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Abstract: Coastal areas are increasingly endangered by climate change and associated sea level rise,
which could have serious consequences, such as shoreline erosion and coastal city submergence. The
current study aims to conduct a historical trend analysis (HTA) and predict the shoreline changes
of the Nile Delta coasts. The Digital Shoreline Analysis System (DSAS) software, with the GIS
environment, is used for monitoring the shoreline changes using a number of statistical methods
(SCE, NSM, EPR, WLR and LRR). Satellite images from 1974 to 2022 were collected and geometrically
corrected using supervised classification to detect the shoreline change of the Nile Delta. The GIS
was used for detecting and monitoring changes in the shoreline, as well as forecasting future changes
in the shoreline for the next 10 and 20 years (2033-2043). The critical sections of the Nile Delta were
identified, and a time series analysis of shoreline changes was conducted. For each section, linear
equations were established to predict probable changes in the shoreline. Between 1974 and 2022, the
shoreline of the Nile Delta moved inland in different directions due to coastal erosion, and predictions
indicate that this erosion will continue until both 2033 and 2043, particularly affecting the Rosetta
and Damietta sections. The erosion rate ranged between 30-60 and 10-25 m/year at Rosetta and
Damietta, respectively, but at Manzala, it ranged between 8-15 m/year. Continued erosion of the
Nile Delta shoreline could have severe consequences that could affect the inhabitants, economy,
buildings, roads, railways, and ports. These areas need an integrated coastal management strategy
which incorporates increasing consciousness, urban development, and the implementation of rules
and adaptation plans. The results of the current study and forecasting the shoreline change could
help in protecting such areas.

Keywords: historical trend analysis; shoreline; Nile Delta; climate change; SLR; DSAS

1. Introduction

Residents in coastal areas may experience a number of challenges as a result of climate
change and accompanying sea level rise (SLR). Within the 20th century, the mean sea
level has risen by 0.10-0.20 m [1] and is expected to reach 0.20-0.88 m by the end of the
21st century [2]. These changes may have several negative effects on coastal zones, such
as flooding, erosion, loss of wetlands, saltwater intrusion, and damage to agricultural
lands. The Mediterranean basin is considered to be among the most sensitive areas to
climate change. Nicholls and Hoozemans (1996) [3] reported that the Mediterranean basin’s
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southern regions face more threats than its northern regions. Monitoring and predicting
changes occurring in the coastline of these areas is very important in coastal area planning
and management [4].

Egypt is among the top ten countries that may be extremely affected by changes in
climate and the Mediterranean water levels [5]. Egypt is located on the southern shore
of the Mediterranean Sea and is characterized by its low elevation, which increases the
possibility of risks to sea level rise. Climate change and SLR effects have been considered
in several studies worldwide [6-8], which have shown the impact of climate change on
different locations throughout the world. Further, some research has been carried out in
Egypt on maintaining the coasts [9-11], and they have presented the impacts on costs and
how the coasts can be protected from imminent climate change. The results of these studies
showed that some areas in Egypt have been listed as high-risk areas, including the Nile
Delta, Alexandria, Port Said, Rosetta, and Damietta.

The Nile Delta, with its lowlands, is considered the most significant Egyptian area on
the Mediterranean coast that will be extremely affected by coastal erosion. Some studies
evaluated the effects of rising sea levels on Egypt’s northern coasts [12-15] and revealed
that Egypt will face a number of effects, including the loss of agricultural and fishing land,
the inundation and flooding of beaches, and a decline in tourism. Additionally, seawater
intrusion causes losses in agricultural output and freshwater aquifer contamination, as
well as soil salinity and water logging. Chen et al. (1992) [16] simulated the sea level
and climatic oscillation effects on the Delta shoreline modifications over time. Basiouny
et al. (2017) [17] used satellite imagery to analyze the shoreline change at Ras El-Hekma
in Northwest Egypt that occurred between 1973 and 2015. Abdel Hamid et al. (1992) [18]
employed satellite data to track the Nile Delta’s response to climate change.

In addition to climate change impacts on coastal areas, other factors could have
apparent effects, including tides, waves, man-made infrastructures, and the construction
of dams, which prevent sediment from flowing into the sea and thus protecting such
areas. All these parameters should be assessed for monitoring and predicting the changes
occurring in the coast. Seasonal waves create longshore currents with speeds of 0.9 m/s
and a sediment flux along the shoreline of the Nile Delta, with large storm waves in the
winter [19]. During spring and summer, swells could cause sediment transport, depending
on the local shoreline orientation [9]. Frihy and Deabes, 2011 [20], collected and analyzed
weave climatology data from 1985 to 1990 at Alexandria and Ras El-Bar. The results showed
that the wave height was 0.75 m, the wave period was 7 to 8 s during winter and decreased
to 5 s in summer. The Nile Delta coasts have a low tidal range, with a mean tidal range
at Lake Burullus of 14 cm over the last 20 years [21], with a 60 cm variation in the daily
mean sea level at Port Said for the period 1980-1986 [22]. Semi-diurnal tidal waves with a
range of less than 30 cm are present along the Egyptian Mediterranean coast. Iskander et al.
(2007) [23] observed that the shoreline may have been affected by the increasing trend in
sea wave height from 2.6 to 2.9 cm/year along the Nile Delta coasts from 1985 to 2010.

