
Citation: Darwish, K.; Smith, S.

Landsat-Based Assessment of

Morphological Changes along the

Sinai Mediterranean Coast between

1990 and 2020. Remote Sens. 2023, 15,

1392. https://doi.org/10.3390/

rs15051392

Academic Editor: Ashraf Dewan

Received: 30 November 2022

Revised: 25 February 2023

Accepted: 26 February 2023

Published: 1 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Landsat-Based Assessment of Morphological Changes along the
Sinai Mediterranean Coast between 1990 and 2020
Kamal Darwish 1 and Scot Smith 2,*

1 Geography Department, Faculty of Arts, Minia University, El Minia 61519, Egypt
2 Geomatics Program, University of Florida, Gainesville, FL 32611, USA
* Correspondence: sesmith@ufl.edu

Abstract: The objective of this study was to assess coastal dynamics of the Sinai Mediterranean
coastline (SMC) between 1990 and 2020. In this study, remote sensing imagery and geographic
information systems-based spatial computing methods were used for coastline change analysis. The
study found that the SMC experienced major morphological changes during the period of study.
The results show a spatial heterogeneity of coastline change rate over the study period with some
periods of rapid change and other periods of stability. The overall analysis during the period of
study indicated that the coastline has retreated landward approximately 555 m; the average annual
erosion rate was 2.5 m/year. The percentage of the eroded section in the coastline is 60% with the
remaining 40% either advancing or remaining stable. Sections of the coastline accreted as much as
542 m. The GIS-based DSAS model application used in this study is unique because it measured
spatial variations of coastline dynamics over time using a multiple statistical approach.

Keywords: coastal zone management; GIS; remote sensing; coastal erosion; Sinai Mediterranean
coast; coastline change detection

1. Introduction

Coastlines change due to various natural factors, such as beach erosion, floods, and
sea level rise. Recently, climate change, coastal processes, and human interventions are
causing morphological changes in coastlines [1]. Change of coastline position has become
one of the major environmental problems in the last several years. Research indicates that
most of the global coasts are retreating with an annual erosion rate of between 1 cm/yr.
and 10 m/yr. [2]. Mapping spatial and temporal change of the coastal environment has
become easier due to remote sensing and Geographic Information Systems. Maps can
display the spatial variations of coastal erosion/accretion and make future predictions to
help decision makers make good decisions [3]. Moderate-resolution satellite (MRS) images,
such as Landsat, have been used to monitor changes of coastlines position since the early
1970s. MRS Landsat imagery delivers repeated and consistent statistics that can be used for
quantifying coastal variations [4].

MRS imagery offers several advantages, such as up-to-date data availability, and
multi-temporal archive records covering the Earth with imagery and availability at no cost
for users [5]. MRS imagery was widely used for coastline monitoring and mapping because
it has spectral and radiometric information which contributes to accurately automated
coastline extraction [6].

Landsat images including the Landsat-5 TM (Thematic Mapper), Landsat-7 ETM+
(Enhanced Thematic Mapper Plus) and Landsat-8 OLI (Operational Land Imager) are
increasingly used for coastline change detection. They have been used globally in several
coastal studies. Various water indices have been developed for mapping water bodies. The
remote sensing ratio between near-infrared and green spectral bands have been used to
develop the Normalized Difference Water Index (NDWI), to accurately detect and map
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land/water features from remotely sensed multi-spectral imagery [7]. It was effectively
applied by several studies to delineate coastline from a multi-temporal Landsat imagery in
non-populated coasts [8,9]. Urbanized coasts are problematic because they are “noisy” with
very little homogeneity. Xu [10] exchanged the middle-infrared instead of near-infrared
band to solve the problem of the noisy results due to urbanization.

In this study, spectral water indices such as NDWI and MNDWI were uniquely applied
to discriminate and map water bodies from land features and to analyze the changes in a
coastline along the SMC for a 30-year period based on multi-temporal Landsat imagery.
ArcGIS software-based spatial computing uses the USGS Digital Shoreline Analysis System
(DSAS) model. To achieve the objectives of this study, three spatial statistical approaches
were used to compute rates of coastline changes such as Net Shore Movement, End Point
Rate and the Linear Regression Rate.

