meteorological stations (1976-2010) clarify that
Sharm El Sheikh has the highest record in comparison
with other stations (Fig. 4).

Band ratios and principal component analyses

For a better geological discrimination, the band ratios 4/
3, 6/2, and 7/4 were calculated from Landsat 8 images to
identify the different rock and sediment units in correl-
ation with their sources. This layer indicates that the
source of Quaternary sediments is the basement rocks
located to the south of the study area. The alluvial sedi-
ments that are recorded in El Qaa plain (to the west of
the study area) is characterized by a deep thickness that
exceeds 100 m (A in Fig. 5a) can be correlated with the

alluvial fan deposits (C and D in Fig. 5a) in the study
area. The Miocene exposures (B in Fig. 5a) can be dis-
criminated through a band ratio layer than other alluvial
sediment, where they have limited distribution. The
comparisons between the obtained colors of alluvial
Quaternary sediments and the main watershed of the
basement terrain confirmed that these sediments were
derived from basement rocks by the actions of water
during the past wet period (Abotalib et al, 2019). The
band ratio layers also elucidate precisely the different
urban areas that include the infrastructures of Sharm El
Sheikh where they are shown by the light green colors
along the coast (Fig. 5b). The surface water flow direc-
tion that affected these areas has different trends and de-
bouches directly to the touristic resorts. The results
from the band ratio calculations are confirmed by using
the principal component analyses (PCA), (Fig. 6a and b).
The dark blue color distinguishes the alluvial fan de-
posits along the main channels that dissect the basement
terrain and also along the Gulf of Aqaba coast. The PCA
helps in drawing the real drainage network paths (light
blue color) that are thought to be controlled by struc-
tural setting (faults and joints, Fig. 7).

Structural lineaments analyses

The structural lineaments layer was prepared, aiming to
identify the faults and/or joints that affect the different
rock exposures and can play an important role in the re-
charging processes. Structurally, the area of study falls
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within a transition zone between two tectonic regimes:
the Dead Sea to the north and the extension of the Red
Sea to the south (Arnous and Green 2011). Given, the
uplift of the basement rocks and the rifting system of
the Gulf of Aqaba, the area is controlled by many faults
and fractures. Based on the Landsat image 8, the analysis
of the DEM derivatives including shaded relief map, the
structural lineaments were extracted and identified. The
main trends of these lineaments are NE-SW, NW-SE,
and N-S with obviously effect on the form and size of
the sedimentary exposures (Fig. 7). The coastal plain and
what it contains of alluvial fans were not affected by any
surface structural lineaments.

Geophysical and borehole data
The aeromagnetic data (reduce to pole “RTP” map) of
south Sinai indicates that the study area can be classified

into one basin which has RTP values ranging between —
600 to — 450 nano Tesla (nT). The basin is divided by
intermittent uplifts, which range in RTP values from 150
to 500 nT (Fig. 8a). Additionally, the Euler deconvolu-
tion technique provides information about the position
of the subsurface intruded magnetic bodies (basement)
that show depths range from 100 m to about 10 km in
Sinai. However, the study area has depths range from
100 to 1000 m along the coastal plain (Fig. 8b). Further-
more, based on the Euler solution method, a cluster has
been obtained to indicate definite structural orientations
(i.e., NE-SW, NW-SE, and N-S; Fig. 8c). These data are
obtained and modified from Saleh and Saleh (2012). A
detailed interpretation of the above mentioned data to-
gether with remote sensing datasets in a GIS environ-
ment resulted in a surface structural lineaments map as
well as inferred deep-seated faults (Fig. 8c). A
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Fig. 5 a Band ratios image: 4/3, 6/2, and 7/4, for Landsat 8 to identify the different rock and sediments in correlation with their sources. The
symbol (A) refers to the alluvial sediments of El Qaa plain (to the west of the study area) correlated with the alluvial fan deposits (symbols C and
D) in the study area. The Miocene exposures (symbol B) is discriminated through band ratio layer than other alluvial sediment (A, C, and D),
where they have limited distribution. b A close-up view on the infrastructure area of Sharm El Sheikh city (light green color) that directly affect by

comparison of the surface lineaments and the deduced
deep-seated faults indicate that both fault sets have the
same orientation, which indicates that these surface line-
aments are deeply extended and most likely a surface
manifestation of the deep-seated structures (compare
Figs. 7 and 8c). On the other hand, two vertical electrical
sounding (VES) and four boreholes show the subsurface
succession where they penetrate the Quaternary and
Miocene sediments. The data obtained from the VES
and boreholes as shown on the schematic cross sections
A-A’ and B-B’ (Fig. 12) are compatible with the deduced
fault map. This correlation illustrates the presences of
subsurface sedimentary succession reaches to 200 m in
the area between the uplifted basement rocks and the
Gulf of Aqaba.

