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Accordingly, this study aimed at monitoring the shoreline dynamics of the

Keywords: protectorate over a period of 32 years (1987-2019) using geospatial technology as
Satellite images; well as assessing its vulnerability to SLR due to shoreline erosion. The study
DSAS; divided the protectorate’s shoreline (32 km) into three zones (eastern, middle, and
Zaranik protectorate; western). Digital Shoreline Analysis System (DSAS) tool was integrated into
Sea-level rise (SLR): ArcGIS software to facilitate analyzing the historical shoreline dynamics for both

Erosion/Accretion: long- (1987-2019) and short-term time intervals (1987-1998, 1998-2001, 2001—

' 2014, 2014-2015, 2015-2016, 2016-2017, 2017-2018, and 2018-2019) from six
Coastal slope; Landsat and three Sentinel images. Six coastal parameters were used in estimating
Geomorphology; the coastal vulnerability index (CVI). Moreover, a coastal vulnerability map was
North Sinai generated to identify and highlight areas most susceptible to inundation by
seawater along the protectorate. Results of shoreline analysis revealed that, during
1987-2019, the protectorate’s shoreline exhibited high erosion with an average
rate of -1.03 £ 3.9 m/yr. Moreover, the tidal action, the prevailing wave directions,
the oblique orientation of the shoreline, and the azimuth angle of the sandbar have
all contributed in the eventual closure of Boughaz El-Zaranik since 2017. CVI
results revealed that the entire coast is under the impact of very high vulnerability
to SLR due to shoreline erosion. The vulnerability maps generated in the current
study can be used to help in formulating the strategies required in SLR adaptation
and mitigation along Zaranik protectorate’s coast.

INTRODUCTION

Climate change is the most serious environmental driver affecting coastal
ecosystems worldwide (Torresan et al., 2008). Sea level rise (SLR) due to climate
change has led to the loss of large areas of coastal areas (Webster et al., 2005).
Mentaschi et al. (2018) found that during the period from 1984 to 2015, about 28,000
square kilometers of global coastlines were eroded due to SLR.
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Shoreline erosion due to SLR is one of the critical threats that can highly impact
the coastal areas. In order to determine the suitable strategy needed to adapt to SLR,
coastal scientists have used different methods to assess the coastal vulnerability. One of
the most widely used methods is the coastal vulnerability index (CVI) because of its
integrity and flexibility. CVI relies on a group of different geological, physical, and
socioeconomic variables. In estimating CVI, Hereher (2015) used both the geological
and physical aspects of the examined coast. Dinh et al. (2012) and Musa et al. (2014)
focused on using the physical and human variables, whereas others used only the
physical variables (Gornitz, 1991; Gornitz et al., 1994; Thieler & Hammar-Klose,
1999; Dwarakish et al., 2009; Pendleton et al., 2010 and Yin et al., 2012).

Geomorphology, shoreline erosion/accretion rates, and coastal slope are the
most common geological variables included in estimating the coastal vulnerability and
using geospatial technology (Li et al., 2016 and Pantusa et al., 2018). Remote sensing
(RS) technology, as a source of information, offered the availability of coherent time
series of satellite image required for shoreline monitoring, in which the same area can
be observed repeatedly at scales impractical to cover with traditional field techniques
(Khalil et al., 2016). In coastal waters, shoreline development was successfully
analyzed from Landsat images (Emam, 2016 and Fu et al., 2017). Geographic
information system (GIS), as a tool, offers a suitable platform that creates, integrates,
stores, visualizes, and analyzes geographically referenced data to solve problems, make
decisions and manage ecosystems properly (Emam, 2016).

The European Environmental Agency (EEA) considered the Mediterranean Sea
region as one of the main climate change hotspots (EEA, 2015). In Egypt, the
Mediterranean coast embraces low-lying coasts (as sand dunes and lagoons). According
to the Intergovernmental Panel on Climate Change (IPCC), these coasts will be
significantly impacted due to SLR by 2100 (Dasgupta et al., 2007). IPCC predicted a
global SLR of 0.52-0.98 m by 2100 due to very high greenhouse gas emissions (IPCC,
2014). Over and above, IPCC expected that African coasts will witness an increase of
10% in SLR over the global rise, by 2100 (IPCC, 2013).

Vulnerability assesses each country's ability to deal with the risks associated
with climatic changes (Bridges et al., 2015). On the other hand, readiness measures the
country’s ability to benefit from its investments and convert them into adaptation
measures. Regarding climate vulnerability, Egypt ranked 87" and 73™ as the most
vulnerable and the least ready country, respectively (Ministry of Foreign Affairs,
2018). Thus, protecting coastal resources, especially the protected areas, from the
consequences of climatic changes was one of the most important priorities identified in
Egypt’s Vision 2030.