Coastal dynamics along the SMC have been assessed by several studies. Frihy et al. [11]
compared aerial photographs taken in 1955 with topographic maps produced in 1992 to
detect coastal changes. Frihy et al. [12] studied the effect of Arish Power Plant on beach
erosion using hydrographic surveying techniques along the El Arish coast. The El Tineh
Bay coastal zone was studied by comparing historical topographic maps made in 1973 with
MRS images taken in 1984 and 1996 [13]. El Banna et al. [14] used MRS images taken in
1986 and 2001 to analyze the variation of coastal erosion and accretion rates along selected
parts of SMC. Nassar et. al. [15,16] used MRS images to detect changes along the SMC
between 1989 and 2016.

The analytical approach of this study is different from previous studies of the SMC
because our study focused on the spatiotemporal coastline change analysis using time-
series Landsat imagery with equal intervals of 5 years (seven periods). The result from our
study is focused on trend analysis along the entire SMC over time linked with both natural
and anthropogenic driving factors. The study of Nassar et al., 2018, measured coastline
change rates between 1989 and 2016, while our study measured in detail, the coastline
change rate seven times in order to analyze the trend of the coastline change rate.

This study used a Landsat time-series with 5-year intervals to compute spatial and
temporal change analysis of coastlines for coastal management. It performed an up-to date
analysis of coastline change over six periods between 1990 and 2020. The up-to-date coastal
erosion management matrix is unique and very useful for decision makers to conserve the
coast from erosion hazard and risk.

The GIS-based DSAS model is a unique technique because it can measure the spatial
variations of coastline dynamics over time using a multiple statistical approach. This
technique can be used globally. It is a higher-accuracy technique that can be used to assess
coastal dynamics such as coastline uncertainty.

2. Materials and Methods
2.1. Study Area

The Sinai Peninsula is in the northeastern part of the African continent. The Suez
Canal is bounded by the area of study from the west; the Egyptian-Gaza strip represents the
border from the east, and the Mediterranean Sea in the north. The SMC is approximately
220 km long, as is shown in Figure 1.

The Mediterranean coastal plain of the Sinai Peninsula is covered with saltmarsh, fish
farms, sand and sabkha deposits. It is devoid of vegetation cover. The study area was
classified according to the geomorphology of the coast into three zones: Zone (I) located
in the west of study area and includes the Tinah Plain Coast (TPC) which extends from
the entrance of Suez Canal to Bardawil lake to the east, the land cover in its coastal zone
is the El Mallaha Lagoon, muddy coastal plain, fish farms and the Sabkha wetland. Zone
(II) includes El Bardawil lagoon which has a vulnerable sand barrier. The barrier contains
three shallow inlets connecting the lake with the Mediterranean Sea. Zone (III) comprises
the El Arish Valley. It is covered by sand dunes, sabkha and wadi (dry valley) deposits.
The three zones are shown in Figure 2.
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Figure 2. Supervised classification of land use/cover of study area derived from 2020 Landsat-8.

A marine climate is the main driver for the coastal erosion/accretion process. Waves
along the southern Mediterranean coast are a function of high-pressure weather sys-
tems [14]. Waves action is normal in summer and spring. The wave height reaches
1.20 m with an average of 40 cm. The Northwest (NW) is the dominant direction. The
waves in winter are stronger, coming from three different directions N, NNW and NW.
During storms, the wave height reaches 4.2 m [15,16].

2.2. Materials

Landsat images taken between 1990 and 2020 were the primary data source. Data
were collected from multiple sensors including Landsat-5 (TM), Landsat-7 (ETM+) and the
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Landsat-8 (OLI). The USGS Earth Explorer website offers the satellite data to download
in “GeoTIFF” format, as shown in Table 1. These Landsat datasets were radiometrically
corrected to the surface reflectance (Level-2).

Table 1. Landsat images used in this study.