Aside from the natural factors that affect the shoreline, such as waves, tides, and
winds, man-made structures also contribute to affecting coasts. Seawalls and breakwaters,
among other coastal protection structures, have been created along the Nile Delta beaches
to prevent beach erosion and decrease inlet siltation at Rosetta, Damietta, and Ras El Bar
Resort [24]. These defense measures assisted in halting coastline erosion and creating
sedimentation forms in this region. They also assisted in slowing down the migration of
beach sediments, which accelerated erosion in other coastal areas.

The High Dam project is another man-made problem that has a significant impact on
the Nile Delta’s shoreline. The yearly discharge of sediment from the Nile River at Aswan
was estimated to be 160 x 10'? and m?/year [25]. The Aswan High Dam was completed
in 1964 to regulate the Nile’s flow, produce energy, and supply water for irrigation. The
amount of sediment transported at the river mouths at Damietta and Rosetta ranges
between (100-115) x 10® m3/ year [24,26]; however, the dam has affected the sediment flux,
making it insufficient to nourish the Nile Delta shoreline and stop coastal erosion [27-30].
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As a result, much effort has gone into constructing coastal defense systems to safeguard
portions of the coast that are particularly important from a socio-economic standpoint,
such as public beaches [31]. Current coastal erosion poses a significant environmental risk
because there is currently no comprehensive plan to protect the entire Nile Delta coast [32].

Monitoring shoreline changes due to the above natural and man-made aspects could
be aided by RS and GIS. Satellite data are useful in affording an indication on broad
and regional scales. RS and satellite images data can be used in risk monitoring and
management [33]. GIS makes it possible to handle, store, analyze, and produce output
data that can be saved in a database. GIS can help in processing huge amounts of spatial
data and information obtained from measurements and observations. Gergelova et al.
(2014) [34] presented a study for building accurate representations of historical locations
utilizing cutting-edge methodologies for gathering and processing spatial data in GIS. The
integration of GIS in terms of hydrodynamic simulation modeling is resolved for the subject
area of interest, providing real beneficial information. The process of modeling floods in
urban areas is a priority for hydrodynamic modeling using GIS tools [34]. A combined
RS and GIS approach was developed for mapping the historical Rin Mining landscapes in
Northwest Iberia [35]. Gergelova et al. (2013) [36] presented the capability of hydrological
models with GIS tools for delineating flood events that threaten urbanized areas. Under the
assumption of unidentified sources of blurring, a method based on the local binary pattern
was created to obtain clear remote sensing images [37]. Tang et al. (2022) [38] employed the
capsule-encoder-decoder approach to recover buildings from remote sensing images for
the Yellow River, Massachusetts, China.

Satellite data is a powerful tool for providing an indication of large and small scales
data. Satellite data were employed for monitoring shoreline changes in the Mediterranean
basin [39]. Shoreline change can be tracked using ArcGIS and the Digital Shoreline Analysis
System (DSAS) software. A number of researchers employed DSAS as a geoprocessing tool
integrated within ArcGIS environment to measure, quantify, compute, and monitor shore-
line changes. DSAS is a freely available extension linked to the ArcGIS environment [39]. It
has been updated over time, and multiple versions exist, allowing its use with the ArcGIS
environment. DSAS is an effective tool that can be utilized in a variety of investigations,
including [40]:

- Monitoring the shoreline changes;

- Mapping historic changes of shoreline position over a period of time;

- Assessing the trends of a shoreline;

- Evaluating coastal behavior and shoreline dynamics;

- Evaluating time-series of changes at certain places of a shoreline;

- Historical trend analysis, coastal system dynamics, and cliff geometry modeling;

- Forecasting the behavior of shorelines utilizing previous rate-of-change trends as an
indicator of future trends while assuming consistency in the physical, natural, or
human-caused forces that have led to the changes that have been detected at the site.

Based on the measured differences in the shoreline positions associated with different
time periods, DSAS can be used to determine how a shoreline has changed. DSAS can
provide a variety of statistical measures, including [39]:

e  SCE: Shoreline change envelope, which represents the total change in shoreline (m);

e  NSM: Net shoreline movement, which represents the distance between the oldest and
youngest shorelines (m);

e  EPR: End-point rate, which is determined by dividing the distance between the oldest
and youngest coastline points using the time elapsed between them (m/year);

e LRR: Linear regression rate, which determines the rate of change statistically by fitting
a least square regression to all shorelines at specific transects (m/year);

e  WLR: Weighted linear regression.

