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ABSTRACT

This study systematically identifies critical flood determinants in Egypt's Nile
Delta, focusing on the impacts of Mediterranean Sea-level rise (SLR). Using an
integrated RS-GIS approach with Google Earth Engine (GEE) cloud computing,
we analyze Landsat 8 imagery and SRTM DEM data to derive six key risk
parameters: elevation (El), slope (SI), land use (LU), vegetation index (VI), water
index (WI), and soil permeability infiltration level (SPIL). These indices were
normalized in ArcMap for enhanced visualization, and the Analytic Hierarchy
Process (AHP) was applied to weight flood hazard indices and generate a spatial
risk assessment. Results reveal that the northwestern Nile Delta, particularly Kafr
El-Sheikh Governorate along the eastern flank of the Rosetta Nile branch near
Burullus Lake, faces the highest flood exposure. This vulnerable coastal zone
spans 40 km linear and lies between the Mediterranean shoreline and Lake El-
Burullus, encompassing approximately 11,000 buildings at risk of static flooding.
The GIS-AHP-based flood hazard mapping highlights high-risk zones, providing
critical insights for targeted flood risk management and protective measures in
the region.

KEYWORDS: Remote Sensing, Static Flood, Google Earth Engine, AHP,
Flood Risk Mapping.
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1. INTRODUCTION

As global warming progresses, one immediate consequence within the climate system is the in sea
level rise (SLR), often referred to as static flooding. This sea level increase results from thermal
expansion of ocean waters and meltwater contributions from continental ice sheets and mountain
glaciers. Floods stand out as among the most devastating and lethal natural calamities. Annually,
millions of individuals worldwide face the impacts of flooding, resulting in substantial economic
losses averaging around $50 billion. [1,2]. Recent decades have witnessed a marked increase in
global flood frequency, resulting in substantial economic losses from both direct infrastructure
damage and indirect socioeconomic disruptions. This trend will continue due to population growth,
urbanization, deteriorating infrastructure, and climate change impacts [3]. Rising sea levels and
heavy rainfall, influenced by climate change and land subsidence, contribute to coastal flooding
[4]. The IPCC's Sixth Assessment Report highlights the worsening effects of climate change on
natural systems and predicts increased coastal flood risks worldwide. The report forecasts a
potential SLR of 0.40 to 0.84 meters by 2081-2100, with an estimated rate of change of 3.4
mm/year (£ 0.4) [4].

Flooding ranks among the most prevalent and devastating natural hazards globally,
impacting nations across all continents [5,6]. Major flood categories include: (i) rapidly occurring
flash floods that reduce in frequency progressively, pluvial floods stemming from precipitation
exceeding urban drainage capacity, and fluvial floods originating from river systems. [1,3,7-9].
(i) static flooding, which increases in frequency over time and occurs gradually, like SLR
[3,10,11]. The extensive flooding of coastal lowlands and subsequent impacts on built
environments and infrastructure systems are direct consequences of SLR. The rising water levels
induced by SLR progressively exacerbate land subsidence, leading to cumulative structural
damage to infrastructure and buildings over extended periods [12].

Numerous studies have investigated diverse methodologies to assess the effects of sea-
level rise (SLR) on coastal zones. While some research has examined SLR impacts at a global
scale [13-18], the majority of studies focus on regional or localized geographical areas. This
disparity may arise from the inherent complexities of large-scale analyses, including challenges
associated with extensive datasets, spatial variability in coastal dynamics, and limitations in data
availability and resolution.

