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Abstract 14 

There is a worldwide compromise toward increasing the proportion of renewable energy in future 15 

electricity production to mitigate the impacts of greenhouse gases. This study explores the 16 

sustainability of wave energy resources in the northern part of the Gulf of Oman, considering the 17 

impact of climate change using a Shared Socio-economic Pathway (SSP5-8.5) representing a high 18 

increase in CO2 concentration by 2100. Near-surface wind speed dataset from a high-resolution 19 

CNRM (CNRM-CM6-1-HR) global climate model was employed to force a third-generation wave 20 

model. A novel statistical bias-correction technique was developed based on Weibull distribution 21 

to generate high-resolution input wind for the wave model, and various criteria were employed to 22 

assess the sustainability of the wave energy in the study area. Comparing future projections of 23 

wave energy under SSP5-8.5 with those of historical simulations demonstrated the sustainability 24 

of the wave resources in the study area. The methodology of utilizing multiple criteria assessments, 25 

including accessibility, availability, and exploitable storage of wave energy predicts an increase 26 

ranging from 21 to 45% in the future wave power under a high emission scenario. 27 
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 31 

Nomenclature 32 

General: 33 

SSP   Shared Socio-economic Pathway 34 

WEC    Wave Energy Converter 35 

GCM    Global Circulation Model 36 

IPCC    Intergovernmental Panel on Climate Change 37 

CMIP6   Coupled Model Intercomparison Project Phase 6 38 

SDGs     Sustainable Development Goals 39 

ECMWF  the European Centre for Medium-Range Weather Forecasts 40 

CNRM   Centre National de Recherches Meteorologiques 41 

ERA   ECMWF Re-Analysis reanalysis 42 

SW   Spectral Waves 43 

Downscaling: 44 

f(w)    Weibull probability distribution on wind components 45 

We+    Existing bias-correction technique based on Weibull distribution 46 

We*    Proposed bias-correction technique based on Weibull distribution  47 

𝐴    Scale parameters of the Weibull distribution 48 

𝑘    Shape parameters of the Weibull distribution 49 

𝐴′(𝑖)    Modified scale parameters in the month 𝑖 for the future period 50 
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𝑘′(𝑖)    Modified shape parameters in the month 𝑖 for the future period 51 

 52 

Hydrodynamic: 53 

W    Speed of wind (m/s) 54 

u    Eastward wind speed (m/s) 55 

v    Northward wind speed (m/s) 56 

𝐻𝑠     Significant wave height (m) 57 

𝑇𝑝     Peak wave period (s) 58 

𝐶𝑑      White capping 59 

kn   Bed friction, Nikuradse roughness (m) 60 

N   Action density 61 

σ    Frequency (hz) 62 

𝐶    Propagation velocity (m/s) 63 

θ    Wave direction (rad) 64 

x    Spatial coordinate in eastward direction (m) 65 

y    Spatial coordinate in northward direction (m) 66 

t    Time (s) 67 

𝑆    Source term 68 

 69 

Energy: 70 

P    Wave power (kW/m) 71 

𝐻𝑠    Significant wave height (m) 72 
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𝑇𝑒    Energy period (s) 73 

𝑃𝑎𝑣𝑒     Mean power (kW/m) 74 

Et      Total storage of wave energy per area (kWh/m) 75 

Ee     Exploitable storage of wave energy per area (kWh/m) 76 

Exploitability %  Et relative to Ee 77 

SVI       Seasonal variability index 78 

MVI      Monthly variability index 79 

 80 

Statistic: 81 

Model Skill   Agreement index 82 

SI                          Scatter index 83 

CC      Correlation coefficient       84 

BIAS     Systematic differences between results and facts 85 

RMSE    Root mean square error 86 

𝑋𝑚    Value of actual time series 87 

𝑋𝑝    Value of estimated time series 88 

n    Number of data 89 

 90 

1. Introduction 91 

Wave energy as a clean and renewable energy resource is researched a lot because the majority of 92 

the human population lives in the vicinity of oceans and seas. However, it has not been 93 

commercialized yet and is still in progress. The selection of appropriate locations for energy 94 

extraction can play an important role in the efficiency of the Wave Energy Converters (WECs) 95 
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[1]. Formerly, it was deemed that locations with higher mean annual wave power are desirable, 96 

while less attention was paid to temporal variation of the power. Recently, it was found that 97 

locations with lower energy, but higher temporal stability are more favorable in terms of wave 98 

energy extraction compared to those with higher energy but less temporal stability [2]. [3] and [4] 99 

explored the performance of different wave energy converters at different installation depths and 100 

at different locations concluding that not only the suitable WEC type, but also the optimal design 101 

varies for different locations and depths. Along with intra-annual fluctuations, the future variation 102 

of wave energy resources due to changing climate may significantly affect the viability of the 103 

power extraction due to the increase in the greenhouse gas concentration. Therefore, many studies 104 

have been devoted to investigating the impacts of climate change on renewable energy resources 105 

[5–9]. 106 

Considering climate change impacts on renewable energy resources, it is important to take into 107 

account the trends in the current/past wave power and explore the possible future variations. 108 

Assessing the long-term behavior of wave conditions, [10] reported an increase in global wave 109 

power by 0.4% per year from 1984 to 2017. The results align with the other studies that 110 

demonstrated increasing wave energy trends for different regions [4] [11]. Global Circulation 111 

Models (GCMs) provide the future projections of various atmospheric and oceanic variables. 112 

These models are developed and run globally, considering several possible future scenarios. 113 

Following the latest updates of the Intergovernmental Panel on Climate Change (IPCC) released 114 

as Coupled Model Intercomparison Project phase 6 (CMIP6), the model projecting climatic 115 

variables is developed according to Shared Socio-economic Pathways (SSPs). Wind resource 116 

evolution under different CMIP6 climate change scenarios in Europe and North America has been 117 

investigated by [12] and [13]. However, wave characteristics are not projected in GCMs, directly. 118 

Thus, the wind field obtained from GCMs is utilized as a driving force to wave models to generate 119 

the wave characteristics and subsequently, investigate the wave resources. Since GCMs commonly 120 

run at a coarse spatial resolution which may not cover the local fluctuations, bias-correction or 121 

downscaling processes may be required for regional studies. Regionalization of GCM simulations 122 

is a common practice to achieve more reliable results consistent with the conditions governing the 123 

area.  124 
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Regression models, artificial intelligence models, quantile mapping models and Weibull 125 

distribution models are all already used for wind field modifications  [14], [15]. Based on a 126 

comparison of the performance of different statistical downscaling techniques, including 127 

multiplicative shifting, quantile mapping, support vector regression, and Weibull-based 128 

techniques, the Weibull-based technique outperformed them all [15]. This method is based on the 129 

probability distribution of the wind components and simultaneously modifies wind speed and 130 

direction. Moreover, the method does not disturb the sequential order of time series, which are 131 

important in wave power projections. However, there is still a need for improvement and progress 132 

to enhance the efficiency and accuracy of the method. In fact, since the Weibull equation is 133 

inherently in a multiplicative form because of a coefficient called the shape factor, using the 134 

multiplicative relation will improve the estimates compared to the additive method. Because of 135 

their strong dependence and sensitivity on the wind field, choosing and applying a suitable bias-136 

correction technique is crucial to the accuracy and viability of wave projections. [16]. 137 

