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ARTICLE INFO ABSTRACT
Keywords: Coastal regions are of extraordinary significance for the financial and welfare of human com-
Shoreline changes munities. Unfortunately, coastal regions are naturally pressured by anthropogenic activities that

Failaka island

ana > increase their vulnerability. Hence, there is a drastic need to monitor coastal changes to protect
Bubiyan island

Kuwait and manage them sustainably. Since Kuwait’s coast is inhabited by about 94% of the inhabitants

DSAS and most of the metropolitan area and the urgent need for sustainable planning and management

EPR of Kuwait’s coast, this paper aims to analyze the historical changes rate of Kuwait’s coast and
Kuwait islands over 40 years from 1980 to 2020 and to predict the future changes of the shoreline
in 2035 using EPR model. The results show that the highest accretion rate of the shoreline is
32.79 m/year, while the lowest erosion rate is —23.45 m/year. EPR of the islands revealed a
fluctuation between erosion and deposition at each island. The future predicted shoreline changes
were also mapped for the shoreline and islands.

1. Introduction

The shoreline is subject to irregular change due to morphological, climatic, or geological variables [1]. The energetic interfaces
among tides, waves, rivers, storms, and tectonic and physical processes establish the coastline characteristics [2]. Coastline calcula-
tions are one of the essential techniques to estimate coastal erosion and accretion and the analysis of coastal morpho dynamics [3].
Because of its high accuracy, increased efficiency, and cost-effectiveness, remote sensing can monitor shoreline change in coastal areas
more efficiently than conventional survey approaches [4,5]. Geographic Information Systems (GIS) technology allows users to visu-
alize and simplify vast, complex data and produce high-quality maps. For instance, coastal changes brought on by the 2004 Tsunami
are being studied in Banda Aceh and the neighboring areas using satellite imagery with high spatial and temporal resolution [6].
Several researchers [7-9] have addressed the global qualitative and quantitative study of shoreline spatiotemporal fluctuations. The
shoreline change statistics rate is also determined using a time series of various coastline positions using the Digital Shoreline Analysis
System (DSAS) extension tool. DSAS offers a complete set of regression rates in an easy-to-use technique that can be applied to massive
amounts of data gathering at many scales. The software is suggested to provide rate-of-change data and the mathematical information
required to ensure the reliability of the calculated results [10].

For the evaluation of shoreline positions over various periods, a variety of statistical change measures, such as Net Shoreline
Movement (NSM), Shoreline Change Envelope (SCE), End Point Rate (EPR), Linear Regression Rate (LRR), and Weighted Linear
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Fig. 1. Study area.

Table 1

Satellite images details.
Satellite Date of Acquisition Spectral Resolution (meter)
Landsat MSS 13/08/1980 60 m
Landsat TM 13/01/1985 30 m
Landsat TM 23/08/1990 30m
Landsat TM 21/08/1995 30m
Landsat ETM+ 11/09/2000 30m
Landsat ETM+ 09/09/2005 30m
Landsat ETM+ 12/12/2010 30m
Landsat 8 OLI 28/08/2015 30 m
Sentinel-2A 27/09/2020 10 m

Regression Rate (WLR), are derived within DSAS [11,12].

The endpoint rate (EPR) is measured by dividing the distance between the movement of the shoreline and the time elapsed between
the oldest and the newest shoreline. The main advantage of EPR is the easy calculation, which requires at least two shorelines.
Combining the EPR approach with satellite images is a precise and trustworthy process for calculating and analyzing shoreline change
[13].

There is a great interest in coastal zones because nearly 66% of the world’s population lives on coasts and areas less than 10 m
above mean sea level [14]. Kuwait has a coastline of about 400 km, and 94% of the residents live in the coastal area [15]. Kuwaiti coast
has a different coastal appearance, as it contains a variety of formations, such as mudflats, sabkhas, rocky headlands, artificial coasts,
sandy coasts, and coastal cliffs. Understanding the amount of erosion and accretion and the spatial change is crucial for planning
upcoming projects. Most of these features are due to increased and decreased sea levels; others, such as cliffs and plateaus, are pri-
marily due to tectonic movements around the coastal region. Kuwaiti coasts are classified as complex coasts that are resulted from a
combination of various factors [16]. Climate change-induced sea level rise threats the future socioeconomic development along
Kuwait’s coastline. The average annual temperatures will increase and are projected to reach a high of about 28.7 °C in Kuwait in 2035.
This rise represents a 1.6 °C increase over the average annual temperature of the past decades. Therefore, it is essential to better
understand Kuwait’s vulnerability to climate change by monitoring shoreline changes and future predictions of the coastal area [17].
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Fig. 2. Flowchart of the overall methodology applied in this study.
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Fig. 4. Multitemporal shoreline positions, baseline, and transects used for calculation of EPR.
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Fig. 9. Showing shoreline EPR from 1980 to 1990.

