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The Saudi Arabian tourism sector is growing, and its economy has flourished over the last decades. This has resulted in numerous coastal developments close to large economic centers, while many more are proposed or planned. The coastal developments have influenced the behavior of the shoreline in the past. Here we undertake a national assessment on the state of the coast of Saudi Arabia based on recent data sets on historic and future shoreline positions. While at national scale the shoreline is found to be stable over the last three decades, the Red Sea coast shows a regional-mean retreat rate while the Gulf coast shows a regional-mean prograding behavior. Detailed analysis of the temporal evolution of shoreline position at selected locations show that human interventions may have accelerated shoreline retreat along adjacent shorelines, some of which are Marine Protected Areas. Furthermore, reef-fronted coastal sections have a mean accretive shoreline change rate, while the open coast shows a mean retreat rate. Future shoreline projections under RCP 4.5 and RCP 8.5 show that large parts of the shoreline may experience an accelerated retreat or a change in its regime from either stable or sprograding to retreating. Under the high emission RCP 8.5 scenario, the length of coastline projected to retreat more than doubles along the Red Sea coast, and approximately triples along the Gulf coast in 2100. At national scale, the Saudi Arabian coastline is projected to experience regional-mean retreats of ~30 m and of ~130 m by 2050 and 2100 under both RCPs considered in this study. These results indicate that effective adaptation strategies will be required to protect areas of ecological and economic value, and that climate resilience should be a key consideration in planned or proposed coastal interventions.
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1. INTRODUCTION

The Kingdom of Saudi Arabia is located in the Arabian Peninsula, in southwest Asia. The country's 2.25 million km2 terrain consists mostly of arid steppe, mountains and sand desert, while the 2,320 km of shoreline span over the Red Sea (ca. 1,760 km) and the Gulf (ca. 560 km). Ninety-nine percent of the Saudi Arabia coast is sandy, interrupted by rocky headlands (Luijendijk et al., 2018). Both on the Red Sea and Gulf, extensive fringing coral reef habitats (1,480 km2) are found along the coast and around offshore islands. These reefs together with the mangrove forests (35 km2) scattered along the Red Sea coast comprise the most significant coastal habitats of the Saudi coast.

Due to the flourishing economy and the growing tourism sector, numerous coastal interventions have been implemented in the last decades in the coastal front of the large economic centers of the country (Jeddah, Khobar, Dammam, Jubail, etc.), driven by the need to create more space for industrial, urban and recreational uses (Halpern et al., 2008; Sheppard et al., 2010). Over the last 30 years, 186 km2 of Saudi Arabian inland and coastal water surface has been transferred into land while 156 km2 of its land has been converted into water (Donchyts et al., 2016).

At present, seaside developments (e.g., Red Sea Development Project, NEOM, Economic Cities) are being planned and built, mostly in scarcely populated, pristine areas, with the aim of supporting economic activities and tourism growth. For developers and stakeholders, a smart, future-proof design of the coastal front, in combination with the conservation of the unique physical and ecological characteristics of these coasts, is a primary goal.

Understanding of the natural dynamics of the coast and present state of these rapidly developing coastal zone is therefore of great importance. Acquiring and analyzing information regarding the historical evolution of the coastal system toward its present state can provide useful insight into the influence of the different natural and/or anthropogenic drivers. At a national level, such an analysis has not yet been conducted for Saudi Arabia. Information on historical coastal change can also support the predictions of the future autonomous dynamics of the Saudi coastal systems. Additionally, it can inform the assessment of planned coastal interventions in terms of the type and magnitude of the expected impacts on the natural system, thus contributing to future-proof and sustainable coastal development.

This study investigates long-term historic and projected future shoreline changes for Saudi Arabia, by generating and analyzing detailed state-of-the-art geospatial datasets of historic and future shoreline change. After introducing the study area, data and methods (section 2), the historic long-term shoreline changes, including the temporal variability therein, are discussed (section 3). Thereafter, the projected shoreline changes under two climate change scenarios, and the expected regime shifts in shoreline behavior are discussed. Conclusions of the study are finally presented in section 4.