In order to select the appropriate locations and WECs for wave energy extraction, it is vital to 138 

consider various criteria in line with the sustainability of the resources. The suitability of less 139 

powerful but more consistent wave resources has been addressed by [17] and [18]. In addition, the 140 

authors discussed different factors influencing the optimal site selection for wave energy farms. 141 

Assessment of renewable energy resources in Iran with a focus on marine resources has revealed 142 

many energy hotspots with a high potential for marine energy development [19]. The Gulf of 143 

Oman, with its vicinity to the Indian Ocean and the swells traveling from the Southern Ocean, has 144 

the potential to supply part of the energy demands for the population living in the coastal areas. 145 

More importantly, there are several coastal villages far from the cities where access to electricity 146 

is limited. In addition, with its proximity to the Indian Ocean and access to open waters, the Gulf 147 

of Oman is an attractive location for various industrial projects and developments, whereas the 148 

complex sea state is highly affected by both Shamal and monsoon winds from the west and south, 149 

respectively [16] and makes the spatio-temporal analysis required. Considering the local energy 150 

resources such as wave energy, it can be considered a cost-effective and sustainable choice for the 151 

electricity supply. There have been previous studies on the investigation of wave energy resources 152 

in the Gulf of Oman, such as [20,21], in which the analysis has been done based only on the mean 153 

wave energy values and their variability on a monthly scale. In addition, [22] proposed a multi-154 
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criteria approach to select the most appropriate combination of wave energy convertor and location 155 

in several stations in the Caspian Sea, the Persian Gulf, and the Gulf of Oman. They used different 156 

factors, including exploitable storage of energy, accessibility, availability, energy production, 157 

design wave height, and intra-annual variation of the resources. However, their analysis has been 158 

done only based on the historical simulation of wave characteristics and lacks long-term changes 159 

due to climate change. 160 

The main objective of this study is to develop an accurately modeled wave field to estimate the 161 

future wave power conditions in the northern part of the Gulf of Oman. For this purpose, the wind 162 

dataset of SSP5-8.5 derived from a CMIP6 model is modified by developing a Weibull distribution 163 

based. Afterward, the modified wind field is used to run the third-generation model MIKE 21 164 

Spectral Waves (SW) [23] to obtain wave characteristics. Following the proposed approach based 165 

on different criteria, the sustainability of wave energy resources under the impact of climate change 166 

is investigated in four locations. In section 2, the methodology includes study area, calibration, 167 

climate data, numerical wave model characteristics, the proposed downscaling technique, 168 

modeling procedures, and wave power computations. Results are presented in section 3, while a 169 

discussion is given in section 4. The main findings and conclusions are summarized in section 5.  170 

 171 

2. Materials and methods 172 

The methodology of this study is described as: selection of specific locations in the study area, 173 

collecting the dataset, modification of wind field derived from the climate model, performance 174 

evaluation of the numerical wave model, calculation of wave power, and assessing the climate 175 

change impact on wave energy and temporal stability analysis. In climate change impact studies, 176 

it is common to investigate future projections in either the near or far future (e.g. [24]). Considering 177 

the goal of this study to focus on the sustainability of resources in the long-term and in order to 178 

further compare the results with additional relevant studies, a period of 100-year has been selected. 179 

Four points in the northern Gulf of Oman have been chosen for site selection. Two datasets, 180 

including the near-surface wind speed of ERA5 reanalysis dataset [25] from 1981 to 2000, and 181 

also historical wind speed (1981-2000) and future (2081-2100) scenario of SSP5-8.5 from CMIP6 182 

CNRM climate model [26], were used. The dataset was selected since it has the highest spatial 183 
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resolution among the available GCMs. The area is affected by various climates, such as monsoons 184 

from the Indian Ocean and shamal wind from the northwest to some extent. Hence, high-resolution 185 

wind data plays an important role in not only generating higher accuracy wave height and period 186 

but also a correct propagation direction. The CNRM data are bias-corrected (considering ERA5 as 187 

the reference dataset for the historical period) by developing an improved statistical technique 188 

based on Weibull distribution. The modified data of wind components are used to run the 189 

numerical wave model for both historical and future periods. To estimate the wave energy, the 190 

numerical wave model (MIKE21 SW) results are used. Finally, different analyses are carried out 191 

to explore climate change impacts and wave energy variability in the long term at the selected 192 

locations.  193 

 194 

2.1. Study area and data 195 

The selected locations in this study include four spots in the northern Gulf of Oman in the 196 

nearshore areas of Iranian waters. The Chabahar free trade-industrial zone is located there where 197 

it is experiencing fast growth and subsequently increasing demand for energy production. 198 

Moreover, there are rural and urban regions nearby the Gulf, where the development of local 199 

energy sources can be economically viable and reduce the cost of long-distance energy transfer 200 

from a power plant to the consumption units. Regarding the population and the importance of these 201 

regions, four points (P1 to P4) as candidate locations are selected for wave energy analyses, as 202 

illustrated in Fig. 1 and Table 1. Moreover, distance from the residential areas to the energy sources 203 

was also considered in selecting the locations. It should be noted that the computational domain in 204 

both wind calibrating and wave simulation includes a rectangular area covering the longitudes 205 

47.5°E-74.0°E and latitudes 15.0°N-30.5°N. It covers the Gulf of Oman above 15° latitude to the 206 

Persian Gulf. The target area of the modeling is shown in Fig. 1. 207 
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 208 

Fig. 1. Study area, wind comparison spots, and selected wave energy locations 209 
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Table 1. Locations of the selected spots for wave analysis 212 

Point Location Long. (°) Lat. (°) Depth [m] 

P1 Jask 57.7 25.5 100 

P2 Chabahar 60.5 25.2 55 

P3 Beris 61.18 25.1 14 

P4 Pasabandar 61.44 25.06 30 

 213 

2.2. Reanalysis and climate model datasets 214 

Two sets of data have been used for the wave climate investigation in the study area. Eastward and 215 

northward wind components of ERA5 reanalysis with a spatial resolution of 0.25°×0.25° and 216 

temporal resolution of 1 hour have been downloaded from https://cds.climate.copernicus.eu/ and 217 

were used as the reference data for bias-correction of the wind field obtained from the CMIP6 218 

