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Abstract Climate changes in terms of sea level rise and

global warming impose different ramifications upon the Red

Sea coast of Saudi Arabia, which extends to 1840 km and

witnesses accelerated urban development. The shoreline is

mostly resistant to erosion and inundation by seawater due to

the inherent hard nature and the relatively higher relief.

Digital elevation models reveal that only about 890 km2 of

the coast occurs below 1 m. Global warming has a more

conceivable impact upon the coast as numerous coral reef

ecosystems exist, and the harm is inevitable. The coastal

vulnerability index indicates that about 16 % of the coast is

under high vulnerability, whereas 44 % of the coast is inti-

mately low vulnerable to climate change. Higher vulnerable

coastal segments include: relatively flat and lowlands;

inhabited; and/or coral-mangrove-rich shorelines. Coastal

zone management and rescue plans are essential to protect

coastal resources for a long-term sustainable development.

Keywords Saudi Arabia � Coastal vulnerability index �
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Introduction

Coasts are among the most susceptible locations to be

impacted by the global climate change, which is mani-

fested by the global warming and sea level rise (Williams

2013). Recent investigations reported an increase in the

global temperature by 0.7 �C and the rise of the sea level

by 10–20 cm in the last century (IPCC 2007). Global

warming is expected to continue due to the emissions of

carbon dioxide (CO2) gas into the atmosphere (Simas et al.

2001). It is expected that the sea level will rise about

60 cm by 2100 due to the thermal expansion of seawater

and the melting of ice in the arctic glaciers (IPCC 2007).

The dependence on the coastal zone is important world-

wide as more than 60 % of the world population lives

along shorelines (Doukakis 2005) and a wide range of

socioeconomic activities occurs at or near coastlines.

Coastal zones also contain important ecosystems and

environments that maintain the ecological, nutrients, and

energy balance across the globe (UNEP 1992). Although

the consequences of the global climate change are not

uniform and vary from one coast to another, most of the

impacts include flooding, loss of lives and property,

deterioration of water resources, coastal erosion, and

damage of coastal ecosystems (Williams 2013). The most

vulnerable coastal areas were demonstrated by flooding of

lowlands (Nicholls 2002 and Hereher 2010) and impacting

delicate ecosystems, such as coral reefs and mangroves

(Hereher 2015a, b). Coral reefs are the most diverse

among marine ecosystems (Roberts et al. 2002). They are

sensitive to any change in the water temperature. Although

corals favor living in warm waters, any excess of the water

temperature caused by the global warming could nega-

tively affect the algal/coral symbiosis relationship and

even lead to coral bleaching and mortality (McWilliams

et al. 2005). Increasing CO2 concentrations in the atmo-

sphere are expected to lower the ocean water pH, which

could decrease coral calcic skeleton formation (Kleypas

et al. 1999). Mangroves, which are the shelter for

numerous birds and fish species and provide support to the
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coastline, are contingent to the tidal zone and are quite

sensitive to the change in the water level and flooding

(IPCC 2001). Coastal zone management is consequently

an important task for sustainable development of marine

resources and coasts of high ecological value (Dwarakish

et al. 2009).

Coastal vulnerability assessment is an effective

approach to judge the response of a given coastal segment

to the consequences of climate change. The coastal vul-

nerability index (CVI), which was developed by Gornitz

et al. (1994) is the most common and applicable method to

quantify the degree of the coastal vulnerability to sea level

rise (Thieler and Hammar-Klose 1999). The index is

composed of individual parameters ranked along a

numerical scale and multiplied together to compile a net

value that represents the severity of the sea level rise upon

the coast. Although the initial variables could be ranked

into four classes, some other studies classified three vul-

nerability categories (low, medium and high) for coastal

vulnerability (Kumar and Kunte 2012). Parameters utilized

to calculate the CVI usually include either geologic vari-

ables, such as the geomorphology of the coast, slope, and

erosion/accretion pattern or physical variables, such as the

wave height, tidal range, and sea level rise records

(Thieler and Hammar-Klose 2000; Pendleton et al. 2005;

Boruff et al. 2005; Rao et al. 2008; Hereher 2015c).

