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Abstract

Flash flood events are among the most critical hydrological hazards in arid and semi-arid
regions, posing extreme threats to critical infrastructure, human safety, and sustainable
development plans. This paper evaluates the flash flood susceptibility of the Al’Ataya
catchment, a key watershed on the southern Red Sea coast, using an integrated geospatial
analysis approach. To assess and quantify the flood hazard, we investigated 15 morpho-
metric parameters for 24 particular sub-catchments within a sixth-order drainage system.
Two complementary methods, the Morphometric Ranking Method and El-Shamy’s ap-
proach, were utilized to classify the catchment into different flood susceptibility levels.
Results from the Ranking Method identified seven sub-catchments (SC-2, SC-3, SC-6, SC-7,
SC-8, SC-9, and SC-19) as having high flood hazard levels, mainly driven by large water-
shed areas, steep slopes, and high relief ratios. In contrast, EI-Shamy’s approach resulted in
a different evaluation, identifying sub-catchments in Zone B (SC-23, SC-16, SC-17, SC-15,
5C-6, SC-20) as high hazard sub-catchments due to the particular relationship between the
bifurcation ratio parameter and the drainage density and stream frequency parameters.
The integration of the two methods suggests that the susceptibility factor is controlled by
the combined influence of a low drainage density and steep mountainous terrain drain-
ing toward the coastal zone. These results provide a spatial model for flood mitigation
and early warning systems, supporting Saudi Vision 2030 through improvement to the
development of southern urban centers such as Al’Ataya and Sabya.

Keywords: flash flood assessment; geospatial analysis; southern Red Sea coast; Saudi
Vision 2030

1. Introduction

Worldwide, natural hazards are phenomena that pose risks to particular areas and
times [1]. Among these natural hazards, severe flash flood events represent some of the
most unpredictable and destructive natural hazards due to their rapid onset and short
duration, frequently overwhelming existing emergency response plans and disrupting
critical infrastructure [2—4]. Floods are hydrometeorological hazards generated by extreme
rainfall over relatively small areas, resulting in rapid increases in surface runoff and sudden
peak discharges in drainage systems [5,6]. Due to climate change, the flash flood hazard is
expected to increase in arid to semi-arid areas due to the increasing frequency and intensity
of extreme rainfall events and reduced surface permeability [7,8].
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The magnitude of flash floods is mainly controlled by the duration and intensity
of precipitation; however, other geomorphological aspects, including drainage network
characteristics and soil infiltration, also play an important role in controlling flash flood
behavior and impacts [9-11]. Various catchments, as primary geomorphic units within
hydrologic systems, provide a useful framework for understanding and managing extreme
hydrological events [10,12]. Geospatial techniques provide effective methods for investi-
gating arid and semi-arid regions like those in Saudi Arabia, where flash flood events are
frequently triggered by heavy rainfall events and characterized by steep slopes and rugged
topography [8,13]. Flood hazard assessment has become highly important for protecting
infrastructure and communities and supporting sustainable regional development [14-16].
Therefore, in recent years, numerous significant studies have been performed to evaluate
flood hazards in different critical regions [12,17-20]. Ref. [17] applied a morphometric
analysis using geospatial methods to study the geometric characteristics of the Wadi Assuit
catchment in Egypt and delineate the flood hazard potential zones. The socioeconomic
impacts of floods in Pakistan, studied using geospatial analysis and literature synthesis,
were discussed by the authors in Ref. [21]. Their paper emphasized the severity of flood
hazards and focused on the importance of developing flood mitigation and management
plans. In Italy, Ref. [22] applied topographical factors for assessing the similarity in flood-
triggering factors, produced flood susceptibility maps, and evaluated the accuracy of the
resulting flood susceptibility maps. In Bangladesh, Ref. [23] investigated the relationship
of several morphometric factors with flood susceptibility and improved the flood suscep-
tibility map of the Karnaphuli and Sangu River catchments in Bangladesh. In Turkey,
Ref. [12] utilized a Morphometric Ranking Method using remote sensing techniques and
geographic information systems (GIS) to evaluate flood susceptibility in the Mediterranean
region of Turkey. Saudi Arabia has also given full attention to flood hazards because of the
presence of strategically important regions targeted for sustainable development [24-28].
Ref. [24] evaluated flood hazards for urban areas in Riyadh, Saudi Arabia. Since the Riyadh
watershed lacked observed rainfall and discharge, and had rainfall data of various return
frequencies, the authors discussed the impact of watershed characteristics by running simu-
lations at different urbanization levels. The flood hazard in the Wadi Al-Lith basin in Saudi
Arabia was mapped and assessed in Ref. [28]. They used GIS and the AHP method to help
control authorities and decision-makers in understanding flood hazard analysis, defining
suitable mitigation models, and enabling nearby communities to develop preparedness
plans for future flood events. Ref. [29] identified zones that are highly vulnerable to the
flood hazard in Najran City in Southern Saudi Arabia using digital elevation model (DEM)
data and GIS techniques. The Wadi Hali basin in the southwestern part of Saudi Arabia
was examined in Ref. [20]. They developed a remote sensing model to locate high flood
hazard zones and support flood hazard management by understanding the destructive
impacts of flood events in the study basin.

Saudi Arabia is working hard to diversify its economy, develop major infrastructural
projects along the Red Sea coastal zone, and support expanding urban communities in
Jazan Province, and the flood hazard poses a critical risk to these development projects [13].
Currently, the application of modern tools and advanced techniques, including geospa-
tial analysis, is essential for understanding flood hazards, as they permit a quantitative
analysis of catchment characteristics in data-poor regions where ground hydrometric
information is often insufficient [30-32]. Morphometric analysis, which includes the quan-
titative assessment of the physical aspects of a catchment, has been shown to be key for
examining and understanding different hydrological processes [33-35]. By testing key
morphometric parameters, such as the total catchment area, catchment perimeter, stream
length, stream order, drainage density, stream frequency, and relief ratio, researchers can
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understand how different catchments will respond to rainfall events and how suscep-
tible they are to flooding [34-36]. Morphometric studies were first introduced in the
pioneering Refs. [37,38], which developed methods to quantify and classify catchment
and drainage network characteristics. Flood behaviors are highly influenced by the geo-
morphological features and drainage system characteristics of a catchment [9]. Variations
in geomorphological and drainage characteristics can help in understanding significant
differences in flood susceptibility between catchments and sub-catchments. This suggests
that the accurate and detailed morphometric analysis of catchments and sub-catchments is
essential for identifying the areas most susceptible to flooding [39-41].