Numerous studies have investigated the effects of SLR on coastal regions at a regional
scale. For instance, [19] assessed SLR and storm surge consequences in the Fiji Islands, while [20]
evaluated climate change impacts on the Nile Delta's coastal zone. Similarly, [21] studied SLR
effects in the Kingdom of Bahrain, and [22] analyzed potential SLR impacts along the coastal zone
of Kanyakumari District, Tamil Nadu, India. Additionally, [23] examined coastal inundation
vulnerability due to SLR in Semarang City, Indonesia, and [24] conducted a city-based SLR
assessment for the Turkish Coastal Zone.
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Egypt's Nile Delta is a critical case study for climate change impacts on low-lying coastal regions.
According to IPCC ARS findings, the Mediterranean coastline of the Nile Delta exhibits particular
susceptibility to SLR. Instrumental records from tide gauges indicate an annual SLR rate of 2.2
mm in the delta’s eastern sector [25]. Occupying merely 2% of Egypt's total territory, the Nile Delta
sustains 41% of the national population and contains vital economic infrastructure, including
energy facilities and coastal tourism developments [26]. This confluence of factors, dense
population, low-lying geography, SLR threats, and increased flooding, renders the Delta highly
vulnerable. Analysis of satellite imagery and GIS data reveals that a 50 cm SLR could displace
more than two million residents in these cities, potentially losing 214,000 jobs and over $35 billion
in land value, property assets, and tourism revenue[27]. The irreversible damage to globally
significant historical, cultural, and archaeological heritage remains incalculable. Further research
is needed to evaluate the risks faced by other low-lying regions in Egypt beyond these urban areas.

The challenges presented by the lack of a standardized disaster prevention system further
exacerbate the vulnerability of coastal communities, underscoring the need for a robust Pre-
Disaster Management Framework. This study proposes an integrated pre-disaster management
framework for coastal buildings to address these challenges and promote long-term sustainability.
This framework will employ advanced methodologies, incorporating sophisticated geospatial
tools, numerical modeling, and artificial intelligence (Al) approaches. The primary objective of
this investigation is to analyze and evaluate the impacts of SLR on the Nile Delta region in Egypt.
This will be achieved through a comprehensive framework that prioritizes the understanding of
environmental processes to assess the susceptibility of coastal communities to SLR. The research
will explore the application of GIS methods in modeling SLR scenarios, focusing on the data and
processing requirements necessary for accurate impact assessments. Additionally, a GIS
simulation model will be developed to evaluate the potential effects of an SLR ranging from zero
to one meter on the coastal zones of the Nile Delta. Overall, this study utilizes geographic
information systems (GIS) and geospatial analytical techniques to investigate the implications of
SLR on the coastal regions of the Nile Delta.

The manuscript is organized systematically: Section Error! Reference source not found.
describes the integrated GIS-AHP methodological framework for building evaluation; Section 3
presents and analyzes the results, while Sections 0 provide concluding remarks and policy
recommendations, respectively.

2. METHODOLOGY
2.1. Study Area

Egypt contains the Nile Valley and Delta system - the planet's largest river-fed oasis formed by the
world's longest river system, occupying approximately 1 million km?2 in northeast Africa. This
geomorphological feature, situated at the Nile-Mediterranean confluence in northern Egypt, ranks
among Earth's most expansive deltas [28]. It's a triangular-shaped region formed by the deposition
of fertile soil carried by the Nile over millennia. The Nile Delta is located between longitudes 30°
22'00” E and 31° 50’ 00” E and latitudes 31° 36" 00” N and 30° 12" 00" N [29]. Demographic data
reveals the Nile Delta's disproportionate population density, containing 41% of Egypt's residents
within just 2% of its territory [30], [31]. As one of the world's most densely populated deltaic
systems, it experiences competing hydrological stresses from northern coastal processes and
southern riverine flows [26,32]. Moreover, the Delta is a nexus of critical infrastructures and
buildings that underpin Egypt's economy and society. Its strategic location has led to the
development of major transportation networks, including highways, railways, and waterways,
facilitating trade and commerce both domestically and internationally. Furthermore, the Nile Delta
comprises eleven governorates, namely Qalyobia, Gharbia, Monofiya, Sharkia, Port Said, Ismailia,
Dakahliea, Damietta, Kafr EI-Sheikh, EI-Bohaira, and Alexandria[33], as illustrated in Fig. 1.
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Fig. 1. The location of this study is shown by the red dot in (A) and the study area boundary line
in (B).