DSAS has been used in numerous studies for monitoring coastal behavior, shoreline
changes, historical trend analysis, coastal system dynamics and cliff geometry estimations.
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DSAS was used for a historical record of coastline dynamics by a number of researchers
[41-44]. However, DSAS was also applied for shoreline variation, shoreline erosion, and
short-time coastal changes [45-51], and was further used for gully development and
evolution by the authors of [52-57]. DSAS was used for cliff retreat and erosion, but [58,59]
used DSAS for shoreline/cliff measurement and modeling. A number of researchers have
used DSAS for monitoring shoreline changes. Gongalves et al. (2019) [60] used digital
surface models (DSM) resulting from airborne LiDAR and low cost UAS (unmanned
aerial systems) to monitor shoreline changes from 2011 to 2015 on Furadouro beach in
the northern part of Portugal. Shenbagaraj et al. (2021) [61] used an unmanned aerial
vehicle (UAV) remote sensing to monitor shoreline changes between 1989 and 2017 for the
Cuddalore District, Tamil Nadu, India. Amodio et al. (2022) [62] established a method
for using DEMs based on UAV-derived data for assessing the short-term morphological-
topographic changes of a coastal system along a stretch of beach affected by erosion, located
along the Central Adriatic coast during the summers of 2019 and 2020. Abd-Elhamid et al.
(2022) [63] presented a study to assess the impact of climate change and associated SLR on
the shoreline of Alexandria using DSAS tool for the period 1985-2021. The study showed
that the Alexandria shoreline has been affected by SLR especially in its eastern parts, at
Abo Qir Bay.

Only a few studies have been conducted to evaluate the changes in the Nile Delta
shoreline, taking natural and man-made aspects into consideration, and focusing on small
sites along the shoreline. In this study, RS and GIS with the DSAS tool are used for historical
trend analysis (HTA) of the Nile Delta shoreline based on historical data from satellite
images collected for 49 years, from 1974 to 2022. In addition, DSAS is used to predict future
changes in the shoreline for the next 10 and 20 years (2033 and 2043). Monitoring and
forecasting the shoreline change could help in coastal area planning and management.

2. Materials and Methods
2.1. Study Area

Long parts of the Egyptian Mediterranean coast are exposed to submergence hazards
due to its low levels [13]. The Egyptian Mediterranean coastal zone includes several
important cities, such as Alexandria, Port Said, Rosetta, and Damietta, that may be affected
by climate change and SLR. The Nile Delta is among the largest deltas in the world. It is
located in Northern Egypt on the Mediterranean Sea, where the Nile River branches and
drains out into the sea (Figure 1). The length of the Delta shoreline on the Mediterranean is
240 km. The Delta begins slightly below Cairo in the south and extends for approximately
160 km to the north, expanding over an area of about 22,000 km?. The Nile Delta is bounded
by the Western Desert from the west and the Eastern Desert and Suez Canal from the east. It
is located between latitudes 30°25" and 31°30’ North, and longitudes 29°50" and 30°15’ East.
The population in the Delta region is 39 million. The main activity in the Delta is agriculture,
with some industries that are located in the northern cities.

The Nile Delta climate is characterized by hot summers and mild winters. The tem-
perature in winter ranges between 18 and 19 °C, and 33 °C in the summer. January is the
coldest month and August is the hottest month. Precipitation is rare excluding along the
Mediterranean shores, where the annual rainfall is about 200 mm. The very low precipita-
tion in the inland areas is only 22 mm/year at Cairo. The mean potential evapotranspiration
is 570-1140 mm/year in the north and exceeds 1140 mm/year in the south. The Nile Delta
belongs to the hyper-aridic climate region [64]. The difference in elevation between Cairo’s
and the northern coasts is around 18 m. However, there are coastal strips of lowlands on
the western side of the Nile Delta in addition to Mariut and Idku Lakes that are located in
low-elevation areas. Manzala Lake and Burullus Lake are also located in the Nile Delta.
These areas have been extremely affected by sea level rise.
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Figure 1. Location map of the study area.

The Nile Delta includes extensive agricultural areas which represent the main source of
agricultural production in Egypt (see Figure 2). In addition, some important industrial and
commercial cities are located on the northern coast (e.g., Alexandria, Port Said, Damietta,
and Rosetta). Recently, due to climate change and SLR, these cities on the coasts and some
other cities in the Delta are facing the danger of subsidence which requires extensive studies
for monitoring and forecasting the shoreline dynamics and assessing the appropriate
methods of protection.

32°E

- Agricultural Land
- Urban Area
:] Sand

- Water Bodies

Figure 2. Land use of the study area.

