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Abstract

The Damietta—Port Said coast, Nile Delta, has experienced extreme morphological change over the
past four decades due to sediment reduction due to Aswan High Dam and continued anthropogenic
pressures. Using multi-temporal Landsat (1985-2025) and high-resolution RapidEye and PlanetScope
imagery with 1127 DSAS transects, the study documents major shoreline shifts: the Damietta sand
spit retreated by >1 km at its proximal apex while its distal tip advanced by =3.1 km southeastward
under persistent longshore drift. Sectoral analyses reveal typical structure-induced patterns of
updrift accretion (+180 to +210 m) and downdrift erosion (50 to —330 m). To improve predictive
capability beyond linear DSAS extrapolation, Nonlinear Autoregressive Exogenous (NARX) and
Bidirectional Long Short-Term Memory (BiLSTM) neural networks were applied to forecast the 2050
shoreline. BILSTM demonstrated superior stability, capturing nonlinear sediment transport patterns
where NARX produced unstable over-predictions. Furthermore, coupled wave-flow modeling
validates a sustainable management strategy employing successive short groins (45-50 m length, 150
m spacing). Simulations indicate that this configuration reduces longshore current velocities by 40—
60% and suppress rip-current eddies, offering a sediment-compatible alternative to conventional
breakwaters and seawalls. This integrated remote sensing, hydrodynamic, and Al-based framework
provides a robust scientific basis for adaptive, sediment-compatible shoreline management,
supporting the long-term resilience of one of Egypt’s most vulnerable deltaic coasts under
accelerating climatic and anthropogenic pressures.

Keywords: spatio-temporal shoreline change; Nile Delta; DSAS; NARX; BiLSTM; sediment
starvation; adaptive coastal management

1. Introduction

Coastal deltas are among the most dynamic and vulnerable geomorphic systems on the planet,
shaped by the interplay of fluvial sediment delivery, wave climate, and sea-level variability [1,2]. The
Nile Delta, one of the world’s archetypal wave-dominated deltas, has experienced profound and
rapid transformation since the mid-20% century, largely driven by extensive human intervention [3,4].
The construction of the Aswan High Dam (AHD) in 1964 effectively halted the annual sediment flux
that once nourished the delta, reducing the pre-dam load of =124 x 106 tons/yr to less than 5 x 106
tons/yr [5,6]. This sediment deficit triggered persistent shoreline retreat along the delta’s three
promontories, Rosetta, Burullus and Damietta, where erosion rates commonly exceeded 50 m/yr in
unprotected sectors, contributing to at least 1800 ha of cumulative land loss between 1964 and 2020
[7-9].

The current study focuses on a 60-km stretch of the northeastern Nile Delta coastline, extending
from the western bank of the Damietta Nile branch (31°3124.9"N, 31°50'46.3"E) to Port Said at the
entrance to the Suez Canal (31°16'25.0"N, 32°19'16.6"E) (Figure 1A), including the Damietta
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Promontory and the highly active Damietta sand spit, recognized as one of the most
morphodynamically responsive coastal features in the Mediterranean [10-12]. The spit, a prominent
recurved barrier up to 12 km in length, has migrated southeastward at rates of 70-100 m/yr since the
1970s, driven by persistent northwesterly wave action and the near-complete cessation of fluvial
sediment supply [13,14].

This narrow coastal margin, locally under 700 m wide, serves as the first line of defense for Lake
Manzala, Egypt’s largest coastal lagoon. Low-lying zones in the Nile Delta are highly vulnerable to
sea-level rise: remote-sensing studies estimate substantial portions of the delta lie below 1-2 m
elevation and could be inundated under modest SLR scenarios [4,6,15]. Vulnerability assessments for
nearby sectors project significant land loss, saltwater intrusion, and erosion under future sea-level
rise [4,8,12,16]. Additionally, modeling of groundwater dynamics in the Nile Delta coast suggests
that SLR will exacerbate subsidence and raise the water table [16]. Given that large expanses of the
delta lie within just a few meters of current sea level [17,18], preserving this narrow barrier is critical
not only for current protection but also as a climate-adaptive buffer against the risks of coastal
inundation, back-flooding, or lagoon conversion to open sea.

To counteract severe post-AHD shoreline retreat, a wide array of coastal protection structures
has been installed along this sector since the early 1990s. These include six detached breakwaters
between the El-Gamil-1 and El-Gamil-2 inlets (2000-2005) (Figure 1), a 6.5-km seawall located
immediately west of the study area completed in 2006 (Figure 1A, Sector-1), two large groins,
constructed in 2005 and 2017 (Figure 1A, Sector 2, 3), multiple smaller groins and jetties (2013-2017)
[12,19-21]. While these interventions have stabilized select shoreline sectors and protected critical
infrastructure, they have also interrupted alongshore sediment transport pathways, intensified
downdrift erosion, and altered the natural evolution of the Damietta spit system and the El-Gamil
inlets [21-23].

The main objective of this study is to conduct a comprehensive multi-decadal assessment (1985-
2025) of shoreline dynamics along this rapidly urbanizing and morphologically sensitive sector using
high-resolution satellite datasets, the Digital Shoreline Analysis System (DSAS), and machine-
learning predictive modeling, specifically employing Nonlinear Autoregressive with Exogenous
Inputs (NARX) and Bidirectional Long Short-Term Memory (BiLSTM) models. By quantifying
historical shoreline behavior, evaluating the geomorphic impacts of engineering structures, and
forecasting shoreline positions through 2050, this work seeks to establish a robust scientific
foundation for adaptive coastal management in sediment-starved, inlet-dominated deltaic
environments. Comparable challenges have been documented at the Sao Francisco River mouth in
Brazil [24-26], and the Robinson River mouth in Western Australia [27,28].