Elevation and slope layers

In hydrological studies, the topography is an important
factor where slope has a fundamental role in regulating
the surface runoff. Additionally, the gradient controls
the relation between the surface runoff and infiltration,
as the gradient increases the surface runoff increases and
consequently decreasing the infiltration (Das 2018; Das
and Pardeshi 2018; Das et al. 2018). The study area
shows wide variations in elevation values where they are
ranging between 3 and 2422 m (Fig. 9a). These variations
are due to the structural setting which causes the base-
ment uplift as a horst block, while the coastal plain rep-
resents the lowlands resulted from the Gulf of Aqaba
rift. The lowland is considered as water collectors that
receive all surface runoff from different directions where
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Fig. 6 a Principal component analyses image (PCA) of Landsat 8 (RGB, 123) showing the alluvial fan deposits characterized by dark blue color
while the drainage network paths can be distinguished by light blue color. b PCA of a single band (band 1) where all alluvial sediments and fans

its elevation does not exceed 10 ma.sl. On the other
hand, the slope layer (Fig. 9b) clarifies the lowland that
includes fans and coastal plain are characterized by a
gentle slope (0°-8°) while the basement terrains and the
isolated hills have a steep slope (> 35°). The areas with
low slope values decelerate the surface runoff and in-
crease the possibility of groundwater recharge.

Flow directions and alluvial deposits layers
The layer of flow direction (Fig. 10a) reveals that the
surface runoff resulting from any rainfall events during

rainy seasons has an east trend as the main direction
(18.68%). This main trend is followed by two trends:
south (16.73%) and southeast directions (13.73%). This
confirms that all surface runoff is draining to the city of
Sharm El Sheikh and its vicinities. The flow direction
layer is important for flood mitigation, particularly in
case of the establishment controlling systems against
these floods. On the other hand, the alluvial sediments
(fans and wadi deposits) have an opposite effect on sur-
face runoff and positive effect on the groundwater re-
charge. This is due to the composition and texture of
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these sediments which are characterized by friable and
losses grains mixed with gravels derived from basement
terrains. The area of alluvial was elucidated and mapped
through Landsat image analyses (Landsat 8) where it
ranges between 3 and 73 km? (Fig. 10Db).

Morphometric analyses

The area of study consists mainly of 16 drainage basins
(Fig. 11a); most of these basins flow to the east and
south directions to the Gulf of Aqaba coast where it is
occupied by touristic village, urban areas, and industrial
sites. The area of these basins ranges between 7.5 (basin
16) to 1055.7 km? (basin 4). Twenty-one morphometric

parameters (Table 1) have been computed to the 16 ba-
sins and outlined in Table 2. These parameters assist in
estimating the relative flood hazard degree and the pos-
sibility of the basins for receiving groundwater recharge
for the shallow aquifer.

Stream orders (Nu) and stream length (Lu)

The stream order of the studied basins range between
3rd order in (basin 16) to 7th order in (basin 4). The
stream network patterns of the drainage basins are
mainly angular streams (rectangular type), with some
subparallel to subdendritic drainages, reflecting the ef-
fect of structural control (fault and joints) on stream
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network (Fig. 11b). The total stream length in each basin
ranges between 24km in (basin 16) to 2322.7km in
(basin 4).

Drainage density (D) and stream frequency (F)

Drainage density is considered an inverse function to the
permeability, so it is an important factor in studying sur-
face runoff. Low drainage density reflects slow hydro-
logic response to rainfall events and means poorly
drained basin, while high drainage density means highly
dissected basin with rapid hydrologic response to rainfall
(Melton 1957; Gupta and Srivastava 2010). In the stud-
ied basins, the computed values of drainage density
range between 2.2 km™ (basin 4) to 3.3km™ (basin 16).
These high values are developed in regions with specific
characters (i.e., high mountainous relief, sparse vegeta-
tion, and low permeability). In other respect, the values
of drainage frequency fall between 3km™> (basin 7 and
13) and 4.4 km™? (basin 10). These high values of stream
frequency reflect high runoff values providing opportun-
ity of high flood hazard. This is the case in that study
where basin 10 has a high flood hazard degree (Table 3).