2.2. Methodology

RS and GIS are among the advanced tools that link climate data with its spatial-
temporal framework to demonstrate changes that may occur due to climate change. DSAS
is an important tool that can be used for monitoring and forecasting shoreline changes. In
this study, RS and GIS with the DSAS tool are used to monitor changes in the Nile Delta
shoreline during the period 1974-2022. Figure 3 shows a flow chart that illustrates the
methodology used in this study. The work was completed in the following four key steps:
1. Data collection represents the assembly of satellite images for the Nile Delta from

1974 to 2022 for six periods (1974-1980-1990-2000-2015-2022). LANDSAT satellite

images with a resolution of 30 and 60 m were downloaded from USGS using Landsat

Collection 2 Level-1 (C2L1), (http:/ /www.earthexplorer.usgs.gov, 23 September 2022).
Table 1 presents the specification of the satellite data.
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Data processing represents mosaicking that involves combining multiple images into
a single composite image for each period to cover the study area. The geometric and
radiometric corrections were then conducted. Radiometric correction was important
to reduce atmospheric effects. Short-wave infrared (SWIR) light was applied to
delineate the shoreline boundary. The ENVI 5.3 software provided the color slice
algorithms that were applied to differentiate between land and water surfaces. The
export color slice to shapefile and the shoreline changes were examined using ArcGIS
by creating an overlap of the shoreline layers. A baseline was then created from an
offset baseline continued from the existing shoreline by buffering; the polygon buffer
was converted to a polyline, and the unwanted segments were split and removed.
One of the most crucial steps in the shoreline change analysis was the baseline, which
served as the starting point for all transects.

Mapping and forecasting of the shoreline change represents mapping the shoreline
change from numerous historical shoreline positions and using it to forecast future
shoreline features. DSAS is a free ArcGIS tool created by the USGS that can be applied
for mapping and forecasting a shoreline in the long-term of 10 and 20 years.

Data presentation is when the database is represented and given to decision-makers
in the form of maps, tables, graphs, photographs, and reports.

[ Satellite images collection ]

Landsat 1 Landsat 2 Landsat 5 Landsat 5 Landsat 8 Landsat 8
(MSS) (MSS) (T™M) (T™M) (OLITIRS) (OLI/TIRS)
1974 1980 1990 2000 2015 2022
| ]

[ Image processing using EMVI 5.3 ]

[ Image Mosaic ] [ Atmospheric Correction (FLAASH) ]
| ]

1

[ Shoreline change extraction using Arc GIS 10.8 ]

[ Baseline (Buffering) ]

Layers
= Shoreline

« Baseline ﬂ—[ Mapping the shoreline change by DSAS tool ]—>
= Transect

[ Forecasting shoreline for 10 and 20 years ]

[ Analysis and presentation of results ]

Figure 3. Methodological flow chart of satellite image collection and processing.
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Table 1. The specification of the satellite data.

Spatial Resolution

Satellite/Sensor Date Path Row Pixel Size (m) Satellite/Sensor
Landsat-1/MSS 09/05/1974 189 38 60 Landsat-1/MSS
Landsat-1/MSS 15/05/1974 190 38 60 Landsat-1/MSS
Landsat-1/MSS 22/07/1974 191 38 60 Landsat-1/MSS
Landsat-2/MSS 28/07/1980 189 38 60 Landsat-2/MSS
Landsat-2/MSS 29/07/1980 190 38 60 Landsat-2/MSS
Landsat-3/MSS 03/07/1980 191 38 60 Landsat-3/MSS
Landsat-5/TM 03/07/1990 176 38 30 Landsat-5/TM
Landsat-5/TM 08/06/1990 177 38 30 Landsat-5/TM
Landsat-7/ETM+ 06/07 /2000 176 38 30 Landsat-7/ETM+
Landsat-7/ETM+ 13/07/2000 177 38 30 Landsat-7/ETM+
Landsat-8/OLI/TIRS 24/07/2015 176 38 30 Landsat-8/OLI/TIRS
Landsat-8/OLI/TIRS 15/07/2015 177 38 30 Landsat-8/OLI/TIRS
Landsat-9/OLI/TIRS 19/07/2022 176 38 30 Landsat-9/OLI/TIRS
Landsat-8/OLI/TIRS 18/07/2022 177 38 30 Landsat-8/OLI/TIRS

3. Results

3.1. Historical Trend Analysis of the Nile Delta Shoreline for the Period 1974-2022

GIS with DSAS was used to inspect the historical trend of the Nile Delta shoreline
from 1974 to 2022. DSAS was used to digitize the shoreline changes from the historical
maps that were accessible as georeferenced GeoTiffs from Digimap. DSAS is a tool used
for monitoring the shoreline changes using a number of statistical methods that were
calculated to determine the oldest (1974) and the latest (2022) shorelines to show the overall
change in shoreline position for the 49-year period.

