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Abstract 

The coastal areas of the Red Sea are characterized by shallow banks of fringing and barrier 

reefs that provide protection against coastal hazards and erosion by dissipating wave 

energy. This study investigates the wave climate and extremes of a reef-protected coastal 

zone in the Red Sea using a high-resolution coupled wave and circulation model, 

ADCIRC+SWAN, configured on an unstructured grid forced with the meteorological 

fields from high-resolution regional atmospheric model. Our simulations suggest that the 

relatively narrow offshore reefs with steep fore-reef slopes dissipate 40-50% of the wave 

energy propagating towards the shoreline, and this is more pronounced during extremes. 

The impact of the coupling on determining the wave climate is negligible, but is significant 

for storms with ~10 cm higher significant wave height (Hs) during the observed period. 

The back-reef wave climatology computed from 30-year model simulations shows that the 

mean Hs distribution is uniform throughout the year, and extremes occur more often from 

February to May. Different return levels of Hs in the sheltered areas are estimated using 

extreme value analysis. Our results emphasize that preserving the complex offshore reefs 

is crucial for mitigating the coastal hazards of high-energy waves which are projected to 

increase with climate change. 

 

Keywords: Red Sea, waves, SWAN, ADCIRC, coral reef, extremes, wave sheltering   
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1. Introduction 

Coastal zones are highly complex dynamical systems that support important marine lives 

and accommodate most of the heavily populated and developed terrestrial zones 

worldwide. Coastal areas have high physical and environmental diversity, owing to the 

heterogeneity of the morphology of the coast and its hydrodynamic components, such as 

waves, tides, currents, and sea level changes, and the complexity of the nearshore 

bathymetry. Among the various hydrodynamic forces, waves transfer great energy to the 

shore, cause important stress to coastal structures and operations (Oumeraci, 1994), 

increase the speed of sediment transport and coastal erosion (Masselink et 

al., 2016; Postacchini et al., 2017), and affect dune breaching (Roelvink et al., 2009) and 

inundation (Bertin et al., 2012). Waves also often act as a central component of coastal 

hazards, contributing to extreme water levels and runup (Stockdon et 

al., 2006; Vousdoukas et al., 2012). Thus, knowledge of the ocean wave climate of a region 

is vital for a wide range of applications, including coastal oceanographic studies, coastal 

management activities, and ocean engineering.  

Waves propagating towards a coastline undergo a variety of transformation 

processes, including wave refraction, diffraction, and shoaling, and superimpose locally 

generated wind waves (Chen et al., 2005; Londhe and Deo, 2004). Along the shore, the 

characteristics of waves near the coastal environment can be easily modified by the 

presence of an island or reef owing to their complex bathymetry, as they dissipate wave 

energy away from the shoreline (Ferrario et al., 2014). When waves shoal on reefs, they 

are amplified by the shoaling process and reduced by the frictional dissipation after 

propagating over the rough reef topography (Symonds et al., 1995). If the depth is 
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sufficiently shallow, the energy of waves dissipates as they break along the relatively steep 

fore-reef (Young, 1989; Monismith et al., 2013). In short, the towering structures of reefs 

act as a “natural breakwater”, providing protection to coastal areas against hazards, such 

as wave runup, overtopping, flooding, and erosion.  

The littoral areas on both sides of the Red Sea are characterized by complex systems 

of fringing and barrier reefs. These coral reefs effectively dissipate wave energy and protect 

the shoreline and backreef lagoons. Despite the abundance of studies conducted on the Red 

Sea reef hydrodynamics (Monismith et al., 2013; Reidenbach et al., 2006) and ecosystems 

(Raitos et al., 2017), the wave climates of reef-protected environments are yet to be studied. 

Understanding the wave climate of such an environment is important as it governs the 

processes behind the morphological changes of coastal reefs and the shore, especially under 

high-energy wave conditions.  

In this study, we investigate the evolution and propagation of waves in a partially 

reef-protected coastal environment in the Red Sea (see Section 2 for details). We focus on 

the mean and extreme wave conditions and aim to better understand the significance of 

coral reefs in protecting the shoreline. This is important as several recent studies have 

reported that the coastal protection offered by reefs is under threat due to coral degradation 

and sea level rise, which will increase the submergence depths and therefore expose reef‐

protected coastlines to larger waves (Grady et al., 2013; Quataert et al., 2015). In order to 

achieve this objective, a high-resolution coupled wave and circulation model configured 

on an unstructured grid forced with the meteorological fields from a high-resolution 

regional atmospheric model is used in this study. The coupled model is used to account for 

any changes in the wave heights resulting from the variations in water levels and currents. 
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Based on 30-year high-resolution hindcast data, the characteristics of the wave climate and 

the estimated return periods of wave heights from extreme value analyses are presented. 

The back-reef climatology and the results of an extreme value analysis suggest that the 

wave dissipation by relatively narrow offshore reefs and by the steep fore-reef slopes is 

instrumental in determining the wave characteristics of the studied area, and is more 

pronounced during storm/extreme events.   

The remainder of this paper is organized as follows. We begin with a detailed 

description of the study region in Section 2. The materials and methods are presented in 

Section 3. Section 4 presents our modeling approaches and validations of the simulated 

fields. The mean wave climate is described in Section 5 and Section 6 presents the extreme 

value analysis. Finally, a summary and conclusion of this study are provided in Section 7. 

2. Study area 

The Red Sea is a meridionally elongated basin that lies in a deep rift valley between Africa 

and Asia with an average depth of 490 m and maximum depth of 2300 m. It has a narrow 

and shallow connection to the Indian Ocean through the Bab-el-Mandeb Strait in the south. 