Shape index (Ish), texture ratio (Rt), and length of overland
flow (Lo)

The relation between the length and area of a basin is
defined by the shape index of basin. The values of the
shape index range between 0.1 and 0.4 reflecting an
elongated shape for all the studied basins. The elongated
shape of the studied basins provides a good chance for
groundwater recharge from the surface runoff. Drainage
texture reflects a number of natural factors (ie,

lithology, soil type, climate, rainfall, infiltration capacity,
and relief aspect) of the terrain. Based on the classifica-
tion of Smith (1958a, b), the textures of the studied ba-
sins are categorized as follows: very coarse (basins 2, 7,
11, 13, and 14), coarse (basins 8, 9, 12, 15, and 16), mod-
erate (basins 1, 2, 6, and 10), fine (basin 5), and finally
very fine texture (basin 3 and 4). The length of overland
flow is defined by the length of water flow path over the
ground prior to its accumulation into a stream course.
The values of Lo range between 0.15 (basin 16) and 0.21
(basins 11 and 12). These values indicate that the surface
water is directed faster in basin 16 than basins 11 and
12.

Ruggedness number (Rn), relief (R), and relief ratio (Rr)
Ruggedness number is expressed by the product of dens-
ity (D) and relief (R). The high values of ruggedness
number (4.4, 3.6, and 2.6) in basins 3, 4, and 5, respect-
ively reflect very high relief, fine to very fine textured
drainage basins. By comparing the high values of Rn
with basin magnitude (flood potential), we found that
the basins 3, 4, and 5 of high Rn values have high and
very high hazard degree (Tables 2 and 3). Relief (R) is
defined by the difference in elevation between the head
and the mouth of the basin, while relief ratio (Rr) is the
ratio between the relief and the maximum basin length,
which is measured parallel to the main stream. The
values of Rr range between 0.021 and 0.059 in basins 14
and 8, respectively. The high values of Rr in basins 3, 5,
8, 10, and 12 show high flood hazard degree, while the
low values in basins 1 and 2 show low hazard degree
(Tables 2 and 3).
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Area of alluvial deposits (Av), sinuosity index (Si), and
weighted mean bifurcation ratio (WMBR)

The area of alluvial deposits is inversely proportional to
the flood hazard degree and directly proportional with
the groundwater recharge. So, it is an important factor
in assessing the potentiality of groundwater recharge
and flood hazard degree. The calculated values of the Av
in the studied basins show that basins 3, 4, 5, 10, and 12
have low Av values with high to very high flood hazard
degree, while basins 1, 2, 6, and 11 have high Av values
and low flood hazard index means that these locations
are favorable for groundwater recharging (Table 2 and
3). The sinuosity index (Si) is an important parameter
which has an inverse relation with flood strength. It is
defined as the ratio between the length of the main
stream (VL) and the basin length (BL), Si = VL/BL
(Table 1). The high sinuosity values mean retardation of
the surface runoff and giving more chance for the sur-
face water to infiltrate and recharge shallow aquifer in
addition to the reduction of flood hazard. Meanwhile,

the low sinuosity values mean high flood strength with
high hazard degree. In general, all obtained values more
than the unity. The values of weighted mean bifurcation
ratio (WMBR) are ranging from 4.1 to 6.9. These high
values reflect the impact of structural control on the de-
velopment of the drainage network.

Flood hazard index

This index was produced to express about the degree of
hazard for each one of the morphometric parameters
and to compare between the different basins. Seven pa-
rameters are affected directly proportional on the flash
flood (A, SI, D, F, Ish, Rn, and Rt), and five parameters
have inversely affected the flash flood (Av, WMRB, SLD,
Lo, and Si). The values of these parameters with their
proposed weight and FHI for each parameter are tabu-
lated in Table 3. The weight of each parameter is pro-
posed according to the careful understanding of the
study area. The area included 16 basins; ten of them
were selected for estimation of FHI where they have the
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highest area values (basins nos. 1, 2, 3, 4, 5, 6, 8, 10, 11,
and 12). The obtained values of FHI range between 55.2
(low) and 73 (very high). The studied basins are classi-
fied according to the FHI values to 4 classes, where ba-
sins nos. 1, 2, 6, and 11 are classified as low hazard
degree, basin no. 8 as moderate, basins nos. 3, 5, 10, and
12 as high, and finally basin no. 4 as very high hazard
degree (Table 3).