2. Dataset and Methods
2.1. Remotely Sensed Data

A multi-resolution satellite archive was employed to extract, refine, and validate shoreline
positions over the 40-year study period. Landsat-5 TM and Landsat-8 OLI imagery (30 m/pixel)
acquired between 1985 and 2025 [29,30] served as the primary source for historical shoreline
delineation (Figure 1A, Table 1). To discriminate land-water boundaries, the Normalized Difference
Water Index (NDWI) was applied following [31], while the Normalized Difference Vegetation Index
(NDVI) was calculated to identify and mask vegetated surfaces using established formulations [32-
34] (Figure 2A).
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Figure 1. (A) Location map illustrating the Landsat and PlanetScope scenes derived 1985 to 2025 shorelines; the
map highlights the highly dynamic sand spit, associated coastal protection structures, and subdivision into five
sectors. (B, C) Zoomed-in high-resolution views depicting the historical evolution (2012-2025) of sector 4.

To enhance positional accuracy in recent years, high-resolution PlanetScope imagery (3 m/pixel)
and RapidEye data (5 m/pixel) were incorporated for the period 2011-2024) [35] (Figure 1B, C, Table
1). These datasets provided precise visual references for manual shoreline digitization and quality
control, ensuring consistent and reliable shoreline extraction throughout the study timeline.
Additionally, Sentinel-2 annual Land Use/Land Covermaps (2017-2024) were integrated to highlight
recent urban expansion patterns across the study area (Figure 2B).

Table 1. Multi-temporal satellite imagery datasets acquired and utilized for historical shoreline extraction,
accuracy validation, and predictive modeling (1985-2025).

Satellite Date of used Bands / Spatial resolution
scenes
1
OB5M06/05 g nds 15, 7 (Visible/NIR/SWIR) 30
1990/05/16
Landsat 5 (TM) m

1995/07/01 Band 6 (Thermal Infrared) 120 m
2000/08/15
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2005/07/12
2010/04/05
2015/04/19
2016/06/08
2017/05/26
2018/09/18 Bands 1-7, 9 (Visible/NIR/SWIR)30
2019/02/25 m
Landsat 8-9 (OLI/ OLI-2) 2020/05/18 Band 8 (Panchromatic) 15 m
2021/05/05 Band 10-11 (Thermal Infrared -
2022/07/27 TIRS) 100 m
2023/07/22
2024/04/03
2025/05/13
2011/11/03
RapidEye 2014/02/12 5m

2017/02/19
2018/10/25

PlanetScope 2020/10/08 3m
2022/11/07

2.2. Water Surface Elevation

Water surface elevation (WSE) data were obtained from the Copernicus Mediterranean Sea
Physics Analysis and Forecast product (Med-MFC) for the period 01 January 2024 to 01 July 2025 at
the offshore location 31°31'53.31"N, 32°10'48.64"E [36]. The dataset provides sea surface height above
geoid (SSH) with a spatial resolution of ~4 km (1/24°) and hourly temporal resolution. These data
were used to derive tidal and non-tidal water level variations (Figure 2C) and to define accurate
hydrodynamic boundary conditions for the Coastal Modeling System (CMS) simulation. The Med-
MFC product has been extensively validated against coastal tide gauges along the Egyptian
Mediterranean coast, exhibiting high correlation (r > 0.91) and low RMSE (<0.08 m) [21,37].
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Figure 2. (A) Time-sequence maps, derived from NDWI and NDVI Landsat data at 5-year intervals (1985-2025),
illustrating the evolution of the sand spit and associated coastal protection structures. (B) Sentinel-2 (10 m)
annual Land Use/Land Cover maps for the period 2017-2024, highlighting recent patterns of urban expansion
across the study area. (C) Med-MFC WSE from 01/01/2024 to 01/07/2025.

2.2. Climate Data

Wind and wave parameters were obtained from the ERAS reanalysis dataset [38] at the offshore
location 31°31'53.31"N, 32°10'48.64"E for the period 1975-2024 with a 3-hour temporal resolution. The
extracted variables, including wind speed, wind direction, significant wave height (Hg), wave
direction, and peak wave period (T},), were used to generate classified wind-rose and wave-rose
diagrams (Figure 3A, B). These diagrams were essential for identifying dominant wind regimes and
the primary wave directions that influence nearshore currents and sediment transport along the
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study area’s coastline. The reliability of the ERA5 dataset was confirmed through comparison with
available in-situ measurements, ensuring robust environmental characterization [3,7,39-41].

2.3. Bathymetry Data

Nearshore bathymetry was sourced from the EMODnet Digital Bathymetry (DTM) 2024 product
[42], a high-resolution (=115 m) multilayer grid for European seas compiled from 22032 bathymetric
surveys, composite DTMs, and satellite-derived depths (Landsat-8 and Sentinel-2). EMODnet
Bathymetry is widely regarded as the most comprehensive and quality-controlled bathymetric
dataset for the Mediterranean [43,44]. Although high-resolution bathymetry is essential for detailed
coastal engineering design, the objective of the present modelling is qualitative rather than
quantitative. The simulations are intended to evaluate the relative effectiveness of proposed
protection configurations and to explore their morphodynamic behaviour, not to generate final
quantitative engineering parameters. Therefore, the EMODnet DTM provides an adequate baseline
for this exploratory assessment, while future implementation-grade designs would require higher-
resolution survey data.

2.2. Methods
2.2.1. Field Work Investigations

Field investigations were conducted to validate the remotely sensed shoreline positions and
ensure the accuracy of the extracted datasets. A Garmin 62s handheld GPS was used to collect high-
precision shoreline points along the study area. The GPS-recorded shoreline traces were then
systematically compared with the derived from PlanetScope and Landsat-8 OLI imagery to assess
spatial consistency and quantify positional differences. This ground-truth dataset provided an
essential benchmark for evaluating the reliability of satellite-based shoreline delineation across the
study area (Figure 4).