2. STUDY AREA AND METHODS


2.1. Environmental Conditions

Saudi-Arabia is enclosed by water bodies on both the western and eastern side of the country; the Red Sea (including the Gulf of Aqaba) in the west and the Gulf in the east. The tide in the north Red Sea is semi-diurnal with typical range up to 1 m. Seasonal water level variations are also observed (0.2–0.3 m in the central Red Sea) (Deltares, 2015). Extreme water levels (with return period (RP) of 100 years) in the northern part of the Red Sea are estimated to be between 0.5 and 2 m (Muis et al., 2016; Vousdoukas et al., 2018). Under RCP4.5 (RCP8.5) the projected increase in 100 year RP water levels is 0.2 m (0.4 m) by 2100. The dimensions and layout of the Gulf result in a complex system of tidal standing waves. The tidal characteristics vary over the Gulf, with different areas experiencing diurnal, mixed and semi-diurnal tides (Reynolds, 1993). Tidal range is greater than 1 m everywhere and the highest tidal ranges (up to 4 m) are observed in the northern end of the Gulf and the east side of Qatar (Elshorbagy et al., 2006; Rakha et al., 2007).

The geography of the Red Sea surrounding land masses creates a wind system with dominant directions along the Red Sea axis. The analysis of Langodan et al. (2017) distinguishes different wind systems in the Red Sea. Northwesterly winds associated with storms in the Mediterranean Sea affect the northern part of the basin in the winter (with maximum speed up to 20 m/s) and the entire basin during summer. The southeasterly winds, present mainly in the southern part of the basin, are associated with winter monsoon events in the Arabian Sea. A 30-year regional reanalysis shows decreasing trends in the wind speeds in the area (Langodan et al., 2017). The wind climate in the Gulf is characterized by the presence of seasonal, high-intensity, north, north-easterly winds, the shamals. Summer shamals occur from May to July with velocities 7–13 m/s (Rao et al., 2001; Barlett, 2004) and may last for weeks at a time. Winter shamals affect the region from November to March with wind speeds up to 20 m/s at the center of the Gulf (Al Senafi and Anis, 2015).

The wave climatology in the Red Sea is strongly characterized by the main wind systems. Dominant wave directions in terms of frequency are northwesterly to northerly. In the north part of the Red Sea, Hs mean remains approximately 1 m all year around. Additionally, waves with swell characteristics, associated with the SE winds at the south Red Sea reach the north (Langodan et al., 2017). Energy from southerly waves is especially significant for the high percentiles during Oct-Apr. A 30 year hindcast shows decreasing trends in wave heights in the northern part of the Red Sea (in the order of 5–6 cm in 30 years for the northerly waves and 1 cm for the southerly waves) (Langodan et al., 2020). A decrease in the number of storm events per year related to the northerly and southerly waves is also detected. The prevailing wave direction over the Gulf is northwest to north, following the wind direction. The monthly mean Hs is lower than 1 m over the entirety of the Gulf with the highest values being reached in June and February in the central Gulf area (Kamranzad, 2018).



2.2. Methodology

Nowadays the added value of remote sensing in coastal engineering and coastal zone management is widely acknowledged and several global satellite-derived datasets have been generated (Donchyts et al., 2016; Luijendijk et al., 2018). These datasets can provide valuable information of the historic land-water changes and shoreline evolution since 1984. The historic shoreline change rates have also been used to assess future positions of the shorelines up to 2100 under various climate change scenarios (Vousdoukas et al., 2020). In the present study, these global data sets and methods have been deployed in more detail to conduct a national assessment on historic and future shoreline change of Saudi Arabia.


2.2.1. Historic Shoreline Change

Historical shoreline change data for the study area were obtained from the satellite derived shoreline (SDS) data set presented by Luijendijk et al. (2018). This global dataset provides historic annual shoreline positions derived from Landsat satellite imagery from 1984 to 2020 (Luijendijk et al., 2018).