Assigning the suitable parameters within the CVI is the

crucial step in the vulnerability assessment as each coastal

region is characterized by its intrinsic physiographic and

oceanographic attitudes. For example, in coastal areas

suffering from shoreline erosion, it is important to involve

historical coastline position variation within the CVI. A

big limitation of the original CVI developed by Gornitz

et al. (1994) is that this index rates the severity for the

exposure of the coastal zone to sea level rise, but without

considering the capacity of the affected communities to

adapt to the projected changes (Kunte et al. 2014).

Another significant limitation of the original CVI is the

lacking of the variables pertaining to the biotic and the

socioeconomic characteristics of the coast. Some regional

studies have involved specific parameters related to the

inherent behavior of the coast, e.g., tsunami amplitude

(Doukakis 2005); coastal hydrology (Kumar et al. 2010);

land subsidence (Ozyurt and Ergin 2010); population

density (Duriyapong and Nakhapakorn 2011); storm sur-

ges (Kumar and Kunte 2012); and tourist density data

(Kunte et al. 2014). Diez et al. (2007) used the coastal

elevation instead of coastal slope in the coastal vulnera-

bility assessment of the Buenos Aires Province, Argentina.

Hereher (2015b) in his CVI assessment of South Sinai

coast to climate change reduced the number of variables to

only four parameters representing the geologic and the

inherent nature of the coast. This modification was done

because South Sinai coast is under low waves and little

tidal range as well as the incidence of significant coral

reefs and mangroves ecosystems. The CVI suggested in

this study is:

CVI ¼ T � G � B � Sð Þ=4½ �1=2 ð1Þ

where T is the topography in terms of the coastal slope;

G represents the geology in terms of the coastal geomor-

phology; B is the biota and it is related to the fauna/flora of

the coast; and S is the socioeconomic factor, which con-

cerns with the coastal land use. The calm nature of the Red

Sea and its relatively raised and rocky shorelines have

spurred for tailoring the parameters utilized in the CVI to

match the influencing factors dominating across the coast.

Each parameter has three levels of vulnerability and a

corresponding numerical value: low (1.0), moderate (2.0),

and high (3.0).

The Red Sea is a semi-closed basin connecting the

Indian Ocean in the south with the Mediterranean Sea in

the north and separating the African continent in the west

from Asia in the east (Fig. 1). Maximum width of the Red

Sea is about 355 km, and its minimum width is about

35 km at the Straight of Bab El-Mandab in the south. The

mean depth of water is 500 m, and the tidal range is rel-

atively low (0.2 at Jeddah to 0.8 m at Jazan) with a mean

temperature of 24 �C and a salinity of 37–40 ppt (Bird

2010). Generally, oceanographic and sea level data on the

Red Sea are very little. However, previous studies report

that the maximum wave height is 1.8 m occurring in the

southern part (Saad 2010). The Red Sea bifurcates at a

latitude of 27�450N to the Gulf of Suez in the west and the

Gulf of Aqaba in the east. Saudi Arabia faces the majority

of the eastern coastal plain along the Gulf of Aqaba. The

warm environment, high salinity, and clarity of the water

allowed for mass growth of coral reefs, where there is more

than 330 coral species in this sea (Dubinsky and Stambler

2011). In addition, more than 500 species of fauna and flora

have been recorded among mangroves and sea grasses in

the Red Sea coast (Ellison 1999). The Red Sea is consid-

ered as one of the world’s top marine biodiversity hotspots

due to the natural climatic changes and anthropogenic

activities (Roberts et al. 2002).