Figure 4a—f show the historical trend of the shoreline in the Nile Delta for the evaluated
six periods (1974-1980-1990-2000-2015-2022). The use of using six historical maps in the
case study emphasizes the importance of the archival datasets accessibility for historical
trend analysis (HTA). The maps utilized in this study are the six historical datasets available
at the Ordnance Survey. The Nile Delta shoreline was divided by DSAS into 8382 transects
from Alexandria to Port Said. For a HTA of the Nile Delta shoreline, 11 transects were
selected at critical sites: 1 at Alexandria (ID:1100), Idku (ID:1800), Lake Burullus (ID:3000),
Baltim (ID:3800), Gamasa (ID:4745), Lake Manzala (ID:6000), and Port Said (ID:6400), and
2 sections at Rosetta (ID:2360, 2400) and Damietta (ID:5400, 5450). It was observed that
the shoreline along the Nile Delta coasts has changed, but three areas have been extremely
affected by the coastal erosion, and the shoreline has further moved inland at Rosetta,
Damietta, and Lake Manzala. The maximum net shoreline movement (NSM) is 4941.95 m,
in addition to the maximum erosion rate (end-point rate, EPR), which is 106.96 m/year.
Specific sections are selected and will be discussed in more detail in Section 3.4.
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Figure 4. The historical trend of the Nile Delta shoreline for the period 1974-2022: (a) 1974, (b) 1980,
(c) 1990, (d) 2000, (e) 2015, (f) 2022.
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3.2. Prediction of Shoreline Changes in the Nile Delta for 10 and 20 Years

After the analysis of the historical trend of the Nile Delta shoreline, DSAS and GIS were
used to forecast shoreline changes in the Nile Delta after 10 and 20 years. DSAS includes
Kalman filtering-based approach that can be employed for shoreline prediction. Based on
the historical shoreline location data, this tool enables future estimates to be created for
the next 10 and 20 years. This process was thus carried out using the Kalman filter [65]
developed by Long and Plant (2012) [66]. The Kalman filter is a filter that makes future
predictions based on historical data from a modeled system. Instead of being referred to
as a filter, this approach might be thought of as a prediction tool. The forecasting of the
Nile Delta shoreline after 10 and 20 years is shown in Figure 5a,b. The results showed
that maximum shoreline movement will occur at Damietta for 891.65 m and 455.93 m in
2033 and 2043, respectively. More details for the selected specific sections will be discussed
in Section 3.4.

0 510 20 30 4OKM . > Shorline_2033]

510 20 30 4UKM Shorline_2043]

(b)
Figure 5. The predicted shoreline at the Nile Delta for the years (a) 2033 and (b) 2043.

3.3. Statistical Analysis of Parameters Using DSAS from 1974 to 2043

One of the commonly used methods for detecting shoreline changes is DSAS, where the
shoreline changes can be investigated using statistical methods. In the current study, DSAS
with the ArcGIS environment are applied for monitoring shoreline changes using a number
of statistical methods, including (SCE, NSM, EPR, WLR and LRR). DSAS can explore
the temporal and spatial dynamics of shoreline change and the geomorphic variability
along the coast due to its capacity to utilize all shoreline positions (SCE), cumulative
shoreline movement (NSM), and time variations (EPR), which capture the rate-range of the
historical dataset.

The shoreline changes statistics (SCE, NSM EPR, WLR and LRR) can show the patterns
of the Nile Delta shorelines. The pattern of spatial and temporal movements can also be
determined using other statistical methods. However, SCE is the only measure that takes
into account all shorelines, and it was thus chosen because it has the capacity to provide
a wide range of variability. The difference between the earliest and most recent surveys
is reflected by NSM and EPR. The distance between the earliest shorelines (1974) and the
recent shorelines (2022) is described by NSM, which shows the general change in shoreline
position over the study period from 1974 to 2022 (49 years). EPR converts this net shoreline
movement into an annual rate of shoreline change by dividing the distance of the shoreline
movement from the earliest to the most recent shorelines by the time period passed.

Table 2 shows the different statistics calculated at the selected 11 transects. The
shoreline of the Nile Delta was analyzed and predicted using SCE, NSM, EPR, LRR, and
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WLR methodologies. In the EPR approach, a shoreline of two periods is sufficient for
a shoreline change study, whereas the LRR and WLR methods require a shoreline of at
least three periods for the shoreline change analysis. In shoreline prediction, at least four
coastline periods are used (DSAS, Kalman filter-based prediction method). One of the most
popular techniques in shoreline change analysis studies conducted in various parts of the
world is EPR. In this method, the distance of shoreline movement is divided by the time
that has passed between the oldest and most recent shorelines [67]. The obtained results for
the Nile Delta are shown in Table 2. Furthermore, 10 and 20 years projections were made in
the analyses for the study area.

Table 2. The results of statistical measures in the Nile Delta.