Conventional flood susceptibility mapping is often based on single-index models,
which introduce systematic bias due to parameter scaling effects. The applied Morpho-
metric Ranking Method is a cumulative, scale-dependent method that combines absolute
morphometric characteristics, including the total catchment area, catchment perimeter, and
total stream length [9]. Because it effectively identifies large sub-catchments with large
absolute runoff, this method is inherently biased toward larger catchments [5]. It commonly
neglects smaller sub-catchments with steep relief that provide severe localized hazards [9].
Therefore, to adjust this limitation, a scale-independent method like El-Shamy’s approach
is integrated with the Ranked Method [9]. El-Shamy’s approach describes the hydrographic
flow routing efficiency of the drainage network by investigating relationships among bi-
furcation ratios, drainage density, and stream frequency parameters [41,42]. This method
differentiates between rapid peak discharge generation and enhanced infiltration and
groundwater recharge (high flood hazards and recharge, respectively) [42]. Additionally,
because the El-Shamy approach acts as a scale-independent index, it may underestimate
large catchments that produce large cumulative runoff volumes [43]. The critical rationale
for integrating the ranked and El-Shamy approaches is to utilize their complementarity re-
lationship [9,43]. This combination avoids the underestimation of catchments with efficient
flow routing and a small total area, while preserving the representation of the catchment
size and morphology-generating catchments with high runoff volumes [41,42].

To discuss these critical challenges, this study provides a high-resolution morphomet-
ric modeling for the Al’Ataya catchment using an integrated GIS-based dual-method ap-
proach. The novelty of this analysis lies in its dual approach, coupling the scale-dependent
Morphometric Ranking Method with the scale-independent El-Shamy approach to distin-
guish between surface runoff potential and drainage network flow-routing efficiency. This
study investigates three core research critical questions: (a) How do the morphometric
properties of the studied 24 sub-catchments influence their spatial susceptibility to flood-
ing events? (b) What tectonic and lithological controls clarify the differences in hazard
assessment between cumulative ranking indices and drainage system efficiency curves?
(c) How can these dual morphometric methods be used to evaluate observations from
recent extreme flood events to support coastal development strategies? By addressing and
discussing these significant issues, this study provides a high-resolution, spatial model
that fills the gap between surface runoff production and coastal zone planning within the
context of the climate change framework of the southern Saudi Red Sea coast.

2. Study Catchment

The southern Red Sea coastal zone of Saudi Arabia, particularly Jazan Province and
its associated catchments, including the Al’Ataya catchment, present a natural laboratory
for investigating flood hazards. This province is characterized by a significant geomorpho-
logical setting, including steep gradients, arid to semi-arid climatic conditions, and rapid
socioeconomic expansion to achieve the goals of Saudi Arabia Vision 2030. This coastal
zone is particularly vulnerable to floods because its climatic and geomorphological condi-
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tions favor rapid surface runoff generation. The steep gradient between the As-Sarawat
Mountains and the adjacent Tihama coastal plain zone generates a high-energy hydrologi-
cal environment that accelerates water flow and enhances flash flood potential [20]. In these
steep terrains, heavy rainfall often exceeds infiltration capacity, producing rapid runoff that
is efficiently drained through various wadies, thereby increasing flood potential [44,45].

The Al’Ataya catchment, located in the Jazan Province in southwestern Saudi Arabia,
is a geomorphologically significant watershed with considerable socioeconomic importance
and sensitive environmental conditions. It is bounded by the mountainous zone divides
to the north and east and by the Red Sea to the west (Figure 1). Covering a total area of
approximately 1890.36 km?, the study catchment extends between 16°50" and 17°50’ North,
and 34°00" and 42°20’ East. The Al’Ataya catchment comprises several agricultural lands,
expanding urban zones, and important infrastructure projects that are highly exposed to
severe hydrological hazards, especially flash floods.
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Figure 1. (a) Map of Saudi Arabian provinces, and (b) map of the Al’Ataya catchment.

The topography of Jizan Province is characterized by rugged relief and varied geomor-
phological features [46]. Elevations of the Al’Ataya catchment range from slightly below sea
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level (—18 m as a minimum value) along the Red Sea coast to about 2461 m at the highest
peaks in the eastern region of the catchment (Figure 2a). This critical elevation gradient
is the main driver of the region’s hydrological response, impacting runoff concentration,
surface water flow velocity, and sediment transport rates [47]. The study catchment covers
three different geomorphological units: (1) mountainous highlands near Al Habib and Al
Reeth areas, characterized by steep slopes, ridges, and deeply incised channels such as Wadi
Razan [47]. Moisture originating from the Red Sea is forced to raise over the mountainous
headwaters, producing high-intensity rainfall events that generate flooding downstream;
(2) a midstream transitional zone, including foothills and semi-sloped topography directing
runoff from towns such as Maqza and Masliyah toward the coastal plain zone. Because of
its the low elevation and low slopes, this zone, which includes settlements such as Al’Ataya,
Baysh and Sabya, is highly vulnerable to flood inundation during flood events; and (3) the
coastal plain of the Al’Ataya catchment area (Figure 2a). The slope profiles of the Al’Ataya
catchment are important for modeling surface runoff velocity and its accumulation. Slope
analysis of the Al’Ataya catchment suggests a broad range of gradients, between flat lands
(0°) and 76.38° in the most rugged regions (Figure 2b). Slope gradients can be grouped
into four basic zones reflecting the catchment hydrological features: (1) gentle (0-7.1°),
which is located in the coastal plain near Dana Bay, (2) moderate (7.2-27.25), located in the
transitional foothills zone between the mountainous zone and the coastal plain, (3) steep
slopes (27.26-38.34°) observed in the mid-to-highland zones, and (4) very steep slopes
(38.35-76.38°), located in the mountainous terrains near Al Habib and Al Reeth (Figure 2b).

48 50E

48 50°E

oy

Figure 2. (a) Digital elevation model showing the general elevations, and (b) slope map of the
Al’Ataya catchment.
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The climatic conditions of the Al’Ataya catchment are described as arid to semi-
arid, with a hot desert climate [48,49]. This region exhibits considerable seasonal differ-
ences in temperature and evaporation rates, ranging between ~6 mm/day and more than
12 mm/day in January and July, respectively, which highly influences surface water avail-
ability [50]. Jazan Province receives some of the highest rainfall recorded in Saudi Arabia,
occurring as short-time, high-intensity storm events. Mean annual rainfall ranges between
80 mm along the Red Sea coast and 150 mm in the mountainous zones [47].