In Saudi Arabia, which has the longest coastline (about

1840 km) along the Red Sea, the coastline varies in

geomorphology from cliffy shores across the Gulf of

Aqaba, raised coral terraces and fringing reef coasts for

the majority of the coast, to unconsolidated sediments and

beaches at the south. The coastal plain in Saudi Arabia

has also abundant occurrence of mangroves and sea-

grasses (Price et al. 1998). The absence of perennial

fluvial systems across the Red Sea has deprived the

coastal plain from sediments and consequently impacted

the coastal process in which coastal erosion was not
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reported, particularly along the northern part of the Red

Sea. Although the shoreline is generally rocky for the

majority of its length, there is a fast-growing development

of the coast with new urban communities and industrial

facilities. Most of the existing cities and urban centers

occur at relatively flat and near sea surface level. Saudi

Arabia is one of the largest states in the world to

desalinate seawater (Aburizaiza et al. 2013). Although

desalination plants are the primary source of freshwater

along the Red Sea coast, disposal of cooling water rep-

resents the major threat to the marine environment with

particular impact upon coral reef ecosystems. The objec-

tive of the present study is to investigate the impact of

climate changes in terms of sea level rise and global

warming upon the Red Sea coast of Saudi Arabia using

the coastal vulnerability index.

Fig. 1 Location map of Saudi Arabia showing the Red Sea coast
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Materials and methods

Coastal geomorphology

The makeup of the coastal materials is the key factor that

likely determines the resistance and consequently the

response of the coast to the wave action and storm events.

Rocky and cliffy shores exhibit maximum resistance and

are generally not prone to erosion, whereas unconsolidated

beach sediments reveal minimum resistance to the wave

action and could be easily eroded and removed from the

shore. Coastal geomorphology could then provide a syn-

optic view and a basic understanding to the coastal envi-

ronment (Kumar et al. 2010). The geomorphology of the

Red Sea coast, which is contiguous to the Arabian Shield

basement, was extracted from satellite images by means of

remote sensing. The moderate-resolution Imaging Spec-

troradiomater (MODIS) images were utilized as they have

a reasonable geographic coverage and spatial and spectral

resolutions. Four images (h21v6, h22v6, h21v7, and

h22v7) were acquired from the MODIS Aqua product

(MYD13Q1) and dated August 13, 2014 in 250-m spatial

resolution. Each image contains four spectral bands (blue,

red, near-infrared, and middle-infrared) in addition to other

quality and vegetation indices layers all in a HDF format

within a sinusoidal projection. The spectral bands in each

image were separated together in ERDAS Imagine and the

four images were mosaicked to produce a single image of

the entire Red Sea. In ArcGIS, the MODIS mosaic of the

Red Sea was overlaid upon a DEM to identify locations of

cliffs and flat beaches. The type of the shore (Table 1) was

inferred by visual interpretation of the satellite images. A

false color composite (FCC) using the blue, red, and near-

infrared bands in the MODIS mosaic was displayed in

ArcGIS, and the shore type was identified from the color

tone of the shore along the entire coast. The color tone is

the product of mixing the three used bands (the blue, red,

and near-infrared), where each shore type has its specific

spectral signature in these bands. Rocky shores have low

reflection in the three bands and hence have dark tones.

They were assigned a low vulnerability class (a value of

1.0). Consolidated reef shores have considerable reflection

in the blue band and have a turquoise tint in the FCC. They

were considered as moderate vulnerable (a value of 2.0).

Beaches and unconsolidated shorelines, which are com-

posed of sand, have the maximum reflection in all the

studied bands compared to the rocky and reef shores. They

have a light tone in the FCC, and they were considered as

high vulnerable (a value of 3.0). Google Earth images were

used to verify the type of coastal geomorphology and to

better interpret the variations of the coastal rock units.

Coastal slope

Coastal slope is the most controlling factor to delineate the

inundation limit of the rising sea level or tsunami waves.

Flat and gentle sloping coasts are generally susceptible to

flooding by seawater, and consequently the land loss and

shoreline retreat are greater in such low-sloping shores

compared to those with cliffs and steep sloping ones.

Coastal slope is expressed either as a percent or degrees,

with most common expression in percent. The slope is the

ratio of the difference in altitudinal distance to the hori-

zontal distance of two points perpendicular to the shoreline.