Acquisition Date Satellite/Sensor

25 May 1990 Landsat-5/TM
16 May 1990 Landsat-5/TM

24 June 1995 Landsat-5/TM
1 July 1995 Landsat-5/TM

31 July 2000 Landsat-7/ETM+
22 July 2000 Landsat-7/ETM+

19 June 2005 Landsat-5/TM
12 July 2005 Landsat-5/TM

17 June 2010 Landsat-5/TM
14 October 2010 Landsat-5/TM

19 September 2015 Landsat-8/OLI/TIRS
24 July 2015 Landsat-8/OLI/TIRS

12 June 2020 Landsat-8/OLI/TIRS
10 September 2020 Landsat-8/OLI/TIRS

2.3. Methods

Methods applied in this study were performed in three stages: (1) data collection and
pre-processing of satellite imagery, including band combination, geometric and radiometric
corrections, (2) applying spectral indices of NDWI and MNDWI for the automatic detection
and extraction of coastlines, and (3) morphological analysis of coastal changes. Figure 3 is a
flow chart of the methods used in the study.
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2.3.1. Coastline Delineation

The NDWI is a water index that was created by McFeeters in 1996. It is a ratio between
the high absorption of the NIR band and high reflectance of the green band in water
bodies [7]. The NDWI can be used to differentiate a coastline from everything else. On the
other hand, the MNDWI index uses short wavelength infrared (SWIR) and green bands
to effectively map coastlines for most coasts including urbanized and vegetated coasts.
The satellite images acquired for our study area used ERDAS Imagine using arithmetic
operations in model builder to differentiate water/land using the thresholding method.
NDWI was calculated using the following Equation (1):

NDWI =
(ρGreen − ρNIR)

(ρGreen + ρNIR)
(1)

where ρGreen is the green band, and ρNIR is the NIR band.
NDWI uses two bands to (1) maximize water reflectance in the visible green band,

(2) minimize water reflectance in NIR, and (3) use the advantages of the high reflectance
of vegetation and soil in the NIR [17]. Therefore, Landsat sensors that have these spectral
bands (green and NIR) can only be used to calculate this index. The values of the NDWI
range between 1- and +1. The positive values refer to water features and the negative
values refer to the soil and vegetation.

Identification of water and land features is increasingly problematic as coasts become
more urbanized [7]. MNDWI uses the MIR and green bands to increase the quality of
results and reduce “noise” along urbanized coasts. MNDWI in Equation (2) [18]:

MNDWI =
ρGreen − ρMIR
ρGreen + ρMIR

(2)

where ρMIR is the MIR band.
The calculation process in ERDAS Imagine v.2015 software of the NDWI/MNDWI

water spectral indices used in this study is shown in Figure 4.
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Figure 4. ERDAS Imagine model maker interface used to calculate NDWI/MNDWI.

After the NDWI and MNDWI were applied, a threshold value was applied to map
water bodies from other features using segmentation algorithms. Generally, the optimal
threshold is often applied to extract water features from the NDWI/MNDWI spectral index
results. The water feature is considered the pixel value equal to or higher than zero for
most of the spectral indices. Because there are spatial and temporal variations from place
to place over time, these differences could have an impact on the multispectral images.
Therefore, the optimal threshold was selected and applied with respect to the water index
values for each scene [19].

The use of spectral indices for water feature extraction needs a threshold to divide
the image into two classes: water or land. This threshold is likely different with different
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land cover classes [20]. The OTSU algorithm is an optimal threshold used to maximize
separation between two classes from the binary grey-scale image [21]. The OTSU algorithm
has been used in several studies to identify and map water/land features from Landsat
images [22].

The OTSU threshold algorithm was applied in this study to classify water/land classes.
Pixel values equal to or higher than the OTSU threshold value refer to the water feature;
other values represent different non-water features [22]. Applying the OTSU threshold
values for coastline feature extraction from different spectral water indices is shown in
Figure 5. Subsequently, ESRI ArcGIS Software was used to convert coastlines from raster-
to-vector format based on the classified water body binary maps [23]; the extracted vector
coastlines were stored in a GIS-geodatabase according to DSAS model validation, as shown
in Figure 5c.
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Accuracy assessment of the extracted coastline from Landsat taken in 2020 was calculated
using the root mean square error (RMSE), as mentioned. Calculations were made by comparing
the spatial locations for both extracted (ext) and reference coastline. High-resolution GoogleEarth
imagery acquired in 2020 was used to digitize the reference coastline.

RMSE was normalized to decrease the effects of the difference of ranges and values.
Normalization of the RMSE (NMRSE) allows comparison between datasets. Values around
zero refer to a good match between the data [24].

RMSE =

√√√√∑n
i=1

(
Lre f ,i−Lext,i

)
2

n
(3)

where Lre f ,i refer to the distance between baseline and reference coastline at transect i,
Lext,i refer to distance from baseline to the extracted coastline at transect i, and n refers to
the number of total transects.