The coastal areas of the Red Sea are characterized by shallow banks from its genesis that 

provide suitable habitats over wide areas for the development of coral reefs, 

accommodating one of the world's largest coral reef complexes (PERSGA, 2010).  

The high mountain ridges bordering both sides of the Red Sea have a significant 

impact on the local wind regimes of the basin, which are characterized by strong seasonal 

(winter and summer) variability. In summer, northwest (NW) winds dominate the basin. 

During winter (between October and April), both NW and southeast (SE) winds are present 

in the northern and southern parts of the basin, respectively. Valleys cut across the 
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bordering mountain ridges that generate the typical winds characterizing the local wind 

regimes. The characteristics of the Red Sea, including circulation, wind and wave 

conditions, and seasonal changes, have been extensively investigated in recent studies 

(Langodan et al., 2014, 2016; Shanas et al., 2017, 2018; Yao et al., 2014; Zhan et al., 2014). 

As they are wind driven, wind waves follow accordingly. The ocean wave characteristics 

along most of the coastal Red Sea are regulated by the coral reefs, and the dissipation of 

wave energy by offshore waves breaking over reefs has significant implications on 

shoreline stability.  

In this study, the wave evolution and propagation in the north-central coastal areas 

of the Red Sea are analyzed, covering the coastline of King Abdullah Economic City 

(KAEC) located in the western Kingdom of Saudi Arabia (KSA), approximately 150 km 

north of the city of Jeddah (see Figure 1). KAEC is a new city under development along 

the Saudi coast with an area of 181 square kilometers, comprising King Abdullah Port – 

the largest port on the Red Sea, the Coastal Communities residential districts, the Haramain 

Railway district and the Industrial Valley. The study area is surrounded by numerous coral 

reef systems, with both fringing and offshore reefs on the ocean side, and a shallow lagoon 

on the southern side that extends nearly 9 km from the entrance to its innermost point. 

Approximately 15 km offshore, the marginal shelf of the study area consists of shallow 

platforms occupied by scattered coral systems rising from inter-reef sandy bottoms. The 

ocean-facing side of these platforms has near-vertical cliffs that mark the edge of the Red 

Sea trough, beyond which the topography rapidly drops to depths of approximately 400-

800 m (Montaggioni et al., 1986). Our study focuses on the wave climate and extremes of 
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the area between the offshore reefs and shoreline, where the offshore waves are partially 

blocked by the chain of towering reefs.  

3. Materials and Methods 

3.1 Available observations 

As part of a KAEC study to understand the physical characteristics along the coastline, 

different met-ocean instruments were deployed at the locations shown in Figure 1 between 

December 19, 2006, and February 21, 2007. The Upward-looking Workhorse with Waves-

Acoustic Doppler Current Profiler (WHW- ADCP) was deployed to measure the waves 

and currents at hourly intervals at two locations with water depths of 18.2 m (BuoyN) and 

11.2 m (BuoyM) at 500 m and 350 m distances from the coast for BuoyN and BuoyM, 

respectively. These instruments sample at a rate of 2Hz with an accuracy of 1% of the 

observed signals. One Aanderaa meteorological station (marked as Met in Figure 1) with 

sensors 8.6 m above ground was configured on land to record the meteorological 

parameters at 10-min intervals. The sensors measure the wind speeds within the range of 

0.5-50 m s-1 with an accuracy of ±2% and directions with an accuracy of ±5o. Valeport 740 

Radio Tide Gauges and Aanderaa Water Level Recorder were also used to measure water 

levels every 10 m at locations 1 to 5, shown in Figure 1. 

3.2 Atmospheric forcing 

The Advanced Research Weather Research and Forecasting model (WRF, see Skamarock 

et al., 2008) was implemented with two, two-way nested domains with horizontal 

resolutions of 30 and 10 km, and 51 vertical levels. The large domain extends between 5 

°S-39 °N and 15-63 °E, and the nested domain covers the Red Sea between 7-30 °N and 

31-47 °E. The employed physics in the study were described by Langodan et al. (2016) and 
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Yesubabu et al. (2016). The initial and boundary conditions for the WRF model were 

obtained from the ERA-Interim reanalysis (Dee et al., 2011) of the European Centre for 

Medium-Range Weather Forecasts (ECMWF). The model was further assimilated 

available observations in the region in six-hourly cycles using a three-dimensional 

variational (3DVAR) approach (Yesubabu et al., 2016). The model was initialized at 1200 

UTC daily and integrated for 36-hours using boundary conditions that were updated every 

six hours. The outputs are made available at one-hour intervals, corresponding to the +12 

- +36 forecast interval (i.e., 01 and 00 (+1 d) UTC of each day). The resulting reanalysis 

for the Red Sea was validated against buoy and scatterometer data. Langodan et al. (2016) 

reported model/measured data best-fit slopes of 1.01, root-mean-square error (RMSE) of 

1.03 m s-1, and scatter index of 0.31. To generate long-term wave model data for the study 

area, 30 years (January 1, 1985, – December 31, 2014) of hourly wind data with a resolution 

of 10 km were used.  