Transect SCE NSM EPR LRR WLR
ID Location (m) (m) (m/Year) (m/Year) (m/Year)

1100 Alexandria 585.21 495.96 10.33 5.98 5.98
1800 125.07 125.07 2.61 2.7 2.7
2360 2655.25 —2625.25 —54.69 —51.68 —51.68
2400 1585.48 —1585.48 —33.03 —31.67 —31.67
3000 Lake Burullus 260.34 —260.34 —5.42 —4 —4
3800 365.18 105.69 22 5.42 5.42
4745 145.93 145.93 3.04 3.08 3.08
5400 Damietta 1172.52 —1142.07 —23.79 —22.56 —22.56
5450 1311.5 —1311.5 —27.32 —29.14 —29.14
6000 Lake Manzala 436.77 —431.76 —8.99 —8.64 —8.64
6400 Port Said 225.62 225.62 4.7 343 343

Figure 6 shows the scales and rates of shoreline change at the Nile Delta for the period
1974-2043. The results of the SCE with NSM show major changes in the shoreline between
the earliest (1974) and most recent (2022) shorelines. The maximum SCE is 4941.95 m, which
receded at Damietta for the period 1974-2043, followed by Rosetta and Lake Manzala. At
Lake Burullus, the change in the shoreline is minor because the lake is very close to
the sea and the water level is the same. However, some transects, such as Alexandria,
Idko, Baltim, Gamasa, and Port Said, recorded minor changes in the shoreline due to the
level and protection measures implemented by the government. The maximum EPR of
102.96 m/year is observed at Damietta. Analysis of the critical sections is presented in the
following section.
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Figure 6. The results of SCE, NSM, EPR, LRR, and WLR at the Nile Delta for the period 1974-2043:
(a) SCE, (b) NSM, (c) EPR, (d) LRR, (e) WLR.

3.4. Analysis of Shoreline Changes in the Nile Delta at Critical Sections from 1974 to 2043

Sites of critical changes in the shoreline can be discovered in more detail through the
investigation of separate transect data. A comparison of changing shoreline position time
series demonstrates the importance of considering both the envelope of variability (SCE)
and the net change (NSM and EPR). Figure 7 shows the projected shoreline at the Nile
Delta from Alexandria to Port Said for the 70 years from 1974 to 2043. The figure shows the
shoreline change at the selected 11 transects. The maximum shoreline shift 4941.95 m has
occurred at Damietta and the maximum EPR is 102.96 m/year.
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Figure 7. The projected shoreline at different transects in the Nile Delta for the period 1974-2043.

Transects at Alexandria, Idku, Lake Burullus, Baltim, Gamasa, and Port Said show
steadiness in the shoreline positions because they represent high levels of land. Further-
more, the government has implemented some protection in these areas. These transects
show a minimum change in the shoreline. However, the shoreline has advanced substan-
tially during the whole period (70 years). During the late 20th century, the results revealed
an increased erosion. In most cases, changes between 1974 and 2000 is greater than changes
at any other time. It has been observed that the shoreline changed along the Nile Delta in
the period 1974-2022, but three areas, including Rosetta, Damietta, and Lake Manzala, are
extremely affected by coastal erosion where the shoreline has shifted more inland. Five
transects at these three areas have been analyzed in the following subsections: at Rosetta
(ID:2360, 2400), Damietta (ID:5400, 5450), and Lake Manzala (ID:6000).

3.4.1. Rosetta

At Rosetta, two profiles (2360 and 2400) were selected to highlight the rate of change
in the shoreline, as shown in Figure 8a. The time series of changing the shoreline position
at Rosetta measured from the baseline for the two transects 2360 and 2400 is shown in
Figure 8b,c. The figure shows the shoreline for six time periods between 1974 and 2022, as
well as the estimated shoreline after ten and twenty years (2033 and 2043).
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Figure 8. Shoreline changes over time at Rosetta (1974-2043): (a) shoreline change at Rosetta, (b) time
series of changing the shoreline position at transect 2360, (c) time series of changing the shoreline
position at transect 2400.

At the first transect (2360), the shoreline has moved inland by 2625.25 m in the period
1974-2022, and the forecast by DSAS showed that the shoreline will shift inland by 891.65 m
by 2033 and 455.93 m by 2043. The time series shown in Figure 8b resulted in Equation (1),
which can be used to predict the shoreline position at any time with (R? = 0.9018).

y = 49.429x — 89,033 1)

where, y is the shoreline change (m) and x is the time (year).

At the second transect (2400), the shoreline has moved inland by 1585.48 m in the
period 1974-2022, and the forecast by DSAS showed that it will move inland by 537.61 m
by 2033 and 283.35 m by 2043. The time series shown in Figure 8b resulted in Equation (2),
which can be used to predict the shoreline position at any year with (R? = 0.9125).

y = 30.428x — 51,164 @)
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3.4.2. Damietta

Two profiles (5400 and 5450) were selected at Damietta to highlight the rate of change
in the shoreline (see Figure 9a). The time series of the changing shoreline position at
Damietta measured from the baseline for the two transects 5400 and 5450 is shown in
Figure 9b,c. The figure shows the shoreline for six time periods between 1974 and 2022, as
well as the estimated shoreline after ten and twenty years (2033 and 2043).
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Figure 9. Shoreline changes over time at Damietta (1974-2043): (a) shoreline change at Damietta,
(b) time series of changing the shoreline position at transect 5400, (c) time series of changing the
shoreline position at transect 5450.