Coastal slope should be calculated for the entire coastal

zone that is formally bordered by the line occurring at

100 km (Small and Nicholls 2003). However, in some

previous studies, coastal slope was calculated for the coastal

5 km zone from the shoreline (Pendleton et al. 2005). In this

study, this distance is chosen as 10 km from the shoreline as

the Red Sea coast is generally narrow and most of the

infrastructure such as road network occurs within 10 km

from the shoreline. DEM are the most widely remotely

sensed sources of acquiring information on slope and

topographic aspect (Rao et al. 2008). DEM data were pro-

vided by the Shuttle Radar Topography Mission (SRTM) in

30-, 90-, and 1000-m spatial resolutions. In the present

study, seven DEM tiles (43/7, 44/7, 44/8, 44/9, 45/7, 45/8,

and 45/9) were obtained in 90-m spatial resolution from the

Consortium for Spatial Information web portal (http://srtm.

csi.cgiar.org). The tiles were mosaicked together in ERDAS

Imagine, and a subset of the Red Sea coast was produced

from which the slope in percent was determined using the

Spatial Analysis tools in ArcGIS Software. The slope for the

10-km coastal zone was determined as pixel-to-pixel, and

the maximum in this zone was recorded. Three classes of

slope were assigned in relation to the vulnerability to sea

level rise (Table 1) as: low (1.0) vulnerable coasts ([24 %),

Table 1 Ranges and limits of the different variables utilized to estimate the coastal vulnerability index

Low (1) Moderate (2) High (3)

Coastal geomorphology Hard rock—cliffy shores Consolidated shores—reef shores Unconsolidated shores—beaches

Coastal slope \12 % 12–24 % [24 %

Fauna/flora Bare shores Coastal flats Coral reefs—mangroves

Socioeconomic Inaccessible shores Wide coastal plains Cities—resorts—infrastructure
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moderately (2.0) vulnerable coasts (24–12 %), and high

(3.0) vulnerable coasts (\12 %).

Fauna/flora

The occurrence of the Red Sea in the subtropical zone of

the world allowed for the incidence of numerous faunal and

floral species along its sides. Fauna and flora in the present

study are intimately related to the coral reefs and mangrove

vegetation. Locations of coral reefs were obtained from the

global distribution of coral reefs database web portal

(http://www.reefbase.org). The database was archived as

Excel sheets providing the coordinates and types of the

coral reefs. Locations of coral reefs were verified in finer-

resolution Google Earth images and were displayed and

overlaid upon MODIS images (Fig. 2). Mangrove

Fig. 2 Distribution of the main cities, coral reefs, and mangrove

vegetation across the Red Sea. Side pictures are from Google Earth

and show the following: a urban community at Haql along the Gulf of

Aqaba; b cliffy shores along the gulf of Aqaba; c a consolidated

sedimentary shore at El-Wajh; d coastal flat at Sharma; e a coastal

spit at Jazan coast; f mangrove at El-Qahmah; g fringing reef barrier

at Jeddah; and h fringing reefs at Rabigh
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vegetation was identified using spectral information of

satellite data. The most accurate method to map vegetation

using remote sensing is applying the normalized difference

vegetation index (NDVI) using the red and near-infrared

bands as vegetation has a significant absorption in the red

and a sharp reflection in the near-infrared bands (Tucker

1979). The NDVI is calculated as [(NIR - R)/(NIR ? R)],

where NIR and R refer to the reflection in the near-infrared

and red bands, respectively. Green vegetation has high

positive NDVI values and non-vegetation features (water,

soil, urban,…etc.) have low positive, zero, or negative

values. The NDVI was successfully utilized in many

studies for local as well as regional mapping of vegetation

(Weiss et al. 2004; Beck et al. 2006). A series of satellite

images covering the entire Red Sea coast were obtained

from the most recent Landsat-8 Operational Land Imager

(OLI) sensor acquired in 2014. Locations of mangroves

were highlighted by applying the NDVI algorithm to the

OLI images and a suitable threshold for green vegetation

(mangroves) in the resulted NDVI image was assigned

depending on the nature of the features along the coast. The

delineated threshold was 0.3, and hence, all pixels in the

NDVI image equal and greater than 0.3 were recoded and

grouped together as mangroves (Fig. 2). Then Google

Earth images were used to verify locations of the mangrove

communities along the coast. Both coral reefs and man-

groves were considered as high vulnerable locations to

climate change and took a value of 3.0. Bare rocky shores

were considered as low vulnerable (1.0), whereas coastal

flats were considered as moderate class (Table 1) as they

may have coastal sabkhas and salt marshes. Thus, this

category was assigned a value of 2.0.