NMRSE =
RMSE

L−
re f

(4)
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where L−
re f refers to the average distances between the baseline and reference coastline for

all transects used.

2.3.2. Uncertainty Estimation of the Extracted Coastlines

Coastline change analysis using satellite imagery can result in data errors or uncertain-
ties which must be calculated and corrected. There are four uncertainties in data quality
that are relevant to this study, as shown in Table 2. (1) Error of Pixel (Ep): this error varies
based on the spatial resolution of images; (2) Orthorectification Error (Eg): this data error is
inserted in the metadata file of any images. For this study, the RMSE of orthorectification
was less than 0.5 pixels, which indicates a strong fit of image geometry. (3) Ideal Error
Range (Ev): this error is related to the tidal regime range. Inaccurate results of coastline
positions from MRS images along the tidal coastal zone can occur. Along the SMC, the
dominant tidal regime does not exceed 0.40 m [14], which is considered insignificant for
coastline displacement error. (4) Error of the coastline extraction (Ex): this error value can
be calculated from the RMSE. Uncertainty of total error (Ut) can be estimated from the
results from all previous data errors, as shown in Equation (5). The total calculated error
data values in this study range from 39.9 m to 41.6 m. Annualized error (Ua) related to the
coastline change rate at any given transect is shown in Equation (6).

Ut =
√

E2
P + E2

g + E2
v + E2

x (5)

Ua =

√
U2

1990 + U2
1995 + U2

2000 + U2
2005 + U2

2010 + U2
2015 + U2

2020

Total Periods
(6)

Table 2. Uncertainty assessment.

Type of the Error 1990 1995 2000 2005 2010 2015 2020

Error of Pixel (Ep) ±30 m ±30 m ±30 m ±30 m ±30 m ±30 m ±30 m
RMSE of Orthorectification (Eg) ±12.16 ±11.51 ±5.73 ±6.04 ±4.72 ±4.16 ±7.86
Error of Tidal range (Ev) ±40 cm ±41 cm ±40 cm ±40 cm ±40 cm ±40 cm ±40 cm
Error of Extraction (Ex) ±26.10 m ±26.10 m ±26.10 m ±26.10 m ±26.10 m ±26.10 m ±26.10 m
Total error (Ut) ±41.59 ±41.40 ±40.18 ±40.22 ±40.05 ±39.98 ±40.54
Annual error during
1990–2020 (Ua) ±3.31 m/yr.

ECI period interval (m/yr.) 1990–2020
± 1.94 m/yr.

The calculated annual error for the period of study was 3.3 m/yr. The DSAS model
requires the uncertainty error value as input to accurately calculate the coastline rate of
change. The Confidence of End Point Rate (ECI) can be estimated using two coastline
positions of the years used in the end point as calculated by Equation (7).

ECI =

√
(UA)

2 + (UB)
2

DateA − DateB
(7)

2.3.3. Coastline Change Analysis

The digital shoreline analysis system (DSAS) was created by the United State Ge-
ological Survey (USGS.) It can analyze coastal dynamics of shores, cliff retreat, erosion
and perform predicative modeling [25]. The DSAS depends on creating transects that
measure spacing between a baseline and historical coastlines. Rate of change statistics can
be computed. In this study, 1976 transects were created perpendicular to the baseline with
a spatial interval of 100 m.

Three spatial statistical approaches were used to assess the spatial temporal character-
istics of coastline change along SCM: (1) End Point Rate (EPR), (2) Net Shore Movement
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(NSM), and (3) Linear Regression Rate (LRR). The NSM was measured for total distance be-
tween two coastline positions in two different periods. The End Point Rate (EPR) describes
the patterns and trends of coastline change as main statistical parameters. EPR measures
changes in coastline by dividing the movement of the coastline according to its current
position. The LRR computes long-term variations of the coastline change rate. Spaces
among transects were noted based on the coastline change pattern alongside the baseline
and transects [26].

The rate of change during the study period (1990 to 2020) was computed by DSAS
using multiple coastline vector data formats, as shown in Figures 6–8. The End Point Rate
of change was calculated using Equation (8).