Zaranik protectorate, the second oldest protected area in Egypt, is one of the
most important low-lying areas lying along the Egyptian Mediterranean coast. The
protectorate was established in 1983 and was designated a wetland nature reserve under
the International Ramsar convention in 1988 (Khalil & Shaltout, 2006). Despite the
great importance of the protectorate, studies focusing on monitoring and analyzing the
protectorate’s shoreline historical dynamics as well as assessing its vulnerability to sea-
level rise due to shoreline erosion are missing. Most of the studies focused on
examining Bardawil Lagoon (Klein, 1986 and Nassar et al., 2018), North Sinai coast
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(Frihy & Lotfy, 1997; El-Banna & Hereher, 2009; and Nassar et al., 2019), and the
Mediterranean coast (Hereher, 2015).

Considering Egypt’s plan to develop eco-tourism within Zaranik protectorate,
analyzing quantitatively the rate of shoreline change as well as assessing the
protectorate’s vulnerability to SLR due to shoreline erosion has become indispensable
to ensure its sustainability. To this end, the current study aimed, for the first time, to
assess the protectorate’s vulnerability to sea-level rise due to shoreline erosion using
geospatial technology. The study set the following objectives (1) analyzing
quantitatively the shoreline changes for both long- (1987-2019) and short-term time
intervals (1987-1998, 1998-2001, 2001-2014, 2014-2015, 2015-2016, 2016-2017,
2017-2018, and 2018-2019); (2) ranking and mapping the vulnerability of each of the
geomorphology, the coastal slope, the rate of shoreline change, SLR, the mean tidal
range, and the average wave height along the protectorate’s shoreline; (3) assessing and
mapping the overall vulnerability of the protectorate’s shoreline to SLR due to
shoreline erosion; and (4) identifying areas most susceptible to inundation by seawater.

MATERIALS AND METHODS

1. Study Area

The study area, viz. Zaranik Protectorate area (Fig. 1), the most characteristic
feature along the Northern coast of Sinai, Egypt, is referenced on latitude 31°04' ~
31°12' N and longitude 33° 16’ ~ 33° 33" E. The protectorate has a triangular shape that
is located at a point 104 Km East of Port Said and 21 Km West of El-Arish. The
shoreline of the protectorate is oriented NW-SE with an azimuth angle of N105E
(Klein, 1986) and extends for about 32 km in length. It is bordered from the east by
Bardawil lagoon, from the North by a long convex-shaped sandbar separating the
lagoon from the Mediterranean Sea except for natural inlets (Fig. 1). Zaranik lagoon
(250 Km?) is a shallow natural tectonic oligotrophic hypersaline lagoon whose water is
regarded as the cleanest water body amongst the Egyptian northern lakes. The
protectorate hosts a wide range of rare and endemic species of fauna and flora (EI-
Shabrawy & Gohar, 2008). In 2001, Birdlife International has designated Zaranik
protected area as an Important Bird Area (IBA) (site code EGO002) (BirdLife
International, 2016). All developmental activities are forbidden inside the protectorate
except salt production.

The protectorate has a semiarid Mediterranean climate. El-Khamasin storms
blow from the southern areas over the protectorate each year during February. The
prevailing wave directions (NW and N) (Nassar et al.,, 2018) create an easterly
longshore current (from west to east).
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Fig. (1). Zaranik layout

2. Dataset
2.1. Satellite images

To examine the spatiotemporal shoreline dynamics along the coastline of
Zaranik protectorate, a total of 9 satellite images from 1987-2019 (Table 1) (Landsat
MSS (1987), Landsat TM (1998), Landsat ETM™ (2001), three Landsat OLI/TIRS
(2014, 2015, and 2016), and three Sentinel 2A-MSI (2017, 2018, and 2019)) were used,
that is, covering a time span of 32 years. All images were chosen to be in good quality
(1Q = 9), cloud-free (less than 10%), and at near acquisition dates to remove the effects
of seasonal differences. The images were downloaded for free from the United States
Geological Survey (USGS) and corrected to the Universal Transverse Mercator (UTM)
map projection system, zone 36 north on the World Geodetic Datum of 1984 (WGS
84). USGS rectified all images with a total root-mean-square error (RMSE) less than
0.44 m. A false-color composite was used.
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Table (1): Satellite data used in the present study as obtained from
United States Geological Survey

Landsat Path/Row Zone Date

L5_MSS 175/38 36 15 -04-1987
L5_TM 175/38 36 29 -04-1998
L7_ETM+ 175/38 36 29 -04-2001
L8_OLI 175/38 36 25-04-2014
L8_OLI 175/38 36 28 -04-2015
L8_OLI 175/39 36 30 -04-2016
Sentinel Orbit (R) Tile (T) Date