First, yearly top-of-the-atmosphere reflectance composites were generated to remove the effects of clouds, shadows, snow, and ice. Then, the composites were used to estimate an accurate surface water mask using a dynamic thresholding method described in Donchyts et al. (2016). Analysis revealed that the influence of the tidal stage on detected shoreline positions was significantly reduced, which also applied for seasonal variability in wave and beach characteristics (Luijendijk et al., 2018).

Next, the composite images are used to determine the Normalized Difference Water Index (NDWI). The Canny edge detection filter is used to roughly estimate the position of the water-land transition, followed by the use of the Otsu thresholding method (Otsu, 1979) on a buffer polygon around the water-land transition to identify the most probable threshold to classify water and land on the image. The detected water lines at the edge of the water mask are smoothed using a 1D Gaussian smoothing operation to obtain a gradual shoreline avoiding the pixel-induced staircase effect (Luijendijk et al., 2018). A value of three gives the best results based on the four validation cases; meaning that it takes three cells on both sides during the 1D smoothing. The method may result in several shoreline vectors since lakes and small channels are detected. In this case, only the most seaward shoreline position is analyzed.

The validity of the shoreline detection method on sandy beaches has been demonstrated for multiple cases representing different types of beaches, sand, tidal and wave characteristics (Luijendijk et al., 2018). The accuracy of satellite derived shoreline positions is restricted to approximately 15 m over around 30 years (i.e., sub-pixel precision of the maximum spatial resolution (Hagenaars et al., 2017). In terms of shoreline change trends computed from these shoreline position data, trends in the range of –0.5 to +0.5 m/yr are taken to represent stable coastlines.

The automated shoreline detection method produces 37 annual global shorelines (1984–2020) with an alongshore resolution of 30 m. Using the defined transects at a 500 m alongshore spacing, the intersection point of each transect with the aforementioned annual shorelines was determined, which provided a sequence of shoreline positions per transect. The shoreline change rate (m/yr) at each transect is then computed by applying linear regression to all shoreline positions at that location. Ideally, a SDS position is available for each transect annually. However, the availability of satellite images and cloud cover can limit the number of SDS positions.

For each transect, a linear regression of the form ax+b+ϵ results in a change rate (a), a cross-shore intercept point with respect to 1984 (b) and a bootstrapped error term (ϵ) representing the reliability of the linear fit for historic shoreline change. To verify whether the change rate based on linear regression can be considered a representative proxy for the underlying data, the uncertainty bandwidth (or standard deviation) should be less than 0.5 m/yr (Luijendijk et al., 2018), which coincides with the limits of the stable regime.

To obtain high resolution time series of shoreline positions at specific sites, the same methods used by Luijendijk et al. (2018) were applied here, albeit using a dynamic (moving) 180-day window as this allows to generate Top of Atmosphere composite images at approximately 16-day intervals. These dynamic composites include seasonal variability in wave and beach characteristics while excluding noise and tidal variations. For this high resolution application, the GEE platform is used to obtain satellite imagery from the NASA Landsat-5 (1984–2013), Landsat-7 (1999-present) and Landsat-8 (2013-present) Operational Land Imager (OLI) sensors and the ESA Sentinel-2 (2015-present) Multi-Spectral Imager (MSI) sensor at a medium and high spatial resolution of 30 and 10 m respectively. Depending on the location on earth, the temporal resolution of the Landsat satellite missions is 16 days, whereas the Sentinel mission has a 5-day revisit time origination from two satellite constellations.



2.2.2. Future Shoreline Change

Estimates of future shoreline projections are obtained by combining data from Vousdoukas et al. (2020) and the historical change rates of Luijendijk et al. (2018). The probabilistic projections of Vousdoukas et al. (2020) explicitly take into account projections of future Relative SLR, spatial variations of coastal morphology, ambient shoreline change trends and future changes in meteorological drivers (for example, storm surge and waves).