2.2.1. Digital Shoreline Analysis System

Shoreline change metrics were computed using the Digital Shoreline Analysis System (DSAS
v5.1), which automates the quantification of shoreline movement along user-defined transects [45,46].
A baseline was constructed parallel to the general shoreline orientation, and transects were cast at 50
m spacing across the entire study area to ensure consistent sampling density. DSAS was used to
calculate three primary indicators of shoreline change: Net Shoreline Movement (NSM), Linear
Regression Rate (LRR), and End Point Rate (EPR) [45].

The NSM quantifies the absolute shoreline displacement between the oldest (1985) and most
recent (2025) shoreline positions, expressed as:

NSM = Ljp25 — L1ogss (1)

Where NSM is the net shoreline movement (m) along each transect. L,g,5 is the distance (m) from
the baseline to the shoreline position in the year 2025 along a given transect. Liggs is the distance
(m) from the baseline to the shoreline position in the year 1985 along the same transect. A positive
NSM indicates shoreline seaward advance (accretion), whereas a negative NSM indicates landward
retreat (erosion).

The LRR offers a more statistically rigorous estimate by fitting a least-squares regression line
through all shoreline intersection points along each transect. The regression equation,

L=b+mx )

Where L is the shoreline position (m) measured as the distance from the baseline along a given
transect. X is time (years), typically represented by the shoreline acquisition date. m is the slope of
the regression line (m/yr), representing the shoreline change rate (LRR). b is the y-intercept,
representing the estimated shoreline position at x = 0. A positive m indicates long-term shoreline
accretion, whereas a negative m indicates shoreline erosion. LRR utilizes all available shoreline
observations, reducing sensitivity to short-term variability and providing a stable long-term trend.
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The EPR provides a simple yet widely applied measure of shoreline change by dividing the net
displacement between the earliest and most recent shoreline positions by the time elapsed. For two
shoreline dates and corresponding shoreline-baseline distances, EPR is computed as:

EPR = % (3)
yielding a shoreline change rate in meters per year. Where EPR is the shoreline change rate (m/yr).
L4 is the distance (m) from the baseline to the older shoreline (1985) along a given transect; L, is the
distance (m) from the baseline to the more recent shoreline (2025) along the same transect; t; is the
date (year) of the older shoreline; and t, is the date (year) of the more recent shoreline [47].
Together, these DSAS-derived metrics provided a comprehensive assessment of spatial and temporal
shoreline dynamics along the Damietta—Port Said coast (Figures 5, 6).

2.5.3. Al-Based Shoreline Forecasting

While classical statistical techniques implemented in DSAS are reliable and widely used for
quantifying historical shoreline trends, their ability to forecast future shoreline evolution in highly
dynamic coastal environments is limited [45,48]. Several studies and technical assessments have
shown that simple rate methods can produce poor predictive accuracy where shoreline behavior is
non-stationary, episodic, or strongly affected by localized human interventions [9,21,48,49].
Evaluations that are more recent likewise note that while DSAS is excellent for retrospective trend
analysis, its rate-based projections may be inadequate for sites with rapid regime shifts or complex
forcing [49-53]. In such settings, traditional approaches tend to extrapolate linear patterns from
historical data, yielding unrealistic projections that overlook abrupt shifts or feedback loops
[49,50,52]. To address these limitations, advanced Al-based recurrent neural network (RNN) models,
NARX and BiLSTM, have been increasingly employed for 2050 shoreline prediction. These models
are particularly well-suited for time-series forecasting in coastal morphodynamics because they can
capture long-term temporal dependencies, nonlinear relationships, and exogenous influences such
as engineered structures or sediment supply variations [52,54-56]. Each model was trained for 300
epochs per transect using the Adam optimizer and mean squared error (MSE) loss, with early
stopping to prevent overfitting [57,58].

2.5.4. Validation of Predictive Models” Performance

Beyond the quantitative metrics, both models were visually validated against well-established
geomorphic patterns repeatedly observed along this coast (Figure 7). These patterns include
pronounced accretion in zones immediately updrift of groins and accelerated erosion in downdrift
“shadow” areas (Figure 7C, D), consistently documented following each major intervention since the
construction of groins G1 and G2. Quantitative evaluation using Taylor diagrams [59] and RMSE
heatmaps (Figure 8) further reinforced these visual observations.

2.5.5. Hydrodynamic Modeling

To evaluate wave propagation, longshore sediment transport, and the performance of proposed
strategies for coastal management, hydrodynamic simulations were performed using the CMS, a
coupled wave—flow—sediment transport model developed by the U.S. Army Corps of Engineers
[60,61], within the Surface-water Modeling System (SMS 13.4). A computational grid covering the
surf and nearshore zone was constructed, incorporating the merged bathymetric dataset. CMS-Flow
was run on a high-resolution telescoping Cartesian grid (cell size 5-15 m in the nearshore zone
(Figure 9B, C) forced by Med-MFC WSE and ERA5-derived offshore wave and wind conditions
(1975-2024).
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Figure 3. (A, B) Wind and wave rose diagrams derived from ERA5 data (1975-2025), depicting predominant
wind patterns, significant wave heights. (C) Distribution of 50-m-spaced transects “T” generated using the DSAS
tool for shoreline change analysis and monitoring across the area five sectors.
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Figure 4. Field photographs from 8 February 2025 illustrating GPS-based ground-truthing and validation of
remotely sensed shoreline positions along Sector-2.