Estimation of surface runoff

The estimation of surface runoff (Q) was achieved
through the curve number method. It was calculated for
the basins, which have the largest areas (Table 4). Ac-
cording to the curve number method, the hydrologic soil
characteristics are the main factor affecting the surface
runoff value. Therefore, it was estimated for the areas
that are covered by alluvial deposits where the other
areas are occupied by basement rocks. The precipitation
falls over basement terrains and is mainly spread and
distributed due to the high fractures density of basement

rocks. The curve number 68 is used for sandy soil in arid
lands that contains desert shrubs (30% ground cover, lit-
ter, grass, and brush). The surface runoff that resulted
from a single event in 1day (59 mm) is reached to 7.96
mm. However, total runoff volume resulted from this
event (Qv) of an area “A” is ranging between 24 x 10
m? (basin no. 12) and 585 x 10°> m? (basin no. 4). The
evaluation of result outputs reveals that basins can re-
ceive surface runoff about 13.5% of the total single rain-
fall event of 59 mm. The rest of rainfall is lost through
infiltration and can recharge the groundwater. However,
during the modeling of a single event that causes flood,
the evapotranspiration is ignored (Ramirez 2000) due to
its low magnitude during the event.

Groundwater occurrences

Hydrogeologically, the Miocene aquifer is considered as the
main water bearing formation in the study area. Addition-
ally, two formations are bearing groundwater including the
Quaternary alluvial sediments and the fractured basement
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(Aglan 2015; Mohamed et al., 2015; Isawi et al. 2016). The
Miocene aquifer is composed of limestone, dolomitic lime-
stone, and coarse grained sandstone with shale intercala-
tions. The subsurface data (wells and vertical electrical
sounding “VES”) of the studied area were obtained through
the works of (Abdallah and El Hefnawy 2002 and Isawi
et al. 2016). Two schematic cross sections are drawn: A-A’
with main directions from NW to SE and B-B’ from SW to
NE direction (Fig. 12). The first one (A-A’) indicates that
the thickness of the Miocene aquifer exceeds 200 m and
can be subdivided into three layers: coarse grained sand-
stone (top), fractured dolomitic limestone and limestone,
and grained sandstone (base). Four faults are recognized in
the area between the basement terrains to the Gulf of
Aqaba. These faults can provide the opportunities for
groundwater recharging. Isawi et al. (2016) stated that the
total dissolved salt (TDS) values are between 13,551 and 75,
487 mg/l (average of 56,443 mg/l), where the data of stable
isotopes reflect that the water has a meteoric origin. The
second cross section (B-B’, Fig. 12) reveals that the area is