In this study, the shoreline change throughout this century has been projected under two RCPs: RCP4.5 and RCP8.5. RCP4.5 may be viewed as a moderate-emission mitigation-policy scenario and RCP8.5 as a high-emissions scenario (Meinshausen, 2011). Here, the study focuses on the evolution of two components of sandy beach shoreline dynamics:

• AC, ambient shoreline dynamics driven by long-term hydrodynamic, geological and anthropic factors;

• R, shoreline retreat due to coastal morphological adjustments to SLR;

In the present study AC was exclusively obtained through the linear interpolation of the shoreline change rates reported by Luijendijk et al. (2018); see previous section. Note that Vousdoukas et al. (2020) computed AC combining the shoreline change data sets of Luijendijk et al. (2018) and Mentaschi et al. (2018). The R is directly obtained from Vousdoukas et al. (2020) projections, and represents SLR-driven shoreline retreat, the magnitude of which depends on the amplitude of SLR and the transfer of sediment from the subaerial to the submerged part of the active beach profile, to adjust to rising mean sea levels. The estimation of the equilibrium shoreline retreat R of sandy coasts due to SLR is based on the Bruun rule (Bruun, 1962). This approach builds on the concept that the beach morphology tends to adapt to the prevailing wave climate and is given by:
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where tanβ is the active profile slope. Projections of regional SLR up to the end of this century are available from a probabilistic, process-based approach (Jackson, 2016) that combines the major factors contributing to SLR. Local scale vertical land movements such as land subsidence due to, for example, groundwater extraction are not included in the SLR projections. The tanβ term expresses the slope of the active beach profile, which was based on a global dataset of active beach slopes (Athanasiou et al., 2019). This dataset has been created combining the MERIT digital elevation dataset (Yamazaki et al., 2017) with the GEBCO bathymetry (Weatherall et al., 2015). Beach profiles are generated along each sandy beach transect by combining the above bathymetric and topographic data.

Here, shoreline change projection are derived, by adding the AC and R terms thus obtained, for 2050 and 2100 under RCP 4.5 and RCP 8.5.





3. RESULTS


3.1. National Assessment of Historical Shoreline Change

The center panel in Figure 1 shows the historic long-term shoreline change rates for the complete shoreline of Saudi Arabia for the period 1984-2016. The mean shoreline change rate for the entire shoreline of Saudi Arabia is 0.06 m/yr. For the Saudi Arabian coast 29% shows shoreline retreat larger than 0.5 m/yr (i.e., the threshold for stable vs. unstable shorelines as per the inherent accuracy level associated with the SDS approach), while 23% show accretive behavior with change rates larger than 0.5 m/yr. The remaining 48% of the shoreline falls under the category of stable shorelines. As the Saudi Arabian Red Sea and Gulf coasts are different in terms of forcing and physical characteristics, results are discussed separately for the Red Sea and Gulf coast using 5-km averaged change rates as presented in Figure 1.


[image: Figure 1]
FIGURE 1. The center panel contains satellite derived annual shoreline change rates for the Saudi Arabian Red Sea and Gulf coast (1984-2016). Urban areas are indicated in black and the road network with thin black lines. Five-kilometer averaged change rates are shown on flat shoreline stretches for the Red Sea (left panel) and the Gulf (right panel). For all panels, negative indicates long-term retreat and positive indicates prograding.


The Saudi Arabian part of the Red Sea coast (including the Gulf of Aqaba) stretches along approximately 1760 km of shoreline. The mean change rate of all transects at the Red Sea coast is retreating with a rate of –0.18 m/year (i.e., retreating). About 19% (334 km) of the Red Sea coast shows a prograding trend, while 32% (563 km) of the coast show a retreating trend. The remaining 49% (863 km) of shoreline is stable.