Consequently, SLR associated with climate change presents substantial risks to Egypt's Nile Delta,

threatening built environments, ecological systems, and populated areas [34]. Additionally, land

subsidence, water and natural gas extraction, and other critical natural aspects heighten

vulnerability to coastal flooding and reduce freshwater supply to the delta [35]. IPCC projections

indicate approximately 2,660 square kilometers of the northern Nile Delta face permanent
inundation by 2100 [25,36].

This study focuses on the Nile Delta region due to three key geographical characteristics:
(1) its low-lying topography resulting from millennia of fluvial sedimentation, (I1) an extensive
150+ km Mediterranean coastline vulnerable to marine processes, and (I11) dense urbanization
including major population centers like Alexandria, Port Said, Rosetta, and Damietta.

2.2. Materials and Methods

A computational framework, in this context, refers to a structured environment that combines
various software tools and methodologies to solve qualitative and quantitative approaches to
exposure modeling with spatial analysis. Here's a breakdown of the tools and how they might fit
within the framework:
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GEE and Data Sources

This study employed Google Earth Engine (GEE), a cloud-based geospatial analysis platform, for
computational workflows. GEE facilitates large-scale processing of Earth observation data,
offering access to multi-decadal imagery (40+ years), climatological records, and demographic
datasets [37], [38]. Its scalable architecture enables robust data mining and visualization
capabilities for scientific, governmental, and commercial applications. GEE's cloud processing
infrastructure allows for fast and efficient computations, including automatic parallelization and
caching of results to enhance efficiency [39]. The platform supports complex geospatial analyses
via a JavaScript and Python API, offering rapid prototyping and visualization tools. It includes a
browser-based IDE for using the Earth Engine JavaScript API. Access requires a Google Account
with Earth Engine privileges. The IDE simplifies coding and data analysis, making it accessible to
non-specialists and enabling quick algorithm development.

Additionally, GEE's easy accessibility and open access make it an invaluable resource for
research, education, and government purposes. Its comprehensive APl supports a range of
geospatial analysis functions, such as image processing, classification, and time series analysis.
The online code editor allows users to search for datasets, write and execute scripts, and manage
assets seamlessly. With its combination of efficient computation, expansive data availability, and
user-friendly interface, Google Earth Engine stands as a cornerstone in the field of geospatial data
analysis. Therefore, in this study, GEE is used for tasks like processing and analyzing large datasets
related to flood hazards (e.g., soil data, water, vegetation, wetlands, and historical flood maps).
And extracted relevant geospatial information about buildings (e.g., location, elevation, land use)
from satellite imagery or topographic data. More details about all layers are in the following
section, 2.3.1

Analytic Hierarchy Process:

Developed by Saaty (1970s) [40], the AHP provides a systematic framework for multi-criteria
decision-making through hierarchical structuring of decision components (criteria, sub-criteria,
and alternatives). This methodology employs pairwise comparisons to derive relative weights
indicating parameter importance [41]. The results are synthesized to determine the best choice.
AHP is particularly useful in geospatial applications for weighing and combining different data
layers. Such as in this study, we use the layers (digital elevation models, DEM, soil properties,
water, land use from buildings, vegetation, and wetlands) to create comprehensive flood index
assessment maps. These multi-criteria are almost all data special to the Nile Delta region of Egypt,
focusing on the resilience assessment of the buildings according to the literature review
[26,28,30,32,34,42,43], where each study area has other different criteria according to the
topography of the study area.

Additionally, AHP is widely used in risk mapping, especially for assessing the vulnerability
of buildings and infrastructures. By incorporating various data layers such as terrain, proximity to
water bodies, and historical flood data, AHP helps prioritize areas at higher risk and aids in
strategic planning and emergency response [44]. Research has shown that AHP provides a
systematic approach to evaluating multiple risk factors, leading to more robust land-use decision
processes and disaster management [45-47].