Socioeconomic factors

Socioeconomic factors are related to the different land use

across the coast, such as settlements, infrastructure, and

historic locations. Coastal urban communities constructed

at flat and near sea level locations are more vulnerable to

flooding, particularly during tsunami waves. Any costal

vulnerability assessment should incorporate the weight that

the socioeconomic impact could exert as any damage or

loss of property is translated to money. In previous studies,

Kunte et al. (2014) considered population and tourist

density as vulnerable coastal sites. Google Earth images

were utilized to identify the coastal face of urban com-

munities and infrastructure along the Red Sea coast.

Locations of urban land use were considered as high (3.0)

vulnerable to sea level rise as they mostly occur near the

sea level (Table 1). Inaccessible and rugged topography

coasts are considered as low (1.0) vulnerable class, whereas

accessible and wide coastal plains are considered as mod-

erately (2.0) vulnerable as they have a potential for

urbanization. Locations of desalination plants were also

identified in order to highlight anthropogenic impacts upon

coastal waters.

Coastal vulnerability index (CVI)

After delineating the vulnerability degrees of the individual

parameters, the numerical value for each level was

assigned to delimit low, moderate, and high vulnerability

classes as 1, 2, and 3, respectively. GIS was utilized to

highlight the location and value of each vulnerability class

by the polyline function tools in ArcMap, and then four

maps showing the individual parameters were prepared. An

attribute table for the vulnerability ranks of each variable

with their corresponding values was constructed for each

coastal segment. With the aid of the Spatial Analysis and

Overlay functions in ArcMap, the variables were integrated

together to calculate the CVI using Eq. (1) as the square

root of the product of the ranked four variables (Table 1)

divided by four. The resulted number determines the

weight of the response of each coastal segment to climate

change. Scaling of the resulted number was carried out

using the percentile analysis (Thieler and Hammar-Klose

1999). The CVI classes were sliced by ranking all the

resulted CVI values according to the 33rd and 66th per-

centiles, as low CVI (\33rd percentile); moderate CVI

(33rd–66th percentiles); and high CVI ([66th percentile).

In this study, the 33rd and the 66th percentiles were fixed at

1.8 and 3.0, respectively. Therefore, the vulnerability scale

is low (CVI \1.8); moderate (1.8–3.0); and high (CVI

[3.1). For example, if a coastal zone has the following

levels of coastal parameters: high (3.0) for geomorphology

(e.g., beach sand); high (3.0) for coastal slope (gentle

sloping); low (1.0) for fauna/flora (bare shore); and mod-

erate (2.0) for socioeconomic factor (wide coastal plain),

then the resulted CVI is 2.12, which means that the coast at

this region has a moderate sensitivity to climate change.

A CVI map showing the possible synoptic reaction of the

Red Sea coast to any anticipated climate change was

prepared.

Results

From the geomorphological point of view (Fig. 3), the high

vulnerable coastal segment accounts for the southern

210 km (11.4 % of the coast), where beaches dominate.

The low vulnerable shorelines comprise the cliffy and

rocky shores which occur along 458 km (25 % of the

coast). The remaining 1172 km (63.4 %) of the coast has a

moderate geomorphological vulnerability to the sea level

rise as they are composed of corals and reef terraces. The

coastal slope vulnerability (Fig. 3) is generally high for
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about 1120 km (60 % of the coast) as the slope gradient is