3. Results
3.1. Historical Spatio-Temporal Shoreline Changes

Damietta—Port Said coastline exhibits exceptionally high shoreline dynamism over the past four
decades (Figure 1A). Despite its vulnerability [4], the area is not an undeveloped natural coastline;
rather, it encompasses several residential communities, major tourist resorts, industrial facilities, and
critical coastal infrastructure. This coastal strip also forms the primary protective barrier beach
between the Mediterranean Sea and Lake Manzala, underscoring its strategic environmental and
socio-economic importance. Given the area’s geomorphic sensitivity, long history of human
intervention, and the diversity of coastal protection measures constructed along it, the shoreline was
subdivided into five sectors, each defined by distinct engineering activities and corresponding
morphodynamic responses (Figures 14, 5, 6).
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Figure 5. Spatial distribution of shoreline change statistics (NSM, LRR, EPR) across the five sectors, derived from
DSAS analysis, illustrating the influence of coastal protection structures on shoreline dynamics.
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Figure 6. Cumulative spatiotemporal distribution of shoreline change per transect (1985-2025), illustrating the
integrated influence of coastal protection structures and human interventions on short- to long-term shoreline
dynamics.

A general west-to-east sediment transport trend dominates the entire coastline, consistent with
the prevailing wave climate, coastal currents, and wind regime (Figures 2A; 3A, B). These conditions
generate a strong eastward longshore drift, consistent with previous findings for the Nile Delta coast
[6,12]. Accordingly, this coastline is subdivided into five sectors, which described as follow:

Sector-1 (Damietta Promontory and Sand spit) encompasses the highly dynamic Damietta sand
spit, a recurved barrier extending 12 km southeastward from the eastern bank of the Damietta River
branch (Figures 1A, 2A). DSAS results indicate that the spit head underwent extreme shoreline retreat
with local NSM exceeding -1 km of landward erosion between 1985 and 2025 (Figures 14, 24, 5, 6).
Over the same interval, the distal southeastern tip of the spit migrated seaward and southeastward
by = 3100 m, reflecting its rapid and continuous positional shift (Figures 1A, 2A, 6). Between 2000
and 2006, a 6.5-km seawall was constructed along the proximal, urbanized section of the spit to
protect the shoreline of Ezbet El-Burg (Figures 1A, 2, 6). This intervention stabilized the directly
fronted area, which had been subject to severe erosion prior to construction. However, the structure
did not halt the overall migration of the sand spit, as eastward sediment transport continued
uninterrupted through 2025.

Sector-2 occupies the immediate downdrift shadow of the Damietta sand spit and is strongly
influenced by its hydrodynamic sheltering effect. In 2005, Groin (G1), a 430-m-long groin, was
constructed to secure a water passage supplying nearby aquaculture facilities (Figures 1A, 2A, 4).
Following its installation, DSAS analyses show pronounced sediment accretion on the updrift side of
the groin, accompanied by persistent shoreline retreat downdrift, with NSM between 2005 and 2025
ranging from -250 to -330 m and LRR from -14 to -16 m/yr (Figures 1A, 2A, 4,5, 6).

Sector-3 encompasses critical industrial and service facilities along the shoreline, including the
Petrojet Pipe-Coating Plant, the Pharaonic Petroleum Company (PHPC) administrative complex for
the Zohr gas field, and the United Gas Derivatives Company (UGDC). In 2017, Groin (G2) was
constructed at the entrance of a waterway supplying the aquaculture ponds and was subsequently
adapted to function as a small-boat harbor (Figure 1). DSAS analyses indicate pronounced sediment
accumulation on the updrift side of G2 between 2017 and 2025 (NSM: +180 to +210 m; LRR: +22.5 to
+26.25 m/yr) and persistent shoreline retreat downdrift (NSM: -60 m; LRR: -7.5 m/yr), mirroring the
sediment-trapping patterns observed in Sector-2.

Sector-4 (El-Gamil Inlets sector) is the most heavily engineered segment of the entire coastline
and contains the highest density of coastal structures. It encompasses El-Gamil-1 and El-Gamil-2, the
two principal inlets that provide seawater exchange between Lake Manzala and the Mediterranean
Sea. In 1986, six detached breakwaters (DBWs) were constructed offshore. Their length, gap width,
and distance from the shore were such that they rapidly induced complete tombolo formation,
transforming the originally detached structures into features now fully connected to the mainland
(Figure 1B, C). DSAS analyses indicate NSM of +150—+210 m and LRR of +3.5 to +6.8 m/yr (Figures 5,
6). Beginning in 2017, multiple short groins (=60 m) were installed along the sector primarily to
protect existing shoreline infrastructure, with stabilization, rather than deliberate progradation, being
the explicit design objective (Figures 1, 2, 6). To eliminate recurrent siltation of El-Gamil Inlet 2, a
defense system comprising five groins (125-225 m, spaced =180 m) and two jetties was constructed
immediately at the inlet. Similarly, in 2020, two jetties were constructed at El-Gamil Inlet 1. These
structures interrupted the dominant west-to-east longshore sediment transport, generating intense
accretion on their updrift (western) sides while completely blocking sediment bypass toward the
inlets. As a direct consequence, severe and uninterrupted erosion has persisted along the downdrift
(eastern) flanks of both inlets through 2025, as clearly documented by DSAS transect statistics and
shoreline position analysis (Figures 1B, C, 2, 5, 6).