Therefore, AHP offers several advantages over existing platforms. First, it allows for the
systematic incorporation of expert opinions and subjective judgments, leading to more nuanced
and comprehensive risk assessments [48]. Second, the process of pairwise comparisons enhances
the consistency and reliability of the analysis [49]. Third, AHP is flexible and adaptable, allowing
it to be applied to various geospatial and risk assessment scenarios [50]. So, mathematical
equations are used to calculate weights and synthesize preferences [51]. For instance, the analysis
constructs a pairwise comparison matrix quantifying inter-criteria relationships through numerical
weights. Priority vectors are subsequently derived via eigenvector decomposition, while
comparison consistency is verified through calculated consistency ratios (CR) using Eq 1:
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_
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The consistency ratio (CR), derived from the quotient of the consistency index (Cl) (Eqg 2 and 3) and random
index (R1), the maximum eigenvalue Amax serves as a validation metric, with CR < 0.1 indicating acceptable
judgment consistency. Reference values for RI appear in

CR Eq1l

Table 1.
Amax —n
o] = max—n Eq 2
n—1
Y. sum Eq 3
Amax =

Table 1 Consistency ratios (CR) are derived using tabulated random index (RI) values.

Matrix Size (N) 1.00 200 3.00 400 500 6.00 700 800 9.00 10.00

Random consistency
index (RI)

0.00 0.00 055 089 111 125 135 140 145 149

2.3. The proposed framework

This section outlines the methodological framework for assessing the flood hazard index based on
the spatial analysis subjected to static flood events. The proposed framework consists of many
main stages, including.

The study employed a combined AHP-GIS approach. Consisting of four phases, including
the conceptual framework of the GIS environment for this study area. (i) Identification and
Preparation of Static Flood Hazard Parameters: Static flood hazard parameters were identified
using GIS in the Nile Delta, Egypt, which experiences regular flooding of varying degrees. The
sensitivity score of each parameter was assigned based on previous literature. (ii) Spatial Analysis
and Flood Hazard Zone Estimation: Spatial analysis was conducted in the GIS environment to
estimate flood hazard zones. Five relevant physical factors were selected for this analysis:
elevation, soil permeability, slope, water bodies, and land use. (iii) AHP-based Factor Weighting:
A pairwise comparison matrix was constructed to evaluate and quantify the relative contributions
of each physical factor to flood susceptibility. The derived weights reflect each parameter's
influence on hazard potential. (iv) FHI Computation: A GIS-integrated multi-criteria analysis
framework was implemented, incorporating the weighted factors to calculate the comprehensive
Flood Hazard Index.
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Fig. 2. Proposed an integrated framework for flood hazard index assessment.

2.3.1. ldentification of Parameters in Exposure Modeling

This section details the flood hazard parameters employed to evaluate coastal community
vulnerability to SLR impacts within Egypt's Nile Delta region.

Elevation

The primary criterion for the flood hazard index is elevation. The GMTED2010 global elevation
model, developed by USGS, represents a significant advancement over previous datasets like
GTOPO30 (30 arcsecond resolution). This new product offers seven enhanced raster datasets at
resolutions of 30-, 15-, and 7.5-arcseconds, integrating the most accurate global topographic data
available [52]. GMTED2010 primarily utilizes NGA's 1-arcsecond SRTM DTED®
(https://science.jpl.nasa.gov/projects/srtm/) as its foundational dataset. To address data gaps in
SRTM coverage, supplementary sources were incorporated, including: CDED, SPOT 5 Reference
3D, NED for North America, Australia's GEODATA 9-second DEM, and satellite-derived
elevation models for Antarctica and Greenland. Our analysis specifically examines the Nile Delta
DEM for elevations ranging from 0 to 1 meter above sea level, projected through 2100."