GCM. The data was obtained for the whole computational domain for 20 years, from 1981 to 2000. 219 

Skill assessment and validation of ERA5 reanalysis dataset against measurements and altimeter 220 

observations indicated its efficiency for wind field simulation over the study area [27][28]. 221 

Moreover, several studies in different areas applied ERA5 and its previous versions developed by 222 

ECMWF, as reference data for downscaling/bias-correction of GCMs on a local scale [21,29–31]. 223 

Wind speed characteristics as an input to the wave model are necessary to evaluate future 224 

variability in wave power. In CMIP6 models, the climate variables for the future period are 225 

available for different SSPs. In this regard, four SSPs; SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-226 

8.5 are used for climate change studies [32]. According to the purpose of this study which is to 227 

explore the future variability of the wave power under climate change impacts, the wind speed 228 

simulation of the scenario SSP5-8.5 is considered for future wave power projection. SSP5-8.5 is a 229 

high emission scenario which is an updated version to CMIP5 RCP8.5, indicating radiative forcing 230 

of 8.5 W/m2 by 2100, and it assumes a fossil-based economy in the future. SSP5-8.5 is a 231 

pessimistic socio-economic pathway scenario exacerbating future changes due to a rapid increase 232 

in CO2 concentration. Finally, the worst-case scenario (SSP5-8.5) is expected to result in the 233 

highest variability in the future atmospheric conditions than the other scenarios. Thus, it is 234 
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important to consider such variations for future planning and management. In addition, many 235 

studies on climate change impacts on wave climate have used RCP8.5 (the equivalent of SSP8.5 236 

in CMIP5 models) [33], [24], and [8]. Hence, this study focuses on using this scenario for future 237 

projections. 238 

The next step is to select an appropriate GCM with reliable performance in the study area, 239 

considering its spatio-temporal resolution and coverage. To that end, GCM evaluation is a common 240 

task to find the climate model with the best performance for a particular area [34]. Following the 241 

previous studies and also due to the high spatial resolution, the CNRM-CM6-1-HR outputs have 242 

been selected in this study [35]. Thus, near-surface wind speed of the historical (1981-2000) and 243 

future period (2081-2100) from the CNRM model have been obtained and assessed. The data has 244 

a temporal resolution of 3 hours and spatial resolution of 0.5°×0.4993° for both historical and 245 

future periods. Fig. 2 illustrates the mean annual wind speed for ERA5 and CNRM-CM6-1-HR 246 

model over the computational domain from 1981 to 2000. This figure shows a bias in the wind 247 

speed simulations obtained from the GCM compared with ERA5, especially in the southern parts 248 

of the Gulf of Oman when it is connected to the Indian Ocean. 249 

a)  250 
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b)  251 

Fig. 2. Mean annual wind speed for historical period (1981-2000) a) ERA5, b) CNRM 252 

As shown in Fig. 2, the GCM used in this study (CNRM) needs to be modified to resemble the 253 

wind field on the regional scale properly, and modifications are required in order to increase the 254 

accuracy of the wind data. Table 1 presents the statistical characteristics of the ERA5 and CNRM 255 

wind speed simulations in the selected locations (P1 to P4) for the historical period. The statistics 256 

in Table 2 show that the CNRM model overestimates the wind speed for the selected locations in 257 

terms of minimum, maximum, average, and standard deviation calculated for 20 years. The 258 

standard deviation is also higher for the wind speed derived from CNRM. Hence, bias correction 259 

is required before applying the CNRM outputs for wave climate projection, assuming that the same 260 

correction method is applied to the future dataset.  261 

 262 

Table 2. Statistics of the wind speed data from ERA5 and CNRM (1981 to 2000) 263 

Station 
ERA5 CNRM 

Min. Max. Avg. Std. Min. Max. Avg. Std. 

Jask 0.06 14.852 4.645 2.236 0.139 18.169 4.946 2.634 

Chabahar 0.068 15.618 4.144 1.904 0.087 24.059 4.471 2.302 

Beris 0.146 15.087 4.053 1.855 0.149 23.824 4.314 2.221 
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Pasabandar 0.117 14.515 4.070 1.881 0.183 24.070 4.405 2.267 

 264 

2.3. The proposed bias-correction technique 265 

In this study, an improved version of the Weibull-based technique as a statistical bias-correction 266 

approach is employed to modify the wind field. The initial version of this technique was proposed 267 

by [15] to fit Weibull probability distribution on wind components through a data-transformation 268 

process. Generally, Weibull distribution can be defined as: 269 

𝑓(𝑊) =
𝑘

𝐴
(
𝑊

𝐴
)𝑘−1exp⁡[−(

𝑊

𝐴
)𝑘]                  270 

(1) 271 

Where W is the speed of wind and 𝐴 and 𝑘 are called scale and shape parameters of the distribution. 272 

Following Eq. (1), it can be found that the distribution is dependent on these two parameters and 273 

having the time series of wind speed, the main practice is to find them through the standard 274 

deviation method or alternatively by means of the maximum likelihood method [36]. Weibull 275 

(shape and scale) parameters of the historical datasets of ERA5 and CNRM model for each 276 

gridpoint are compared, and their ratio is used as a correction factor to modify the wind field in 277 

the future period for SSP5-8.5. These coefficients can be obtained as Eqs. (2-3) and employed for 278 

future wind field modifications as Eqs. (4-5). 279 

𝐷𝐴(𝑖) = 𝐴𝐸𝑅𝐴5(𝑖)
𝐻𝑖𝑠 /𝐴𝐶𝑁𝑅𝑀(𝑖)

𝐻𝑖𝑠                               (2) 280 

𝐷𝑘(𝑖) = 𝑘𝐸𝑅𝐴5(𝑖)
𝐻𝑖𝑠 /𝑘𝐶𝑁𝑅𝑀(𝑖)