3.3 Coupled wave-circulation model 

The wave conditions of the Red Sea were simulated using a coupled wave and circulation 

model configured on an unstructured grid. The model couples the ADvanced CIRculation 

(ADCIRC version 50.99.13, Luettich et al., 1992; Luettich and Westerink, 2004) and 

Simulating Waves Nearshore (SWAN version 40.91, Booij et al., 1999) models, utilizing 

a common unstructured triangular grid (Zijlema, 2010; Dietrich et al., 2011). The model 

domain extends into the Arabian Sea (See Figure 1) to specify open ocean tides. The 

unstructured grid permits the creation of a grid with variable resolution over the domain, 

and the common model grid for both the circulation and wave models facilitates the sharing 

of boundary conditions and direct exchange of variables between the models without 
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interpolation. The grid resolution varied from a maximum vertex spacing of approximately 

60 km near the open boundary to ~5 km in the Red Sea, and a high-resolution grid spacing 

of 60-80 m near the study area along the KAEC coastline. The resulting unstructured 

triangular mesh has a total 92,215 nodes (180,695 triangular elements). 

The high-resolution bathymetry for the coastal waters (up to 30 m depth) near 

KAEC was obtained by conducting a LiDAR (Light Detection and Ranging) survey 

between February 10 and 21, 2007. The survey covers a bathymetric area of approximately 

118 km2, providing depth values at a resolution of 0.5 m with an accuracy of ±10 cm. The 

bathymetry and coral reef information obtained from Saudi hydrographic charts and the 

General Bathymetric Chart of the Oceans (GEBCO) available at 30 arc second-resolution 

were used to create the remainder topography of the domain.  

For the SWAN model, the wave direction is discretized into 36 regular bins and the 

frequency is logarithmically distributed over 40 bins ranging from 0.031384 to 1.42 Hz. 

The wave growth mechanisms due to wind formulation is based on Cavaleri and Rizzoli 

(1981) and Janssen (1989, 1991). Whitecapping uses the Komen et al. (1984) formulation. 

In the shallow water, the wave breaking due to depth is determined spectrally according to 

the model of Battjes and Janssen (1978), with a breaking parameter of γ = 0.73. The bottom 

friction is based on the JONSWAP formulation (Hasselmann et al., 1973), with a friction 

coefficient Cb = 0.067 m2 s−3, and the triad nonlinear interactions are computed with the 

Lumped Triad Approximation of Eldeberky (1996). Both the spectral and directional 

speeds are limited by a Courant‐Friedrichs‐Lewy condition of 0.25 to limit spurious 

refractions (Dietrich et al., 2013). 
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The coupled ADCIRC+SWAN is forced with wind and pressure fields at the 

surface from the high-resolution regional reanalysis described in Section 3.1 and by the 

tidal elevation at the open boundary obtained from the global model, FES2012 (Finite 

Element Solution) model (Carrère et al., 2012). The major tidal constituents, i.e., M2, S2, 

K2, N2, K1, O1, P1, and Q1, were used to force the tidal elevation at the open boundary. We 

used a quadratic bottom stress formulation with a dimensionless friction coefficient of 

0.0025, horizontal eddy viscosity of 5 m2 s-1, and time step of 10 s for the simulations. The 

time step for the wave model and coupling interval were set to 600 s. The boundary 

conditions for the waves were not specified at the open boundary as these do not affect the 

basin.  

3.4 Extreme value computations 

Extreme value analysis (EVA) aims at estimating the occurrence of extreme values 

based on the statistical analysis of the observed/modeled data (Coles, 2001). The 

generalized extreme value (GEV) and generalized Pareto distribution (GPD) are the two 

most commonly used distributions for determining extreme ocean waves (Gumbel, 1958; 

Pickands, 1975; Coles, 2001; Caires, 2011). The selection of the data used for analysis is 

one of the important factors determining the reliability of the estimated extremes. A 

detailed description of the selection of data for a particular distribution was reported by 

Caires (2011) and Davison and Smith (1990). GEV estimates the wave height with certain 

return periods based on block maxima, which are typically the annual maxima (Leadbetter 

et al., 1983), and GPD follows a peak over threshold (POT) approach in which it includes 

all the local maxima or storm peaks above a certain threshold. As the annual maxima do 

not provide a suitable sample for estimating the extremes, we adopted the r-largest method 
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(Smith, 1986) for our GEV analysis, which considers a number of the largest observations 

from a block period. Block period refers to dividing the total length of data into non-

overlapping periods of equal size and then focusing on the maximum value within each 

period. The block size is flexible can be chosen according to the study. In extreme value 

analysis, the length of the block period is often chosen as a block of a month (monthly 

block), block of year (yearly block) etc. The details of the threshold selection for POT are 

discussed in Section 6.1. The distribution fitting and parameter estimation are conducted 

using the WAFO toolbox (Brodtkorb et al., 2000), with the maximum likelihood estimate 

(ML) and the probability weighted moments (PWM) methods (Prescot and Walden, 1980; 

Hosking et al., 1985).  

The GEV distribution for the random variable 𝐻"  has the following cumulative 

distribution function (CDF) (Hosking et al., 1985, Coles, 2001): 

𝐺𝐸𝑉(𝐻"; 𝜇; 𝜎; 𝛿) = 	

⎩
⎪⎪
⎨

⎪⎪
⎧
exp5−71 + 𝛿 :

𝐻" − 𝜇
𝜎

;<

=
>

?𝑓𝑜𝑟	𝛿 ≠ 0

exp5−exp E7
−(𝐻" − 𝜇)

𝜎 <F?𝑓𝑜𝑟	𝛿 = 0

 

where 𝜇,	𝜎, and 𝛿 respectively represent the location, scale, and shape parameters of the 

distribution, varying within the ranges of ∞ < 𝜇 < ∞, 𝜎> 0 and ∞ < 𝛿 < ∞.	By setting 

the shape parameter, 𝛿, the most common distributions, such as Gumbel (𝛿 =0), Fréchet 

(𝛿>0) and Weibull (𝛿<0), can be obtained. The return period (𝐻K) can then be estimated 

based on the GEV distribution model, as follows: 
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𝐻K = 	