dissected by a set of faults along the NE-SW direction. The
Quaternary sediments are being recharged from the sur-
rounding watersheds (basement terrains and isolated hills).
Therefore, the Quaternary aquifer should be explored in
other areas where it is thought to show a considerable
thickness of more than 75 m thickness that reaches to + 75
between VES 2 and basement; this is compatible with the
approach of the current study that assumes the potential-
ities of Quaternary sediments to bear water and the Qua-
ternary is only penetrated in the fan of Wadi Kid (basin
no. 4) by one drilled well with depth to water of 43.9 m
from the ground surface (TDS = 666 mg/l). The seasonal
rainfall and flash floods can be considered as the main
sources for recharging both of Quaternary and Miocene
aquifer. The groundwater of the Miocene aquifer as previ-
ously indicated shows a very high TDS values due to the
sea water intrusion where this aquifer is penetrated in the
coastal plain area which is closed to Gulf of Aqaba. Its
water is used through the desalination plants to provide
water for the touristic resorts. Although the Quaternary
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Table 3 Calculations of floods hazard index (FHI) of each basin
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Relationship  Parameters Maximum  Minimum  Proposed  Flood hazard index (FHI)
with hazard  (P) measured - measured par@meter Basin  Basin  Basin  Basin  Basin Basin Basin Basin  Basin  Basin
degree value value weight no.1 no.2 no.3 no.4 no.5 no.6 no.8 no. 10 no. 11 no.12
(Krnax) Kinin) W)
Proportional A 1056 19 15 067 118 519 1500 146 074 047 030 027 028
S| 25.36 9.14 15 676 674 742 768 1309 540 1381 1107 150 129
D 3.17 2.2 7.5 748 727 580 521 598 750 644 7.01 55 561
F 442 358 75 651 673 673 612 694 632 620 750 608 682
Ish 043 0.09 5 367 402 437 498 455 286 315 4.60 1.05 28
Rn 4.44 0.95 7.5 1.61 347 750 614 438 282 342 1.98 2.89 1.8
Rt 18.24 1.67 5 1.27 156 321 5.00 1.95 1.13 0.99 115 048 0.8
Inverse Av 7346 3.06 5 042 024 024 021 048 037 1.00 1.78 2.8 5
WMRB 6.87 4.06 15 1500 1381 1400 1298 1436 1282 1154 1400 887 14.52
SLD 03835 0.001 5 010 003 001 002 001 010 002 500 001 5
Lo 0227 0.158 7.5 750 728 581 521 599 750 645 7.02 551 562
Si 1.59 1.15 5 436 362 383 443 398 459 447 491 5 4.96
Total 100 553 559 641 730 632 522 580 66.3 535 66.2
Hazard degree Low Low High \éeri/W High Low  Moderate High  Low High
le]

aquifer has high recharge opportunity from precipitation
and surface runoff, it is not explored yet in the study area.

Discussion

Surface-groundwater interaction

Although the study area is recognized as a hyper arid
area, it receives some irregular flash floods. These arid
regions were also subjected to past wet climate in the
pluvial times that contributed in the paleo-recharge of
groundwater aquifers (Yousif et al. 2018). The obtained
results reveal that Sharm El Sheikh area received 59 ml

in one event occurred in January 2010. About 13.5 % of
the total precipitation amounts run as surface runoff
where the remaining is thought to recharge the ground-
water and saturate the soils before runoff. This result
was confirmed through the stable isotope data (Isawi
et al. 2016) where all groundwater samples of the Mio-
cene aquifer are relatively falling close to the Mediterra-
nean Meteoric Water Line (MMWL) indicating that
they are of meteoric origin. They confirmed these results
through the weighted average isotopic values of precipi-
tation (- 4.99 and - 21.37% for 8% O and &°H,

Table 4 Estimation of surface runoff affecting the areas occupied by alluvial sediments

Basin Inputs Outputs Evaluation of outputs
number Alluvial  Curve Maximum daily Potential Initial Actual  Total runoff Total volume of Runoff (Q) to
area (A) number single event maximum abstraction runoff  volume for an precipitation for  precipitation (P)
(CN) precipitation (P) retention (S) (la) Q) area "A” (Qv) area A Q/P (%)
km? Millimeter (mm) Millimeter Millimeter ~ (mm)  Cubic meter (m®)  Cubic meter (m°) (%)
(mm) (mm) X 10° X 10°
1 36.5 68 59 119.50 2391 796 291 21535 135
2 63.1 68 59 119.50 2391 7.96 502 37229 135
3 6403 68 59 119.50 2391 7.96 510 377777 135
4 7346 68 59 119.50 2391 796 585 433414 135
5 3191 68 59 119.50 2391 796 254 1882.69 135
6 415 68 59 119.50 2391 796 330 24485 135
8 15.35 68 59 119.50 2391 796 122 905.65 135
10 858 68 59 119.50 2391 7.96 68 506.22 135
1 547 68 59 119.50 2391 7.96 44 32273 135
12 3.06 68 59 119.50 2391 796 24 180.54 135
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Fig. 12 Schematic cross sections. (A-A") indicates that the thickness of Miocene aquifer exceeds +200 m, where four inferred faults are recognized
in the area between the basement terrains and the Gulf of Agaba. (B-B') reveals that the area is dissected by a set of faults along the NE-SW
direction. The Quaternary sediments have thickness up to 75 m between VES 2 and basement. The well logs and VES data are obtained from
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respectively, Eissa et al. 2013). Although some water
amounts can be lost as evaporation and evapotranspir-
ation, these amounts can be ignored due to its low mag-
nitude during a single event (Ramirez 2000). However,
the Gulf of Aqaba can be considered as one of the most
vulnerable areas that can be subjected to the flash flood
risks (Arnous et al. 2011). These flash floods are running
and can cause damages until they drain to the Gulf
(Sherief 2008). The watershed extension and altitude are
among the principal elements that control the ground-
water potentialities. These elements play a great role in
controlling the amounts of the collected precipitation,