𝐻𝑖𝑠                  (3) 281 

𝐴′𝐶𝑁𝑅𝑀(𝑖)
𝐹𝑢𝑡𝑢𝑟𝑒

= 𝐴𝐶𝑁𝑅𝑀(𝑖)
𝐹𝑢𝑡𝑢𝑟𝑒 ∗ 𝐷𝐴(𝑖)                 (4) 282 

𝑘′𝐶𝑁𝑅𝑀(𝑖)
𝐹𝑢𝑡𝑢𝑟𝑒

= 𝑘𝐶𝑁𝑅𝑀(𝑖)
𝐹𝑢𝑡𝑢𝑟𝑒 ∗ 𝐷𝑘(𝑖)                   (5) 283 

Where 𝐴(𝑖) and 𝑘(𝑖) are the modified scale and shape parameters in the month 𝑖 for the future 284 

period. In comparison with the previously proposed method [15], in which the difference was used 285 

as the correction coefficient, this study uses the proportion of the Weibull parameters in the 286 

historical period for the two datasets. An attempt is made to examine and compare the 287 

multiplicative form against the difference form as an alternative.  288 
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The efficiency of the proposed bias-correction technique depends on the assumption that the wind 289 

field in the region follows a Weibull distribution. As previous studies showed, in the study area, 290 

Weibull distribution fits suitably with the wind data. Therefore, a distribution-based model can be 291 

beneficial to both modifying the data statistics and the probability distribution of the data. 292 

Moreover, the application of the Weibull distribution is limited to positive values of 𝑊 ≥ 0 where 293 

wind components (u and v representing eastward and northward wind speeds) can be either 294 

positive or negative depending on the direction they show. Therefore, the data transformation 295 

process should be implemented on the wind components before fitting the distribution. The scheme 296 

for data transformation is adding the absolute of the strongest wind components (𝑢, 𝑣) with a 297 

negative sign to the time series of the same point and the same component. Although the 298 

transformation may introduce an irreversible error, the efficiency of this method is still 299 

advantageous to the traditional approach of applying the Weibull distribution on the wind speed 300 

(𝑊) directly. This is mainly due to wind speed and direction modification when wind components 301 

are improved. It is noted that the suitability of the Weibull distribution on the transformed wind 302 

components is checked throughout the bias-correction process. More information concerning the 303 

validity of the Weibull-based model can be found in [15]. 304 

The Weibull distribution is fitted on wind components (𝑢, 𝑣) individually. The shape and scale 305 

parameters are computed for the historical period of the reference and GCM wind components. 306 

Afterward, the correction factor is obtained from the historical datasets (Eqs. 2 and 3) and 307 

multiplied by the corresponding shape and scale factors values in the future periods (Eqs. 4 and 308 

5). Finally, wind components are modified and subsequently de-transformed to their original 309 

ranges utilizing the modified parameters and inverse Weibull distribution. This procedure is 310 

repeated for all the gridpoints, one by one, using a distributed scheme to modify the wind field 311 

over the whole computational domain. The modified wind field can be used as input for the 312 

numerical wave model to generate the wave characteristics and, consequently, the wave power. 313 

 314 

2.4. Numerical wave model 315 

In this study, MIKE 21 SW, a third-generation spectral numerical model based on unstructured 316 

meshes, is employed to simulate wave characteristics in historical and future periods. The model 317 
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has been successfully applied for nearshore and offshore wave modeling [37–40]. It uses a spectral 318 

action balance equation considering the growth, decay, and transformation of wind-generated 319 

waves and swells in offshore and coastal areas to simulate wave evolution [23]. The basic equation 320 

can be formulated either in the Cartesian coordinates for small-scale applications and polar 321 

spherical coordinates for large-scale applications. Thus, for this study, the wave action balance 322 

equation is written in spherical coordinates as: 323 

𝜕𝑁

𝜕𝑡
+

𝜕

𝜕𝜙
𝐶𝜙𝑁 +

𝜕

𝜕𝜆
𝐶𝜆𝑁 +

𝜕

𝜕𝜎
𝐶𝜎𝑁 +

𝜕

𝜕𝜃
𝐶𝜃𝑁 =

𝑆

𝜎
              (6) 324 

Where 𝑁 is the action density, 𝑡 is time, 𝜙 is the latitude, 𝜆 is the longitude,σ is frequency, 𝐶 is the 325 

propagation velocity, and θ is wave direction in a nautical convention. The first three terms on the 326 

left side of Eq. (6) show temporal and spatial variation of 𝑁. The fourth term represents how the 327 

relative frequency changes as depth changes, while the fifth term represents refraction caused by 328 

depth and currents. The total source and sink function is represented by 𝑆 reflecting the effects of 329 

the generation by wind, dissipation (by white-capping, depth-induced wave breaking, and bottom 330 

friction) and nonlinear wave-wave interactions [41]. Since MIKE 21 SW is embedded in two 331 

different formulations, including fully spectral and directional decoupled parametric formations, 332 

in this study, the fully spectral formulation is used based on the wave action conservation equation 333 

[23,42]. Figure 3 shows the computational wave domain, the size of the elements, and the 334 

bathymetry of the prepared wave model. 335 

 336 
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 337 

Fig. 3. Wave modeling domain, element size, and bathymetry of the wave model 338 

 339 

The following statistical relationships were used to evaluate the wave model. They are among the 340 

standard statistical metrics to evaluate the accuracy of the model simulations. Generally, models 341 

with relatively higher 𝑀𝑜𝑑𝑒𝑙⁡𝑆𝑘𝑖𝑙𝑙 and 𝐶𝐶 (closer to 1), but with lower 𝑆𝐼, 𝑅𝑀𝑆𝐸, and 𝐵𝐼𝐴𝑆 are 342 

desirable. Table 3 shows the results of the wave model evaluation based on these formulas in 343 

Assaluyeh, Jask, and Chabahar stations. 344 

𝑀𝑜𝑑𝑒𝑙⁡𝑆𝑘𝑖𝑙𝑙 = 1 −
∑(𝑋𝑝−𝑋𝑚)

2

∑(|𝑋𝑝−𝑋𝑚|+|𝑋𝑚−𝑋𝑚|)2
              (7) 345 

𝑆𝐼 =
√
1

𝑛
∑(𝑋𝑝−𝑋𝑚)2

𝑋𝑚
                 (8) 346 

𝐶𝐶⁡ = ⁡
∑(𝑋𝑝−𝑋𝑝)(𝑋𝑚−𝑋𝑚)

√∑(𝑋𝑝−𝑋𝑝)2∑((𝑋𝑚−𝑋𝑚)2
                 (9) 347 

𝐵𝐼𝐴𝑆 = ∑
1

𝑛
(𝑋𝑝 − 𝑋𝑚)                              (10) 348 
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𝑅𝑀𝑆𝐸 = √
1

𝑛
∑(𝑋𝑝 − 𝑋𝑚)2              (11) 349 

where 𝑋𝑚 and 𝑋𝑝 are the actual and the estimated time series, respectively. 𝑋𝑚 and 𝑋𝑝 are the 350 

average of the real and simulated values. Moreover, n denotes the number of the data, and the 351 

overbar indicates the sample mean. 352 

 353 

2.5. Factor to assess the stability and suitability of resources 354 

The outputs of the numerical wave models are available as significant wave height and wave 355 

period. Hence, to calculate the wave power (kW/m), deep water approximation was utilized 356 