Coastal accretion or erosion is considered a hazard for infrastructure improvements in the coastal area. For instance, if a coastal
area erodes the coastal infrastructure, such structures’ foundations will be destroyed. On the other hand, if a coastal area is accreting, it
will provide an expansive beach for recreation in certain areas. However, it is a hazard if sand accumulates around seawater intake
structure sites; therefore, recognizing whether the Kuwaiti coast is historically eroding or accreting will aid in selecting an appropriate
site for various coastal projects like harbors, ports, public beaches, desalination plants, etc. [18]. The study objectives are first to use
multi-temporal satellite imageries to examine the variation in coastal erosion, accretion, and shoreline change over 40 years. The
second objective is to analyze the Kuwaiti coast change rate and predict the future shoreline in 2035 to support decision-makers with
the data for detecting suitable coastal zones for various upcoming coastal projects.
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Fig. 10. Showing shoreline EPR from 1990 to 2000.
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Fig. 11. Showing shoreline EPR from 2000 to 2010.

2. Material and methods

2.1. study area

Kuwait is located between latitudes 28° 30’ and 30° 05'N and longitudes 46° 33’ and 48° 30'E; the Kuwaiti coast extends to about
415 km. Kuwait is enclosed by the Arabian Gulf from the East, Iraq from the North and West, and Saudi Arabia from the South, with an

approximate area of 17,818 km? (Fig. 1(A-Q)).
Kuwait Bay bathymetry consists of three physiographic categories.

(1) A submerged estuarine flat in the North,
(2) The Kuwait Bay trough in the centre, and (3) The sharp slope in the South.

Kuwait Bay’s average depth is almost 5 m, while the most significant depth near Ras al Ardh is about 30 m [19].

Kuwait Bay is composed of muddy soil. Sandy soils are found near the narrow southern offshore flat and the western and eastern
parts of the central flat [20]. Kuwait’s territorial waters cover 7611 kng this water can be separated into shallow northern water,
which has a depth of less than 5 m and has a muddy bed, and the comparatively deep southern area, which contains a sandy bed with
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Fig. 13. Showing shoreline EPR from 1980 to 2020.

Table (2)

Zone wise shoreline change rate using EPR.
No. Zones Characteristics Zone 1 Zone 2 Zone 3 Zone 4
1 Total Number of Transect 130 235 117 98
2 Shoreline length (km) 69.88 161.62 79.13 61.94
3 Mean erosion rate (m/year) —1.64 —3.47 —0.68 -0.58
4 Mean accretion rate (m/yr.) 1.75 5.60 2.19 3.02
5 Mean shorelines change rate (m/year) 0.19 2.04 0.74 1.72
6 Shoreline Change Rate (minimum) —4.75 —23.45 —4.47 —-2.79
7 Shoreline Change Rate (maximum) 5.49 27.36 21.4 32.79
8 Total Transect that Record Erosion 60 91 59 35
9 Total Transect that Record accretion 70 144 58 63
10 Zone wise overall trend Accretion Accretion Accretion Accretion
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Fig. 14. Average trends of erosion, accretion and EPR in Kuwaiti coast.

silica deposits [21]. The tidal cycle in Kuwait Gulf is classified as semidiurnal, where the tidal period is 12 h and 25 min. The range of
the tide is about 4 m. The sediments on the North of Kuwait Bay coast are muddy, while the sediments on the South are rocky and
sandy. The Bathymetry varies from 5 m to 26 m in the Kuwait Gulf [22]. A flat coastal plain defines Kuwait’s topography [23]. Kuwait’s
coastal region is home to three sedimentary formations: The Ghar and Fars formations, the Pleistocene formations, and the Holocene
formations. The Three types of sediments comprise Kuwait’s coastal region, with proportional areas comprising 28, 22.9, and 49.1% of
the total coastal region area. The loose and delicate sandy deposits that make up these formations are particularly prone to coastal
erosion because of sea level rise, stronger waves, and accelerated decay (weathering) processes [24]. Kuwait’s coastline typically has
mild, gradual slopes, accounting for 40.1% of the total slope, with an average slope of about 4.8°. The coastline sediment grain size is
divided into four types of beaches: sandy, rocky, muddy, and sandy muddy, representing 40.3%, 28.5%, 23.6%, and 7.6% of the total
area of natural beaches, respectively [25]. The northern coastline, which surrounds Kuwait Bay and Khor Sabiya, and the southern
coastline, which runs along the Arabian Gulf, can be classified as the coastal zone of Kuwait state. Sandy beaches characterize the
coastline of Kuwait Bay, while Khor As -Sabiya features vast intertidal mudflats, sandy beaches, rocky outcrops, and saline marshes.
Sandbars, tide inlets, cliffs, and coastal dunes comprise most of the southern shoreline. The soft mud dominates all Bubiyan island
boundaries [26].