the surface runoff, and the downward percolated water
that recharge the shallow groundwater aquifers. The re-
sults of landforms demarcation (Fig. 3) identify the base-
ment terrains as the main watershed while the coastal
plain and the alluvial fans as the water collectors that
characterized by low elevations and gentle slope (Fig. 9a
and b). These lowlands can be considered as areas that
are thought to have good groundwater potentialities
where they receive runoff along the drainage network.
However, the ability to bear water is depending on their
thickness, therefore, the exploration should be carried
out in the areas with considerable thickness. The band
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ratios and PCA analyses reveal that the Quaternary sedi-
ments in the study area is correlated with the same sedi-
ments in El Qaa plain that are characterized by a thick
deposits exceed 100 m. Consequently, the drawn cross
section (Fig. 12, B-B’) shows a thick deposits (+ 75 m) in
some areas that is compatible with these results. The in-
terpretation of structural lineaments and the two drawn
cross sections (Figs. 7 and 11) confirmed the existence
of a set of faults affected both Quaternary and Miocene
deposits. These faults could act as a conduit between
surface water and groundwater. Accordingly, the present
study through light on the potentiality of Quaternary
sediments as an aquifer that can provide a sustainable
water resource for future development due to the oppor-
tunity of recharge through the occasional rainfall (Fig.
13). This viewpoint is illustrated through the designing
of the conceptual model that clarifies the relationship
between surface and groundwater and its recharge
mechanism (Fig. 13a and b).

Tectonic framework

The main tectonic framework of the study area is resulted
from the Gulf of Aqaba rift system. The Gulf of Aqaba
was formed through two successive motions: the first is
the pull-apart strike-slip motion that occurred during Late
Miocene trending N-S (Garfunkel 1981). Several narrow
grabens were resulted from this N-S fault. Then, the sec-
ond motion had occurred with E-W extension during
Pliocene-Quaternary time led to the Gulf of Aqaba open-
ing (Mart 1982; Mart and Hall 1984). During the develop-
ment of this complicated structural setting, the
sedimentary succession of the Miocene was affected and
formed a tilted blocks. These tilted blocks are similar to
that resulted from the Gulf of Suez rift to the west of the
study area (Ahmed et al. 2014). The drawing of the two
schematic cross sections (Fig. 12) taking in consideration
the mentioned two motions where A-A’ (Fig. 12a) show-
ing normal faults with horizontal beds, while B-B’ (Fig.
12b) illustrates normal faults with inclined beds. This in-
clination is thought to be resulted from the pull-apart
strike-slip and the E-W motions. The obtained results
from surface lineaments analysis (Fig. 7) and the aeromag-
netic data (Fig. 8c) are compatible with the directions of
the motions causing the formation of the Gulf of Aqaba.
Aforementioned discussion showing that the aquifers in
the study area are structurally controlled where the delin-
eated surface lineaments are deeply extended through the
subsurface succession (refer to the “Geophysical and bore-
hole data” section) which could provide chances for
groundwater recharge.