less than 12 %, whereas cliffy and steep sloping shores

represent 216 km (11.7 %) and mostly occur along the

Gulf of Aqaba. Coral reefs have been recorded in about 38

locations across the coast mostly of the fringing reef types

(http://www.reefbase.org). Most coral assemblages are

concentrated at El-Wajh at the north, Jeddah at the middle,

and along Farasan Island at the south (Fig. 2). On the other

hand, NDVI analysis reveals the occurrence of 17 sites of

mangroves mostly at the southern part near Jazan. Both the

coral reef and mangrove ecosystems, which are considered

of high vulnerability class represent about 890 km (48 %

of the coast) (Fig. 4). Low vulnerability shorelines repre-

sent 420 km (22.8 %) and those include cliffy shoreline,

where marine organisms require special means of attach-

ment to the shorelines. The socioeconomic vulnerability is

highest for the coastal faces of the cities and resorts along

the Red Sea, which total 393 km (21.3 %) (Fig. 4). The

longest coastal face is encountered along the city of Jeddah

(90 km). Moderately vulnerable coasts with economic

value, which have wider coastal plains are observed for

961 km (52.2 %), whereas the least vulnerable shorelines

occur along the northern part of the Red Sea at the inac-

cessible cliffy shorelines (27.5 % of the coast).

Calculated CVI (Fig. 5) shows that the minimum value

is 0.5 and occurs along the Gulf of Aqaba, where the

coastal geomorphology includes hard rocky shores; the

coastal slope is steep; the shore is void of sensitive fauna/

flora ecosystems, and there is no significant land use on the

coast. On the other hand, maximum CVI is 4.5 occurring at

Jazan region, where there is a sandy beach with conspic-

uous coastal spits (Fig. 2) of very low resistance to wave

action and inundation; the shoreline is rich in mangroves,

the nearshore zone is flourished with coral reefs, and the

area is under different land uses. Low CVI (\1.8) accounts

for 733 km (40 %) of the coast and occurs mainly along

the northern Red Sea coastal plain. Moderate CVI (1.8–3.0)

covers the majority of the coastal plain for 801 km (44 %),

whereas high CVI ([3.1) incorporates 306 km (16 %) of

the coast. High CVI coasts are observed at six locations:

Yanbu; Thuwail; Jeddah; Al-Qunfudah; and Jazan. All

these are coastal cities with relatively flat shores and are

rich in biological diversity (corals or mangroves). To val-

idate the calculated CVI with field observations two pop-

ulated coastal regions with different CVI values were

inspected. These two regions are Yanbu (high CVI) and

Amlaj (low CVI). Field observations revealed that the coast

at Yanbu is relatively flat with extended backshore and

gentle sloping, whereas the coast at Amlaj is narrow, rocky,

and the backshore is flanked by a mountainous range

(Fig. 6). Results showed that field observations coincide

with the calculated CVI.

Fig. 3 Coastal geomorphology vulnerability classes (left) and the coastal slope vulnerability classes (right) along the Red Sea coast
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Discussions

The Red Sea coastal plain

The Red Sea occurs in a rift basin separating the African

from the Arabian tectonic plates (Bosworth et al. 2005).

The coastal plain of Saudi Arabia reveals a conspicuous

uplifting in numerous locations that could be attributed

either to the Tertiary tectonism or to the transgressions of

the sea level. This uplifting is manifested by the occurrence

of frequent coral limestone terraces above the current sea

level, particularly along the northern part of the Red Sea

coast (Behairy 1983). The coast borders a rugged moun-

tainous range composed of igneous and metamorphic

basement complex; the Arabian Shield. The Gulf of Aqaba

coast is the area where these igneous and metamorphic

rock units shape the shoreline. There, the coast is barely

accessible except for some localities, such as Haql in the

north. The rocky nature coupled with the raised coralline

terraces is considered a natural defense against waves and

storms, and this may explain why coastal erosion was not

reported. The Red Sea coastal plain is generally narrow,

about 5 km, from Yanbu to Jeddah. It widens southward of

Jeddah to a maximum width of about 50 km near Jazan.

The shoreline at Jazan region is composed of sediments

brought to the coast by the valleys originating in Asir

Highlands, e.g., Wadi Baysh and Wadi Sabya (Vincent

2008). Environmental conditions in Jazan area coast are

most favorable for mangrove flourishing than in the

northern section (Saifullah 1994; Price et al. 1998). The

Red Sea coast experiences accelerated urban development;

however, agricultural activities are absent due to the lim-

ited freshwater supply that is barely devoted to municipal

uses.