Soil Type

The second criterion is the subsurface Nile Delta soil type. It is the most important exposure
criterion for the resilience index, which depends on the frequency of damage states of the building.
While the satellite can’t describe this deep layer. As noted by soil scientist Cristine Morgan, the
current state of soil science knowledge lags behind space research, creating a significant
knowledge gap given soil's critical role in sustaining terrestrial ecosystems. Soil texture
classifications followed the USDA system, with characterization performed at six depth intervals
(0-200 cm) at 250 m spatial resolution [53].

Free-Flowing Water

The third criterion is the free-flowing water to simulate the degree of saturation of the soil around
the building. HydroSHEDS delivers standardized hydrographic data for multi-scale analyses
through a comprehensive collection of geospatial datasets. The product includes vector and raster
layers such as drainage networks, basin delineations, flow direction matrices, and cumulative flow
calculations. River network representations are provided as polyline features, maintaining
topological consistency across all HydroSHEDS products. The underlying raster data has a spatial
resolution of 15 arc-seconds (~500 m equatorial ground resolution) [54].
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Slope

The fourth criterion is the slope of the Earth, which is used to simulate water flow directions.
Slope gradients were derived by computing elevation differentials between each 30 m SRTM DEM
pixel and its neighborhood mean, employing circular moving windows with radii of 115.8, 89.9,
35.5,13.1, 5.6, 2.8, and 1.2 kilometers.

Land Use

The fifth criterion is land use. The ESA World Cover 2020 dataset offers 10-meter resolution
global land cover classification derived from Sentinel-1 and Sentinel-2 satellite imagery.
Developed under ESA's 5th Earth Observation Envelope Program (EOEP-5), this product
categorizes surface features into 11 distinct classes [55].

3. RESULTS AND DISCUSSION

3.1. Weighting and Pairwise Comparison

The AHP provides a systematic framework for multi-criteria decision analysis. It is widely used in
risk mapping, especially for assessing the vulnerability of buildings and infrastructures [56]. AHP
can help prioritize higher-risk areas and aid in strategic planning and emergency response [44].
AHP provides a systematic approach to evaluating multiple risk factors, leading to more informed
DM in disaster management [45-47], [41]. AHP proves invaluable in geospatial contexts by
evaluating and merging diverse data layers, exemplified in our study by incorporating DEM, soil
characteristics, water bodies, land usage (including buildings), vegetation, and wetlands. These
multi-criteria datasets are largely unique to the ND region in Egypt, concentrating on the
assessment of building resilience [26,28,30,32,34,42,43]. After constructing a pairwise
comparison matrix, the weights of each parameter are established based on their rank. A rating
scale from 1 to 9 is used, with 1 indicating less importance and 9 indicating much higher
importance.

Table 2 displays the 5x5 pairwise comparison matrix with unitary diagonal elements.
where diagonal elements are equal to 1, where each study area has distinct criteria based on its
topography. In this study, AHP is employed to determine the relative importance of these factors.
Weight assignments were informed by both published literature and expert consultation (n=10
specialists in remote sensing and Delta region climate impacts). Following this evaluation, soil
permeability received a relative importance score of 10 compared to slope, reflecting its greater
influence in the analysis. Thus, the row has the inverse value of the pairwise comparison (e.g., 0.10
for soil permeability).

Table 2 Pairwise comparison matrix for static flood hazard.

Parameters soil permeability water Elevation land use Slope
soil permeability 1.00 1.96 1.72 1.47 10.00
water 0.51 1.00 0.88 0.75 5.00
Elevation 0.58 1.14 1.00 0.86 6.67
Land use: 1-Vegetation.

2-Building. 3-water. 0.68 1.33 1.16 1.00 6.67

4-land. 5-wetland.
slope 0.10 0.20 0.15 0.15 1.00

Table 3 Parameter normalization using the AHP framework.