⎩
⎪
⎨

⎪
⎧𝜇 −

𝜎
𝛿
E1 − 7−𝑙𝑜𝑔 :1 −

1
𝑇;
<
O

F 𝑓𝑜𝑟	𝛿 ≠ 0

𝜇 − 𝜎	 ln 7−𝑙𝑜𝑔 :1 −
1
𝑇;<𝑓𝑜𝑟	𝛿 = 0

 

The CDF of GPD is given by: 

𝐺𝑃𝐷(𝐻"; 𝜇; 𝜎; 𝛿) = 	

⎩
⎪
⎨

⎪
⎧1 −71 + 𝛿 :

𝐻" − 𝜇
𝜎 ;<

T=
>

𝑓𝑜𝑟	𝛿 ≠ 0

1 −exp7− :
𝐻" − 𝜇
𝜎 ;<𝑓𝑜𝑟	𝛿 = 0

 

The return period can be estimated based on the GPD distribution, as follows: 

𝑅K = 	 V
	𝜇 +

𝜎
𝛿
	(1 −(𝜆𝑇)XO) 𝑓𝑜𝑟	𝛿 ≠ 0

𝜇 + 𝜎	 ln(𝜆𝑇) 𝑓𝑜𝑟	𝛿 = 0
 

where 𝜆 = YZ
Y

, 𝑁\ is the value exceeding the selected threshold 𝜇]	and N is the number of 

years in the record.  

4. Modeling wave conditions over the study area 

4.1 Model validation 

As it is the primary driver for wave models, the quality of the wind plays a critical role in 

determining the accuracy of wave predictions. Simulating robust wind fields in enclosed 

basins and coastal areas is challenging as they are substantially influenced by the 

surrounding orography (see Cavaleri et al. (2018) for a review and discussion on state-of-

the-art wave modeling in coastal and inner seas). Langodan et al. (2014) investigated the 

quality of wind and wave model outputs in the Red Sea using standard meteorological 

products and local wind and wave models, and concluded that high-resolution local wind 

fields are required to accurately simulate the wave fields in the basin. Langodan et al. 

(2016) investigated the overall quality of the high-resolution reanalysis wind fields over 
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the whole Red Sea basin. Here we further perform the model validations over the study 

area over the period with available observations, between December 2006 and February 

2007. 

The upper panel of Figure 2 compares the observed and modeled wind speeds in 

the study region (see Figure 1 for the location), and the corresponding rose plots are 

displayed in upper panel of the Figure 3 where the wind direction is displayed in 

meteorological convention. The computed RMSE and correlation coefficient (CC) values 

between the observed and modeled wind speeds are labeled on the scatter plot. The results 

show that the WRF model provides a reasonable agreement with observations. The spread 

of wind speed is substantial but typical for a coastal environment (Cavaleri et al., 2018). 

The asymmetry of the distributions in the scatter plot suggests a tendency towards the 

overestimation of high wind speeds due to the enhanced westward mountain-gap winds, as 

observed in the rose plots.  

The middle and lower panels of Figures 2 compare the observed and simulated 

significant wave heights (Hs) for 49 days at BuoyN and BuoyM, respectively (see Figure 

1 for their locations). The rose plots of the observed and modeled wave heights at BuoyM 

are shown in the lower panel of Figure 3 where the wave direction is in oceanographic 

convention. The wave model performs reasonably well in comparison to the measured 

wave heights at the observed locations. A few events are not predicted very well, which is 

common in an environment where the wave heights rapidly change. In general, the errors 

are sufficiently small to generate long-term wave data for the region using the 10-km 

reanalyzed winds and the current wave model configuration. 
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 Table 1 outline the validation results of tidal constituents derived using a harmonic 

analysis on one-month of data at five locations in the Figure 1. The amplitudes and phases 

of observed and modeled constituents along with their difference for five major 

constituents are presented.  The performance of the model in reproducing the tidal 

constituents is satisfactory as indicated by the differences. The average absolute differences 

(AADs) of amplitudes of individual tidal constituents ranged 0.4 to 1.5 cm. In terms of 

percentage, AADs account 5 - 15% of the average of the observed amplitudes, with highest 

percentage errors in M2 and S2. The AADs in phases of the constituents from model and 

observation ranged between 1 – 12˚, which is only about 1 – 8 % of the observations. 

4.2 Wave attenuation by coral reefs 

This section qualitatively assesses the dampening of offshore waves propagating towards 

the shoreline by the coral reefs located in the vicinity of the study area. Figure 4a shows 

the spatial distribution of waves for an observed high-wave event that occurred on January 

5, 2007, generated by the southward propagation of waves driven by sustained northerly 

winds along the axis of the Red Sea. The strong winds created an offshore wave heights of 

4-5 m that are observed to break on the fore-reefs of the study area. This decreased the 

wave height between the offshore reefs and shoreline to 1-2 m, with the maximum Hs 

reaching 1.8 m, as shown in the time series plotted in Figure 2d.  

To further quantify the dampening of waves by the coral reefs, we removed the 

offshore reefs from the model. The water depths around the reefs were set to 40 m to 

remove any dampening effects on the waves propagating from the north. Figure 4b shows 

the spatial distribution of waves for the simulations of the same event shown in Figure 4a 

and shows that the wave height without reefs could have reached 4 m near the shoreline. 
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The relative difference between the simulated wave height resulting from the model with 

and without coral reefs is estimated by normalizing the difference with respect to the waves 

with coral reefs (100 x (Hs without reef – Hs with reef) / Hs with reef). The percentage of 

the change in the mean wave climate (average of significant wave height) for the two-

month simulation shown in Figure 4c increased by 40-50% in the region without offshore 

coral reefs. This shows that the offshore reefs play a significant role in the study area, 

protecting the shoreline from the impacts of high waves by damping almost half of their 

wave heights. 