Environmental related impact of flash floods
In arid and hyper arid environments such as Sharm EIl
Sheikh area, the flash floods affecting directly on
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ecosystem balance. This can occur through soil erosions,
transferring of rocks, and insects from watershed to water
collector areas, and also damage of the natural parks lo-
cated along the coast of Aqaba Gulf. Moreover, the envir-
onmental problems resulted from flash flood are extended
to human life. For example, the flash flood affected Sinai
in 2010 caused cutting roads, sweeping away homes, dam-
aging power lines, and also it led to claim the life of 12
people in four different regions of Egypt (including the
study area), (IFRC 2010). In addition, great numbers of
houses in the four areas were hit by this flash flood. On
the other hand, the monitored environmental problem
during the current study clarifies that the Miocene aquifer
is subjected to severe degradation. The average TDS of
the Miocene groundwater reveals an increase through the
last decades are as follows: 27,550 mg/1 (1997); 33,000 mg/
1 (2002); 34,000 mg/1 (2007), (El-Refeai 1992; Awwad et al.
2008); and 56,443 mg/l (measured in 2013, Isawi et al.
2016). This degradation could be attributed to sea water
intrusion where wells were drilled along the coastal plain,
and discharge of rejected brine water (waste of desalin-
ation plant) to the aquifer. The Miocene groundwater is
used to provide water supply to the desalination plants in
this area to serve the touristic resorts through many pro-
duction wells. In the adjacent locations of these wells, the
discharge wells were drilled that cause deterioration of the
aquifer causing a serious environmental problem due to
scarcity of fresh water. Therefore, the rainwater harvesting
and flash floods mitigation system can provide alternative
water resource and enhance the groundwater quality.
Moreover, the report of (IPCC 2014) indicated that the
water resources will have stresses from over demand and
degradation in the future where adaptation plans should
include decreasing non climatic strains on these resources.
Based on the climatic analyses, the North African region
shows raising in temperature associated with precipitation
decreases (Yousif et al. 2016). The variation of atmos-
pheric and oceanic processes, as well as human interfer-
ence, influence the hydrological cycle at multi spatio-
temporal scales (Salas et al. 2012). A continuous increase
in temperature can lead to enhancing the frequency of
flash floods. The sea level changes and global warming
can lead to flooding hazard events that cause a serious ef-
fect on the coastal areas (Yuan et al. 2017). They clarified
that global warming creates many drastic storms, such as
typhoons, which consequently raise the level of flash flood
hazard. Consequently, the proposed system introduced by
the current study is vital for environmental protection of
the study area under the climate changes.

Flash flood mitigation

Sharm El Sheikh City represents one of the most famous
and attractive touristic areas in the world that are prone
to seasonal flash floods. The area that is occupied by
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touristic resorts and villages reaches approximately 70
km? while the main road in the study area has length
about 106 km?. Additionally, the study area includes an
international airport, Sharm El Sheik airport. These in-
frastructures were established along the flood course of
about 16 drainage basins (Figs. 2 and 5); therefore, flash
flood can cause significant destructions and losses of
money and lives. In case of data scarcity, the flash flood
assessment and classifications can be achieved according
to the effective morphometric parameters of each basin
(Yousif and Bubenzer 2015). The potential of flash flood
hazard was estimated for the 10 largest basins debouch-
ing to Sharm El Sheikh area relatively to each other
(Table 3). Furthermore, the assessment of single flash

floods affecting the South Sinai reveals that the highest
value was recorded from Sharm El Sheikh Station in
2010 reached to 59 ml (Fig. 4). Most of the rains which
fall over the basement terrains are distributed and
spreading where these terrains are mainly fractured and
dissected by faults and joints (Fig. 7). Accordingly, the
estimation of surface runoff (Table 4) is focusing on the
areas that covered by alluvial deposits. The investigated
basins that mostly are covered by alluvial deposits have
low FHI relative to other ones (Table 3). This is due to
the high permeability of the loose sands and gravels
which facilitate the recharge processes and decrease the
surface runoff (as in case of basins nos. 1, 2, 6, and 11,
Fig. 10b). Other basins show moderate, high, and very
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high hazard degree, and the flood is zapping directly to
airport, Napaq national park, resorts, and also the pro-
posed area for future development (Figs. 2 and 10a).

Aforementioned discussion reveals the dire needs of
this touristic area for establishing a controlling system to
mitigate the flash flood hazards. This system will serve
to protect the current infrastructures and any touristic
extension in the study area along the coast of Agaba
Gulf as well as maximizing opportunists to recharge the
groundwater aquifers. This system should include the
following items (Fig. 14):

a. Alternative dykes to decelerate the flood speed and
act to divide its load where any flood can bring
rocks and fragments from the watershed that
increase its destructive effects. These dykes can be
established from the country rocks along the main
channels of each basin (Fig. 14b)
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b) Barriers in the form of embankment dams (zigzag
path) should be settled for protection of the tourist
resorts and airport that can be built along the main
channel inside the basin. These embankment dams
imped the surface runoff to increase the residence
time and give chance for the Quaternary alluvial to
be recharged (Fig. 14a).

¢) The main asphalt road that links between Sharm El
Sheikh and other cities should be protected through
a group of culverts to permit water to path under
the road without destroying its skeleton and
without threatening cars, buses, and humans.