S2A_MSI R121 T36RWV 21-04-2017
S2A_MSI R121 T36RWV 06-04-2018
S2A_MSI R121 T36RWV 11-04-2019

L: Landsat; MSS: Multispectral Scanner; TM: Thematic Mapper; ETM™:
Enhanced Thematic Mapper Plus; OLI: Operational land Imager; S2A:
Sentinel 2A mission; MSI: Multispectral Instrument

2.2. Geological and physical data

To assess the vulnerability of the protectorate’s shoreline to SLR, literature data
on the geological (i.e. geomorphology and coastal slope (%)) and the physical
parameters (i.e. SLR (mm/yr), mean tidal range (m), and mean wave height (m)) (Frihy
et al., 2003; Frihy et al., 2010; Hereher, 2015; and Nassar et al., 2018) of the
northwestern Mediterranean coast of Egypt was used.

3. Shoreline Extraction and Analysis

Careful on-screen digitization for the protectorate’s shoreline was applied upon
the nine-satellite images using ArcGIS 10.1 software and saved separately as
shapefiles. The scale of the shoreline depicted in this study ranged from 1:5,000 to
1:20,000.

The study utilized the freely available Digital Shoreline Analysis System
(DSAS; v.4.3) toolbox extension to ESRI in ArcGIS (v.10) to analyze quantitatively the
shoreline changes for both long- (1987-2019) and short-term time intervals (1987-
1998, 1998-2001, 2001-2014, 2014-2015, 2015-2016, 2016-2017, 2017-2018, and
2018-2019).

To quantify the change in shoreline distance, DSAS calculated the net shoreline
movement (NSM) through measuring the distance between the oldest and the youngest
shorelines. NSM reveals the direction of the displacement. To calculate the change in
rate, DSAS calculated the End-Point Rate (EPR) through dividing the distance of
shoreline movement (i.e. NSM) by the time taken. In the case of accretion, a positive
(+) value is assigned, whereas a negative (—) value indicates erosion. The study
categorized the current results of erosion/accretion rates for Zaranik coast into five
classes according to Natesan et al. (2015) (Table 2).
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Prior to shoreline analysis, the study created geodatabase including the digitized
shoreline vectors (for the years 1987, 1998, 2001, 2014, 2015, 2016, 2017, 2018, and
2019) besides the hypothetical onshore baseline buffered 200 m from the shoreline
position for the year 1987. DSAS cast 641 transects (T) orthogonal to the onshore
baseline at 50 m intervals to intersect all the digitized shoreline positions. Shoreline
analysis was carried out along 32 km. The study divided the investigated shoreline into
three zones; eastern (T1-T191), middle (T192-T408), and western (T409—T641) zones.
Transects coincided within the tidal inlets were manually deleted. Since the number and
locations of the tidal inlets were not stable along the examined time intervals, the
number and ID of deleted transects varied from period to another.

4. Assessing the Protectorate’s Shoreline Vulnerability to Sea-level Rise

Coastal vulnerability index (CVI) - developed by Gornitz et al. (1994)- is one
of the most common and direct methods used to assess the coastal vulnerability to SLR
due to erosion. The index integrates different variables that can influence the forces
occurring along the coast. In the current study, 3 geological variables (geomorphology,
coastal slope, and shoreline erosion/accretion rate) and 3 physical variables (the relative
SLR, mean tide range, and the mean wave height) were used according to Thieler &
Hammar-Klose (1999).

The study used ArcGIS to create a shoreline grid composed of 89 cells covering
the entire protectorate’s coast (32 km). Each cell (measuring and mapping index unit)
was sized at 500 x 500 m (Fig. 2). In each cell, depending on the coastal processes
exhibiting along the coast, each variable was either qualitatively or quantitatively,
assigned to a certain numerical value, ranked on a linear scale from 1 to 5,
corresponding to the severity of this variable according to Thieler & Hammar-Klose
(1999). The ranks of vulnerability varied from very low to very high value (Table 2).
Except for geomorphology, all the examined variables were ranked according to their
quantitative values.
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Fig. (2). Layout showing the protectorate’s shoreline grid. The grid is composed of 89
cells covering the entire coast (cell size 500 x 500 m)
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For each coastal cell, CVI was calculated as the square root of the ranked
variables divided by the total number of variables (Equation 1; Gornitz et al., 1994).
The value of the index represents the response of the coast to the summation of these
variables together.

axbxcxdxexf
CVI = \/ c Equation 1

where; a) CVI rank value of geomorphology; b) CVI rank value of coastal slope (%); c)
CVI rank value of shoreline erosion/accretion rate (m/yr); d) CVI rank value of relative
SLR (mml/yr); e) CVI rank value of mean tidal range (m); and f) CVI rank value of
mean wave height (m).