Sector-5 has exhibited the highest shoreline stability along the study area over the last decade
(2015-2025). Coastal protection works were mainly designed to safeguard the Damietta—Port Said
international coastal highway and adjacent tourist resorts. The main structure is a 3.3-km revetment-
seawall, constructed immediately landward of the backbeach and running parallel to the highway
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(31°17'05.8"N, 32°13'28.2"E to 31°16'47.7"N, 32°15'15.8"E), effectively preventing wave overtopping
and roadway inundation. Fourteen short groins (45-50 m long, spaced =170 m) were installed
perpendicular to the shoreline to retain beach width for recreational use and protect resort
infrastructure. DSAS analyses indicate near-complete shoreline stabilization in this sector, with very
low NSM from 2015 to 2025. Long-term trends over the last four decades show limited shoreline
migration (NSM <160 m) and low LRR (+1 to +3.5 m/yr), representing the most stable coastal segment
along the Manzala—Port Said tract (Figures 5, 6).

3.2. AI-Based 2050 Shoreline Position Forecasts

The 2050 shoreline projections were generated using two data-driven predictive models, NARX
and BiLSTM, trained under identical conditions and using the same historical, 1985-2025, shoreline
dataset. Overall, both models reproduced the general large-scale shoreline configuration of the study
area; however, their predictive behaviors showed noticeable differences. While the BiLSTM model
generally produced conservative and geologically consistent forecasts, the NARX model occasionally
generated anomalous or exaggerated deviations that were not fully aligned with the historical
shoreline trajectory or with the established sediment-transport pattern along the coast.

Sector 1: both models consistently predicted complete shoreline stability along the 6.5-km
seawall-protected zone, with the 2050 shoreline fully coincident with the 2025 position and no
indication of retreat or accretion (Figure 7B). Across the exposed seaward face of the sand spit, the
NARX model projected a substantial landward retreat reaching =385 m by 2050, relative to the 2025
position. It also forecasted continued eastward migration of the distal spit tip by =382 m. In contrast,
the BiLSTM model produced more moderate estimates, predicting =189 m of retreat along the
seaward face and =150 m of eastward extension (Figure 7B). At the distal part of the spit, the models
diverged: while NARX suggested negligible positional change in the spit’s margin, the BiLSTM
model predicted a #117 m southeastward shift, indicating continued reorientation of the spit’s
curvature through 2050 (Figure 7B). While the NARX model exhibited marked difficulty in
forecasting shoreline behavior in this highly dynamic sector, reflected in RMSE values that in some
cases exceeded 300 m, particularly in predicting the sand-spit migration, the BiLSTM model
demonstrated higher training stability and more reliable predictive performance (Figure 8).

In Sector-2, both models reproduced the pronounced alongshore curvature of the shoreline
adjacent to Groin G1 (Figure 7C). The 2050 NARX prediction shows a markedly erosion along the
downdrift side of the groin, with retreat magnitudes locally reaching -207 m, whereas the BiLSTM
model forecasts a more moderate recession of -105 m (Figure 7C). On the updrift side, both models
predicted limited positional change relative to 2025, but the NARX model places the 2050 shoreline
slightly farther landward (-18 m), whereas the BiLSTM forecast remarkable accretion (+19.3 m)
(Figure 7C). Persistent learning instability in the downdrift zone was evident in the NARX model,
with RMSE reaching up to 47 m in this sector, whereas the BiLSTM model maintained a more
consistent training performance throughout (Figure 8).

In Sector-3, near G2 (Figure 7D), both models successfully reproduce the shoreline offset induced
by the structure. However, their responses differ markedly on the updrift side. The NARX model
predicts updrift erosion, placing the 2050 shoreline NSM of -90.9 m landward relative to 2025,
whereas the BILSTM model forecasts updrift accretion, advancing the shoreline by +75.4 m. On the
downdrift side of G2, both models consistently indicate continued erosion. The NARX model shows
a maximum retreat of -121 m, while the BiLSTM model estimates a comparatively lower erosion
magnitude of -60.7 m (Figure 7D). Despite differences in predicted magnitudes, both models
correctly capture the spatial pattern of change characterized by downdrift erosion (Figure 7D). Both
predictive models experienced a certain degree of difficulty in learning and forecasting the complex
shoreline behavior around G2, particularly due to the sharp morphological gradients imposed by the
structure. Nevertheless, the BILSTM model exhibited slightly higher training stability and more
consistent predictive performance compared to the NARX model in this sector (Figure 8).

Sector-4 exhibits the most complex shoreline geometry due to the concentration of groins,
detached breakwaters, and jetties (Figure 7E). Across the groins west of El-Gamil-2, the NARX model
forecasts minor accretion of up to +23 m, whereas the BILSTM model predicts a larger accretion of
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+74 m (Figure 7E). Along the shoreline updrift of the ElI-Gamil-1 inlet, the NARX model again yields
greater retreat (up to -127 m), while the BILSTM model forecasts shoreline accretion of +37 m (Figure
7E). On the downdrift eastern jetties of El-Gamil-2, both models indicate continued accretion toward
2050, with the NARX model projecting +75 m compared to +44 m from the BiLSTM model (Figure
7E). In contrast, on the downdrift side of the El-Gamil-1 inlet, both models indicate continued retreat
through 2050, reaching —20.1 m for the NARX model and —44.2 m for the BiLSTM model (Figure 7E).
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Figure 7. (A) Overview map showing the digitized 2025 shoreline alongside 2050 shoreline predictions from
NARX and BiLSTM models across the study area. (B-F) Zoomed-in views of the five sectors illustrating and
comparing the differential 2050 shoreline predictions of the two Al models (NARX and BiLSTM).
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Figure 8. Performance analysis of NARX and BiLSTM models for shoreline position prediction. (A, B) Taylor
diagrams summarizing statistical performance (standard deviation, correlation coefficient, and centered RMSE)
of both models for 10 randomly selected transects. (C) Heatmap of RMSE (m) across 43 randomly selected
representative transects along the five coastal sectors, comparing NARX and BiLSTM coordinate predictions.
(D) Detailed RMSE heatmap focused on main shoreline transects near key coastal structures (G1, G2, El-Gamil
1 and 2 jetties, and 5 groins), highlighting localized prediction challenges.