3. Materials and Methods

In this study, to effectively assess the flood hazard in the Al’Ataya catchment, an
integrated model based on geospatial analysis, digital elevation model (DEM) data, and
the powerful capabilities of the Geographic Information System software (ArcGIS 10.4)
is required [51-54]. This integrated model has been successfully applied in several arid
to semi-arid regions to study the hydrological and geomorphological processes [55-59].
The morphometric analysis approach is designed based on various processing techniques
applied to digital elevation models (DEMs). High-spatial-resolution datasets, including the
12.5 m ALOS PALSAR and 30 m SRTM DEMs, were evaluated to assess the accuracy of the
hydromorphological characterizations and visualization [59-61]. In this paper, the 12.5 m
ALOS PALSAR DEM dataset was chosen to process over the 30 m SRTM DEM due to its
superior resolution, which is very important to capture the intricate, deeply incised relief of
the mountainous terrain headwaters of the study catchment. To support this high-spatial-
resolution dataset, we conducted a comparison against an accurate local topographic
map (control points) distributed over various terrain zones in the study catchment. This
validation process confirmed that the topographic derivatives—in particular, slope and
drainage patterns—are representative of ground conditions, through evaluation of the
root mean square error (RMSE) within acceptable thresholds for hydrological modeling.
All geospatial datasets and analyses applied in the current study were combined within
a unified coordinate system and geographic data. The adopted coordinate system in
this study was the Universal Transverse Mercator (UTM (Zone 37 N), referenced to the
World Geodetic System 1984 datum (WGS 84)) [61,62]. Consequently, to ensure consistency
within the unified vertical data of all DEMs, for vertical elevations, we referred to the
Earth Gravitational Model 2008 [61]. For the current study, the 12.5 m DEM data was
selected and applied for morphometrical and hydrological analyses to preserve topographic
continuity and minimize topographic anomalies [61]. The morphohydrological analysis
was conducted using QGIS 3.16 and ArcGIS 10.4 software [34,62].

In this study, voids and depressions were recorded and filled using a filling algo-
rithm [60,63]. The drainage network extraction process was performed using the D8 flow
algorithm within the ArcHydro toolset in ArcGIS 10.4 software. The 150-cell threshold was
selected using a calibration process that included composing the extracted network with a
high-resolution dataset. This particular threshold was detected to be the ideal compromise
that effectively captured ephemeral channels recorded in the field while avoiding the gen-
eration of non-existent and artificial channels, thus preserving the hydrological integrity
of the sixth-order drainage network (Figure 3) [6,60,63]. The steps of this processing are
illustrated in Figure 3. According to the Strahler model of stream characterization, the
drainage system in the current study exhibits a hierarchical pattern reaching up to sixth-
order streams at the main study catchment outlet close to the Red Sea coast (Figure 4a). In
the current study, sub-catchments were delineated due to the sixth-order drainage network.
The process followed the hierarchical pattern approach where pour points were plotted at
each main junction of next-order streams. This resulted in 24 distinct sub-catchments, con-
firming that the smallest units observed were hydrologically significant for the flood hazard
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susceptibility assessment model while providing a comparative evaluation over the entire
catchment [12,64]. Accordingly, sub-catchment delineation was conducted from the prin-
cipal coastal outlet (sixth-order stream) upstream, presenting 24 distinct sub-catchments
(1-24) [38] (Figure 4b). The spatial distribution of the drainage system and its various orders
(first- to sixth-order streams) provide a key framework for measuring and evaluating the
areal, linear and relief morphometric characteristics.

=
= T

Driange Extraction [< > Sub-catchments Delineation

Integrated
Analysis

Figure 3. Flowchart showing the main processing step in the current study.
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Figure 4. (a) Drainage network, and (b) sub-catchments of the Al’Ataya catchment.

3.1. Morphometric Parameters Analysis

Effective morphometric parameters were calculated for each of the 24 delineated
sub-catchments to assess their individual susceptibility to flash flood hazards. These mor-
phometric parameters, including linear, areal, and relief characteristics, were estimated to
present a comprehensive quantitative evaluation of the sub-catchments. Table 1 presents
the morphometric parameters applied in the current study. Furthermore, these parameters
were grouped into two distinct groups: (1) Group A including parameters that are posi-
tively correlated with flood hazard events (higher parameter values reflect higher rank of
the flood hazard susceptibility), such as catchment area (A), stream frequency (Fs), and
drainage density (Dd) [65,66], and (2) Group B includes parameters that exhibit an inverse
relationship with flood hazard susceptibility, such as the elongation ratio (Re) [4,9].

Table 1. Morphometric parameters applied in the current study.

Morphometric Parameters Description and Formula References
Total catchment area, A in km? Total area of catchments [37,67]
Catchment perimeter, P in km Length of the outer boundary that encloses drainage catchments [9,33]
Catchment length, L in km Maximum length of a catchment that assigned parallel to the main catchment river [33,38]
Stream order, Os Hierarchical rank [68,69]
Stream number, Ns Ns=Nsl+Ns2+Ns3+.....c.ceeeeevveiiciiiieennen... + Nsn [33,70]
Total stream length, Ls in km Ls=Lsl+Ls2+Ls3+...ccociviviiiiiiiiiiiiieeean o +Lsn [71,72]
Stream frequency, Fs Fs = Ns/A, where Ns is the total number of all-stream orders [64,73]
Form factor, Ff Ef=A/12 [56,74]

. . . Rb = Ns/Ns + 1, where Ns is the stream number value of any given order, and Nu + 1 is
Bifurcation ratio, Rb the stream number value for the following higher order v [75,76]
Drainage density, Dd Dd =Ls/A [34,77]
Texture ratio, Rt Rt =Ns/P [9,78]
Infiltration number, If If =Fs/Dd [56,79]
Elongation ratio, Re Re = (2\/A/m)/L [35,76]
Catchment relief, R R =H—h, where H and h are the highest and lowest elevation values of the given 16,91
catchment, respectively

Ruggedness number, Nr Nr =Dd x (R/1000) [5,56]
Relief ratio, Rr Rr=R/L [64,75]
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3.2. Morphometric Ranking Method

To assess flood susceptibility, the applied morphometric parameters were standardized
through a linear normalization approach [80]. For Group A morphometric parameters
(where values of the parameters are positively correlated with flood hazard susceptibility),
the hazard rank was calculated using the following formula:

X — X
Hazard Rank = 2 x mm) +1
(Xmax - Xmin

For Group B morphometric parameters (where parameter values are conversely related
to flood hazard susceptibility), the hazard rank is calculated using the following formula:

X - Xmax
Hazard Rank = 2 x <Xmm — Xmax) +1

where X represents the calculated value of the morphometric parameter for a given sub-
catchment, and Xmax and Xpin represent the maximum and minimum values of that
parameter among all 24 sub-catchments. After computing the ranking values of both
Group A and Group B parameters, the average ranking result of each sub-catchment was
calculated and applied to classify the studied sub-catchments into high, moderate, or low
flood susceptibility classes [4,9,65].