Based on CVI value, Gornitz et al. (1994) classified the vulnerability risk to SLR
along the coast into low (1.43 < CVI < 2.29), moderate (2.29 < CVI < 3.15), high (3.15
< CVI <4.01), and very high-risk areas (4.01 < CVI < 4.87). Index values less than 3
means that the coast is not vulnerable to SLR. However, index values greater than 4
reveal that the shore is at significant risk of inundation.

5. Mapping Coastal Vulnerability to Sea-level Rise

The six parameters selected to assess the coastal vulnerability to SLR
consequences on the protectorate’s coast have been ranked to be processed into the CVI
equation. The ranking of each parameter as well as the overall CVI was mapped using
ArcGIS to determine the hotspot areas. The study chose the red, orange, yellow, green,
and blue colors to indicate very high, high, moderate, low, and very low vulnerabilities,
respectively. CVI map could be used by developers, policy- and decision-makers for
coastal management.



Table (2): Rankings of the geological and physical variables used to calculate CVI {modified after Thieler & Hammar-Klose (1999)}

CVI Ranks
Very Low Low Moderate High Very High
1 2 3 4 5
+ Geological Variables

Geomorphology Rocky, Medium cliffs, Low cliffs, Cobble beaches, Barrier beaches,

cliffed coasts  intended coasts  alluvial plains estuary, lagoon sand beaches,

salt marsh, mud flats, deltas

Coastal slope (%) Steep Medium Low Very low Gentle (= flat)

(>12) (12-9) (9-6) (6-3) (<3)
1Rate-of-shoreline change (m/yr) Stable Accretional* Med. erosion High erosion Severe Erosion

(0 <EPR<2.0) (0 >EPR>-0.9) (-1.0>EPR=>-2.0) (EPR>-2.0)

« Physical Variables

Sea-level rise (mm/yr) <18 18- 2.5 25-3.0 3.0-34 >3.4
Mean tidal range (m) >6 41-6 24 1-19 <1.0
Mean wave height (m) <0.55 0.55-0.85 0.85 - 1.05 1.05 - 1.25 >1.25

1) according to Natesan et al. (2015)
*) Accretion rates can be further subdivided into; medium accretion (0<EPR<1); high accretion (1<EPR<2); very high accretion (EPR>2)
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RESULTS & DISCUSSION

1. Shoreline Dynamics
1.1. Long-term Shoreline Changes

The study calculated the net shoreline movement (NSM) to quantify and reveal the
nature of shoreline displacement along Zaranik protectorate during 1987 — 2019.

NSM results showed that a total of 438 transects accounting for about 21.83 km of
Zaranik shoreline length experienced erosion during 1987-2019 (Fig. 3) with an
average landward displacement (+SD) of -96.86 m (+84.09). Based on the length of the
eroded shoreline, the western side of the protectorate was in the first rank (11.61 km)
followed by the eastern side (6.93 km) then the middle of the protectorate (3.29 km).
However, based on the maximum distance of erosion, the middle zone was higher than
the eastern one. Along the western side of the protectorate, transects from T409 to T641
experienced erosion with a maximum distance of 305.06 m (at T566) and an average
(£SD) of 132.44 m (£93.56). In the middle of the protectorate, transects from T263 to
T289 (1.35 km) and from T291 to T329 (1.94 km) eroded with a maximum distance of
194.8 m (at T286) and an average (£SD) of 95.64 m (+58.62). Transects from T1 to
T134 (6.68 km) and from T187 to T191 (0.25 km) along the eastern side of the
protectorate experienced erosion with a maximum distance of 69.89 m (at T80) and an
average (£SD) of 37.81 m (+20.16).

On the other hand, a total of 193 transects along the eastern and middle zones (i.e.,
about 9.62 km in length) of Zaranik shoreline experienced accretion during 1987-2019
(Fig. 3) with an average seaward displacement (£SD) of 111.9 m (£69.59). Transects
from T135 to T186 (2.59 km), T192 to T218 (1.35 km), T221 to T239 (0.95 km), T247
to T262 (0.80 km), and T330 to T408 (3.94 km) experienced maximum shoreline
displacement of 244.3 m (at T165), 171 m (at T217), 297.66 m (at T223), 109.87 m (at
T247), and 184.08 m (at T390), respectively.

Overall, NSM changed with an average (+SD) of -32.98 m (+125.13) (landward
recession).
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Fig. (3). NSM along the shoreline of Zaranik Protectorate during 1987-2019. Red
arrows indicate the positions of the tidal inlets. GS: Boughaz Gabrat EI-Sal
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The study used EPR method to calculate the rate-of-change statistics for the
study period 1987-2019. EPR results revealed that 438 transects experienced erosion
with an average rate (+SD) of -3.028+2.63 m/yr, whereas accretion occurred along 193
transects with an average rate (£SD) of 3.50+2.18 m/yr during 1987-2019 (Table 3).
The overall trend of the shoreline-change rate indicated high erosion, with an average
rate (+SD) of -1.03+£3.91 m/yr during 1987-2019 (Table 3).