[43,44]: 357 

𝑃 ≈ 0.49𝐻𝑠
2⁡𝑇𝑒                (12) 358 

where 𝐻𝑠 is the significant wave height and 𝑇𝑒 is the energy period, which is a function of spectral 359 

moments of order 0 (𝑚0) and -1 (𝑚−1) as follow: 360 

𝑇𝑒 =
𝑚−1

𝑚0
                 (13) 361 

Using the wave power value for each time step, the mean power (𝑃𝑎𝑣𝑒) is calculated. Also, having 362 

the total hours per year (𝑡), the total and exploitable storages of wave energy per unit area (𝐸𝑡 and 363 

𝐸𝑒, respectively) can be obtained as: 364 

𝐸𝑡 = 𝑃𝑎𝑣𝑒 × 𝑡                 (14) 365 

𝐸𝑒 = 𝑃𝑎𝑣𝑒 × 𝑡𝑒                (15) 366 

Where 𝑡 and 𝑡𝑒 represent the total hours all year round and the total hours when the energy is 367 

greater than a threshold, respectively. The annual electric power production of a WEC device is 368 

calculated via a coupling of the device’s power matrix and the wave resource matrix [45][46]. In 369 

this study, the threshold is considered 2 kW/m as suggested and applied by [45,47,48]. Moreover, 370 

extreme events are excluded in the calculations considering an upper limit for significant wave 371 

height as 𝐻𝑠 ≥ 4𝑚 [49]. Ratio of 𝐸𝑒 to 𝐸𝑡 is used as exploitability: 372 
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𝐸𝑥𝑝𝑙𝑜𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦⁡(%) = ⁡
𝐸𝑒

𝐸𝑡
              (16) 373 

Since this study aims to evaluate the viability and sustainability of wave power under a high 374 

emission scenario (SSP5-8.5), intra-annual variability (monthly and seasonal variability) and 375 

availability must be considered. These factors depend on wave conditions that may change under 376 

the climate change impacts. It is worth mentioning that accessibility is another sea state-dependent 377 

factor that has been missed in this study since it was shown by [22] that accessibility reaches about 378 

100% for Govatr located in the study area. Availability represents the percentage of time in which 379 

the wave characteristics lie in the desirable range of wave energy devices to operate efficiently. 380 

The range is restricted by cut-in and cut-off values of significant wave height, which are considered 381 

0.5 m and 4 m, respectively, according to [50]. 382 

Seasonal and Monthly Variability Indices (SVI and MVI, respectively) are used to assess the 383 

temporal stability of both historical and future periods. 384 

𝑆𝑉𝐼 =
𝑃𝑆1−𝑃𝑆4

𝑃𝑎𝑣𝑒
                (17) 385 

𝑀𝑉𝐼 =
𝑃𝑀1−𝑃𝑀12

𝑃𝑎𝑣𝑒
               (18) 386 

where 𝑃𝑆1 and 𝑃𝑀1 represent the mean wave power for the highest energy season and month, 387 

respectively, while 𝑃𝑆4 and 𝑃𝑀12 represent the mean wave power for the least energetic season and 388 

month, respectively. The annual mean wave power is denoted by 𝑃𝑎𝑣𝑒. Generally, higher values of 389 

mean wave power and also lower values of MVI and SVI demonstrate more temporally stable 390 

conditions. Comparing the mentioned variables in the historical simulations with those of the 391 

future projection can provide the required information for decision-makers and authorities to have 392 

a suitable development plan considering the Sustainable Development Goals (SDGs).  393 

 394 

3. Results 395 

3.1.Wave model calibration and validation 396 

To calibrate the numerical wave model, firstly, sensitivity analyses were conducted to find the 397 

most effective parameters on the model outputs. Subsequent to the mesh size optimization through 398 
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the sensitivity analysis, white capping and bed friction were considered as the calibration factors. 399 

In case of white capping, the two parameters of 𝐶𝑑 and 𝑑𝑒𝑙𝑡𝑎 should be tuned accordingly. The 400 

bed friction can be specified with Nikuradse roughness parameter (𝑘𝑛). After trial and error, the 401 

values of 2, 0.5, and 0.001 were selected for 𝐶𝑑, 𝑑𝑒𝑙𝑡𝑎   and Nikuradse roughness, respectively. In 402 

terms of directional discretization and time formulation, 16 directions (22.5° resolution) and an 403 

instationary formulation were used. The evaluation was based on the model's capability to simulate 404 

the significant wave height (𝐻𝑠) and peak wave period (𝑇𝑝) in Assaluyeh, Jask and Chabahar where 405 

the observational records are available, while the wind field of ERA5 as the input to force MIKE 406 

21 SW. Fig. 4 illustrates the time series of the numerical wave model versus the observational data 407 

for the three stations.408 
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 409 

 410 

 411 
Fig. 4. Time series of the significant wave height (H_s) for the numerical model and observations in Assaluyeh, Jask, and Chabahar 412 

stations 413 
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 414 

Table 3. Simulation statistics of the significant wave height (𝐻𝑠) in meters and peak wave period 415 

(𝑇𝑝) in seconds 416 

Buoy Assaluyeh Jask Chabahar 

Data Period Nov & Dec-2008 Feb & Mar-2011 Jan & Feb-2000 

Parameter 𝑇𝑝 𝐻𝑠 𝑇𝑝 𝐻𝑠 𝑇𝑝 𝐻𝑠 

Model Skill 0.96 0.93 0.86 0.90 0.94 0.95 

SI 0.19 0.35 0.17 0.34 0.11 0.22 

CC 0.92 0.86 0.75 0.84 0.90 0.91 

BIAS -0.14 -0.03 -0.03 -0.08 0.02 -0.05 

RMSE 0.76 0.18 0.76 0.21 0.13 0.15 
 417 

According to Fig. 4 and Table 3, the observed and simulated wave heights coincide at all three 418 

stations. Values of error indices confirm the efficiency of the model. Therefore, the calibrated 419 

model can be employed to simulate the significant wave height in the area for a longer term. 420 

 421 

3.2. Bias-correction of the wind field 422 

The performance of the numerical wave models strongly depends on the accuracy of the wind field 423 

and its consistency with the local conditions. As mentioned earlier, bias correction is required for 424 

modifying the wind field obtained from the climate model. In this section, the performance of the 425 

proposed bias-correction technique has been provided in Table 4. Moreover, the results are 426 

compared with the recently developed bias-correction technique but with newly proposed 427 

modification criteria, as explained in section 2.3. It is pointed out that We+ stands for the existing 428 

bias-correction technique based on Weibull distribution, and We* is the proposed method in this 429 

study which is a modified version of the We+ technique. In this comparison, sample points of t1, 430 

t2, and t3 belong to the area close to the Strait of Hormuz in the Gulf of Oman (Fig. 1). 431 