At transect 5400, the shoreline has moved inland by 1142.07 m in the period 1974-2022,
and the forecast by DSAS showed that it will shift inland by 395.01 m by 2033 and 198.69
by 2043. The time series shown in Figure 9b resulted in Equation (3), which can be used to
predict the shoreline position at any year with (R? = 0.9017).

y =21.566x — 33,473 ®)

At transect 5450, the shoreline has moved inland by 1311.50 m in the period 1974-2022,
and the forecast by DSAS showed that it will shift inland another 454.79 m by 2033 and
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284.66 m by 2043. The time series shown in Figure 9b resulted in Equation (4), which can
be used to predict the shoreline position at any year with (R? = 0.9814).

y =28.856x — 48,316 4)

3.4.3. Lake Manzala

One profile (ID: 6000) was chosen to demonstrate the rate of change in the shoreline
at Lake Manzala, as seen in Figure 10a. Figure 10b depicts the relationship between the
predicted coastline after 10 and 20 years (2033 and 2043) and the shoreline change assessed
from the baseline during six time periods from 1974 to 2022. At transect (6000), the shoreline
has moved inland by 431.76 m in the period 1974-2022, and the forecast by DSAS showed
that it will shift inland by 120.34 m by 2033 and 80.52 m by 2043. The time series shown in
Figure 10b resulted in Equation (5), which can be used to predict the shoreline position at
any year with (R? = 0.9767).

y =8.42x — 1425.7 ®)

@)

Shoreline position change (1974-2043)
— Shore line (M) Unear (Shore line (m))
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E
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2 559,33
§ 15600.00
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3 1540000 R!=09767
¢
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&
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Figure 10. Shoreline changes over time at Lake Manzala (1974-2043): (a) shoreline change at Lake
Manzala, (b) time series of changing the shoreline position at transect 6000.

4. Discussion

The DSAS tool with GIS is used to investigate the historical trend and the changes in
the Nile Delta shoreline based on historical data from 1974 to 2022. Then, DSAS is used to
predict the shoreline for 10 and 20 years (2033 and 2043). The incorporation of DSAS into
the ArcGIS environment not only improves the software’s functionality, but also makes
it possible to compute scales and rates of change statistics using a variety of historical
shoreline positions and sources. The DSAS tool is effective in mapping and identifying
coastline erosion and accretion on the coastal environment, as well as measuring historical
shoreline geometry movement. The DSAS extension in the ArcGIS environment makes it
simple and easy to measure changes in the coastal environment on yearly, decadal, and
historical time scales. The case study presented here shows how DSAS can offer insightful
information on the morphodynamical shoreline behavior, including shifting the position
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and changes in geometry, the detection of erosion and deposition areas, and variation in
planimetric properties of the coastal environment.

The profiles at five critical sections were analyzed, and linear equations were devel-
oped for each profile that can be used to calculate the shoreline position in the future. The
shoreline movement for 70 years from 1974 to 2043 is plotted in Figure 11. The figure
shows a comparison between the results for the shoreline at five critical sections at Rosetta
and Damietta. As shown in the figure, the maximum inland movement was observed at
transect 2360 at Rosetta and the minimum was observed at transect 6000 at Lake Manzala.

Shoreline change at specific sections
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S
8
8
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Figure 11. Comparison between shoreline changes at critical sections in the period 1974-2043.

The results showed that Rosseta and Damietta are the areas most affected by changes
in the shoreline. Figure 12 shows the shoreline change in the Nile Delta from 1974 to 2022
(six periods) in addition to two forecasted years in 2033 and 2043, focusing on Rosetta and
Damietta. In general, the results of shoreline change for 70 years reveal that the shoreline
has changed dramatically in the study period at Rosetta and Damietta, which requires
more assessment and protection measures.
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Figure 12. Shoreline changes at Rosetta and Damietta in the period 1974-2043.
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Limited studies have been conducted on the shoreline change in the Nile Delta. The
shoreline kinematics response due to the existence of protection measures at Damietta
using satellite images was assessed by Esmail et al. (2019) [68]. Their study focused on
the shoreline change during the period from 1990 to 2015 (25 years) based on four Landsat
images from 1990, 1999, 2003, and 2015. They focused on three zones in the western,
central and eastern portions of Damietta. The first zone is at Damietta port, where the
results showed that the shoreline has advanced west of the port with an average rate
of +10.87 m/year and an erosion of the shoreline has occurred east of the port, with an
average rate of —4.80 m/year. The second zone is Ras El Bar resort beach, which was
protected, and the results showed that the shoreline behind the structure has progressed
with an average rate of +7.0 m/year. A highly affected zone was the third zone is the
eastern part of Damietta promontory, where the results showed that the erosion rate
was assessed to be from —45.60 to —61.10 m/year during the period 1990 to 1999 and
from —31.6 to —77.0 m/year during the period from 1999 to 2015, with an average rate of
—45.3 to —70.5 m/year.