Sector-5 remains the most stable portion of the coastline in the forecasts (Figure 7F). Along the
section fronted by the 3.3-km revetment, both models maintain the 2050 shoreline effectively
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superimposed on the 2025 position, with only minimal local displacement (Figure 7F). Across the
groin-controlled beach segments, NARX predicts modest seaward protrusions (up to +56 m) relative
to 2025, while the BiLSTM model yields smaller forward shifts (Figure 7F). Landward shifts in the
downdrift pockets between groins remain limited in both models and do not exceed a few meters
(Figure 7F). The two forecasts therefore converge on a state of continued shoreline stability for the
sector (Figure 7F).

3.3. Hydrodynamic Model Simulation Results

The coupled wave—flow CMS-Flow simulations confirm the effectiveness of the proposed
successive short-groin system (45-50 m length, 150 m spacing) in Sectors 2 and 3 (Figure 9).
Compared with the present-day configuration, the new groins markedly disrupt the continuity of the
predominant eastward longshore current, reducing longshore current speeds by 40-60 % and
dissipating wave-driven momentum within the groin field (Figure 9E-H). Critically, the closely
spaced, low-profile design suppresses the formation of strong return-flow eddies that typically
develop in wider groin compartments (Figure 9E), thereby minimizing localized scour and offshore
sediment loss.

4. Discussion

4.1. Legacy of Sediment Starvation and the Aswan High Dam

The Aswan High Dam (AHD; 1964) abruptly halted the Nile’s sediment supply, reducing
downstream flux by over 95 % and transforming the delta from net accretion to widespread erosion
[3,5,6]). The Nile River, formerly delivering = 20 x 105 m3/yr of sand-sized sediment, no longer
nourished the northeastern delta coast, including the Damietta Promontory and the sand spit
separating Lake Manzala from the sea [4,8,62-64]. DSAS analysis confirms severe impact: the
proximal portion of the sand spit retreated >1 km from 1985-2025 reflecting a near-complete cessation
of natural beach replenishment (Figures 5, 6). Compounding this, Damietta Harbour jetties (1982)
trapped eastward-moving littoral drift, further starving downdrift sectors, accelerating erosion, and
driving the spit’s southeastward migration [21,64]. Comparable patterns are observed at the Rosetta
and Burullus promontories, highlighting systemic post-AHD delta-wide erosion [4,6,8,63,65,66].

The combination of dam-induced sediment cutoff and harbor-induced transport disruption
illustrates cascading anthropogenic effects, leaving the Damietta—Port Said coast highly vulnerable
to further erosion, lagoon isolation, and infrastructure risk, emphasizing the need for adaptive coastal
management and sediment-restoration strategies.

4.2. Morphodynamic Responses to Coastal Engineering Interventions

The five sectors of the Damietta—Port Said coast display the textbook morphodynamic
fingerprint of hard-engineering in a sediment-starved, oblique-wave environment: pronounced
updrift accretion and intensified downdrift erosion caused by interruption of eastward littoral drift
[67]. In sediment-deficient systems such as the post-AHD Nile Delta, even modest protruding
structures amplify alongshore imbalances and produce persistent deficits [3,6,11,12,64]

The 6.5-km seawall, at Ezbet El-Burg, successfully stabilized the protected urban shoreline,
halting the >1 km retreat recorded between 1985 and 2000 (Figures 1A, 2A, 5 ,6). However, by fixing
the shoreline and blocking the natural sediment leakage from the proximal part of the Damietta spit,
the structure disrupted alongshore sediment continuity. Under ongoing wave-driven transport, this
interception generated accelerated downdrift erosion east of the seawall and sustained
southeastward migration of the spit’s distal tip (Figures 1A, 5, 6). This morphodynamic pattern
reflects the classic end-effect of coastal armouring, updrift stabilization coupled with downdrift
sediment starvation, widely documented where shore-fixing structures interrupt littoral drift
[13,14,68]. Similar end-effects have been reported globally, including pronounced downdrift
recession at Kingscliff, New South Wales, Australia [69-71], and sustained erosion along the armored
coasts of South Bali, Indonesia [72]. The observed response is also consistent with the long-term
promontory adjustments across the Nile Delta under cumulative impacts of AHD-induced sediment
deficit and local engineering works [7,8].
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Sectors-2 and -3 (G1, G2 groins). Groins produced rapid updrift salients (e.g., NSM +180 to +210
m at G2) and deep downdrift embayments (NSM -50 to -70 m) (Figures 3C ,5, 6). This partitioning
reflects classic groin mechanics under oblique wave approach, whereby impermeable protrusions
trap sediment on the updrift side and starve the lee side [6,64]. Numerical and field studies confirm
groin fields transfer erosional risk downdrift unless paired with bypassing or nourishment [21].
Similar morphodynamic responses have been reported at engineered groin systems worldwide,
including at Virginia Beach, USA [73], and the Algarve coast, Portugal [74], reinforcing the universal
applicability of groin-induced sediment partitioning.

Sector-4 (El-Gamil inlets and DBWs). Detached breakwaters rapidly evolved into tombolos
(NSM +150 to +210 m; LRR +3.5 to +6.8 m/yr), consistent with the tombolo-formation envelope when
breakwater geometry and spacing favor shore connection [64,65,75]. Subsequent groin and jetty
installations at EI-Gamil Inlets 1 and 2 (2017-2020) effectively halted sediment bypassing, intensifying
updrift accretion and causing uninterrupted downdrift erosion, a well-documented inlet-jetty
starvation effect (Figures 5; 6) [8].