3.3. Al-Shamy Approach

In addition to the Morphometric Ranking Method, El-Shamy’s approach assesses
the relationship between three distinct morphometric parameters: drainage density (Dd),
stream frequency (Fs), and bifurcation ratio (Rb) [9,41,42]. This method involves plotting
stream frequency and drainage density parameters against the bifurcation ratio parameter
on bivariate charts, categorizing the proposed 24 sub-catchments into three different hazard
zones: high, moderate, and low. Zone C is characterized by high bifurcation ratio values
in association with low stream frequency and drainage density values, reflecting suitable
conditions for high groundwater recharge potential. Zone B suggests moderate conditions,
providing a balance between flood hazard and water recharge potential. Zone A is defined
by low values of the bifurcation ratio in association with high values of the stream frequency
and drainage density, inferring high flood susceptibility and little groundwater recharge
potential [9,80].

The dual methodology was performed as follows:

(1) Morphometric Ranking Method: Several parameters were analyzed using lin-
ear normalization. For a direct relation to hazard, we applied the equation
(X — Xmin)/ (Xmax — Xmin)- For an inverse relation to hazard, we applied
(X — Xmax)/ (Xmin — Xmax)- This model provides a direct summation of indices, pre-
senting an equal relative hazard ranking model.

(2) El-Shamy Approach: In this method, we drew bivariate charts of the stream frequency
and drainage density against the bifurcation ratio. The categorization zones (A, B, and
C) were recognized due to the particular grouping of sub-catchments in these chart
regions, which show the difference between surface runoff-dominated sub-catchments
(high flood susceptibility ranks) and recharge-dominated sub-catchments (low flood
susceptibility ranks).

The entire processing flowchart, including DEM pre-processing, sink-filling proce-
dures, and the normalization equations, were effectively applied to confirm methodological
consistency. As the parameter thresholds and justifications properties are explicitly de-
tected, this methodology can be applied to other arid and semi-arid regions elsewhere,
particularly to those whose flood hazard yield is poorly defined.
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4. Results and Discussion
4.1. Morphometric Parameters’ Characterization

The applied quantitative morphometric analysis of the 24 sub-catchments confirms
a high degree of heterogeneity of the study catchment. The sub-catchment areas range
from 254.14 km? and 10.89 km? in Sub-c 2 and Sub-c 17, respectively (Table 2). Sub-
catchments located in the upstream terrains indicate the highest elevations as 2461 m in
sub-c 8 and 2217 m in sub-c 9, resulting in substantial relief, which enhances rapid runoff
production. Sub-catchment lengths also vary considerably, ranging from 4.57 km and
111.61 km in sub-catchments 17 and 19, respectively, suggesting that longer and larger sub-
catchments (sub-c 17 and sub-c 19) have the potential to accumulate large runoff vol-
umes, but they present longer concentration times and delayed hydrological responses to
rainfall [9,13,81,82].

Table 2. Geometry values of the study sub-catchments; Sub-Cs = sub-catchments.

Sub-Cs. Total Area (km?) Perimeter (Km) C. Length (km) H (m) H (m)

1 106.83 4473 11.44 1131 262
2 254.14 81.97 23.39 2038 263
3 113.81 85.46 2443 704 114
4 67.88 65.80 20.8 850 112
5 41.23 38.87 13.07 491 139
6 176.62 77.77 27.46 1970 96
7 67.79 61.81 20.25 2017 200
8 99.92 70.57 23.95 2459 201
9 156.97 105.26 37.21 2217 63
10 78.85 56.28 20.2 514 63
11 56.88 48.93 17.68 222 52
12 72.18 72.33 25.28 248 43
13 80.69 59.59 20.5 196 38
14 111.51 61.21 18.52 242 64
15 25.23 41.75 11.61 215 65
16 20.57 37.63 11.48 87 38
17 10.89 16.89 4.57 74 44
18 35.36 49.22 19.26 272 53
19 122.27 111.61 34.62 344 17
20 49.13 42.90 13.43 130 23
21 26.59 31.25 11.2 69 21
22 27.80 45.82 12.09 66 18
23 16.21 40.07 9.98 55 19
24 64.30 74.18 19.61 34 —18

The extracted drainage framework provides a sixth-order stream system model at the
main catchment outlet (Figure 4a). The highest stream number (Ns) values were observed
in Sub-c 2 and Sub-c 6 as 96 and 79, respectively (Table 3), indicating dense channels
that conduct rapid surface runoff and efficient surface water conveyance [83,84]. The
total stream length (Ls) recorded in this study is correlated with the sub-catchment area.
In the current study, sub-catchments 2 and 6 indicated the highest total stream length
values of 194.17 km and 170.40 km, respectively (Table 3). These values suggest their
significance in accumulating and transporting large runoff volumes during the heavy
convective storm events that commonly hit the Jazan Province [47-49]. Relief parameters
including Rr, Rn, and H are among the most effective keys in controlling flood energy
and runoff velocity [2,6,85]. Sub-catchments 7 and 8 reflect the highest topographical
ratios in the study catchment, with values of 89.73 and 94.28, respectively (Table 3). These
high values of the relief parameters are associated with very steep slopes (38.35-76.38°),
especially in the areas surrounding the Al Reeth and Al Habib regions (Figure 2).
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Table 3. Values of the morphometric parameters extracted from the 24 sub-catchments tested in
this study.