 432 
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Table 4. Performance of the developed bias-correction technique for the wind speed (compared 433 

with ERA5) 434 

Location 

t1 t2 t3 

Long.(°) Lat. (°) Long. (°) Lat. (°) Long. (°) Lat. (°) 

58 25.4 60 24.5 62 24 

Technique Raw We+ We* Raw We+ We* Raw We+ We* 

SI 0.80 0.667 0.666 0.78 0.629 0.629 1.24 0.589 0.589 

CC 0.06 0.195 0.196 0.03 0.155 0.156 0.016 0.463 0.467 

BIAS (m/s) 0.58 -0.169 -0.169 0.66 0.043 0.040 2.22 -0.108 -0.113 

RMSE (m/s) 2.79 2.313 2.311 3.39 2.716 2.714 3.96 1.881 1.872 

 435 

Along with the metrics presented in Table 4, the capability of the bias-correction technique to 436 

suitably resemble extreme events is of great importance and useful for many practical applications. 437 

In this regard, 95th and 99th percentile as indicators for extreme values of the wind speed for a 20-438 

year period were calculated for the reference data and modified wind field obtained by 439 

implementing the bias-correction technique on the data from the climate model. Table 5 compares 440 

the efficiency of the proposed bias-correction technique with the existing technique in terms of 441 

95th and 99th percentiles. It is pointed out that ERA5 is considered as the reference dataset to 442 

evaluate the performance of the bias-correction techniques. 443 

 444 

Table 5. Performance of the bias-correction techniques to estimate extreme wind speeds 445 

95th and 99th percentile of wind speed 

 

Absolute difference with ERA5 

t1 t1 

95th percentile 99th percentile  95th percentile 99th percentile 

ERA5 Raw We+ We* ERA5 Raw We+ We* 
 

We+ We* We+ We* 

6.699 8.2 6.771 6.751 8.025 10.67 8.584 8.566 0.0725 0.0524 0.5589 0.5411 

t2 

 

t2 

95th percentile 99th percentile 95th percentile 99th percentile 

ERA5 Raw We+ We* ERA5 Raw We+ We* 
 

We+ We* We+ We* 
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7.838 9.90 8.319 8.307 9.956 12.8 10.538 10.555 0.4819 0.4697 0.5814 0.5990 

t3 

 

t3 

95th percentile 99th percentile 95th percentile 99th percentile 

ERA5 Raw We+ We* ERA5 Raw We+ We* 

 

We+ We* We+ We* 

6.381 10.4 6.552 6.533 8.016 12.9 8.584 8.513 0.1711 0.1523 0.5674 0.4967 

 446 

As observed from Table 5, the GCM simulations (here indicated as Raw) overestimate wind speed 447 

in terms of 95th and 99th percentiles for all the selected locations. Comparing the extreme values 448 

calculated from the modified wind field by the two bias-correction techniques indicates that the 449 

proposed method slightly outperforms its former counterpart. Moreover, there is consistency 450 

between the extreme values obtained from the reference data with those of the corresponding 451 

values calculated from the modified wind field of the climate model. Considering the absolute 452 

difference between the extreme values of ERA5 and the modified wind fields using the bias-453 

correction technique, slightly lower errors (improved accuracy) are represented by the proposed 454 

bias-correction technique than the previous method. The proposed bias-correction technique 455 

remarkably improves climate models’ wind speed in which the modified wind field is compatible 456 

with the reference data. As stated by [29], the additive correction of the Weibull parameters leads 457 

to significant improvement of the wind direction. To assure suitability of the developed method in 458 

this study, which is the multiplicative correction of the parameters, wind roses for the three 459 

locations are depicted for reference data and modified wind field from the climate model by 460 

additive and multiplicative correction factor (Fig. 5). 461 

 462 

 463 

 464 

 465 

 466 
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 467 

Fig. 5. Wind roses for different locations 468 

 469 

Sample ERA5 
We+; Weibull bias-

correction 

We*; Weibull bias-

correction 

t1 

 

t2 

 

t3 
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Following Fig. 5, it is inferred that the directional distribution of the wind speed obtained from the 470 

two bias-correction techniques is nearly similar. Furthermore, similarity in magnitude and 471 

directions of wind speed for the reference data and modified data reveal the efficiency of the bias-472 

correction technique. Considering the capability of the bias-correction technique to modify 473 

directional and magnitude distributions of the wind for the historical period as a validation stage, 474 

it can also be applied to the future wind field. Afterward, they can be employed for wave power 475 

projection to assess climate change impacts. 476 

 477 

3.3. Historical and future exploitable wave energy 478 

The calibrated wave model is employed for the future wave power projection. In this regard, the 479 

correction coefficient obtained for the historical wind field is applied to modify the future wind 480 

field representing the high emission SSP5-8.5 of the CNRM model. Climate change impacts can 481 

be investigated by comparing the historical and future wave power in the selected locations. Fig. 482 

6 illustrates the spatial distribution of mean wave energy over the study area. 483 

 484 

 485 

 486 
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a)  487 

b)  488 

Fig. 6. Spatial distribution of mean wave energy for the a) historical (1981 to 2000) and, b) 489 

future periods (2081-2100) 490 

As observed from Fig. 6, the wave energy over the study area shows a great degree of variability 491 

where the offshore and eastern parts of the gulf are prone to more energetic waves. Regarding the 492 

future scenario, an increasing trend in wave energy can be observed over the study area. Four 493 
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locations along the northern part of the gulf have been selected to provide more in-depth analysis 494 

of energy variability. They were considered according to the spatial distribution of wave energy, 495 

distance from the coasts, vicinity to the industrial or residential regions, etc. Hence, the 496 

computations were carried out for the total and exploitable storages of wave power as presented in 497 

Table 6 for both historical and future periods.  498 

 499 

Table 6. Historical and future computations of total and exploitable wave power 500 

Climate Parameter Jask Chabahar Beris Pasabandar 

Hist. 