4.3 Coupling effects 

The wave and circulation models used in this study are fully coupled; SWAN used the 

water levels and currents computed by ADCIRC to calculate the wave evolution, and 

ADCIRC used the radiation stress gradients from SWAN in the momentum equation. We 

analyzed the dependence of the wave model outputs on the coupling with the circulation 

model by comparing the coupled and uncoupled model simulations. Figure 5a shows the 

mean difference between the coupled and uncoupled model outputs over the observations 

period. Over much of the studied area, weak currents and deep bathymetry (see the 

supplementary Figure S1) limit the impact of currents on wave propagation; increases in 

wave heights are most noticeable in the shallow regions of the study area. Our results show 

that the uncoupled model outputs were not significantly different from the fully coupled 

model, with maximum variations in the mean wave climate of less than 5%. The difference 

in the wave height resulted from the wave–current interactions were more pronounced in 

the vicinity of the reefs, which is likely due to the interactions with shallow bathymetry.  



 15 

 The importance of coupling for accurately predicting the waves and water levels 

during extreme weather events has been already reported by many previous studies 

(Staneva et al., 2016; Samiksha et al., 2017). Here we assess the impact of the coupled 

system on wave characteristics considering an event with particularly high wind speed. 

The difference between the coupled and uncoupled model simulations for the high-wave 

event at 16 UTC 05 January 2007, is presented in Figure 5b. In the open sea, where the 

water depth is large, there are no significant differences between the coupled and 

uncoupled Hs. However, along the coastal areas and near the reefs, where the total water 

depth and current changes are highest, the impact of coupling seems to be significant, with 

changes in Hs reaching about 15 cm (Figure 5b). The variations in the wave heights at a 

selected location on a reef flat (see Figure 5a for location) during Jan, 2007 (including the 

storm event) as they result from the coupled and uncoupled model simulations are shown 

in Figure 5c. The reef is 2 m below the sea level and the water level increase due to tide, 

wind- and wave-setup adds another 0.35m to the water depth. A clear tidal signal can be 

seen in the Hs in the coupled model simulations, with a maximum difference reaching 

about 15 cm in comparison to the uncoupled model. The tidal amplitude in the vicinity of 

KAEC is about 15 cm (during spring tide), with the weather effects significantly 

contributing to the water level (~40 cm). The wave-setup is significant only in the regions 

with strong gradients in bathymetry and reaches a maximum of about 10 cm. The combined 

maximum water levels in the deep waters reach about 50 cm and high values up to 70 cm 

inside the lagoon during the simulation period. This higher water levels expected to allow 

more waves to overtop the reefs, affecting the wave conditions in the partly sheltered areas. 

The hourly time series of significant wave heights at the buoy location (supplementary 
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Figure S2) suggests that the wave fields are affected by the coupling, with improved 

performance from the coupled system. In particular, the slight increase in wave height 

(about ~10cm) during the storm events provides better agreement of simulated wave 

heights from the coupled model with the observations in comparison to uncoupled model.  

This increased skill of the coupled model demonstrates the relevance of the coupled 

modeling system to accurately simulate the high waves over a reef-sheltered area. 

The effect of hydrodynamics on waves in the long-term simulations does not appear 

to significantly contribute to the mean wave climate of the study area. However, the 

increased skill of the coupled model in predicting the storms events provided improved 

estimates of the extreme values, with changes reaching few centimeters. 

5. Wave climate of the study area 

The climatology of the studied region was determined using the 30-year wave hindcast 

data. Figure 6 shows the mean, standard deviation, and maximum values obtained for wind 

speed, significant wave height and mean wave period. The mean wind speed over the 

studied area ranged between 3 and 4 m s-1, with slightly higher variability near the 

shoreline. The maximum wind speeds in the study area, which reached 20 m s-1, are 

associated with the westward transversal jets blowing through the valleys of the bordering 

mountain ridges. However, these transversal jets have limited influence on the local wave 

climate in the immediate vicinity of the shorelines, and their effects are further diminished 

by the limited fetch between the sheltering reef and the shoreline. As discussed in Section 

4.2, the offshore reef systems break or dissipate the energetic waves as they approach the 

shoreline, and create high and low wave height regimes before and after the reef systems, 

respectively. The high waves on the forereef are typically remotely generated by the 
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northerly winds blowing along the axis of the Red Sea (Langodan et al., 2017a,b; Shanas 

et al., 2018).  

The monthly mean Hs values shown in Figure 7 show a wave height lower than 1 

m between the reef systems and shoreline for all months. Our analysis shows a similar 

spatial distribution of waves throughout the year, with increased wave heights during 

summer. The seasonal variability of winds in the northern Red Sea is very minimal, with 

northerly winds predominant over the studied area throughout the year; the waves 

generated in the north propagate towards the studied area during all seasons. The higher 

concentration of reefs and shallow bathymetry in the southern part of the studied area 

result in lower wave heights than those of the northern shorelines. The wave height 

regimes in the studied region during October and November were relatively lower.  