The Saudia Arabian part of the Gulf coast is approximately 560 km long. The mean change rate of all the Gulf transects is 0.71 m/year (i.e., prograding). About 23% (129 km) exhibits a retreating trend and approximately 32% (179 km) show prograding behavior; the remaining 45% (252 km) of the coast is stable.

The Gulf coast exhibits higher prograding change rates compared to the Red Sea coast (see Figure 1). The prograding sections are also here found around economic centers, due to land reclamations and other human developments, while the retreating sections are often located in nature protected areas. Besides, as seen on the sides of Figure 1, the Red Sea coast contains higher retreating rates for longer shoreline stretches than the Gulf coast. These retreating sections are mostly located at relatively remote areas, whereas the prograding shorelines are typically found at inhabited areas.

To gain more detailed insights into distinctly different behaviors of the Red Sea and Gulf coasts of Saudi Arabia, below (Section 3.2) we perform a more high resolution analysis of a few selected locations on each coast.



3.2. Regional and Local Analysis


3.2.1. Red Sea Coast

Here we focus on 5 locations along the Red Sea coast (see inset in Figure 2). The first location highlights the spatial variations in shoreline behavior, here focusing on differences between an open and a reef-fronted coast. The other four locations are a representative set for the temporal variations of shoreline dynamics found along this coast.


[image: Figure 2]
FIGURE 2. Satellite derived annual shoreline change rates (1984–2016) for the NEOM project site, located on the Red Sea in northwest Saudi Arabia (see blue dot in the small inset). Urban areas (Al Muwaileh and Duba) are marked gray and the road network with thin black lines. The blue polygons indicate reef-fronted coasts, while the white polygon indicates open coasts. All polygons are situated within Ra's Suwayhil/Ra's al-Qasbah Marine Protected Area.


NEOM is a recently announced developments (https://www.neom.com/en-us) which will be located on the Red Sea in northwest Saudi Arabia. The project site, as indicated in Figure 2 (spanning across the blue and white polygons), is characterized by reef-fronted (blue polygons) and open (white polygon) shorelines known to be part of a 3,700 km2 planned Marine Protected Area (MPA) called Ra's Suwayhil/Ra's al-Qasbah. At present, there are practically no human interventions on this pristine shoreline managed by the Saudi Wildlife Authority. The shorelines in the blue and white polygons are 135 km and 42 km long, respectively. The reef-fronted shoreline in the west shows a mean prograding change rate of 0.26 m/year, while the transects at the open coast show a mean retreating change rate of –0.09 m/year (see Figure 2).

For this specific area, it is found that for 88% of the transects the linear regression is a representative proxy to explain long-term behavior of the shoreline. For more detailed analyses it is useful to study the complete time series signals instead of solely looking into linear change rates. Up to this point, the presented analysis is restricted to annual shoreline positions and its associated linear change rates. Therefore, only natural phenomena or processes acting on at least multi-year timescales are incorporated. However, as explained in the last paragraph of the Methodology section, higher temporal resolution shoreline position data can be derived from the SDS dataset. This opens up the possibility to look into behavior at smaller timescales (like seasonality) within the time series signals as well as to extend the time series to 2020. Such a computationally demanding high temporal resolution analysis is performed for four locations along the Red Sea coast, as indicated with numbered, colored dots in the small inset in Figure 2. These locations are selected based on geographical location (nature area vs. developed coast). It gives an overview of the types of time series signals that are present the along the Red Sea shoreline (see Figure 3).


[image: Figure 3]
FIGURE 3. Right panels: high-resolution time series of shoreline positions for the period (1984–2020) for four locations on Saudi Arabia Red Sea coast. The purple dots are identified as outliers following the criteria in Luijendijk et al. (2018). Left panels: geographical location of the selected transect indicated as the white-marked transects.