Impacts of the sea level rise

Sea level rise is one of the global climate induced problems

that threaten significant coastal areas in the world. For

example, the rise in the sea level by 1 m could inundate

about 31 % of the entire Nile Delta (Hereher 2010). Sea

level rise represents a considerable concern to flat beaches

composed of sand and mud sediments. Coastal erosion and

land loss; inundation of coastal wetlands and lowlands; and

deterioration of freshwater resources as well as other

socioeconomic ramifications are the primary consequences

of rising of the sea level (Nicholls 2002). In the Saudi

Arabian western coast, the consolidated and raised beaches

are considered stable barriers against wave storms; how-

ever, lowlands could easily be overwhelmed by any rise of

the sea level. With taking into consideration the annual

recorded sea level rise (1.8 mm, Church et al. 2004) and as

Fig. 4 Fauna/flora vulnerability classes (left) and the socioeconomic vulnerability classes (right) along the Red Sea coast
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expected that the sea level will rise by 60 cm by 2100

(IPCC 2007), projections of the sea level rise along the Red

Sea coast are not significant. DEM data reveal that low-

lands (\1 m level) account for an area of only 890 km2

along the entire coast. If the sea level rises by 2 and 3 m,

these levels should flood 2075 and 3335 km2 of the coastal

area, respectively. In the worst case and if tsunami waves

strike the coast with up to 4 m height tides, the total area to

be inundated is 4538 km2, which represents a narrow

coastal strip with maximum width of about 6 km from the

shoreline. The most vulnerable locations to seawater

flooding is the coastal strip between Yanbu and Jeddah and

Jazan coast (Fig. 7). In addition to the urban land use

across these segments, mangrove forests should also be

affected. Farasan Island is one of the important marine

sanctuaries in the Red Sea, where coral reefs and domestic

birds inhabit this island. The rise in the sea level should

flood significant area of the island and could overwhelm

26 % of the famous birds Kentish plover nests (AlRashidi

et al. 2012).

Fig. 5 Coastal vulnerability index (CVI) map of the Red Sea coast
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Impacts of global warming

The excess emission of CO2 gas into the atmosphere has

increased the gas concentration in the ocean water, which in

turn could increase the ocean acidification (Hoegh-Guldberg

2011). Coral reefs communities, which are made up of cal-

careous skeletons should exacerbate from the change in the

water pH. Calcification rates of reef-building materials

should consequently be reduced. The greenhouse gasses,

mostly H2O and CO2, which are responsible for increasing

the atmospheric and ocean temperature, could seriously cause

reef bleaching, which usually occurs when temperatures

exceed a 0.8–1 �C above the mean summer levels for at about

4 weeks (Hoegh-Guldberg 1999). Some recent studies have

shown slowing and even death of coral reefs in the Red Sea

due to global warming (Sheppard 2003; Cantin et al. 2010).

There are three important regions with significant clusters of

coral reefs along the Red Sea coast of Saudi Arabia, Al-Wajh

in the north, Jeddah in the middle, and along Farasan Island

near Jazan in the south. The reef coast is not only providing a

habitat for several marine species, but it acts also as a natural

protection fence against wave surges and high storms. Global

warming of the seawater could lead tomass coral bleaching in

the Red Sea. Therefore, the Red Sea should be considered a

threatened location due to global warming.

Impacts of anthropogenic activities

The Red Sea coast of Saudi Arabia is witnessing acceler-

ated urban development, where many desalination plants,

power stations and wastewater treatment facilities are

being constructed each year. Desalinized water from the

Red Sea is the primary source of freshwater for the western

side of the Kingdom, where there is a daily production of

3.29 million m3 of desalinized water (Aburizaiza et al.

2013). The disposal of the brine water from desalination

plants would increase the seawater salinity to the degree

that could intimidate and harm marine organisms. On the

other hand, the disposal of untreated, partially treated or

even treated wastewater into the Red Sea from coastal

resorts would dilute seawater in the coastal zone that also

could threaten living organism in this marine environment.