Parameters Soil Permeability Water Elevation  Land use Slope Mean Wi
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Soil Permeability
Water
Elevation
Land use

Slope

0.348432
0.177700
0.202091
0.236934
0.034843

0.348226
0.177595
0.202458
0.236202
0.035519

0.351053
0.178606
0.203611
0.236189
0.030542

0.347284
0.177559
0.203580
0.236153
0.035423

0.340909
0.170455
0.227273
0.227273
0.034091

0.347181
0.176383
0.207803
0.234550
0.034084

3.471809
1.763830
2.078026
2.345500
0.340836

The normalized parameters undergo consistency validation through calculation of the
consistency ratio (CR) using Eq 1, where Rl = 1.11 (
> sum

Amax =

n

Eq 3

Table 1) and Amax = 5.01 derived from Eq 2 the analysis maintains validity at the CR < 0.1

threshold.

The AHP assigned prioritized weights to six flood determinants (

Table 4 Parameter groupings and their assigned weight values.

Parameters Class Rating Weights
. . high (Sandy clay) 8
Soil Permeability ) .
Infiltration Level medium (Silt) ) 3.471809
low (Clay) 3
9
Water "l " ¢ 1.763830
non 0
0.00:41.00 m 9
+1.00:+2.00 m 8
Elevation +2.00:+3.00 m 4 2.078026
+3.00:+4.00 m 2
> +4.00 m 0
Land use: Urban 10
1- Urban
5 W Water 8 2.345500
3- Wetland land 6
4- Land land 4
5- Vegetation vegetation 2
constant 0
1 2
Slope 5 4 0.340836
3 6
4 8
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Table 3). Soil permeability (SPIL) emerged as the most influential factor (weight = 3.48),
reflecting its critical role in infiltration capacity and prolonged water retention. Elevation
(2.07) and land use (2.34) followed, highlighting the vulnerability of low-lying urbanized areas.
Water indices (1.76) and slope (0.34) exhibited lower but still significant contributions, consistent
with the Delta’s flat topography and dense hydrographic network. The CR < 0.1 validated the
reliability of the pairwise comparisons.

3.2. Flood Hazard Index Map

This section presents the spatial distribution of static flood hazard areas identified using the
integrated GIS-AHP approach. The study area focuses on the Burullus Lake region within Kafr
El-Sheikh Governorate, situated along the eastern Rosetta Nile branch in the northwestern Nile
Delta Fig. 3. The flood hazard index map identifies high-risk static flood zones within this study
area. The study area is confined between the Mediterranean Sea and Burullus Lake along a 40 km
stretch parallel to Lake El-Burullus. Notably, approximately 11,000 buildings within this area are
exposed to static flood hazards.

The integrated GIS-AHP model classified the study area into three distinct hazard levels
Fig. 3. High-risk zones, covering 20% of the area, are primarily concentrated in the northwestern
Delta, particularly in Kafr EI-Sheikh Governorate along the eastern flank of the Rosetta Branch
and the Burullus Lake shoreline. These areas exhibit elevations below 1 m, sand, well-draining
soils, and proximity to water bodies. Moderate-risk zones, accounting for 35% of the study area,
border high-risk regions and are characterized by 1-2 m elevations and mixed land use
(agricultural and urban). The remaining 45% comprises low-risk zones, located further inland with
elevations exceeding 2 m and clay-dominated soils with low permeability.

Burullus Lake, situated in northern Egypt's Kafr EI-Sheikh Governorate, represents the
largest natural lake in the country. This extensive body of brackish water covers an area of
approximately 462 square kilometers. The Mediterranean Sea bounds the region along its northern
periphery and agricultural zones to the south. A narrow sandbar with a width ranging from 600
meters to 5.5 kilometers separates the lake from the Mediterranean Sea. A 250-meter-wide and 10
cm to 5-meter-deep channel, known as the Burullus outlet, connects the lake to the sea.