Location 1 is located on an island in a remote area that contains a pristine coral reef environment. The time series of shoreline change shows a relatively stable long-term trend, albeit with substantial short-term variability. Seasonal cyclic pattern in shoreline position, up to 4~00 m, can be seen in the data from 2015 onward, due to the availability and inclusion of higher temporal resolution data from the Sentinel-2 satellite mission. Location 2 is located close to a coastal settlement. The time series shows a rather stable shoreline with limited temporal variability up to around 2010. A sudden advancement in shoreline position of 6~00 m can be seen in 2010. This is due to land reclamation (including coastal structures), which has stabilized the shoreline thereon. Location 3 is characterized by an area with a lot of aqua cultural activity. This anthropogenic driver is clearly seen to have an effect on the time series signal. Until 2001, when the aqua cultural activities commenced, this shoreline (which is protected by an offshore island and reefs), has been rather stable. However, around 2001, the shoreline retreated markedly by approximately 400 m, however remaining stable in its retreated position thereafter. Location 4 is located in a sheltered reef environment and has been steadily prograding at a rate of 0.5 m/year with limited short-term variability. In the last decade or so, however, the shoreline at this locations appears to have remained stable.



3.2.2. Gulf Coast

Similar to the Red Sea coast, we focus here on 5 locations along the Gulf coast (see inset in Figure 4). The first location highlights the spatial variations in shoreline behavior, here focusing on impacts of human interventions. The other four locations are a representative set for the temporal variations of shoreline dynamics found along this coast.


[image: Figure 4]
FIGURE 4. Satellite derived annual shoreline change rates (1984–2016) close to Jubail, located on the Gulf in northeast Saudi Arabia (see blue dot in the small inset). Urban areas (Tanajib and Jubail) are marked grey and the road network with thin black lines. The blue area shows the Jubail Marine Wildlife Sanctuary MPA, while the white polygons indicate areas subject to human interventions.


The Gulf coast of Saudi Arabia has been subjected to large-scale coastal developments, leading to human-engineered systems around its economic centers of Khobar, Dammam and Jubail (see white polygons in Figure 4). Between these economic centers, MPA's ensure human interventions are minimal. One of these MPA's is the 2,300 km2 de facto Jubail Marine Wildlife Sanctuary (see blue polygon in Figure 4), of which the state-owned oil enterprise Saudi Aramco is the managing authority (UNEP-WCMC, 2016). The sanctuary is the first MPA in the Arabian Gulf and consists of two coastal embayment systems and five offshore coral islands (Krupp and Khushaim, 1991). The shoreline in the MPA is 290 km long. Figure 4 shows the satellite derived annual shoreline change rates (1984–2016) in this area. The shoreline in the white polygons shows accretive behavior with a change rate of 1.21 m/year, while the MPA mainly shows shoreline retreat at a rate of -0.77 m/year.

Figure 5 shows the high resolution analysis for four locations along the Gulf coast. Location 5, which is located at a pristine peninsula, shows a cylic, low amplitude (25 m) temporal variability from the year 2013 onward. The years before 2013 indicate a greater, yet non-cylic variability in shoreline positions over time. The time series signal at Location 6 is from a beach that is bounded by two groins and situated in front of a coastal settlement. The data shows a stable trend that incorporates small temporal variability up to around 2003. In 2003, a land reclamation causes a sudden progradation of the shoreline of approximately 150 m. Hereafter, the temporal signal looks similar to its pre-2003 stable state. Location 7 is located at a pristine, undeveloped area. The temporal signal itself shows minor short-term variability while over time the general trend appears to be changing regimes. Up to 1994 it is slightly accretive, then it remains approximately stable for a little less than 10 years. After 2003, the shoreline steadily retreats. Location 8 is also located in an undeveloped area and therefore temporal variability likely caused by environmental forcing conditions. Especially after 2013, the short-term shoreline change becomes noticeably cyclic, as also seen at Location 5.


[image: Figure 5]
FIGURE 5. Right panels: high-resolution time series of shoreline positions for the period (1984–2020) for four locations on the Gulf coast of Saudi Arabia. Left panels: geographical location of the selected transect indicated as the white-marked transects.