Pave (kW/m) 1.39 11.02 9.01 10.87 

Et (kWh/m) 12186 96547 78934 95192 

te (hr) 396.2 1000.1 971.8 1011.3 

Ee (kWh/m) 551 11022 8757 10989 

Exploitability % 5% 11% 11% 12% 

SSP5-8.5 

Pave (kW/m) 2.01 13.58 10.89 13.43 

Et (kWh/m) 17633 118946 95390 117651 

te (hr) 448.4 1017.3 1008.2 1045.4 

Ee (kWh/m) 903 13813 10978 14040 

Exploitability % 5% 12% 12% 12% 

 501 

The results presented in Table 6 show an increasing trend in total and exploitable wave power 502 

under SSP5-8.5. An average increase of about 26% in exploitable energy for the three eastern sites 503 

is obtained under the future SSP. In addition, a remarkable difference can be detected in total and 504 

exploitable wave energy, where the exploitable energy can be about 12% of the total energy in 505 

some locations. In the other locations, it can be found as 5%. Considering mean annual values of 506 

wave power, it is expected that the wave power values are to be increased according to SSP5-8.5. 507 

Regarding the wave power variation for the different locations, it can be inferred that the eastern 508 

regions have higher potential than the western areas. For example, the wave power in Pasabandar 509 

has a magnitude of about 6.7 and 7.8 times the corresponding values in Jask for the historical and 510 
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the future periods, respectively. The seasonal distribution of wave energy can provide additional 511 

details to the wave energy assessment considering the variability of energy demand and supply.  512 

 513 

3.4. Seasonal and monthly variability of historical and future wave power 514 

Temporal variation of wave energy is required to investigate the stability of resources in the 515 

short term. Fig. 7 depicts the seasonal variability of wave power for the different locations in the 516 

historical and future periods.  517 

 518 

Fig 7. Seasonal variability of wave power for the historical (1981-2000) and future (2081-2100) 519 

periods 520 

 521 

According to Fig. 7, considerable seasonal variability in wave power can be seen. Generally, in all 522 

the stations, the highest energy exists in the summer, while fall ranks the second season in terms 523 

of the highest wave power. The pattern of public circulation in this region is significantly 524 

influenced by summer and winter monsoons driven by the latent temperature difference between 525 

land and sea. The Winter monsoon occurs from November to April and is accompanied by 526 

northeast winds with an average speed of below 5 meters per second. Summer monsoon (July-527 

September) causes energetic and continuous winds in the south and southwest with an average 528 
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speed of 15 meters per second. During the summer, this constant wind regime significantly 529 

contributes to ocean circulation and biochemical processes in the northern Arabian Sea and the 530 

Gulf of Oman. The remaining months, either after the monsoon (October) or before the monsoon 531 

(May and June), are considered with a lesser transition phase and stable wind pattern. Analysis of 532 

annual wind data from the Gulf of Oman and the northern Arabian Sea shows that the predominant 533 

wind direction in the Gulf of Oman is from west to northwest, while in the Arabian Sea, the 534 

southwest direction is dominant [51]. 535 

As it can be seen in Fig. 7, the wave energy increases in this scenario. In winter, on the other hand, 536 

the wave energy decreases in reverse. This somehow confirms that the Monsoon cycle can be 537 

intensified. According to seasonal variability assessment, wave power increases in SPP5-8.5 538 

scenario in spring, summer, and fall by about 13%, 30%, and 59%, respectively. However, it 539 

decreases about 24 percent in winter on average in four stations. 540 

During the summertime in the northern hemisphere, summer monsoons blow southwest and 541 

generate strong, consistent waves [52]. During the summer monsoons, the western coasts of India 542 

experience wave heights up to 6 m, whereas in other seasons, the significant wave height is about 543 

1.5 m [53]. Similar trends have been demonstrated in the previous studies outlining wind and wave 544 

climate in the Gulf of Oman [51,54]. On the contrary, the wave power reaches the lowest values 545 

during winter and spring. This finding is promising to have higher wave energy in summer when 546 

the demand for the energy supply increases due to hot weather conditions in summers. In this 547 

regard, it is worth mentioning that the energy consumption for indoor space cooling (air 548 

conditioning) has a large share of energy consumption in the northern land of the study area. 549 

Therefore, an excess demand for energy in summer is possible due to the higher temperatures. 550 

Hence, wave energy as a supplementary energy supply can be considered. 551 

The future wave power under SSP5-8.5 is higher than the historical values indicating an increase 552 

of 21-45% in the future. P4 and P2 have relatively higher wave energy than the other stations. 553 

Since the seasonal variability is considerable in the study area, assessing intra-annual variation on 554 

a monthly scale seems necessary. Hence, the monthly variation of the wave energy is illustrated in 555 

Fig. 8. 556 

 557 
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 558 

Fig 8. Monthly variation of wave power in the selected stations for the historical (1981-2000) 559 

and future (2081-2100) periods 560 

 561 

The monthly variability of wave power (Fig. 8) reveals that July and August are among the highest 562 

energetic months, while the months in winter and fall have the lowest energy potential. In general, 563 

a high variation of wave power in different months can be detected, which is not desirable in terms 564 

of the sustainability of energy on the intra-annual scale. Comparison of the results of the historical 565 

and future periods shows that the future projections have higher values than historical ones. In 566 

order to quantitatively assess the intra-annual variability, historical and future MVI and SVI values 567 

are shown in Fig. 9.  568 
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 571 

Fig. 9. MVI and SVI values for the historical (1981-2000) and future (2081-2100) periods 572 

 573 

Regarding Fig. 9, Jask has the most stable conditions in terms of monthly and seasonal variability, 574 

with the lowest MVI and SVI values for both historical and future periods. Other stations have 575 

higher MVI and SVI, which is not in favor of wave power stability. However, in Pasabandar, which 576 

wave power is remarkable, the variability indices are desirable to guarantee sustainability and 577 

availability of the power during different seasons. Since the high values for these indices are 578 

initiated by extremely high power in summer, it can be promising due to the increasing demand 579 

for electricity in summer when hot weather and more activities are expected. Therefore, the wave 580 

power may be considered an opportunity to compensate for the summer energy shortage for the 581 

study area. Finally, accessibility and availability of the wave power under the future high emission 582 

scenario are needed to be considered for operational purposes. More details have been discussed 583 

in the following sub-section. 584 

 585 

3.4. Accessibility and availability of wave power under SSP5-8.5 586 

Part of the assessment of wave energy is defined by the accessibility for operation and maintenance 587 

of the installations (e.g., Wave Energy Convertors (WECs)). Along with accessibility, the 588 

availability of the extractable wave energy is another sea state specification that is required to be 589 
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taken into account. The criterion specifying the sea state conditions is considered in terms of 590 

significant wave height. Moreover, several extreme events may yield high computational wave 591 

power, but not in favor of the operation of WECs. This is investigated as the percentage of the 592 

hours lying in cut-in and cut-off wave heights to the total hours. In this study, cut-in and cut-off 593 

values for significant wave height are 0.5 m and 4 m, respectively [50]. Table 7 represents the 594 

accessibility and availability values in different locations and future periods (SSP5-8.5). 595 