2.2. Bubiyan Island

The largest island in Kuwait is Bubiyan Island, which encompasses an area of almost 1200 km? (almost 7% of Kuwait). This island is
isolated from the mainland (to its west) by Khor as Subiyah (maximum 3 km wide). It is bordered by Khor Bubiyan (1.5-2 km wide) in
the north and Khor Abdullah in the east (3 km wide in Kuwaiti regional waters). The southern edge of Bubiyan island faces the Arabian
Gulf, with muddy beaches (almost 2 km wide) found on the island’s eastern and southern coasts [27].

Bubiyan Island, which covers an area of about 900 km?, is located in Kuwait in the northwestern corner of the Arabian Gulf. It is far
from the Kuwaiti mainland, about 2 km, separated by the Subbiyah Khor. Bubiyan island is exposed to flood by rainwater and sea tides
and climatic changes seasonally. The soft mud dominates all Bubiyan island boundaries except a few sand mounds that characterize the
southern coastal area of the island; the northern portion is home to a distinctive network of tidal waterways that includes salt marsh
wetlands of regional significance [28].

2.3. Failaka Island

Failaka Island is an elliptically shaped island in the northwestern part of the Arabian Gulf and outside Kuwait Bay. This island is
located at 29°26'20" N and 48°20'00" E. It is the second largest island of Kuwait, located on the downstream side of Shatt Al-Arab, about
20 km away from Kuwait’s coastline, with a length of approximately 12 km, a width of about 6 km, and a total area of 43 km?. The
island is flat except for a little slope on its western side, about 9 m high. Failaka Island was created by the structural expansion of the Jal
Al-Zour, an enlarged bank of the Khor Subbyia made of secondary pebbles and sand from the Neogene period [29].

The island has a hot, dry climate with moderate winds. In the summer, the temperature can get as high as 50 °C, while in the winter,
it can get as low as 4 °C. On the island, average monthly wind speeds range from 3 to 7 m/s. Moreover, 130 mm of rain precipitation
occurs yearly [26].
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Fig. 15. Predicted and corrected Shoreline 2035.
2.4. Data

Multi-temporal satellite imageries of Landsat MSS, TM, ETM, OLI, and Sentinel-2A (Table 1) have been utilized for the study area in
1980, 1985, 1990, 1995, 2000, 2005, 2010, 2015, and 2020, with UTM (Universal Transverse Mercator) zone 39 (WGS-84) projection.
The Kuwait shoreline change analysis study has followed the methodology workflow shown in Fig. 2.

2.5. Shoreline extraction and change rate calculation using EPR from 1980 to 2020

A transect layer was created in which the distance between transects was 500 m. The multi-date (1980-2020) shorelines were
extracted through the on-screen digitization of satellite images of distinct periods using ArcGIS to extract all required shorelines.

The study area was divided into four zones (1-4) (Fig. 3). The Digital Shoreline Analysis System (DSAS) tool was used to estimate
the shoreline change rate.

In this study, DSAS is performed in five stages: shorelines extraction, baseline creation, transects generation, calculation of dis-
tances between baseline and shorelines at each transect, and calculation of the rate of shoreline change [30]; Nassar et al., 2018). DSAS
requires that the feature class have specific attribute fields; OBJECTID, SHAPE, SHAPE Length, DATE_, and UNCERTAINTY. Users have

10
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the option of adding to each shoreline an overall uncertainty value. Otherwise, DSAS will use the value in the Set Default parameters
window. DSAS determined all required data from the input baseline, shoreline, and transect files covering the entire coastal waters of
Kuwait from the southern region to the northern region, as shown in Fig. 4. The concept of rate calculation relied on calculating the
differences between shorelines through time. Agreeing with [31]; EPR could be a straightforward and helpful process for anticipating
shoreline alter rate. Within the (EPR), the average yearly rate of shoreline alteration is calculated by separating the removal of
shoreline development by the time distinction between the shoreline of the primary date and the final date, as adjusted by Ref. [32].
DSAS computes the shoreline alter rate for a time arrangement through 6 strategies, and EPR is one of them [33]. The main points of
this strategy are the effortlessness of computation and the negligible requirement for, as it were, two shorelines. The yearly shoreline
alters rate was assessed for interims as takes after; 1980-1990, 1990-2000, 2000-2010, and 2010-2020 utilizing the EPR strategy.