Table (3): EPR long-term shoreline changes (1987-2019) for Zaranik shoreline

EPR (m/yr)
Long-term shoreline changes
Transect Min - Max
(1987-2019) R Av. +SD
No. % (m/yr)
Very high 141 22.35 2.01-9.31 435+1.92
Accretion (m/yr) High 34 5.39 1.01-1.99 1.52+0.28
Medium 18 2.85 0.08-0.96 0.59£0.30
3.5+2.18
No Change 0 0 0 0

Medium 97 15.37 (-0.98) - (-0.04) -0.58+0.27
Erosion (m/yr) High 141 22.35 (-2) - (-1.01) -1.53+0.29
Very high 200 31.70 (-9.54) - (-2.01) -5.27+2.34
-3.03+2.63
Total 631 100 -9.54-9.31 -1.03+£3.91

Overall trend High Erosion

EPR: End Point Rate; No: Number of transects; %: Percentage of transects; Min: Minimum; Max: Maximum; Av.:
Average; SD: Standard Deviation

1.2. Short-term Shoreline Changes

The amount of change in shoreline position determined by NSM for Zaranik
Protectorate throughout eight short-term time intervals (1987-1998, 1998-2001, 2001
2014, 2014-2015, 2015-2016, 20162017, 2017-2018, and 2018-2019) is summarized
in Table (4) and displayed in Fig. (4).

Throughout the period from 2014 to 2019, more than 91% of the total transects
exhibited shoreline displacement in the range of 0.01 to 50 m (Fig. 4) with average
NSM values of 6.108, 7.49, 7.47, 17.19, and 9.06 m during 2014-2015, 2015-2016,
2016-2017, 2017-2018, and 2018-2019, respectively (Table 4).

A recurring pattern in the shoreline dynamics in terms of erosion and accretion
was observed during successive intervals (Table 4; Fig. 4). For instance, during 1987—
1998, about 66.6% of the shoreline length exhibited erosion. After that during 1998-
2001, 49.2% of Zaranik shoreline exhibited accretion. Also, throughout the period from
2001-2015, more than 60% of the shoreline length exhibited erosion. Afterward,
throughout the period from 2015-2017, about 68% of the shoreline length exhibited
accretion. Also, during 2017-2018, about 91.8% of the shoreline length exhibited
erosion. However, after one year, during 2018-2019, 71.9% of Zaranik shoreline
exhibited accretion.

The recurring pattern of erosion and accretion was also observed at Boughaz
Gabrat El-Sal (GS) during the last 5 years (2014-2019) (Fig. 4) where T216 recorded
the highest eroded distance during 2014-2015, and then recorded the highest accreted
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distance in the next year (2015-2016) (Table 4). In the same manner, this observation
was repeated for T239 during 2017-2018 and 2018-2019. However, during 2016-2017,
the inlet was closed (Fig. 4).

Seawater flows into Zaranik lagoon via temporary natural tidal inlets at the middle
and eastern zones of the protectorate. Fig. (4) revealed that both the number and
locations of these tidal inlets varied from time to time. In consistence with Embabi &
Moawad (2014), the present study recorded three natural tidal inlets. The study
observed these three inlets during 1987-1998, 2001-2014, 2014-2015, 2015-2016, and
2017-2018 (Fig. 4). During 1998-2001 and 2016-2017, only two natural openings
were observed, whereas, during 2018-2019, the study recorded five small openings
(Fig. 4). An old map from the Egyptian Survey Authority for the year 1935 revealed the
presence of four natural openings (Embabi & Moawad, 2014).

On leaving the lagoon, the seawater concentrates in certain pathways. By time,
these pathways deepen forming canals of various sizes that later connect to form the
tidal inlets (Embabi & Moawad, 2014). Emam (2016) attributed the discrepancy in
the number and locations of tidal inlets to the tide and surging waves affecting the
sandbar. During high tide, waves split the bar at weak points forming natural inlets,
whereas low tide, gradually silt up the inlet and close it. In addition, the prevailing
wave directions (NW and N) (Nassar et al., 2018), the NW-SE shoreline oblique
orientation, and the N105E azimuth angle of Zaranik sandbar boosted the eastward
longshore current (Klein, 1986) resulting in the ultimate closure of Boughaz El-Zaranik
since 2017 (Fig. 5).