Heavy metal pollution from untreated wastewater was

reported in Jeddah area (Hakami and Abu Seif 2014). The

discharge of cooling water from desalination plants and

power stations across the coast is the major threat and may

be fatal to coral reefs in the nearshore zone. Oil spill is

another human-induced threat that could impact the Red

Sea coastal plain, because the Red Sea is a major rout of

transporting oil between the Arabian Gulf and the western

world.

Fig. 6 Ground photographs of

Amlaj (a) and Yanbu (b) coasts.
Note that Amlaj is bordered

from the west by mountains and

Yanbu coast is flat
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Coastal zone management

The Red Sea coastal zone constitutes a spectacular inter-

face between mountainous terrestrial and marine ecosys-

tems. Understanding the nature of the impact that climate

changes (sea level rise/global warming) could exert is

important for effective and successful coastal zone man-

agement. The elevated and reef nature of the Red Sea coast

reveal that the majority of the coast is less prone to sea

level rise, where geological controls support and save

shorelines from the high tidal wave storms. Coastal pro-

tection measures, yet, should be implemented in areas, such

as Jeddah and Jazan to confront sudden wave storms.

Jeddah, which is the second largest city in Saudi Arabia,

with a total population exceeding 3 millions, was built

upon a plateau of up to 10 m above the sea level; however,

extensions of the city occur north and south along the flat

coastal plain. Such extensions should take into account the

risk of flooding. Rescue centers and well-equipped coastal

management facilities should be constructed near resort

centers. On the other hand warming of the seawater, either

by natural or anthropogenic factors, has an utmost priority

for consideration and adaptation along the coast. The

coastal zone should be categorized into: I—areas under the

impact of sea level rise and II—others under the threat of

seawater warming. The first category includes coastal cities

at relatively low elevation, such as Jeddah and Jazan, and

the mangrove vegetation sites. The second category com-

prises the hotspot localities, which include significant coral

reef assemblages in El-Wajh, Jeddah and Farasan and the

locations where warm and brine wastewater are disposed

into the sea. Adaptive plans are needed to safeguard

threaten sites and to provide alternative solutions for

cooling hot water in desalination and power plants before

transmitting to the sea. Public awareness and community

alert programs are important to coastal inhabitants and

management officers. New desalination plants should be

established in areas far from coastal coral reefs. Cooling

water from desalination and power station plants should

reside a longer time on land before final disposal into the

sea. Institutional plans should be tailored to afford coastal

regulations for fishing, tourism, industrial, and urban

activities at sensitive locations. Marine and coastal pro-

tected areas are suggested in areas such as northern Jeddah

coast in order to protect coral reef communities. Research

centers are also required to provide scientific consultancy

for siting suitable locations of urban and desalination

plants. Excutive plans are important to initiate an inte-

grated coastal zone management in the region.

Conclusions

When the sources of data are little, remote sensing could

afford sufficient information, particularly for regional

mapping of coastal areas. The present study is performed

on level-1 surveying (regional scale), in which accuracy of

remotely sensed data could be reasonable and in a costly

effective manner (Appelquist and Balstrøm 2014). Coastal

vulnerability index is one of the effective approaches to

rate coastal sensitivity to the consequences of climate

change. About 16 % of the 1840-km-long Saudi Arabian

coast is under high vulnerability to climate change. The

geological setting of the coast plays a crucial rule that

determines the reaction with any anticipated climate

change. The coast is mostly narrow, elevated and adjacent

to basement complexes that likely make the shoreline

resistant to the ramifications of the sea level rise. However,

coastal cities at lowlands and mangrove communities

should respond negatively. The geographic location, cli-

mate, and absence of ephemeral streams terminating along

the Red Sea allowed for the occurrence of significant

clusters of coral reefs, which are sensitive to global

warming. Three important locations are to be alerted: Al-

Wajh, Jeddah, and Jazan. In general, the projected climate

change will alter the environmental conditions along the

Fig. 7 Coastal areas below 4 m across the Jeddah and Jazan coastal

strips
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Red Sea coast and thereby coastal zone management plans

are needed to protect vulnerable locations.
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