Sector-5, in this sector, a combination of continuous revetment and closely spaced short groins
has achieved relative long-term shoreline stability. Using shorter groins minimizes “shadow” effects
while allowing sand redistribution, and when deployed as a groin field, they balance infrastructure
protection with minimal system-wide disruption. Similar strategies are supported by field and
numerical studies: for instance, a double 15 m permeable groin system achieved net shoreline
advance and effective bypassing along the northern Yucatan coast, Gulf of Mexico [76], and
multi-groin systems were shown to regulate longshore sediment transport in groin-field
configurations [77]. Furthermore, model-based design guidance emphasizes optimizing groin
spacing and combining groin fields with shore-parallel structures to reduce downdrift impacts [77],
and comparable groin-field engineering has proven effective along the Rosetta Promontory in the
Nile Delta [78] and east of Al-Arish Port [79].

Overall, these sectoral responses show that isolated hard defences in a sediment-starved, high-
energy coast redistribute rather than solve erosion risk [67]. Persistent DSAS patterns highlight the
need for sediment-compatible strategies, nourishment, engineered bypassing, and adaptive groin
design, combined with system-scale planning instead of more impermeable structures.

4.3. Limitations and Comparative Performance of Shoreline Predictive Models

This study provides the first forward-looking predictive model of the Damietta sand spit, a
morphodynamically active recurved barrier that has historically migrated southeastward at rates of
70-100 m/yr (Figures 5, 6). Previous work has been limited to retrospective shoreline reconstructions,
which consistently documented the spit’s exceptional variability, its post-AHD retreat exceeding 1
km, and its cyclic reconfiguration under disrupted longshore transport [8,9,11-14]. As our results
reveal (Figures 5, 6), classical tools such as DSAS remain invaluable for quantifying historical trends
but can't generate confident forecasts in highly nonlinear, non-stationary systems where migration
rates shift abruptly accumulated engineering impacts [9,49,50]. Methods like LRR and EPR assume
sustained, monotonic trajectories; in Damietta, these assumptions produce unrealistic futures (see
Figures 8-9 in [9].

To address these limitations, we implemented RNN architectures, NARX and BiLSTM, capable
of modelling nonlinear shoreline sequences. NARX networks have been successfully applied in
environments dominated by non-stationary behaviours, such as wave forecasting, sediment
transport fluctuations, and discharge-driven hydrological variability, owing to their ability to
incorporate exogenous forcings [80,81]. However, the Damietta shoreline presents an additional level
of complexity: directional reversals in sediment trends (accretion — erosion — accretion), particularly
at the sand spit, groin updrift and downdrift zones, and near the El-Gamil inlets. Such bidirectional
fluctuations are known to destabilize NARX multi-step forecasting, causing overshooting under
rapid sign reversals [82,83]. These issues manifested in our results as exaggerated erosion predictions
(e.g., 207 m retreat in Sector-2) and noise-amplified fluctuations (Figures 7 ,8A), consistent with
documented NARX sensitivities in variable-transport regimes [83].
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Figure 9. (A) High-resolution satellite image showing the resort in Sectors 2-3 located along a historically

erosional shoreline. (B) CMS high-resolution computational domain and (C) zoomed view showing the high-
resolution Cartesian grid incorporating the proposed successive short-groin system, spaced at 150 m intervals
to enhance shoreline stability. (D) EMODnet-derived bathymetry of the simulation domain. (E-H) CMS-Flow
hydrodynamic simulation results showing that the proposed short, closely spaced groins effectively interrupt
the continuity of the longshore currents, dissipating their momentum, reducing nearshore current speeds, and
suppressing the formation of return-flow eddies between groins.

In contrast, BILSTM delivered more stable and geomorphologically coherent forecasts. By
processing sequences in both forward and backward temporal directions, BILSTM preserved
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contextual dependencies critical to shoreline mobility, reproducing expected patterns such as updrift
accretion (Figure 7C, D) and downdrift erosion (Figure 7C, D) around groins. Its predictions
remained conservative and aligned with longshore transport basics [84]. RMSE distributions
corroborate this advantage: BILSTM achieved median errors of 1.3-29.41 m across sectors, compared
with NARX's 2.1-52.1 m, with notable improvements in fluctuation-prone downdrift pockets near
G1, G2, and El-Gamil inlets jetties (Figure 8). Similar performance gains have been reported in coastal
and hydrological time-series modelling, where BiLSTM outperforms NARX by 20-30% under
alternating erosion—accretion signals due to its bidirectional gating and reduced sensitivity to noise
[85,86].

Overall, while NARX remains highly effective for exogenously forced nonlinear systems, the
fluctuated highly dynamic sediment regime of study area, characterized by frequent sign reversals,
favours architectures like BILSTM that can internally resolve bidirectional sequence dependencies.
These results highlight the potential for hybrid RNN frameworks to further enhance coastal
forecasting in similarly complex deltaic environments.

4.4. Adaptive Strategies for Sustainable Coastal Management

The historical record and predictive forecasts presented here underscore a fundamental
challenge for the Damietta—Port Said coast: the near-total loss of fluvial sediment supply following
the AHD has transformed a once-prograding deltaic shoreline into a sediment-starved system where
any interruption of the residual eastward longshore drift rapidly generates deficits that cannot be
naturally replenished [3,6,8]. The Damietta sand spit (Sector-1) historically acted as the primary
natural sediment source for the eastern barrier, with its highly dynamic distal tip continuously
releasing sand into the littoral system [11,13]. Our results (Figures 5, 6) demonstrate that protecting
the proximal urbanized apex with a seawall, while locally effective, has severed this supply,
accelerating downdrift erosion and rendering the entire 60-km barrier increasingly vulnerable.