3.3. Projected Shoreline Changes up to 2100

Timely and sustainable coastal zone management, especially considering the increasing anthropogenic pressure and changing climate, requires knowledge on how shorelines might change in the future, including uncertainties in future projections. The rate of global sea level rise since 1993 has been greater than that observed over the twentieth century (Church, 2013;). While shoreline change can be the combined result of a range of erosive and accretive phenomena, there is a clear cause and effect relationship between increasing sea levels and shoreline retreat (Bruun, 1962; Ranasinghe and Stive, 2009; Stive, 2010; Ranasinghe, 2016). Climate change will also affect waves and storm surge (Hemer, 2013; Vousdoukas et al., 2018; Morim et al., 2019), which are important drivers of coastal morphology. Therefore, considering the dynamics of extreme weather patterns is also important in assessing potential climate change impacts beyond that of sea-level rise (SLR) alone (Vousdoukas et al., 2020). Future shoreline positions, using combined data from Vousdoukas et al. (2020) and Luijendijk et al. (2018) as discussed in section 2.2.2, are projected for both RCP4.5 and RCP8.5 for the years 2050 and 2100. As example, projections for the presently prograding NEOM site in the north part of the Red Sea show a switch to a retreating regime (see Figure 6). Already retreating coastal sections will experience accelerated retreat in the future, which is the case for e.g., Jubail Marine Protected Area (see Figure 6).


[image: Figure 6]
FIGURE 6. Historic and projected shoreline positions (1984–2100) for two RCP scenarios showing a shift from prograding to retreating for a location at the NEOM site (upper panel) and showing an accelerating retreat at Jubail (lower panel).




3.4. Regional Variations of Future Shoreline Positions

Regional projections of shoreline positions (relative to 2020) for the years 2050 and 2100 for both RCP 4.5 and RCP 8.5 are shown in Figure 7. At the scale of Saudi Arabia as a whole, regional-mean projections of shoreline retreat by 2050 are 29.0 and 32.1 m for RCP 4.5 and RCP 8.5, respectively. By 2100, these retreats increase to 112.9 and 145.5 m under RCP 4.5 and RCP 8.5, respectively.
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FIGURE 7. Projected median shoreline positions (relative to 2020) for the Saudi Arabian Red Sea and Gulf coast for the years 2050 and 2100. The panels on the left show outcomes related to greenhouse gas concentration trajectory RCP4.5, while the panel on the right shows results for RCP8.5. Urban areas are marked black and the road network with thin black lines. For all panels, negative indicate retreating shorelines and positive indicate prograding shorelines.


At the Red Sea coast, regional mean projections indicate that the shoreline will retreat 31.6 m (RCP4.5) to 35.4 m (RCP8.5) in 2050 with respect to present-day shoreline position. For 2100 an additional retreat of 119.1 m (RCP4.5) to 151.7 m (RCP8.5) is projected due to sea level rise. At the Gulf coast, it is projected that on average the shoreline will retreat an additional mean distance of 20.1 m (RCP4.5) to 21.4 m (RCP8.5) in 2050 and 93.7 m (RCP4.5) to 127.2 m (RCP8.5) in 2100 due to sea level rise.



3.5. Future Regime Shifts in Shoreline Stretches

Analyses of future shoreline positions show that sea level rise may lead to a regime shift in shoreline behavior. The historically (1984-2020) retreating 5-km averaged coastline stretches (605 km) at the Red Sea coast will all be subject to an acceleration in the rate of retreat by 2050 (see Figure 8). In addition, a total length of 550 km that has been stable over the last 35 years will be retreating by 2050 for RCP4.5; 595 km for RCP8.5. This means that, regardless of climate scenario, the length of retreating coastline approximately doubles between 2020 and 2050. In 2100, even more of the Red Sea coastline is projected to change from a stable to retreating regime; i.e., additional 655 km and 725 km under RCP 4.5 and RCP 8.5 respectively. The shift from present-day prograding to retreating behavior is expected to occur at a coastline length of 35 km in 2100 for RCP4.5 and 80 km for RCP8.5. Overall, compared to the 32% of the Red sea coastline that has been retreating over the last 35 years, 63 and 66% of the Red Sea coast is projected to be retreating by 2050, increasing to 71 and 77% by 2100.