Table (5) analyzed the rate of shoreline change (EPR) along Zaranik
Protectorate coast in eight periods. The overall trend of EPR in Zaranik Protectorate
coast indicated that, during the intervals 2015-2016, 2016-2017, and 2018-2019, the
coast suffered very high accretion with average EPR values of 7.43, 7.68, and 8.94
m/yr, respectively. On the other hand, the greatest amount of erosion occurred during
2017-2018 (-17.9 m/yr) and 2014-2015 (-6.05 m/yr). During 1987-1998 and 2001
2014, the coast exhibited high erosion with average EPR values of -1.09 and -1.47
m/yr, respectively. During 1998-2001, the coast exhibited moderate erosion with an
average EPR value of -0.39 m/yr.

El-Banna & Hereher (2009) indicated that, throughout the period from 1986 to
2001, the net change (erosion/accretion) in the landmass on both sides of Boughaz 1l
was about -1,686 m?® (= 0.02%). The rate of erosion was 69,968 m?/year. Whereas, the
rate of accretion was 69,855 m“/year.
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Fig. (4). NSM along
Zaranik coast during
eight intervals. Red
arrows indicate the
positions of the tidal
inlets (Z: Boughaz EI-
Zaranik; GS: Boughaz
Gabrat EI-Sal)

———— WesternZone — — Middle Zone — — Eastern Zone —

PR I N R PR R R NS EE R IR R PEEEER T -E- -2 L)
SRR RN B RN Ressssrrerrmmmmmin

1998-2001

Z
-—A-,Awﬁ.‘v- Wv“"“'ﬁ"'v'}"k'"‘ )

2001-2014 T

[ 2014-2015 ]}

GS
wwwww‘w“—w'ﬁi‘"r ey ] :

20152016 |

PSS SO PR O SN ‘...‘."A'L.&h"“ PP

[ 2016-2017 ]}

wAf*W\NMAkvALvA ‘4 Lo e cma ]

20172000 |

2018-2019 T

e o s o ,..JAI'. ‘AhAg"A" ottt mma |

:
yh——as ‘v‘;‘m
& Wz '



Zaranik protectorate’s vulnerability to sea-level rise 709
Table (4): Amount of shoreline position change determined by NSM method for Zaranik Protectorate
NSM (m)
Interval Shoreline length (km); percentage (%) Number of transects
HED (T#) HAD (T#) Av.+SD Total®
Accretion Stable Erosion 0 0.01<50 50<100 100<200 200<300 >300

1987-1998 -238.8 (Tezs)  307.9 (Tz22) -12.04+80.62 10.4 (33.3%) - 20.8 (66.6%) — 375 157 71 22 4 629
1998-2001 -93.97 (Tzs7)  128.1(Tz0) -1.121431.57 15.6 (49.2%) 2.14 (6.76%)  13.9 (44.0%) 43 520 69 4 - - 636
2001-2014 -143.6 (Teor) 107.2 (Tear) -19.12431.50 9.32(29.4%) 0.20 (0.63%) 22.1(69.9%) 4 402 192 37 - - 635
2014-2015 -80.48 (Tz16) 9153 (Tzs1) -6.108+21.20 8.92(28.4%) 0.05(0.16%)  22.5(71.5%) 1 599 31 - - - 631
2015-2016 -86.15 (T2ss) 108.04 (Ta16)  7.492+21.71  21.4 (68.3%) - 9.94 (31.7%) - 600 29 2 - - 631
2016-2017 -68.02 (Tz1s) 106.05 (T172)  7.471+22.40  21.7 (68.6%) 0.05 (0.16%)  9.85(31.2%) 1 596 36 2 - - 635
2017-2018 -114.7 (T2z0)  67.44 (T2es) -17.19+19.22  2.58 (8.18%) - 29.02 (91.8%) - 607 28 1 - - 636
2018-2019 -65.53 (T27s)  155.7 (T2z0)  9.069+27.49  22.8 (71.9%) 0.05 (0.16%)  8.84 (27.9%) 1 579 44 10 - - 634

NSM: Net Shoreline Movement (m); HED: highest eroded distance; HAD: highest accreted distance; T#: transect number; AvtSD: Average+Standard Deviation.
(a): Indicate the total number of transects remained —after deleting those coincided within the tidal inlets— during each interval.
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Fig. (5). Landsat (1998, 2001, 2014, 2015, and 2016) and Sentinel (2017, 2018, and
2018) data showing the changes occurring along the transects from T151 to T192
at Boughaz El-Zaranik (Scale = 1:22,420)
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Table (5): Analysis of EPR short-term changes along Zaranik Protectorate coast