EPR =
length
Time

=
Net Shore Movement(m)

Time period (Years)
(8)Remote Sens. 2023, 15, x FOR PEER REVIEW 10 of 20 
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Transects at 100 m intervals; (c) the Bardaweil Coastal Barrier; (d) Bardaweil Coastline and Transects at
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2.3.4. Classification of Shoreline Erosion

The statistical approaches of the DSAS model resulted in positive values (+) referring
to the accretion process seaward, while negative values (-) refer to the retreat of shoreline
landward. Erosion and accretion rates along the SMC were classified and mapped into
seven categories according to the global classification of coastal erosion hazard and risk
introduced by Natesan et al. [27], as presented in Table 3.
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Table 3. Hazard degree of coastline change rate.

Class Annualized Coastline Change Rate (m/yr.) Hazard Degree

1 >−2 Severe erosion
2 >−1 to <−2 High erosion
3 >0 to <−1 Medium erosion
4 0 Stable
5 >0 to <+1 Medium accretion
6 >+1 to <+2 High accretion
7 >+2 Severe accretion

3. Results
3.1. Rate of Coastline Change between 1990 and 2020

The 1976 transects of the SMC taken at 100 m intervals were used to assess morpholog-
ical changes between 1990 and 2020 at 5-year intervals using EPR and LRR rates of change
statistics. The analysis of the EPR and LRR rate of change between 1990 and 2020 showed
no significant difference between them with the R2 value exceeding 0.99. Morphological
changes of the SMC were determined using EPR rates which were calculated for six periods
(1990 to 1995, 1995 to 2000, 2000 to 2005, 2005 to 2010, 2010 to 2015 and 2015 to 2020). The
summarized spatial statistics for each intermediate period are shown in Table 4. Spatial
variations of coastline change rates along SMC between 1990 and 2020 are presented in
Figure 7.

The overall analysis of the coastal erosion rates along the study area between 1990
and 2020 are shown in Figures 7 and 8. They show that the SMC had an average retreat of
2.5 m/yr. over the 30-year period of study. The highest annual erosion rate was 5.2 m/yr.
between 1990 and 1995. The lowest erosion rate was 3.9 m/yr. between 1995 and 2000.
Coastal protective devices such as lagoon inlets, harbors and navigational entrance canals
decreased erosion rates. The annual rate along the SMC coastline was 2.3 m/yr. between
1990 and 2020, while the lowest accretion rate was 3.9 m/yr. between 2010 and 2015. The
annual accretion rate increased to 5.2 m/yr. from 2015 to 2020.

3.2. Assessment of Zonal Coastal Change
3.2.1. El Tienah Plain Coast (TPC)

The TPC is in the western part of the study area extending 36 km from the Suez Canal
entrance to the Bardaweil lagoon. TPC occupies approximately 18% of the SMC and has
360 transects, as shown in Figure 9. The TPC has a highly vulnerable sand barrier at the
Al Mallaha lagoon. Analysis of coastline change along the TPC between 1990 and 2020
indicates that the coastline has retreated 554.0 m with an average rate of 7.7 m/yr. The TPC
has advanced 542.1 m with an average accretion rate of 4.5 m/yr. In this coastal zone, the
lowest average annual coastline erosion was 8.2 m/yr. from 1990 to 1995. It increased to
11.9 m/yr. from 2010 to 2015, as shown in Table 4.

Between 1990 and 2020, several coastal protection structures were built in this zone.
Landsat images taken between 1995 and 2000 show barriers at Port Said including two jetties
and a seawall. The seawall reduced coastline erosion in some sections, but it caused erosion
to the adjacent area. Currents moved disassembled sandy soil from west to east causing
the erosion [15].

Between 2010 and 2015, the coastline retreated 228.7 m at an average annual rate of
11.9 m/yr. It was the highest average annual rate for the SMC during the study period.
A natural inlet formed in the Mallaha Coastal Barrier, as well as an underwater groin
southward. Between 2015 and 2020, the eastern jetty of the Suez Canal entrance was
extended to protect a larger area as well as two artificial inlets which were constructed
along the Al Mallaha Lagoon sand barrier. Both are protected with two parallel jetties to
avoid instability of bank erosion and sedimentation, as shown in Figure 10.
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Table 4. Coastline change statistics between 1990 and 2020.