Rather than continuing to armour isolated segments with seawalls, an approach that merely
displaces erosion eastward, a more sustainable strategy is to preserve the Damietta spit as a dynamic,
unmanaged sediment reservoir. Allowing natural spit migration and episodic breaching would
restore a portion of the lost eastward flux, mimicking pre-AHD conditions and providing a low-cost,
self-regulating nourishment mechanism for the downdrift coast [87]. Successful precedents include
the unmanaged barrier-spit systems at the Copper River delta, Alaska (60°13'37.2"N, 145°06'09.1"W),
where natural overwash and spit elongation sustain downdrift beaches despite glacial sediment
reduction [87]. , the dynamic barrier Northern Outer Banks, North Carolina (35°31'27.9"N,
75°28'13.1"W), where the elongation of a sand spit built a large coast [87], and the dynamic barrier
islands of the Virginia coast, USA (37°23'34.2"N, 75°51'54.7"W), where managed retreat and spit
preservation have maintained sediment continuity for decades.

Hard structures alone are insufficient for the severely depleted Sectors 2-5. Seawalls and
revetments (Sectors 1 and 5) protect infrastructure but reflect wave energy and prevent beach
recovery [68], detached breakwaters (Sector 4) induce rapid tombolo formation but are prohibitively
expensive for widespread applicability [64,65,75], and traditional long groins (G1 and G2) simply
transfer erosion downdrift, and traditional long groins, G1 and G2, simply transfer erosion downdrift
[20,67]. In contrast, the existing closely spaced short-groin field in Sector 5, the only sector achieving
long-term stability, demonstrates that low-profile, successive short groins (<50 m length, =170 m
spacing) effectively retain sand while permitting sufficient bypassing to minimize severe downdrift
impacts [77,88]

Hydrodynamic modelling (Figure 9) confirms that a similar successive short-groin system (45—
50 m length, 150 m spacing) proposed for the critically eroding resort beach between Sectors-2 and 3
(Figure 9A) would reduce nearshore current velocities by 40-60 % and suppress rip-current eddies
between groins (Figure 9E-H). Once the compartments become filled, the system rapidly transitions
into a sediment-laden coast, facilitating efficient bypassing of littoral drift towards the downdrift side
with minimal shadowing or starvation. This outcome has been precisely observed in Sector 5. It is
globally compared with the northern Yucatan coast, Mexico (21°31'15.3"N, 87°23'09.3"W). Where
closely spaced short groins constructed between 2003 and 2009 restored longshore continuity [89,90]
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and Blekusu Coast, Ghana (5°59'25.1"N, 1°02'11.3"E), where similar low-profile arrays achieved
complete sediment infilling with negligible downdrift impact [91]. Implementation of successive
short groins, combined with strategic nourishment using locally sourced sand and preservation of
the Damietta spit as a natural feeder, offers a cost-effective, sediment-compatible pathway toward
sustainable management. This hybrid approach reconciles immediate protection needs with long-
term system resilience, providing a transferable model for other sediment-starved deltaic coasts
facing similar anthropogenic pressures.

5. Conclusions

This study presents the first comprehensive, multi-decadal (1985-2025) assessment of shoreline
dynamics along the 60-km Damietta—Port Said coastal sector of the Nile Delta, a highly urbanized
and morphodynamically sensitive region that serves as a critical natural barrier protecting Lake
Manzala and supporting major tourism and industrial infrastructure. DSAS analysis reveals
pronounced spatial variability in shoreline behavior, driven by post-AHD sediment starvation and
successive hard-engineering interventions. The Damietta sand spit (Sector-1) exhibits the highest
dynamism, with more than 1 km of proximal retreat and = 3100 m southeastward migration of its
distal tip, whereas engineered sectors display classic updrift accretion-downdrift erosion patterns,
which intensify with each successive structure. Sector-5, stabilized by a revetment and closely spaced
short groins, is the only segment to achieve long-term equilibrium, emphasizing the effectiveness of
low-impact, sediment-compatible designs.

By integrating multi-temporal satellite observations, DSAS-based shoreline change analysis,
hydrodynamic modelling, and advanced Al predictive RNN models (NARX and BiLSTM), this study
establishes a robust framework for understanding historical behavior, quantifying anthropogenic
impacts, and predicting future coastal trajectories in a sediment-starved deltaic environment.
Classical DSAS-based extrapolations were found inadequate for 2050 forecasting in this non-
stationary, intervention-dominated system, often generating unrealistic projections that fail to
account for abrupt morphodynamic shifts. In contrast, Al-driven RNN successfully captured
nonlinear temporal dependencies and structural feedbacks. While NARX occasionally produced
exaggerated anomalies in highly fluctuating zones (e.g., sand spit and groin downdrifts), BILSTM
consistently delivered geomorphologically coherent and conservative forecasts, accurately reflecting
longshore sediment partitioning trends.

Hydrodynamic CMS-Flow modelling validates the proposed successive short-groin system (45—
50 m length, 150 m spacing) as an effective, low-cost measure, reducing longshore current velocities
by 40-60 % and suppressing rip-current eddies while allowing sufficient sediment bypassing.
Combined with preserving the Damietta sand spit as a natural sediment source, this hybrid strategy
provides a sustainable pathway to restore littoral continuity and mitigate erosion without the severe
downdrift impacts typically associated with traditional long groins or impermeable seawalls.

Overall, these findings underscore the urgent need to shift from reactive hard-engineering
toward adaptive, sediment-compatible strategies along sediment-starved deltaic coasts. By
integrating high-resolution remote sensing, Al-based predictions, and targeted hydrodynamic
interventions, this study provides a transferable framework for balancing immediate coastal
protection with long-term resilience, ensuring that the Damietta—Port Said coastline can withstand
escalating climate pressures while sustaining its vital ecological, economic, and cultural functions.
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