Sub-Cs Ns Ls Rb Fs Ff Rt Dd If Rn Rr Re
1 43 90.33 0.33 0.40 0.82 0.96 0.85 0.48 0.73 75.96 1.02
2 96 194.17 0.24 0.38 0.46 1.17 0.76 0.49 1.36 75.89 0.77
3 37 149.52 0.18 0.33 0.19 0.43 1.31 0.25 0.78 2415 0.49
4 27 55.10 0.22 0.40 0.16 0.41 0.81 0.49 0.60 35.48 0.45
5 17 42.76 0.29 0.41 0.24 0.44 1.04 0.40 0.36 26.93 0.55
6 79 170.40 0.27 0.45 0.23 1.02 0.96 0.46 1.81 68.24 0.55
7 24 55.20 0.23 0.35 0.17 0.39 0.81 0.43 1.48 89.73 0.46
8 41 83.25 0.18 0.41 0.17 0.58 0.83 0.49 1.88 94.28 0.47
9 54 152.16 0.30 0.34 0.11 0.51 0.97 0.35 2.09 57.89 0.38

10 23 82.57 0.25 0.29 0.19 0.41 1.05 0.28 047 22.33 0.50
11 20 53.44 0.26 0.35 0.18 041 0.94 0.37 0.16 9.62 0.48
12 21 69.26 0.31 0.29 0.11 0.29 0.96 0.30 0.20 8.11 0.38
13 24 73.62 0.24 0.30 0.19 0.40 0.91 0.33 0.14 7.71 0.49
14 39 127.11 0.34 0.35 0.33 0.64 1.14 0.31 0.20 9.61 0.64
15 8 80.09 0.58 0.32 0.19 0.19 3.17 0.10 0.48 12.92 0.49
16 8 84.10 0.58 0.39 0.16 0.21 4.09 0.10 0.20 4.27 0.45
17 3 35.04 0.50 0.28 0.52 0.18 3.22 0.09 0.10 6.56 0.81
18 11 65.03 0.56 0.31 0.10 0.22 1.84 0.17 0.40 11.37 0.35
19 47 110.10 0.16 0.38 0.10 0.42 0.90 0.43 0.29 9.45 0.36
20 24 61.37 0.52 0.49 0.27 0.56 1.25 0.39 0.13 797 0.59
21 11 28.75 0.38 0.41 0.21 0.35 1.08 0.38 0.05 4.29 0.52
22 24.36 0.14 0.29 0.19 0.17 0.88 0.33 0.04 3.97 0.49
23 4 77.52 0.33 0.25 0.16 0.10 4.78 0.05 0.17 3.61 0.46
24 21 77.72 0.54 0.33 0.17 0.28 1.21 0.27 0.06 2.65 0.46

In the current study, the mountainous terrain including sub-catchments 2, 6, 8, and 9)
is occupied mainly by the Precambrian units of the Baysh Group as a part of the southern
Arabian Shield [49]. These Precambrian units are mainly composed of impermeable, highly
consolidated metadacites, metabasalts, and greenstones (Table 4) [86]. Because these rock
units have little porosity, they produce high runoff rates (Table 4) [86]. In the adjacent Wadi
Baysh with similar lithology, infiltration tests were performed. The results indicate that
the massive Precambrian rocks act as a relatively impermeable surface, with runoff rates
exceeding 0.35 during extreme storms (Table 4) [49,85,86]. These significant-runoff rates
are enhanced by the tectonic framework of the study region. The high values of bifurcation
ratios recorded in these mountainous highlands infer significant structural control, where
drainage patterns are oriented along NNW-SSE joints, faults, and shear zones, produced
from the Red Sea rifting [49]. This tectonic framework encourages a rapid, parallel drainage
density, minimizing the concentration time and increasing the generation of downstream
peak discharges (Table 4) [86].

In the transitional zone, these basement rocks are overlain by the sedimentary beds of
Cambrian-Ordovician sandstone (Table 4). This sedimentary sequence is highly weathered
and fractured (up to 20 m) [49]. Across this zone, infiltration investigation presents perme-
abilities ranging from 0.58 to 3.20 m/day, where the fractured rocks facilitate in observing
moderate rates of the groundwater recharge [87]. Conversely, the coastal zone covering
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sub-catchments 19 and 24 shows unconsolidated, thick, and deep alluvial deposits (10 to
100 m in depth) (Table 4) [49]. This succession comprises sand sheets and coarse gravel
that exhibits high permeability and porosity [48]. Pumping tests performed on some water
wells in the coastal zone show transmissivity values > 1.25 x 1072 m?/s and infiltration
rates of ~37.15 m/day [49,88].

Table 4. Topographic, geological, structural, and hydrological characteristics of the major geomor-
phological domains in the study area.

Topographical Domain

Geological Domain Structural Features Estimated Infiltration Rates Investigated Hydrological Keys

Mountainous terrains

NNW-SSE-trending High surface runoff rates (>0.35)

(sub-catchments 2, 6, 8, Crystalline baser'nent major lineaments Infiltration rate <0.15m and high bifurcation ratio values
rocks (Precambrian) (dense per day
and 9) N (=5)
joint system)
-, Sandstones . Permeability = (0.58-3.20 m
Transition zone . Weathered zone in .
(Cambrian— L per day) showing moderate Moderate surface runoff rates
(sub-catchments 1, 4, L. association normal .
Ordovician) and recharge along and flow velocities
and 10) . faults .
carbonates (Jurassic) assigned fractures
Unconsolidated 1
Coastal zone alluvial deposits, Red sea coastal tectonic Pgiﬁza])g;l;z\;ﬁ(llzi_?‘w m Groundwater recharge
(sub-catchments 19 gravels, features (half grabens fransnz]issivit ra%e & =72.08 mm
and 24) silt, and coarse and structural rifting) y per year

sands (Quaternary)

(1.25 x 1072 m?/s)

The annual recharge rate of the groundwater estimated for the coastal zone is observed
as 72.08 mm/year, suggesting that the lower reaches of the study catchment have substantial
groundwater-recharge potential [49]. Consequently, an abrupt decrease in flow velocity is
observed in this plain zone because of the low-gradient terrain, despite the rapid inflow of
surface runoff [50]. The lateral extension of floodwaters over these flat, highly permeable
plains results in flooding, increasing the flood hazard susceptibility of these coastal zones,
which act as regional floodwater storage and accumulation areas [50].

Additionally, the Red Sea coastal sub-catchments, including sub-catchment 24, show
relief ratios as low as 2.65, reflecting gentle-relief slopes (0-7.1°) and low-relief terrain [3].
Although these zones do not generate rapid runoff, they are still highly vulnerable to flash
flooding because they act as downstream storage areas for runoff arising from mountainous
sub-catchments [83,89]. The low-lying area close to Dana Bay and Al’Ataya infers a
significant reduction in water flow velocity, causing water to distribute laterally over vast
areas of the Tihama coastal plain [30,90]. Therefore, these low-lying coastal plains are
susceptible to flood inundation during significant runoff events.