Coastal Zone Coastline
Change Statistical Parameters 1990–

1995
1995–
2000

2000–
2005

2005–
2010

2010–
2015

2015–
2020

Global
Period

Z
one

I
ElTienah

Plain
C

oast
360

Transects

Erosion

Accretion

Min EPR (m/year)
Average EPR (m/year)

Min NSM (m)
% of Transects

Max EPR (m/year)
Average EPR (m/year)

Max NSM (m)
% of Transects

−29.98
−8.19
−153.67

52.22

+62.92
+6.89

+322.54
47.22

−69.88
−9.09
−353.61

42.78

+25.78
+6.09

+130.47
54.72

−38.27
−11.67
−190.18

50.56

+42.58
+7.59

+211.63
48.33

−33.86
−8.29
−178.01

41.94

+39.41
+7.97

+207.18
57.78

−47.89
−11.91
−228.67

53.33

+43.17
+6.62

+206.17
41.94

−31.08
−9.49
−162.03

50.00

56.89
+7.03
296.59
42.78

−18.22
−7.67
−553.9
43.06

+17.83
+4.54

+542.09
52.22

Z
one

II
Bardaw

eilLagoon
C

oast
845

Transects

Erosion

Accretion

Min EPR (m/year)
Average EPR (m/year)

Min NSM(m)
% of Transects

Max EPR (m/year)
Average EPR (m/year)

Max NSM (m)
% of Transects

−33.08
−5.39
−168.11

36.33

+36.33
+4.63

+184.64
63.55

−29.8
−3.50
−152.12

40.95

+87.58
+4.50

+447.01
55.98

−29.1
−5.02
−142.08

78.58

+29.05
+4.35

+141.83
20.36

−29.94
−3.32
−149.54

47.10

+40.41
+3.97

+201.81
49.47

−23.46
−4.18
−123.36

48.64

+20.04
+2.65

+105.38
51.60

−22.32
−5.40
−105.63

86.63

+30.99
+5.39

+146.66
12.78

−9.47
−2.14
−284.64

69.70

+15.03
+2.02

+451.56
29.59

Z
one

III
A

rish
V

alley
C

oast
766

Transects

Erosion

Accretion

Min EPR (m/year)
Average EPR (m/year)

Min NSM (m)
% of Transects

Max EPR (m/year)
Average EPR (m/year)

Max NSM (m)
% of Transects

−16.26
−2.76
−82.66
32.11

+23.45
+2.96

+119.16
67.89

−17.8
−1.47
−90.83
35.25

+22.30
+2.89

+113.83
64.62

−14.89
−2.97
−72.7
80.81

+11.51
+1.59
+56.21
16.45

−14.41
−2.66
−71.95
34.20

+14.43
+2.56
+72.08
63.84

−11.48
−2.08
−60.35
43.60

+74.59
+3.05

+392.12
49.48

−22.78
−3.34
−107.78

82.11

+26.37
+2.79
+124.8
15.80

−5.06
−0.99
−152.06

55.35

+12.23
+1.13

+367.43
44.52

Overall

Erosion

Accretion

Min EPR (m/year)
Average EPR (m/year)

Min NSM (m)
% of Transects

Max EPR (m/year)
Average EPR (m/year)

Max NSM (m)
% of Transects

−33.08
−5.23
−168.11

37.61

+62.92
+4.25

+322.54
62.03

−69.88
−3.90
−353.61

39.09

+87.58
+4.09

+447.01
59.14

−38.27
−4.97
−190.18

74.37

+42.58
+4.80

+211.63
23.96

−33.86
−4.03
−178.01

41.17

+40.41
+3.94

+207.18
58.88

−47.89
−4.99
−228.67

47.56

+74.59
+3.49

+392.12
48.17

−31.08
−5.03
−162.03

78.22

+56.89
+5.23

+296.59
19.44

−18.22
−2.46
−553.9
59.29

+17.83
+2.31

+542.09
38.32
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Figure 9. Land Use/Land Cover Changes along the El Tienah Plain. (a) 1990 Landsat-5;
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A Coastal Erosion Decision Matrix (CEDM) was created for each zone according to
the severity of coastal processes erosion/accretion. Each zone was divided into groups of
sub-regions and evaluated according to the EPR results. Figure 11 shows the CEDM for the
El Tienah coastal plain zone. Six sub-regions were identified along the SMC coast (A, B, C,
D, E and F). Sub-regions A, B, and D eroded. Section A, which extends 8.7 km downward
of the long current direction, had an annualized average erosion rate of 11.4 m/yr. This
section was impacted by anthropogenic factors, including jetties and seawalls at the Suez
Canal entrance and land use activities in the El Tienah coastal plain. Section B had an
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average erosion annual rate of 3.4 m/yr. for a distance 2.1 km downward. Section B was
impacted by an artificial inlet-1 coastal jetty. Section D is located adjacent to the onshore
groin downward. It has also had a high erosion rate (2.4 m/yr.).
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Sections C and E had an annual accretion rate of 5.6 m/year and 4.1 m/year, respec-
tively. Section F, which is located downward of the TPC, is stable with an average annual
accretion of 30 cm/year. According to the CEDM, sections C, E, and F are “stable” regions
along the TPC.