 596 

Table 7. Annual and seasonal accessibility and availability of the wave characteristics in each 597 

station 598 

Station Season 
Accessibility % Availability 

% 
Hs<1.0 Hs<1.5 Hs<2.0 Hs<2.5 Hs<3.0 Hs<3.5 Hs<4.0 0.5<Hs<4.0 

Jask 

Total 79.8 96.0 99.1 99.7 99.9 100.0 100.0 62.8 
Spring 91.1 97.9 99.5 99.8 99.9 100.0 100.0 51.2 

Summer 49.0 92.1 99.3 100.0 100.0 100.0 100.0 99.1 
Fall 91.6 99.4 100.0 100.0 100.0 100.0 100.0 52.0 

Winter 88.0 94.8 97.8 99.1 99.7 100.0 100.0 48.5 

Chabahar 

Total 51.7 67.5 76.9 84.9 93.2 99.1 100.0 81.0 
Spring 62.3 88.1 98.1 99.4 100.0 100.0 100.0 84.3 

Summer 0.2 5.5 16.2 42.2 73.3 96.5 99.9 99.9 
Fall 57.5 81.9 96.1 99.3 100.0 100.0 100.0 83.5 

Winter 87.7 95.3 97.9 99.2 99.8 100.0 100.0 55.8 

Beris 

Total 55.1 71.1 79.8 87.8 96.3 99.9 100.0 76.3 
Spring 66.2 93.2 99.2 99.9 100.0 100.0 100.0 84.7 

Summer 0.5 6.7 24.0 52.3 85.4 99.6 100.0 100.0 
Fall 62.8 88.1 97.3 99.7 100.0 100.0 100.0 79.3 

Winter 91.6 97.2 99.1 99.8 100.0 100.0 100.0 40.3 

Pasabandar 

Total 52.0 67.2 76.4 84.3 92.1 98.7 100.0 81.2 
Spring 61.8 88.3 99.4 100.0 100.0 100.0 100.0 85.0 

Summer 0.1 3.9 12.5 38.9 68.8 94.9 99.9 99.9 
Fall 56.6 80.1 95.4 99.3 100.0 100.0 100.0 85.1 

Winter 90.2 97.3 98.9 99.5 99.8 100.0 100.0 54.2 
 599 

According to Table 7, it can be found that for Jask, accessibility is higher than in other locations. 600 

Generally, all the locations have accessibility higher than 50%, which is suitable to meet the 601 

operation and maintenance of the equipment. These values for significant wave heights of less than 602 
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1 m reach 80% or higher during winter, while they decrease under 50% in summer. However, for 603 

larger waves but lower than 3.5 or 4 m, the accessibility for all locations and seasons converges to 604 

100%. In terms of availability, Pasabandar and Chabahar have the highest availability, indicating 605 

a better condition for sustainable wave energy extraction. For Jask and Beris, the availability factor 606 

is still higher than 60%. The highest and the lowest availability of energy resources are related to 607 

the summer and winter seasons, respectively. Seasonal and total computations of accessibility and 608 

availability factors for different locations demonstrate the efficiency of the wave energy extraction 609 

for the region.  610 

Fig. 9 shows that with the increase in the availability factor, accessibility usually decreases. The 611 

highest accessibility and availability values in different stations belong to Jask in the west and 612 

Pasabandar in the east, respectively. Therefore, the point in the western part of the region is more 613 

suitable in terms of accessibility, while the eastern parts are more suitable for availability. Hence, 614 

it can be found that moving from the western part of the region to the eastern parts, availability 615 

increases slightly while accessibility decreases. Considering both factors, the energy potential in 616 

all stations is considered satisfactory where accessibility and availability are higher than 50%. 617 

4. Discussion 618 

 619 

5. Conclusions 620 

As a source of renewable energy, wave power plays an important role in supplying the increasing 621 

electricity demand. Different factors are investigated to define the suitability of a station for wave 622 

energy exploitation, including the amount of wave power, exploitable storage of wave energy, 623 

availability, accessibility, and the intra-annual fluctuation of the mentioned parameters. Moreover, 624 

climate change may remarkably influence the wave energy potential since it is influenced by wind 625 

patterns and, consequently, the wave climate. This study employed near-surface wind field 626 

simulations from a CMIP6 model, i.e., CNRM, for the historical period and a high emission future 627 

projection (SSP5-8.5) to drive the wave model and generate the wave characteristics for two 20-628 

yearly periods (1981- 2000 and 2018-2100). Subsequently, wave power for different locations in 629 

the northern strip of the Gulf of Oman was calculated. Before performing the numerical wave 630 
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modeling, a new statistical bias-correction technique based on the Weibull distribution was 631 

proposed to modify CNRM wind field compared with ERA-5 dataset. The main findings of this 632 

study can be summarized as follow. 633 

• The proposed bias-correction technique partially improved the performance of the existing 634 

bias-correction method in additive form. It was found that using the multiplicative form to 635 

modify Weibull parameters can be considered as an alternative to the additive form. 636 

• Wave power is drastically higher in summer than in other seasons, indicating a significant 637 

temporal and seasonal variability in wave power distribution. 638 

• Under a high emission scenario, an increase in a range of 21-45% in the annual wave power 639 

is estimated in the study area. The relative intensification of wave power is greater in the 640 

western part (Jask station).  641 

• Under a high emission scenario, wave energy increases in spring, summer, and fall by 13%, 642 

30%, and 59 %, respectively. Conversely, wave power decreases about 24% in winter when 643 

averaged over the four stations. 644 

• All the stations have availability and accessibility factors higher than 50%, demonstrating 645 

the suitability of the stations for wave energy extraction and wave energy converter 646 

installation. According to the results, accessibility increases 4 % in SSP5-8.5. 647 

• Exploitable wave energy increases as total wave energy is between 15 and 23 %, depending 648 

on the station. 649 

This study demonstrated a high spatio-temporal variability with an increasing trend in wave power 650 

under a future warmer climate. However, summer is the season with the highest energy, which is 651 

promising due to the increasing energy demand. Moreover, it was revealed that wave power will 652 

increase slightly in the future. The exploitable storage of wave energy exceeds 14MWh in the 653 

study area. Results of this study indicating the suitable potential of wave energy and its 654 

sustainability can provide useful information for wave energy developers to consider this type of 655 

renewable energy for rural and urban regions nearby the gulf. The growing energy demand may 656 

lead to joint wind-wave energy (eventually also solar) resource exploitation, increasing the 657 

competitiveness of ocean energy. 658 

 659 
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