The geographic framework of flood susceptibility in the Al’Ataya catchment is
controlled by topographic relief, structural and geological characteristics, and flow dy-
namics [47,81]. Several upper sub-catchments, including sub-c 2, sub-c 6, sub-c §,
and sub-c9, are recognized by steep slopes (27.26-38.34°) and high-elevation terrain
(2461 m) (Figure 2a,b) [91]. These zones are generally occupied by thin soils, which
show limited infiltration capacity because of the predominance of impermeable and highly
consolidated crystalline rocks of the Arabian Nubian Shield [92]. Accordingly, severe con-
vective rainfall events produce rapid runoff, which is effectively traveled through highly
incised valleys with high flow velocities and energy [93,94]. Conversely, the downstream
coastal zone occupied by sub-c 24 is characterized by flat, gentle-relief, low slopes (0-7.1°)
and thick, unconsolidated alluvial deposits that normally conduct high rates of infiltration.
Although these low-lying zones are not the main surface runoff drivers, they serve as
receivers of runoff sourcing from the mountainous regions and are therefore highly suscep-
tible to extreme inundation during severe rainfall events [49,95]. As the steep slope wadis
connect to the Tihama plain zone, the abrupt decline in surface gradient causes a rapid
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drop in surface flow velocity [95]. This reduction process promotes the lateral expanding of
a flood, producing extreme flooding and long-term inundation over the coastal zone [91].

4.2. Flash Flood Susceptibility Due to the Ranking Method

The findings of the Morphometric Ranking Method classified the proposed 24 sub-
catchments into three different hazard ranks based on the cumulative results of the
15 applied morphometric parameters (Table 5; Figure 5). The high flood hazard group
(>2.0) covers seven sub-catchments: 2, 3, 6, 7, 8, 9, and 19. Sub-catchments 6, 9 and
2 recorded the highest aggregate hazard values as 2.58, 2.53 and 2.52, respectively. These
sub-catchments are recognized by high stream numbers, large areas, and critically high
relief ratios, making them the most flood-prone in the study catchment (Figure 5). The
moderate flood hazard rank (1.5-2) covers the majority of the study catchment, with
16 sub-catchments, including sub-catchments 1, 4, 5, 10, 11, 12, 13, 14, 15, 16, 18, 20, 21,
22,23, and 24. These sub-catchments suggest intermediate results between 1.53 and 2 for
sub-catchments 22 and 4, presenting the lower and upper boundaries of this flood rank.
The low flood hazard rank (<1.5) is recorded by a single sub-catchment (sub-c 17). This
unique sub-catchment was classified as having a low flood hazard rank due to its minimal
total area (10.89 km?) and poorly developed drainage system (Ns = 3).

| Assessment
| Level

Figure 5. Flash flood susceptibility groups due to ranking hazard method.
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Table 5. Ranking hazard method calculation for the proposed 24 sub-catchments.

Sub-Cs A P L Ns Ls Rb Fs Ff Rt Dd If R Rn Rr Re Sum Average Hazard Rank
1 1.79 1.59 1.42 1.86 1.78 1.86 2.29 1.00 2.61 1.04 2.92 1.75 1.68 2.60 1.00 27.18 1.94 Moderate
2 3.00 2.37 2.15 3.00 3.00 1.46 2.08 1.98 3.00 1.00 3.00 2.57 2.28 2.60 1.75 35.24 2.52 High
3 1.85 2.45 2.22 1.73 247 117 1.65 2.74 1.62 1.27 1.88 1.50 1.72 1.47 2.57 28.31 2.02 High
4 1.47 2.03 1.99 1.52 1.36 1.33 2.25 2.83 1.58 1.02 2.98 1.64 1.54 1.72 2.71 27.97 2.00 Moderate
5 1.25 1.46 1.52 1.30 1.22 1.68 2.37 2.59 1.63 1.14 2.56 1.29 1.32 1.53 2.39 25.24 1.80 Moderate
6 2.36 2.29 2.40 2.63 2.72 157 2.66 2.61 2.71 1.10 2.86 2.66 2.73 243 2.41 36.14 2.58 High
7 1.47 1.95 1.96 1.45 1.36 1.40 1.89 2.81 1.54 1.03 2.73 2.60 241 2.90 2.67 30.16 2.15 High
8 1.73 213 2.19 1.82 1.69 1.16 2.35 2.78 1.90 1.03 2.99 3.00 2.80 3.00 2.63 33.21 2.37 High
9 2.20 2.87 3.00 2.10 2.51 1.69 1.80 2.95 1.77 1.10 2.37 291 3.00 221 291 35.38 2.53 High
10 1.56 1.83 1.96 1.43 1.69 1.47 1.37 2.73 1.58 1.14 2.03 1.38 1.42 143 2.56 25.57 1.83 Moderate
11 1.38 1.68 1.80 137 1.34 1.52 1.87 2.76 1.58 1.09 2.46 1.13 111 1.15 2.60 24.84 1.77 Moderate
12 1.50 2.17 2.27 1.39 1.53 1.74 137 2.95 1.36 1.10 2.14 1.16 1.15 1.12 291 25.84 1.85 Moderate
13 1.57 1.90 1.98 145 1.58 1.45 1.42 2.73 1.57 1.07 2.24 111 1.10 111 2.56 24.85 1.78 Moderate
14 1.83 1.94 1.85 177 221 1.92 1.85 2.36 2.00 1.19 2.15 1.13 1.16 1.15 2.12 26.64 1.90 Moderate
15 1.12 1.52 1.43 111 1.66 3.00 1.58 2.75 117 2.20 1.22 111 1.42 122 2.58 25.09 1.79 Moderate
16 1.08 1.44 1.42 1.11 1.70 3.00 2.18 2.83 1.21 2.66 1.20 1.02 1.15 1.04 271 25.74 1.84 Moderate
17 1.00 1.00 1.00 1.00 1.13 2.62 1.24 1.82 1.15 2.22 1.15 1.00 1.05 1.09 1.61 20.07 143 Low
18 1.20 1.68 1.90 117 1.48 2.87 1.53 3.00 1.23 1.54 1.53 1.17 1.35 1.19 3.00 25.85 1.85 Moderate
19 1.92 3.00 2.84 1.95 2.01 1.07 2.14 2.98 1.60 1.07 2.69 1.27 1.25 1.15 2.96 29.89 2.14 High
20 131 1.55 1.54 145 1.44 2.73 3.00 2.51 1.86 1.24 2.53 1.07 1.09 1.12 2.28 26.72 191 Moderate
21 1.13 1.30 1.41 117 1.05 2.08 2.38 2.68 1.47 1.16 2.49 1.02 1.01 1.04 2.49 23.87 1.71 Moderate
22 1.14 1.61 1.46 111 1.00 1.00 1.34 2.74 1.14 1.06 2.25 1.02 1.00 1.03 2.57 21.46 1.53 Moderate
23 1.04 1.49 1.33 1.02 1.63 1.86 1.00 2.81 1.00 3.00 1.00 1.01 113 1.02 2.68 23.02 1.64 Moderate
24 1.44 221 1.92 1.39 1.63 2.80 1.66 2.80 1.34 1.22 1.99 1.02 1.02 1.00 2.66 26.10 1.86 Moderate
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4.3. El-Shamy’s Approach