While the mean Hs climate exhibited an almost uniform distribution of waves in all 

months, as shown in Figure 8 this is not the case for the 99th percentile of Hs.  Specifically, 

the estimates of the 99th percentile of Hs show significant differences in the distribution, 

with high waves occurring more often between February and June than other months. In 

an area such as the northern Red Sea, which is strongly affected by the Mediterranean 

weather (Abualnaja et al., 2018), sporadic intense wind events in the form of storm 

impulses from the Mediterranean generate high waves (Langodan et al., 2018). As 

indicated by the mean wave climate (Figure 7), low waves are observed in October and 

November. The changes in the distribution of high waves in the forereef are not 

proportionally transferred to the area between the reef and shoreline due to the waves 

damping by the reefs. The accuracy of the representation of the reef system has thus an 

important influence on the simulations of the extreme values. 
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6. Extreme waves characteristics 

6.1 Threshold selection for GPD 

The threshold value and minimum duration between two storms are the key parameters 

that significantly affect the frequency and exceedance estimates in the POT approach 

(Méndez et al., 2006). In this study, the minimum duration between two events is set to 

five days, which is sufficient for considering independent storms in the study area. 

Furthermore, the threshold value should be chosen as low as possible, so long as the 

extreme value model fits reasonably well the exceedances of this threshold. 

The dispersion index and mean residual life are two commonly used methods for 

threshold selection (Davison and Smith,1990; Ribatet, 2011). The former uses the Poisson 

characteristics of the extreme distribution, such that the dispersion index, which is the ratio 

between the variance and the mean, is equal to one. An acceptable threshold value for a 

given data point would return a dispersion index with a value close to one (Brodtkorb et 

al., 2000). For the latter, we followed the approach of Davison and Smith (1990), which 

involves plotting a range of thresholds against their corresponding mean excess values and 

identifying the threshold value above which the curve becomes linear.  

Figure 9a plots the dispersion index for different Hs thresholds at a representative 

location in the study area (see Figure 1). A threshold value corresponding to a dispersion 

index close to one is acceptable for selecting a sizeable sample of peaks, and was found to 

be 2.66 m for the selected location, as shown in the figure. The residual plot (Figure 9b), 

between the mean excess GPD and threshold also returns a comparable threshold for that 

particular location. We conducted the POT analysis using the dispersion index for all the 

locations of the study area to estimate the extreme values with GPD method.  
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6.2 Return periods for waves 

The return periods of the waves are computed following the GEV and GPD 

methods. Table 2 shows the estimated parameters and RMSE as obtained from the ML and 

PWM methods for both GEV and GPD at a certain location in the study area (see Figure 

1); the corresponding CDF and Q-Q plots are presented in Figure 10. The fitting of the 

distribution models to the sampled data is validated by computing RMSE, the residual 

between the empirical cumulative distribution obtained from the data and the theoretical 

cumulative distribution of the GEV model. The ML method yields a slightly lower RMSE 

for both the GEV and GPD distributions and better fits the GPD distribution model to the 

sampled data. 

The estimated return level for 10, 25, 50, and 100 years at the considered location 

is also presented in Table 2. The GEV-estimated return levels are significantly lower than 

the GPD levels, although the statistics indicate reasonably good approximations. The 100-

yr return level of the GEV model (3.58 m) is even lower than the maximum simulated Hs 

(3.950 m). However, the estimates of both GEV and GPD found to be equally acceptable 

near the shorelines (<3km) with lower RMSE for both distributions. The limitation of the 

GEV method is that it does not fully utilize all of the information contained in the dataset, 

thereby introducing unnecessary uncertainty in the estimated extremes. Moreover, the 

seasonality and interactions of multiple wave systems play a significant role in the 

estimation of extremes. When waves with different directions co-exist, the resulting 

distribution is referred to as “mixed distribution”. Such a mixed distribution and non-

linearity cause further uncertainties in the estimates upon modeling using a block maxima 

method or annual extremes (Mathiesen et al., 1994; Caires, 2011).  
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Waves with mixed distribution occurs due to the co-existence of different wave 

systems. Although the seasonal variability of waves in the Red Sea is associated with the 

monsoonal wind reversal, the occasional localized jets through the mountain valleys 

bordering the Red Sea have prominent influence on the significant wave heights in the 

basin (Raltson et al., 2013; Langodan et al., 2014). The convergence of the NNW and SSE 

winds at the center of the Red Sea also contributes to the overall variability of waves in the 

Red Sea. The winds and waves zones are typically occurred around 19-20˚ N, but the 

location varies between 15˚ to 21.5˚ N ( Langodan et al., 2015). As these features are 

consistent during the winter and summer every year, the influence of these on the waves 

variability would be clearly reflected in the monthly max wave height. Being a reef 

sheltered coastal zone, the study area is weekly influenced by the convergence zone and/or 

mountain gap jets, which reduces the uncertainties in the estimated Hs with certain return 

periods. 

We extended our analysis to the study area and confirmed that the ML method with 

GPD provides a lower RMSE than all of the other methods (results not shown). The spatial 

analysis was thus conducted using the ML method with the GPD model. Figure 11 plots 

the resulting spatial distribution of the return levels of Hs for 10, 25, 50, and 100 years. 

The spatial distribution clearly shows the dominant wave events that occur in the offshore 

region with substantial damping near the KAEC coastline. The lowest values are found 

along the central coastal regions and the highest along the northwestern side. Within the 

region approximately 5 km from the coast, the distribution of extreme values is higher in 

the northern coast (22.4 - 22.6° N) than in the southern coast (22.2 - 22.4° N). This is partly 

explained by the bathymetry and depth variations in the study area. The presence of the 
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reefs significantly affects the waves, in particular the patches of shallow reef areas in the 

central part of the domain resulting in a significantly different wave height for a certain 

return period than that of the offshore region. This protects the coast from the events of 

high waves as they get damped by the reefs. 