The coastal area at Rosetta was assessed by Balbaa et al. (2020) [69], who analyzed
the shoreline change pattern from 1985 to 2015 to estimate the relation between the coastal
changes and the physical properties of the coastal sediments using remote sensing imagery
by the MNDWI index. The results revealed that Rosetta suffered from erosion during the
study period (30 years). On the eastern side of Rosetta, the average erosion rate reached
—50 m/year and on the western side, the average erosion rate reached —15.5 m/year
during the whole period (30 years). GIS was applied by Deabes (2017) [70] to assess the
shoreline change rates due to constructing marine structures, including a seawall and
detached breakwaters and groins. The analysis was based on the beach-nearshore profile
surveys between 1970 and 2010. The results showed that main erosion occurred along the
Delta promontories. The shoreline of Rosetta retreated (1.6 km) with an average rate of
60 m/year. The coastline of Burullus bulge recessed with average rate of 6 m/year, and
at Damietta (Ras El-Bar), the shoreline receded (6 m/year). El-Quilish et al. (2022) [71]
built a model using GIS and a local digital elevation model (LDEM) to find the low-lying
areas sensitive to inundation from future SLR in 2050 and to find the land-use types and
percentages that were affected in the Nile Delta; they also produced a hazard index map
(HIM). The results showed that the area inundated due to SLR in 2050 totals to about
50 km?, and the flooded areas represent 38.40 km? for urban areas, 3.80 km? for agricultural
lands, 5.20 km? for fishing farms, and 2.60 km? for bare areas.

The three abovementioned studies [68-70] used different tools for assessing the shore-
line change in the Nile Delta for different periods and, to some extent, provided different
results due to the application of different methods for different periods. Esmail et al.’s
(2019) [68] study focused on Damietta for 25 years (1990-2015); the Balbaa et al. (2020) [69]
study focused on Rosetta for 30 years (1985-2015), and Deabes (2017) [70] used data from
beach-nearshore profile surveys for 40 years (1970-2010).

The current study results are similar to the results of the above studies, but the results
of the current study are slightly different from other studies because the transect are not
exactly in the same places as those from previous studies. This means that the study
confirms the erosion hotspots identified in previous works and complements those studies
by assessing areas not previously assessed. Furthermore, the differences in shoreline trends
observed from those studies may be justified by the fact that the current study used different
methods and a different shoreline time series, as ours was a longer time series. In addition,
the results showed that the erosion rate ranged between 30-60 and 10-25 m/year at Rosetta
and Damietta, respectively. The current study used a DSAS based on data for 49 years
(1974-2022), which is more recent and up to date. Then, DSAS is used to forecast the change
in the shoreline after 10 and 20 years (2033 and 2043), which thus resulted in a longer
period of 70 years (1974-2043) that was used for the time series of changing the shoreline at
different transects and for extracting a linear equation for each transect, which can help in
predicting the shoreline change.
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This methodology can be applied in different areas, as mentioned in the review, but
the application of this methodology has some limitations, such as predicting the pattern of
coastline behavior based on the historical rate of change trends as an indicator of future
trends by DSAS, assuming the steadiness in physical, natural, or anthropogenic forces that
caused the detected changes. We also recommend conducting a deep study that depends
on field measurements in order to include the effect of instantaneous water levels on
monitoring the shoreline position, which was provided by Castelle et al. (2022) [72] to
assess the shoreline change in Truc Vert, France.

5. Conclusions

Coastal areas are among those most impacted by sea level rise and climate change.
Egypt’s coastal regions are anticipated to have large direct impacts due to the expected sea
level rise (0.20-0.88 m) by the end of the 21st century. Egypt’'s Mediterranean coastline,
especially the Nile Delta, is below the mean sea level that will be most affected by sea level
rise. In this study, the change in the shoreline of the Nile Delta was investigated for the
period 1974-2022 using the Digital Shoreline Analysis System (DSAS) with the ArcGIS
environment. Then, GIS was utilized to identify changes in the shoreline and forecast future
changes for the next 10 and 20 years (2033 and 2043). The results revealed that the shoreline
of the Nile Delta was extremely affected and the predictions showed continuous erosion in
2033 and 2043, especially at the Rosetta and Damietta sites. In this study, the most critical
sections were selected and more focus was placed on these sections. Five critical sections
were selected and analyzed at Rosetta, Damietta, and Lake Manzala, and linear equations
were developed for each profile that can be used to calculate the shoreline change. The
calculated erosion rate ranged from 30-60 m/year at Rosetta, 10-25 m/year at Damietta and
8-15 m/year at Lake Manzala. Continued erosion of the Nile Delta shoreline could have
severe consequences on different segments, including ports, buildings, roads, railways,
and inhabitants, which in turn affects the economy. The findings of this study may aid
in protecting the Nile Delta from SLR using appropriate strategies to stop coastal erosion.
The results of this research could be used by decision-makers to implement strategies for
integrated coastal zone management that incorporates an increased awareness and urban
growth management to protect the affected areas.
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