3.2.2. The Bardaweil Lagoon Barrier Coast (BLBC)

The BLBC represents the central zone of the SMC extending 87 km along 845 transects
and covering 43% of SMC. The BLBC is less than 1,000 m from the sea. It separates the El
Bardawil lagoon from the Mediterranean Sea. There are three small inlets that connect the
lagoon with the sea; two inlets are artificial (Numbers 1, 2) and the third inlet, El Zaranek,
is natural, as shown in Figure 12.

Siltation is controlled by marine factors along these inlets. Siltation causes problems
due to the hydraulic connection of the lagoon with the sea. Since 1991, jetties have been
built along the entrance of the artificial inlets (1) and (2). Although jetties and other coastal
structures have helped to maintain the navigational canals of these inlets, they have led
to coastal erosion and extreme forwarding of the coast [28]. The BLBC coastline retreated
during the study period 284.7 m with an annual average erosion rate of 2.1 m/yr. It also
advanced over the same period 451.6 m with an average annual accretion rate of 2.0 m/yr.
The percentage of erosional area represents 65%, while the accretion area represents 30%
of BLBC.

The average annual erosion rate along BLBC decreased from 5.4 m/year between 1990
and 1995 to 3.3 m/year in the period 2005 to 2010. Erosion increased to 5.4 m/yr. between
2015 and 2020. The higher erosion is related to the jetties at the entrances of the inlets
which caused erosion zones’ eastward direction. The average annual accretion rate along
BLBC ranged between 4.6 m/yr. for the period 1990 to 1990 and increased to 45.4 m/yr.
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for the period 2015 to 2020 because of sediment accumulations behind the jetties’ upward
alongshore current, as shown in Figure 13.
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Figure 13. Coastal Structure along the Bardaweil Artificial Inlets (a) Inlet-1 (b) Inlet-2. The green
arrow refers to the accretion zone behind the western Jetty, while the red arrow refers to active erosion
zone downward.

The CEDM identified seven sub-regions along the BLBC zone based on EPR coastline
erosion/accretion rates between 1990 and 2020. Two sub-regions, C and F, located eastward
of the entrance of artificial inlets at 11.7 km., had erosional rates of 3.9 and 4.0 (m/yr.),
respectively, which require protection, as shown in Figure 14.
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Figure 14. Coastal erosion management matrix along the Bardaweil Lagoon between 1990 and 2020.

Three coastal accretion sections, B, E, and G, with a length of 6.6, 6.9, and 10.8 km.,
respectively, had annual average accretion rates of 1.3, 1.7 and 1.7 m/yr., respectively. Both B
and E sections occur along the western sides of the inlet jetties. The jetties impact longshore
sediment transportation eastward. Sections A and D had average annual erosional rates of
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1.1 and 0.8 m/yr., respectively. These sections are located along the coastal lagoon sand
barrier which is naturally protected with sand dunes and beach sand.

3.2.3. Arish Valley Coast (AVC)

The AVC has 766 transects and represents 40% of the SMC. The AVC extends from
El Zaranek to the Egyptian national eastern border. Overall analysis of the AVC coastline
changes between 1990 and 2020 shows an average annual coastal erosion rate of 1.0 m/yr.
and an accretion rate of 1.1 m/yr. The coastline retreated landward a distance of 52.1 m
and advanced seaward 367.4 m during the study period. The spatial/temporal analysis of
coastline changes along AVC showed an average annual erosion rate of 2.8 m/yr. between
1990 and 1995 and 3.0 m/yr. between 2000 and 2005. To mitigate severe coastal erosion
along the western side of Al Arish Harbor, the Shore Protection Agency (SPA) built seven
short groins in 2005 to protect El-Arish city from waves and the coastal erosion process.
The SPA constructed 11 more short groins later. Between 2007 and 2008, another five groins
were added [29].