El-Shamy’s dual analysis approach suggests a refined model of drainage network
properties and flood susceptibility (Figure 6). The integrated results from the two dual
charts suggest that high flood hazard ranks (Zone B) are represented by sub-catchments
23,16,17,15, 6, and 20. Among this group, sub-catchments 23 and 16 present the highest
drainage density values, at 4.78 km/km? and 4.09 km/km?, respectively. Zone C, de-
scribed as having a moderate rank of flood hazard, covers the sub-catchments 3, 22, 13,
and 5 (Figure 6). Conversely, Zone A is recognized as having the lowest flood hazard sus-
ceptibility rank, including sub-catchments 2 and 9, that reflect low hydrological responses
across the entire study catchment (Figure 6). These assigned sub-catchments (sub-c-2
and sub-c-9) which were described as high hazard zones in the Morphometric Ranking
Method (Figure 5), reveal a methodological conflict of the two applied methods. The
discrepancy is an indicator for sub-catchments 17 and 23. While the Morphometric Ranking
Method assigns sub-c 17 as a low flood hazard unit because of its small area and low
morphometric characteristics, El-Shamy’s approach significantly identifies it as a high flood
hazard unit (Zone B) because of its high drainage density value (3.22 km/km?) and low
bifurcation ratio value (0.50), suggesting a highly efficient drainage network structure.
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Figure 6. El-Shamy approach charts for evaluating flood susceptibility levels. (a) Rb against Dd, and
(b) Rb against Fs.
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The apparent inconsistency in flood hazard ranking for sub-catchments 17, 2, and
9 between the two applied models was derived from the fundamental differences be-
tween scale-dependent volumetric keys and scale-independent direct efficiency keys. The
Morphometric Ranking Method is a measure-dependent index incorporating absolute
catchment geometrical parameters, including the total area of the catchment (A), catchment
perimeter (P), and total channel length (L) in its resulting model [81]. Sub-catchments 2
and 9 are among the largest sub-catchments in the study catchment, with total areas of
Sub-c 2 = 254.14 km? and Sub-c 9 = 156.97 km?, respectively (Table 3). Because larger
catchments can accumulate absolute runoff volumes during intense events, they receive
higher flood hazard ranks in the cumulative ranking framework. Conversely, El-Shamy’s
approach is a measure-independent index that assesses drainage system control on the sur-
face runoff response [94]. It investigates the bifurcation ratio (Rb) values against drainage
density (Dd) and stream frequency (Fs) values using two indicative charts. The physical
and mathematical divergence in flood susceptibility categorization for sub-catchments 2, 9,
and 17 is interpreted by the structural and geological differences in their sub-catchments.
Sub-c 2 and sub-c 9 are mainly covered by the crystalline, impermeable greenstones
of the basement Baysh Group. These large sub-catchments generate large cumulative
runoff volumes. Although their elongated shapes result in a lower routing efficiency rank
(Zone A) in El-Shamy’s approach, they are correctly recognized as having a high flood
hazard by the Morphometric Ranking Method due to their large total area. Conversely,
sub-c 17 is a small catchment (10.89 km?) that is assigned as having a low flood hazard
by the Morphometric Ranking Method. Moreover, because it is characterized by high
drainage density (3.22 km/ km?) and low bifurcation ratio (0.50) values, which are tecton-
ically controlled by NNW-SSE-trending faults, El-Shamy’s approach defines it as a high
flood hazard zone (Zone B) [96]. The above discussion reveals that both methods used
are more complementary than contradictory. The Morphometric Ranking Method records
sub-catchments of high volumetric flood hazard potential, while El-Shamy’s approach
assigns significant hydrological responses and peak flow generation capacity [41,96].

4.4. Validation and Calibration of Empirical Models

In 2024, The southern Red Sea coast experienced a critical climate-driven change in
peak precipitation, resulting in a transition from the observed autumn rainfall peaks to
severe summer events between October and August, respectively [97]. This extreme change
was observed by a monthly rainfall total of 414.8 mm in August 2024 in comparison with
the historical/recorded August rainfall average of 54.9 mm [97]. On 23 August, a daily
precipitation event (113.7 mm) was observed, causing extreme flooding over the study
region [97]. Moreover, on 1 August of the same year, a significant flood event occurred
in the steep As-Sarawat terrains, causing the collapse of the main highway bridge on the
important Jazan—-Abha road [94]. In Table 5, the physical impacts and distributions of these
historical /recorded events are gathered and compared to the flood susceptibility ranks for
the studied sub-catchments.

The validation model indicates the high predictive capability of the dual-method
approach. The high morphometric susceptibility assigned for sub-catchments 2, 6, and
9 corresponds to the source areas of high flow velocity that damaged the Jazan-Abha
major bridge on 1 August 2024 [97]. The sub-catchments 2, 6, and 9 reveal high re-
lief ratios (>75.89) and steep slopes (=38.35°:76.38°), triggering rapid surface runoff
concentration (Table 6) [89]. The complementary idea of the El-Shamy approach is
well correlated with sub-catchment 17. Sub-c 17 was identified as having a low rank
of flood susceptibility by the Morphometric Ranking Method because of its small area
(~10.89 km?) (Table 2). Nevertheless, El-Shamy’s approach assigned it as having a high
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rank of flood susceptibility because of its low bifurcation ratio value (=0.50) and high
drainage density value (=3.22 km/km?), suggesting a highly effective drainage system
efficiency [41]. Field records from the August 2024 event revealed that sub-c 17 produced
high-velocity discharge volumes that ran through the main channel immediately after the
storm event [97]. In contrast, large area sub-catchments, such as 2 and 9, which fall in
El-Shamy’s Zone A (Low rank) because of geometrical elongation, were correctly selected
as having a high hazard rank by the second Ranking Method. This model is supported by
the fact that their large spatial areas generate the large runoff volumes that characterize
downstream flood events.