[image: Figure 8]
FIGURE 8. Projected median shoreline positions (relative to 2020) for the Saudi Arabian Red Sea coast for the years 2050 and 2100 for RCP4.5 and RCP8.5. For the map panel, negative indicates retreat and positive indicates prograding trends between 1984 and 2020.


For the Gulf coast, the historically retreating 5-km averaged coastline stretches (105 km) will all be subject to an acceleration retreat rate already in 2050 (see Figure 9). In addition, a total length of 120 km that has been stable over the last 35 years will in 2050 be retreating for scenario RCP4.5; for RCP8.5 this will be a length of 135 km. In 2100 even longer coastline lengths will change from a stable to retreating regime; i.e., 145 km for RCP4.5 and 160 km for RCP8.5. The shift from prograding to retreating behavior is expected to occur at a coastline length of 45 km in 2100 for RCP4.5 and 105 km for RCP8.5. All in all, where nowadays 23% is retreating, in 2050 46% will be retreating in case of RCP4.5 and 54% for RCP8.5, while in 2100 this will be further increased to 57% for RCP4.5 and 70% for RCP8.5. This means that the length of coastline subject to retreat more than triples for the Gulf coast.


[image: Figure 9]
FIGURE 9. Projected median shoreline positions (relative to 2020) for the Saudi Arabian Gulf coast for the years 2050 and 2100 for RCP4.5 and RCP8.5. For the map panel, negative indicates retreat and positive indicates prograding.





4. CONCLUSIONS

This study presented a national assessment of the state of the coast of Saudi Arabia using two state-of-the-art data sets of historical and future shoreline change. At national scale, the shoreline of Saudi Arabia has been stable over the 1985–2016 period with a long-term change rate of 0.06 m/year. At a more granular scale, the Red Sea and Gulf coast of Saudi Arabia show substantial differences in long-term shoreline dynamics over the same historical period. The former has experienced a regional-mean retreat rate of –0.18 m/year, while the latter has experienced a regional-mean progradation rate of 0.71 m/year. A detailed analysis of bi-weekly shoreline positions shows that human interventions in both Red sea and Gulf coasts have changed the natural shoreline dynamics substantially.

At several of the Red Sea locations where the bi-weekly resolution analysis was done, coastal developments appear to accelerate the retreat along adjacent coastlines. Furthermore, reef-fronted coastal sections show a mean prograding behavior, while the nearby open coastal sections show a retreating trend. Shoreline evolution in the Gulf coast behaves rather differently. Here too, human interventions have lead to step-changes in shoreline position at a few coastal sections. The SDS data for the Gulf shows a change rate of 1.21 m/year, while the marine protected areas show a remarkable mean retreat rate of 0.77 m/year. This may be an indication that the economy-driven coastal developments trigger significant erosion in the adjacent (marine protected) areas.

Future projections of shoreline change indicate that large Saudi Arabian shoreline stretches will be subject regime shifts (e.g., stable to retreating) in coastline behavior under both RCP 4.5 and RCP 8.5, and that these regime changes could be taking place already. Projections show that the length of retreating shorelines along the Red sea coast could more than double by 2100 (RCP 8.5), while this length could triple along the Gulf coast by 2100 (RCP 8.5). Considering the entire Saudi Arabian coastline, projections indicate regional-mean retreats of around 30 m and of around 130 m by 2050 and 2100 under both RCPs considered. These projections highlight the need for timely and sustainable coastal zone management, to protect the areas with large economic and ecological values while also ensuring climate resilience in planned or proposed coastal interventions.
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