Accretion (m/yr) Erosion (m/yr) Av. Overall EPR
Interval

Min. Max. Av.SD Min.  Max.  Av.SD (m/yr) trend
1987-1998 0.02 27.9 6.232+6.65 —0.01 —-21.6 —4.76+4.18 -1.09 HE
1998-2001 0.07 42.7 7.476+6.79 —0.05 —-31.3 —9.18+7.33 -0.37 ME
2001-2014 0.01 8.26 3.11+2.11 —0.01 -11.1 —3.41+£2.53 —1.47 HE
2014-2015 0.11 90.8 16.96+19.95 —-0.01 -79.8 —15.2+12.9 —6.05 VHE
2015-2016 0.05 107.2 17.31+£16.87 —-0.04 —85.5 —13.8+13.6 7.43 VHA
2016-2017 0.14 109.0 17.72+£18.23 —-0.01 —-69.9 —14.4+16.1 7.68 VHA
2017-2018 0.14 70.33 23.66£19.1 —0.08 —-119.7 —21.6+15.4 -17.9 VHE
2018-2019 0.07 153.6 19.25+23.1 —0.01 —64.65 —17.5+16.9 8.94 VHA

MA: Medium Accretion; HA: High Accretion; VHA: Very High Accretion; ME: Medium Erosion; HE: High Erosion.

2. Ranking the vulnerability of each variable along the protectotate’s shoreline
2.1. Coastal geomorphology

Geomorphology displays the relative susceptibility of different landform types
to erosion (Thieler & Hammar-Klose, 1999). In the present study, the western and the
middle zones of the protectorate’s coast (22.5 km) are occupied by Zaranik Lagoon
which is connected to the Mediterranean Sea through natural tidal inlets. A concave
coastal sandy barrier separates the lagoon from the sea. On the other hand, the eastern
zone of the protectorate’s coast (9.49 km) is covered by quaternary aeolian sand
deposits and coastal crescentic (barchan) sand dunes up to 2 m (Hereher, 2015).
Although sand dunes can act as a temporal barrier to any variations of the sea level, any
prolonged SLR will loosen sand grains leading to severe erosion (Hereher, 2015).

Thus, the numerical values corresponding to the coastal geomorphology of the
protectorate’s coast were “4.0” for western and middle zones (lagoon) and “5.0” for the
eastern zone (sandy coast) (Table 6; Fig. 6a).

2.2. Coastal slope (%0)

Coastal slope refers to the percent of land steepness. It is a crucial factor, if not
the most important, in determining the CVI, because any small rise in the sea level can
surpass the gentle sloping coasts faster than the steep sloping coasts (Hereher, 2015).
The elevation map generated by Hereher (2015) for the Egyptian Mediterranean coast
during 2000 revealed that the entire coast of the protectorate has a gentle slope coast
(i.e. <3%). Accordingly, the coast was assigned a CVI value of “5.0” and is highly
vulnerable for inundation by seawater (Table 6; Fig. 6b).
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2.3. Shoreline erosion/accretion rates (m/yr)

Results of shoreline analysis revealed that, during 1987-2019, about 11.61,
3.29, and 6.93 km of the shoreline in the western, middle, and eastern zones,
respectively exhibited erosion (Fig. 3). Shoreline erosion causes shoreline retreat of the
lagoon's barrier and hence reduces its function as a nature protective line from sea
invasion (Fanos et al., 1995 and Emam, 2016). Accordingly, grid cells exhibiting very
high erosion (EPR >-2 ml/yr), high erosion (-1>EPR>-2 m/yr), and medium erosion
(0>EPR>-0.9 m/yr) were given CVI values of “5.0; red colour”, “4.0; orange colour”,
and “3.0; yellow colour”, respectively (Fig. 6¢). On the other hand, about 9.62 km of
the shoreline experienced accretion. Accretional cells (0SEPR<2 m/yr) were given a
CVI value of “2.0; green colour” (Table 6; Fig. 6¢).

Table (6): Vulnerability value associated to each variable & the estimated CVI values for each zone

Vulnerability value

Variable
Western Middle Eastern

Length (km) 11.6 10.901 9.499
Geomorphology 4 4 5
Coastal slope 5 5 5
Coastal erosion 5 2 2
Sea-level rise 3 3 3
Tidal range 5 5 5
Wave height 1 1 1
Mean CVI 15.81 10 11.18

2.4. Sea-level rise (mm/yr)

Frihy et al. (2010) reported a value of 2.8 mm/yr for the SLR along the coast
east of Port Said (i.e. North Sinai coast). Thus, the current study assigned a value of 3.0
for this parameter in the CVI equation (Table 6; Fig. 6d).

Sea levels are expected to continue rising for centuries, even if greenhouse gas
emissions are curbed and their atmospheric concentrations stabilized. Shaltout &
Omstedt (2014) reported that, during 1993-2010, the Mediterranean Sea-level
increased significantly by 2.6 mm/yr along the northern coast of Africa. IPCC predicted
that by 2080-2100, if the temperature along the African coasts increased by 2 or 4°C,
the sea level would rise by about 60—80 or 85-125 cm, respectively (IPCC, 2013).