Future groundwater explorations

The coastal areas that belong to hyper arid regions are
extremely vulnerable with regard to hydrological and en-
vironmental changes (Yousif et al. 2016). Furthermore,
the data scarcity of such regions is a great challenge for
groundwater investigations at practical scales (Yousif
and Sracek 2016). The current water supply for Sharm
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Fig. 14 Recommendations of the proposed sites to set up a controlling system to mitigate the flash flood hazards and maximizing opportunists
of groundwater recharge. a Proposed sites for embankment dams (yellow symbol) to mitigate flash flood hazard and enhance groundwater
recharge, as well as sites for groundwater exploration (red symbol). The sites are illustrated on sentinel satellite image (RGB,134) with pixel
resolution 10 m. b Proposed sites for alternative dykes and road culverts are showing in Google Earth ™. ¢ High resolution satellite image (planet,
spatial resolution, 3 m) to display the proposed precision sites for groundwater exploration
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El Sheikh city is mainly dependent on desalination plants
of Miocene aquifer as well as transferring the water from
El Tor city that is far about 100 km from the city. As
mentioned in the results section, the Miocene aquifer
has a very saline water due to salt water intrusion (Isawi
et al. 2016) while the Quaternary aquifer is not explored
yet. During the last decades, as a result of increasing the
number of touristic resorts and the population growth,
the continuous groundwater extraction has increased;
therefore, the Miocene aquifer has been deteriorated due
to over pumping that exceeds natural recharge (Isawi
et al. 2016). A conceptual model (Fig. 13a and b) reveals
the possibility of recharge to this aquifer through rainfall
and surface runoff. The potentiality of the aquifer de-
pends on the thickness of its deposits which is decreas-
ing toward the coast while the fan areas are expected to
have a considerable thickness. Therefore, the proposed
sites for groundwater exploration of the Quaternary
aquifer (Fig. 14a and c) should be subjected to geophys-
ical studies and drilling of test wells to evaluate its po-
tentialities. These sites were identified based on the
obtained GIS layers including water collector landform
(Fig. 3), alluvial deposits (Fig. 2), low elevation (Fig. 8a),
gentle slope (Fig. 8b), faults (Figs. 7 and 11), cross sec-
tions, and VES (Fig. 12), drainage lines (Fig. 11), area of
alluvial (Fig. 9b), and flow direction that path through
these sites (Fig. 9a). A high resolution satellite image
(planet) with 3 m pixel size (Fig. 14c) is used for more
clarifications of these sites. Consequently, the explor-
ation of groundwater of the Quaternary aquifer can pro-
vide an ideal solution for water supply in the study area.

Conclusion

This research introduces a cost effective, multidisciplin-
ary research approach to mitigate the flash flood haz-
ards, and to maximize the possibilities of groundwater
recharge for the different aquifers. The study displayed
the environmental related problems resulted from flash
flood and its impact on human life. For example, the
flash flood affected Sinai in 2010 caused cutting roads,
sweeping away homes, damaging power lines, and also it
led to claim the life of 12 people in four different regions
of Egypt. The present approach is based on remote sens-
ing and GIS applications that help in producing multi
thematic layers to evaluate flash flood hazards and to in-
vestigate the mechanism of groundwater recharge. The
study clarifies that in case of data scarcity, the flash flood
assessment and classifications can be achieved according
to the effective morphometric parameters of each basin.
Therefore, flood hazard index (FHI) is produced to esti-
mate the degree of hazard for each morphometric par-
ameter and to compare between different basins. In
addition, the curve number method is used to estimate
surface runoff where it was considered the best for arid
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environment due to that it based on many variables that
control the runoff. On the other hand, the present study
illustrates that the floods can provide chances for
groundwater recharge; therefore, identifying the subsur-
face sedimentary succession is necessary. In this regard,
the geophysical data included aeromagnetic, and the ver-
tical electrical soundings provide adequate support for
the study in the integration with remote sensing data.
Also, the conceptual model and the schematic cross sec-
tions point up the recharging opportunities and its
mechanism for the subsurface sediments. Consequently,
a controlling system for flood mitigation and enhancing
groundwater recharge as well as sites for groundwater
exploration were proposed. The presented approach can
be applied in any arid and hyper arid regions with the
same conditions.

Abbreviations
FHI: Flash hazard index; DEM: Digital elevation model; VES: Vertical electrical
sounding
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