Table 6. Validation model of the flood susceptibility ranks.

Sub-

Ranking Method

El-Shamy Approach Historical Events and

Catchments Ranging Ranking Location (August 2024) Impacts
Sub-c 2 High Low High Veloc1ty. surface. runoff Channel incision .and
(mountain terrain) rock transportation
Convergence of peak flow .
. . . . Rock stripping and local
Sub-c 6 High High (upper Wadi Razan drainage mountain roads’ destruction
system)
Severe mountainous runoff Highway bridge collapsing
Sub-c 9 High Low along Jazan—-Abha transport on 1 August 2024
road
. Short-duration, local flow to Rapld. ﬂow, little sediment
Sub-c 17 Low High - . deposition, and small local
the main wadi .
ponding
Sub-c 19 High Moderate Flood eyent (Sabya plain and Wl.despread ﬂoocll .event ar.ld
regional coastal zone) agricultural lands” inundation
Coastal depositional zone Parts of coastal zone are
Sub-c 24 Moderate Moderate P submerged and water ponded

(Dana Bay urban area) for more than 72 h

These validation findings are further confirmed by reservoir characteristics recorded
at the same time. On 26 August 2024, the Saudi Arabia Irrigation Organization authority
opened the Baysh Dam gates to discharge water and lower the level of the reservoir. At
that particular time, the reservoir stored a significant volume of water, at 117.7 million m3,
which was getting close to its safe operating system limit of about 192.75 million m? [49,95].
This operational system was required to accommodate anticipated runoff water from future
rainfall [49]. Additionally, it regulated and managed any sudden catastrophic event, as
demonstrated by the failure of the Al-Lith Dam, which happened in November 2018 [48,98].
During that catastrophe, severe rainfall saturated the catchment and exceeded the capacity
of the reservoir, producing a structural failure that let a large volume of water flow. The
flood event inundated an area of ~100 km? downstream, immersing Al-Lith City, with
water depths of about 30:100 cm [94]. This catastrophic event caused extreme damage to
~9505 residential properties and resulted in 75 fatalities [98]. The Al-Lith critical event
reveals the high importance of geomorphometric flood risk models for supporting early
warning systems and regulating reservoir levels during severe summer storm events in the
critical Jazan Province.

4.5. Assumptions, Uncertainty and Limitations

A comprehensive assessment of the flood susceptibility model requires the considera-
tion of the inherent uncertainties, index assumptions, and overall limitations associated
with the morphometric analysis:
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(1) The proposed model suggests a uniform rainfall distribution over the total area
of the Al’Ataya catchment. Moreover, Jizan Province experiences large orographic pre-
cipitations gradients, and high elevated terrains receive ~300 -600 mm /yr, while coastal
zones receive ~ 80:120 mm/yr [48]. (2) The proposed model also suggests uniform infil-
tration rates over the entire catchment. Geology varies critically from eastern crystalline
rocks of low-permeability conditions to highly permeable alluvium and gravels in the
western wadi floors.

(3) Despite the ALOS DEM data providing an open-source high-resolution dataset, it is
exposed to interpolation and relief-related errors in highly rugged valleys. These limitations
can explain small inconsistencies in extracted morphometric parameters, including slope,
relief, and ruggedness parameters.

4.6. Implications for Saudi 2030 Vision Sustainability Goals

The integrated flood hazard assessment model provides a valuable framework for
sustainable development planning in the coastal zone of the Jazan province. Modern
studies suggest that rainfall intensity is the most critical source of flood hazard events
in this region, followed by drainage density and morphometric characteristics of a given
catchment. Several regions in the Arabian Peninsula received more than 250 mm within
24 h during severe flood events recorded in April 2024. This event reveals the rising severity
of hydroclimatic hazards affecting significant infrastructure in Saudi Arabia [26]. Among
the framework of Saudi Arabia Vision 2030, these results suggest that bridges, highways
and projects close to Sabya and Al’Ataya must account for the high surface runoff genera-
tion potential of sub-catchments 2, 6, and 9. Additionally, sub-catchments marked by high
infiltration rates could account for flood harvesting projects. Moreover, recent research
studies in Wadi Baysh recorded infiltration rates of ~37.15 m/day, suggesting that flood
events can be changed from a hydrogeohazard to a valuable main water resource [48]. Ad-
ditionally, the Al’Ataya (Baysh) Dam experiences a high amount of sediment accumulation,
which minimizes its flood capacity over a long duration [26]. Therefore, integrating real-
time predictive hydrological and geospatial analysis into high flood hazard sub-catchments,
such as sub-catchment 6, is essential for reservoir management.

5. Conclusions

This study reveals that flood hazard susceptibility over the southern Red Sea coast
zone of Saudi Arabia is highly affected by a severe orographic rainfall gradient. Despite the
coastal zone being characterized by arid to semi-arid climatic characteristics and receiving
low annual rainfall (80-120 mm/yr), it remains highly susceptible to flood events pro-
duced in the humid highland terrains, where average annual precipitation generally ranges
between 150 mm/yr and 300 mm/yr, and may exceed 600 mm during severe summer
storms. Additionally, among the framework of Saudi Arabia’s Vision 2030, which has
triggered significant industrial, urban, and mega-infrastructure development in highly
growing regions, including Sabya, the city of Jazan, and the Al’Ataya coastal region, flood
hazard management plans should improve from reactive emergency plans to adaptive and
proactive mitigation strategies. Flood conversion channels and their hydraulic characteris-
tics should be modeled to regulate the main runoff volumes produced by the main upper
sub-catchments, especially sub-catchments 2, 6, and 9, to minimize the flood hazard impact
on downstream urban valleys. Moreover, effective warning systems are very important for
regulating the fast hydrological response of highly responsive drainage systems, including
those occupied by sub-catchments 17 and 23. Moreover, regional hazard plans should
consider recent climatic changes, marked by increasing rainfall intensities and more severe
convective events. The rising frequency of high-intensity rainfall storms across consecutive
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periods may exceed the storage ability of the current reservoirs and overwhelm existing
drainage systems. Accordingly, future flood protection plans must integrate real-time
hydromorphometrical data, various meteorological monitoring and remote sensing obser-
vation stations, and dynamic flood-predicting systems. Such observations would help in
filling the gap between static hazard evaluations and early warning systems. Integrating
advanced morphometric analysis with high-accuracy monitoring and forecasting frame-
works represents an important contribution toward enhancing flood hazard assessment
and solving the problem of data-poor coastal zones.
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