2.5. Average tidal range (m)

Zaranik coast is characterized by semidiurnal microtidal pattern. Nassar et al.
(2018) recorded tidal range value of 55 cm during 2010 at the western side of Boughaz
| of Bardawil Lagoon. Accordingly, a value of 5.0 was assigned for this parameter in
the CVI1 equation (Table 6; Fig. 6e).
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2.6. Average wave height (m)

In the investigated region, wave action has a seasonal pattern in terms of
direction and intensity. Low north-west waves prevail during spring and summer,
whereas relatively higher north and north-west waves occur in winter. Throughout the
year, the average wave height of the Mediterranean coast of Egypt as reported by Frihy
et al. (2003) is 0.5 m. Thus, a value of 1.0 was applied in the CVI equation throughout
the entire coast (Table 6, Fig. 6f).

3. Assessing the protectorate’s vulnerability to sea-level rise

The estimated CVI values for Zaranik coast varied between 10 and 15.81 (Table
6). Based on the severity for each zone, CVI average values followed the order of
western (15.81)> eastern (11.18) > middle zone (10) (Table 6). CVI results along the
entire coast were very high (CVI>5) describing the entire coast as being under the
impact of very high vulnerability to the SLR. Hereher (2015) reported the same result
on the shoreline extending from the Nile Delta to EI-Arish in North Sinai (420 km).
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Fig. (6). Cartographic map showing the vulnerability of each parameter along the coast.
a) geomorphology; b) coastal slope; c) shoreline erosion/accretion rate; d) SLR;
e) mean tidal range; f) mean wave height
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Emam (2016) found that throughout the period from 1984 to 2014, Zaranik
Lagoon lost about 10.9% of its surface area (0.03 Km?/year). In the present study, the
very high vulnerability of the Zaranik coast to the SLR is mainly due to its being a low-
lying coast with a gentle slope and to the high rate of erosion the shoreline experienced
throughout the last 3 decades.

Since the entire coast of Zaranik was very highly affected by sea-level rise, the
colors in the CVI map were used to reveal actual CVI cell values, rather than using the
ranking categories (Fig. 7). It was clear that about 49 and 24.7% of protectorate’s
coastline (44 and 22 cells) exhibited CVI values of 15.81 and 10, respectively.
Whereas, 25% of the coastline (23 cells) varied from 11.18 to 14.14.
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Fig. (7). Coastal vulnerability index map showing the relative vulnerability of the
coastline of Zaranik protectorate to changes due to SLR. The map displays the
cells where the effects of SLR may be the greatest

Conventional solutions to protect coastal areas from erosion due to SLR include
seawalls, jetties, dikes (Pranzini, 2018), and beach nourishment actions (Hinkel et al.,
2013). Depending on the local conditions, such strategies focusing on using hard
infrastructure might be effective, but they often have unforeseen side-effects, such as
transferring erosion to downdrift shorelines (Mentaschi et al., 2018). Recently, rather
than converting our coastlines into artificially built environments, a broad variety of
Nature-Based/Green Solutions (as using plants and natural elements in constructing
living shorelines) have been proposed to preserve and ensure the sustainable use of
coastal habitats (Temmerman et al., 2013 and Nesshoéver et al., 2017). The feasibility
of implementing a green project depends on the characteristics of each site
(Ruckelshaus et al., 2016). Another important consideration is that a higher degree of
nature requires more time and space. In critical situations, where time and space are
limited, a less natural alternative may provide a temporary solution that needs to change
over time. Accordingly, urgent environmental studies are needed to identify the best
green solutions that can be applied, determine their requirements, and evaluate their
future impacts along the protectorate’s coast.
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CONCLUSION

In conclusion, results of the current study revealed that, throughout the period
from 1987-2019, the protectorate’s shoreline exhibited high erosion with an average
rate of -1.03 + 3.9 m/yr. The length of Zaranik shoreline exhibited a recurring pattern of
erosion and accretion at successive intervals. Also, Boughaz Gabrat El-Sal exhibited a
recurring pattern of erosion and accretion during the last 5 years (2014-2019). Over and
above, the tidal action, the prevailing wave directions, the oblique orientation of the
shoreline, and the azimuth angle of the sandbar have all contributed in the eventual
closure of Boughaz El-Zaranik since 2017.

Integrating the geological and physical variables into the vulnerability index
facilitated producing an overview of their interactions along the protectorate’s coast.
CVI results showed that the entire coast of Zaranik protectorate is under the impact of
very high vulnerability to SLR due to shoreline erosion.

Finally, the study recommended:

1. Developing sustainable response strategies to find out the most suitable adaptation
measures. Increasing public awareness and green solutions can be used in the
adaptive strategy.

2. Using the coastal vulnerability index map generated in the current study to help in
formulating the strategies required in SLR adaptation and mitigation along the
protectorate’s coast. Also, the spatial mapping for the six variables used in the
present study can greatly support in choosing the most suitable adaptation
strategies.
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