2.6. Prediction of shoreline

The future shoreline was predicted using the shoreline change rate, the time interval between actual and predicted shoreline and
intercept, according to the following equation:

Future shoreline = (time interval * shoreline change rate) + intercept.

At first, the model was adjusted based on 1980, 1985, 1990, 1995, 2000, 2005, 2010, 2015, and 2020 shorelines. Also, the study
area’s 2010, 2015, and 2020 shorelines were used to predict 2035. The predicted shoreline for 2035 was adjusted by calculating the
Root Mean Square Error (RMSE) was calculated, which depends on the actual 2020 shoreline that is obtained from the 2020 Sentinel-
2A image and the other predicted one, which is calculated using the actual shores of 2010, 2015 and 2020 shorelines. In this study, 10
m uncertainty for each shoreline is set by USGS as part of the prediction to create an uncertainty region that lies within a 95-percent
confidence interval [34,35].

11
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3. Results and discussion
3.1. Shoreline changes in Kuwait shoreline during the period 1980-2020

The shoreline of the Kuwaiti coast extraction was extracted using the digitization method from 1980 to 2020 (Fig. 5(A-C), 6(A-F), 7
(A-C), 8(A-Q)). Fig. 5A-C shows shoreline changes in different areas along Zone 1; Zone 1 is exposed to erosion in most of the coast due
to the nature of the coast, which is sandy in the north and muddy in the south. Fig. 6(A-F) shows shoreline changes in different areas
along zone 2, representing Kuwait Bay; area A characterized by sandy soil and experienced erosion, while area B shows shoreline
erosion due to muddy soil. Areas C, E, and F, characterized by rocky soil, show more minor changes than the others. Area D shows
shoreline erosion because of the sandy soil. Fig. 7(A-C) shows shoreline changes in different areas along zone 3 and comprises different
port areas; all the represented areas A, B, and C are characterized by sandy soil, showing shoreline erosion except at areas where ports
were constructed. Fig. 8(A-C) shows shoreline changes along zone 4, representing Kuwait’s south coast. The three represented areas
are characterized by rocky soil showing low shoreline changes. Change rates were calculated between 1980 and 1990, 1990-2000,
2000-2010, 2010-2020, and 1980-2020 then illustrated in figures 9-13. These figures show that the time interval from 1990 to 2000
was the highest accretion rate of the shoreline compared to the other time intervals, and from 2000 to 2010, the shoreline was exposed
to the highest erosion rate. The results show that zone 1 of the coast that faces Bubiyan island (from Transect 1 to 130) has a maximum
accretion rate of 5.49 m/year in transect number 27 and an average accretion rate of 1.75 m/year and a minimum erosion rate of
—4.75 m/year in transect number 128 and average erosion rate —1.64 m/year. Zone 2, which represents Kuwait Bay (from transect
131 to 365), has a maximum accretion rate of 27.36 m/year in transect number 272, an average accretion rate of 5.6 m/year, and a
minimum erosion rate of —23.45 m/year in transect number 258 and average erosion rate —3.47 m/year. Zone 3 (from transect 366 to
482) has a maximum accretion rate of 21.4 m/year in transect number 436, an average accretion rate of 2.19 m/year, and a minimum
erosion rate of —4.47 m/year in transect number 471 and average erosion rate —0.68 m/year. In comparison, zone 4 (from transect 483
to 580) has a maximum accretion rate of 32.79 m/year in transect number 559, an average accretion rate of 3.02 m/year, and a
minimum erosion rate of —2.79 m/year in transect number 548 and average erosion rate —0.58 m/year. Zone 2 has the highest
shoreline change rate compared to the other zones along the coast. Table 2 shows that Zone 1 has 130 transects with a coastal length of
69.88 km, while Zone2 has 235 transects and covers 161.62 km of the coast, zone 3 includes 117 transects with 79.13 coastal length,
and Zone 4 has only 98 transects and cover 61.94 km. The mean accretion rate for zones 1, 2, 3, and 4 are 1.75, 5.60, 2.19, and 3.02 m/
year, respectively. The mean erosion rate for zones 1, 2, 3, and 4 are —1.64, —3.47, —0.68 and —0.58 m/year. The maximum mean EPR
is found along Zone 2 (2.04 m/year), while zone 1 has shown a minimum EPR (0.19 m/year) (Fig. 14) (Table 2). The EPR method has
been used to predict of future shorelines in 2020 and 2035, Fig. 15(A-D). The predicted shorelines revealed that the accretion and
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Fig. 22. a) EPR from 1980 to 2020 of second detached island, b) Predicted and corrected Shoreline 2035.

erosion along the Kuwaiti coast would be negligible except for zone B, which will undergo the highest change rate.