The model’s accuracy was assessed through cross-validation with historical coastal flood
events (1972-2022), revealing an 85% spatial match between predicted high-risk zones and
documented flood occurrences. Sensitivity analysis revealed that soil permeability was the most
influential factor, accounting for 35% of the FHI variance, followed by elevation (20%) and water
permanence (18%). Land use and slope collectively contributed the remaining 27%.
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CONCLUSIONS

This study has developed and implemented an innovative GIS-AHP framework to assess static
flood hazards in Egypt's Nile Delta, yielding critical insights for flood risk management. Our
integrated approach successfully identified and quantified five key physical determinants of flood
vulnerability: (1) soil permeability (governing infiltration rates), (2) water presence (with
permanent water bodies posing greater risk than temporary accumulations), (3) elevation (showing
an inverse relationship with flood susceptibility), (4) land use patterns (particularly urban density),
and (5) topographic slope (where flatter terrain exacerbates flood potential).

The northwestern Delta emerged as particularly vulnerable, with high-risk concentrations
near Burullus Lake where low-lying topography, permeable soils, and proximity to water bodies
converge. Our analysis revealed approximately 11,000 at-risk buildings in Kafr EI-Sheikh
Governorate alone. The GIS-AHP methodology not only provided systematic weighting of these
factors through the FHI but also offers a transferable model for coastal flood assessment globally.

These findings carry significant implications for adaptive planning in deltaic regions facing
sea-level rise. By precisely mapping hazard zones and quantifying contributing factors, this
research provides a science-based foundation for targeted infrastructure protection, land-use
regulations, and community resilience strategies in the Nile Delta and similar vulnerable coastal
systems. The study underscores the urgent need to integrate such assessments into climate
adaptation policies to safeguard both ecosystems and human settlements.

This study makes three significant advances in flood risk assessment for deltaic regions.
First, it demonstrates the effectiveness of combining cloud-based GEE with AHP, providing a
scalable solution that overcomes traditional data processing limitations in large-scale assessments.
Second, the research delivers policy-ready outputs by precisely identifying vulnerable areas,
particularly the critical more than 40 km coastal zone between Burullus Lake and the
Mediterranean, enabling targeted protective measures and land-use planning. Most importantly,
the work bridges disciplinary divides by innovatively integrating remote sensing data,
hydrogeological factors, and socio-spatial variables - a combination that addresses the persistent
gap in dynamic flood modeling for complex delta environments.
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While this study provides valuable insights into flood risk assessment, several limitations
should be acknowledged. The reliance on 30m SRTM DEM and 10m land-use data may obscure
micro-topographic features critical for understanding local flood dynamics. Additionally, the use
of static snapshots (e.g., Landsat 8 imagery) fails to capture important seasonal and episodic
flooding patterns. Finally, human factors such as rapid population growth, unplanned urbanization,
and adaptive infrastructure measures (e.g., seawalls) were not incorporated into the model,
potentially influencing long-term risk trajectories. These constraints highlight opportunities for
future refinements in both data collection and modeling approaches.

For future directions to enhance flood risk assessment in the Nile Delta, several research
advancements should be pursued. First, higher-resolution modeling using LIDAR or UAV-derived
DEMs (<1m resolution) could significantly refine elevation-based risk evaluations. Second,
integrating climate models (e.g., RCP scenarios) with subsidence data would enable dynamic
projections of cumulative (SLR) impacts. Third, expanding the framework to incorporate
socioeconomic factors such as population density, asset exposure, and adaptive capacity would
support more holistic risk management strategies. Finally, leveraging Al techniques like
convolutional neural networks (CNNs) for flood prediction could automate hazard classification
and enhance real-time monitoring. This study highlights the urgent need for adaptive governance
in the Nile Delta, where SLR poses escalating threats to communities and critical infrastructure.
Moving forward, stakeholder engagement must be prioritized to translate risk maps into actionable
policies, ensuring long-term resilience in a warming climate.
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