7. Summary and Conclusion 

Both sides of the Red Sea are characterized by complex systems of fringing and barrier 

reefs that act as a natural breakwater to dissipate wave energy and provide significant 

protection to the shoreline and backreef lagoons. This study investigated the wave climate 

and extremes of such a reef-protected environment in the Red Sea, covering the coastline 

of King Abdullah Economic City (KAEC) located in the east of the Kingdom of Saudi 

Arabia, approximately 150 km north of Jeddah. A coupled wave—circulation model 

(ADCIRC+SWAN) was successfully implemented for this purpose. The coupled model 

was forced with long-term high-resolution meteorological fields generated using an 

assimilative WRF model by downscaling ECMWF reanalysis. The comparison of the 

model simulations with wave observations demonstrated the relevance the coupled 

modeling system to accurately simulate the high wave events over a reef-sheltered region. 

The coupling of waves and currents suggests a small impact on the mean wave 

climate, but seems to be important for improving the model’s skill during storm events. A 

comparison of models with and without coupling against the buoy observations suggests 

an increased skill from the coupled model during stormy events (Figure S2). We used the 

coupled modeling system for long-term simulations to account for the impact of coupling 

over the study area and found a change in wave height of about 15 cm, in particular during 

extreme conditions (Figure 4c and Figure S2).The distributions of simulated waves in the 
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study area considering, or not, the offshore reefs were substantially different. The results 

(Figure 4) showed that the wave height of about 1 m in simulation with cora-reefs in the 

back-reef increases to up to 2 m without reefs, suggesting significant reduction of the wave 

heights at reefs by up to 40-50% compared to those of offshore waves. The wave climate 

over the study area was further studied based on 30-year coupled model simulations. As 

northerly winds with minimum variability prevail over the northern Red Sea during all 

seasons, the wave climate exhibits a uniform distribution of waves over the studied area. 

However, the differences in the distribution of the 99th percentile suggested increased 

occurrences of high waves from February to May, in accordance with the weather patterns 

of the Mediterranean region.  

 The Hs with certain return periods were also estimated using the GEV and GPD 

methods. The comparison of the estimated parameters and return periods from these two 

distribution models for different locations of the study area suggests that GPD using the 

“peak-over-threshold” method performed better than the GEV as it exhibited a lower 

RMSE and more reasonable extreme values. After acquiring the best-fitting model for the 

study area, the spatial distributions of the return levels were estimated for 10, 25, 50 and 

100 years. The results show that the presence of reefs significantly affects the extreme 

waves by dampening their energy and are instrumental in protecting the coast against high 

waves.  

The quantitative spatial analyses presented here highlight the reduction in wave 

energy by coral reefs, which provide natural protection against storms and the high-

energy waves. The results may also guide decision-makers to implement strategies to 

maximize the protection of ecosystem associated with the coral reef structures. The 
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factors that affect the damping of waves, such as the role of the reef’s complexity in terms 

of its structural orientation, or the increased water depth over shallow reefs due to the sea 

level rise associated with climate change, still require further investigation.  
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Tables 

Table 1. Comparison between tidal constituents obtained through harmonic analysis of 
observations (O) and model (M) simulations at stations shown in the Figure 5. 

Station  
No. 

Constitue
nt 

Amplitude (cm) Phase (˚) 
O M Differenc

e 
O M Differenc

e 
 
 
1 

 
 
K1 

3.80 3.59 0.21 162.00 151.71 10.29 
4.00 3.61 0.39 165.00 152.93 12.07 
4.00 3.58 0.42 163.00 151.96 11.04 
3.00 3.57 -0.57 154.00 151.80 2.20 
4.00 3.57 0.43 163.00 151.77 11.23 
 0.41  9.37 

 
 
2 

 
 
M2 

11.00 10.19 0.81 113.00 114.14 -1.14 
12.00 10.37 1.63 117.00 116.04 0.96 
12.00 10.07 1.93 115.00 114.30 0.70 
11.00 9.98 1.02 115.00 113.99 1.01 
12.00 9.90 2.10 114.00 113.90 0.10 
 1.50  0.78 

 
 
3 

 
 
N2 

3.00 3.25 -0.25 84.00 87.68 -3.68 
4.00 3.31 0.69 88.00 89.93 -1.93 
4.00 3.22 0.78 85.00 87.85 -2.85 
3.00 3.19 -0.19 76.00 87.56 -11.56 
4.00 3.17 0.83 84.00 87.51 -3.51 
 0.55  4.71 

 
 
4 

 
 
O1 

2.00 1.89 0.11 165.00 159.27 5.73 
2.00 1.91 0.09 168.00 160.27 7.73 
2.00 1.89 0.11 169.00 159.46 9.54 
2.00 1.89 0.11 165.00 159.34 5.66 
2.00 1.89 0.11 168.00 159.30 8.70 
 0.11  7.47 

 
 
5 

 
 
S2 

3.00 2.74 0.26 147.00 136.27 10.73 
3.00 2.79 0.21 146.00 138.51 7.49 
3.00 2.70 0.30 145.00 136.44 8.56 
4.00 2.67 1.33 157.00 136.13 20.87 
3.00 2.65 0.35 146.00 136.04 9.96 
 0.49  11.52 

*Numbers in bold represent AADs 
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Table 2: Estimated parameters and Hs with certain return periods for location RP (see 

Figure 1) in the study area. 