3.2. Shoreline changes in Bubiyan Island and prediction of future shoreline

The result of the transect analysis with the EPR method is shown in Fig. 16(A-B). The results show that Bubiyan island has a
maximum accretion rate of 62.3 m/year in transect number 45 due to the construction of the port, an average accretion rate of 2.23 m/
year, and a minimum erosion rate of —19.8 m/year in transect number 373 and average erosion rate —2.03 m/year. Fig. 17 shows the
predicted and corrected Shoreline 2035 of Bubiyan Island.

3.3. Shoreline changes in small islands that detached from Bubiyan islands and prediction of future shoreline

The result of the transect analysis with the EPR method for Warbah Island is shown in Figs. 18 and 19. The results show that the
island has a maximum accretion rate of 1.51 m/year in transect number 131, an average accretion rate of 2.89 m/year, a minimum
erosion rate of —0.31 m/year in transect number 100, and an average erosion rate of —0.14 m/year. Figs. 18 and 19 reveal that the
upper side of this island has the highest accretion rate compared to the other sides. Fig. 20 shows the predicted and corrected Shoreline
2035 of Warbah Island.

The result of the transect analysis with the EPR method for the second detached island is shown in Figs. 21 and 22a. The results
show that the island has a maximum accretion rate of 4.52 m/year in transect number 171, an average accretion rate of 0.43 m/year,
and a minimum erosion rate of —0.42 m/year in transect number 195, and an average erosion rate of —0.25 m/year. Fig. 22b shows the
second detached island’s predicted and corrected Shoreline 2035.

The result of the transect analysis with the EPR method for the third and fourth detached islands is shown in Fig. 23a. The results
show that the third has an accretion rate of 0-2.98 m/year and an average accretion rate of 0.43 m/year. The results show that the
fourth has a maximum accretion rate of 5.67 m/year in transect number 9, an average accretion rate of 2.59 m/year, and a minimum
erosion rate of —1.79 m/year in transect number 1, and an average erosion rate of —1.47 m/year. Fig. 23b shows the second detached
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Fig. 23. a) Multitemporal shoreline position of third and fourth detached island from 1980 to 2020 with transects with EPR, b) predicted and
corrected Shoreline 2035.

island’s predicted and corrected Shoreline 2035.

The result of the transect analysis with the EPR method for the fifth detached island is shown in Fig. 24a. The results show that the
island has an accretion rate of 0.0-1.34 m/year and an average of 0.54 m/year. Fig. 24b shows the second detached island’s predicted
and corrected Shoreline 2035.

3.4. Shoreline changes in Failaka Island and prediction of future shoreline

The result of transect analysis with the EPR method is shown in Figs. 25 and 26. The results show that Failaka island has a maximum
accretion rate of 5.68 m/year in transect number 22, an average accretion rate of 0.18 m/year, and a minimum erosion rate of —1.47
m/year in transect number 24, and an average erosion rate of —0.46 m/year. Fig. 27 shows the predicted and corrected Shoreline 2035
of Failaka Island.

4. Conclusion

Every country with a coastline must study the coast dynamic and the shoreline changes over a prolonged period. Erosion and
accretion are common coastal phenomena. Shoreline changes analysis from 1980 to 2020 along the coast of Kuwait, utilizing GIS and
statistical techniques, has participated in better recognition of the dynamic of the coast by identifying the areas of accretion and
erosion. Shoreline changes were extracted using the EPR model over 40 years, revealing that the shoreline fluctuated between erosion
and accretion at different rates. The future predictions of shoreline position clarified that the areas of the shoreline that will be exposed
to tremendous loss by erosion would be provided urgently. This method will aid in mapping the best scenario for the sustainable
development of coastal areas, selecting the most suitable areas for the construction of incoming projects, and warning decision-makers
to develop appropriate strategies for adaptation, especially in vulnerable or threatened areas.
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5. Recommendation

The shoreline is highly active. So, compared to medium-resolution satellite data, shoreline delineation from high-resolution sat-
ellite data will be more accurate. In this study, the shoreline was predicted using the EPR model. However, other models, such as Net
Shoreline Movement, Linear Regression Rate, Weighted Linear Regression Rate, etc., can also be tested. Moreover, coastal protective
structures must be established to protect the mainland from rapid coastal erosion.
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