The beaches in the west of El Arish harbor advanced because of harbor jetties in the
interruption of the dominant longshore current eastward. Although the west side of the
Arish port reversed to an accretion zone, new severe erosion occurred eastward.

To conserve and mitigate the coast from severe erosion, 13 short groins were installed
between 1988 and 1990, as well as beach renourishment projects. From 1988 to 1989, the
SPA built a series of five groins [29]. From 2015 to 2020, the average annual erosion rate
increased to 3.3 m/yr. due to the groins.

The accretion annual rate was 3.0 m/yr. from 1990 to 1995, but it increased to
3.3 m/year from 2010 to 2015 in response to the advancing coastline behind the west-
ern harbor jetty. The accretion rate was as high as 2.8 m/yr. from 2015 to 2020, as shown in
Figure 15.
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The CRDM identified eight sub-regions of coastline erosion/accretion in the Arish
Valley between 1990 and 2020. There were three erosion sections, A, E, and G, with lengths
of 14 km., 9.8 km. and 4.7 km., respectively. All these sections were produced down drift of
the protected area. Section A is a moderate coastal erosion section with an annual average
loss of 0.9 m/yr. This section does not require immediate protection. Section E is a high
erosion zone due to the coastal protection system for the city of Al Arish. The average
annual erosion rate was 1.4 m/year from 1990 to 2020, as shown in Figure 16.
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Figure 16. Coastal erosion management matrix along the Arish Valley Coast between 1990 and 2020.

Section G had a moderate erosion rate of 0.5 m/yr. Two accretion sections, B and
D, had accretion rates of 5.4 km and 5.9 km, respectively. They were formed from the
sediments trapped behind the jetties’ downward alongshore current. The annual average
accretion rate in these sections was 1.4 m/year for section B and 2.8 m/year for section D.
Sections C and H were the most stable sub-regions with practically no change.

4. Discussion and Conclusions

The results of this study show that the rate of change along the SMC is uneven with
some areas accreting while others were eroded during the study period. The SMC retreated
landward 554 m with an annual average EPR rate of 2.5 m/year. Sixty percent of the
coastline eroded. The SMC advanced seaward 542 m with an annual average EPR rate of
2.3 m/yr. 40% of the SMC accreted.

Assessment of the SMC was performed for three zones: (1) the El Tienah Coastal Plain
(TCP), (2) the Bardaweil Lagoon Barrier Coast, and (3) the Al Arish Valley Coast. The
TCP had the highest average annual erosion rate of 7.7 m/yr. Hard structures such as
jetties, seawalls and groins were built to mitigate coastal erosion in this zone. However,
trend analysis of coastal erosion along TCP increased from 8.2 m/year from 1990 to 1995 to
9.5 m/yr. between 2015 and 2020. CEDM identified three coastal erosion sections requiring
urgent protection from erosion. The BLBC zone had a lower average annual retreat and
advance rates were 2.1 m/yr. and 2.0 m/yr. between 1990 and 2020.

The SPA protected entrances of artificial inlets with hard-structure jetties to save the
banks from erosion instability. The average annual rate from 1990 to 1995 was 5.4 m/year,
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which increased to 5.4 m/yr. between 2015 and 2020. Along BLBC, the CEDM determined
that two sections needed urgent protection close to the artificial inlets for 18.5 km. eastward.

The AVC has the lowest erosion/accretion rates of the SMC with an average annual
erosion rate of 1.0 m/year, while the accretion rate was 1.1 m/yr. The SPA installed two long
jetties to protect the Arish Harbor from wave and currents. There were 23 short groins on
the western side of Arish Harbor and 13 short groins on the eastern side of the harbor to
reduce erosion in the city; however, the coastal protection devices caused erosion rates of
3.3 m/yr. east of the city of Arish.

All low-lying deltas are subject to increasing pressure to combat sea level rise, increased
number and severity of storms and man-made structures such as groins. All contribute
to erosion and accretion. Egypt’s delta is particularly venerable to coastal erosion since
the Aswan High Dam prevents silt from replenishing the coastline. Therefore, it is critical
that the Mediterranean coastline be constantly monitored. The techniques present in this
research will allow this to be achieved at a reasonable cost.
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