 
Parameters Hs with certain Return periods (m) 

d s µ RMSE 10-yr 20-yr 50-yr 100-yr 

GEV 
PWM 0.2097 0.4813 2.1307 0.0279 2.9941 3.2522 3.4132 3.5511 

ML 0.2019 0.4848 2.1285 0.0276 3.0053 3.2709 3.4376 3.5812 

GPD 
PWM 0.0567 0.2617 2.6691 0.0013 3.9533 4.1220 4.2439 4.3611 

ML 0.0795 0.2674 2.6691 0.0011 3.9035 4.0531 4.1593 4.2598 
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Figure captions 

Figure 1. ADCIRC+SWAN model domain. The coastal region surrounding KAEC is 

enlarged. The dashed magenta line represents KAEC coastal boundary. The 

locations of available wind and wave observations used for validation (Met, BuoyN 

and BuoyM) and the representative location used for extreme value analysis (RP) 

are shown in red circles.  The water level measurements at the locations marked as 

1 to 5 are used for validation of tides. 

Figure 2. Comparison of the observed and modeled magnitudes of winds at 10 m (U10) 

and significant wave heights (from coupled model) at the locations shown in Figure 

1.  

Figure 3. Rose plots of the observed and modeled winds (top row) at met station and waves 

(bottom row) at BuoyM. The locations are shown in Figure 1. The wind and wave 

are in meteorological and oceanographic conventions, respectively. 

Figure 4. Effects of the reef on the modeled significant wave heights over the study area. 

Modeled significant wave heights in the extreme event at 16 UTC 05 January 2007, 

using bathymetry (a) with and (b) without coral reefs. (c) The relative difference in 

percentage between the simulations with and without coral reefs over a two-month 

period.  

Figure 5. Difference between the uncoupled and coupled SWAN-simulated significant 

wave heights (coupled – uncoupled). (a) Mean difference for two months. (b) 

Difference during an extreme event at 16 UTC 05 January 2007. (c) Time series of 

total water level, tide, and significant wave height from coupled and uncoupled 

model simulations for Jan 2007 at the location T shown in Figure 5a. 

Figure 6. Mean, standard deviation, and maximum wind speed (U10 (m s-1); upper panels 

a, b, and c), significant wave height (Hs (m); middle panels d, e and f), mean and 

standard deviation of mean wave periods (MWPD (s); lower panels g and h) over 

the study area as they result from 30 year long-term hindcast simulation. 

Figure 7. Monthly mean significant wave heights (m) over the study area. 

Figure 8. Monthly 99th percentiles of significant wave heights (m) over the study area. 
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Figure 9. Threshold selection for peak over threshold (POT) analysis. The dashed vertical 

line (red) indicates the threshold selected by the dispersion index, while the solid 

line (green) indicates the threshold selected by residual life analysis (expected 

exceedance over the Hs level of the data as a function of Hs). 

Figure 10. Empirical distributions and estimated distribution functions for (a) GEV using 

r-largest maxima values, (b) GPD using peak over threshold. The corresponding 

residual quantile plots are shown in (c) and (d), respectively 

Figure 11. Spatial distribution of the significant wave height with certain return level from 

GPD using the ML method; (a) 10-year, (b) 25-year, (c) 50-year, and (d) 100-year. 

 

 

 

 

 

 

 

 

 

 
 
  



 32 

 

 

Figure 1. ADCIRC+SWAN model domain (inset). The coastal region surrounding KAEC 

is enlarged. The dashed magenta line represents KAEC coastal boundary. The locations of 

available wind and wave observations used for validation (Met, BuoyN and BuoyM) and 

the representative location used for extreme value analysis (RP) are shown in red circles.  

The water level measurements at the locations marked as 1 to 5 are used for validation of 

tides. 
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Figure 2. Comparison of the observed and modeled magnitude of winds at 10 m (U10) and 

significant wave heights (from coupled model) at the locations shown in Figure 1.  
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Figure 3. Rose plots of the observed and modeled winds (top row) at met station and waves 

(bottom row) at BuoyM. The locations are shown in Figure 1. The wind and wave are in 

meteorological and oceanographic conventions, respectively. 
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Figure 4. Effects of the reef on the modeled significant wave heights over the study area. 

Modeled significant wave heights in the extreme event at 16 UTC 05 January 2007, using 

bathymetry (a) with and (b) without coral reefs. (c) The relative difference in percentage 

between the simulations with and without coral reefs over a two-month period.  
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Figure 5. Difference between the uncoupled and coupled SWAN-simulated significant 

wave heights (coupled – uncoupled). (a) Mean difference for two months. (b) Difference 

during an extreme event at 16 UTC 05 January 2007. (c) Time series of total water level, 

tide, and significant wave height from model simulations for Jan 2007 at the location T 

shown in Figure 5a. 
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Figure 6. Mean, standard deviation, and maximum wind speed (U10 (m s-1); upper panels 

a, b, and c), significant wave height (Hs (m); middle panels d, e and f), mean and standard 

deviation of mean wave periods (MWPD (s); lower panels g and h) over the study area as 

they result from 30 year long-term hindcast simulation. 
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Figure 7. Monthly mean significant wave heights (m) over the study area. 
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Figure 8. Monthly 99th percentiles of significant wave heights (m) over the study area. 
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Figure 9. Threshold selection for peak over threshold (POT) analysis. The dashed vertical 

line (red) indicates the threshold selected by the dispersion index, while the solid line 

(green) indicates the threshold selected by residual life analysis (expected exceedance over 

the Hs level of the data as a function of Hs). 



 41 

 

 

Figure 10. Empirical distributions and estimated distribution functions for (a) GEV using 

r-largest maxima values, (b) GPD using peak over threshold. The corresponding residual 

quantile plots are shown in (c) and (d), respectively 
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Figure 11. Spatial distribution of the significant wave height with certain return level from 

GPD using the ML method; (a) 10-year, (b) 25-year, (c) 50-year, and (d) 100-year. 

 

 


