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Abstract We are motivated to study the exploitation of marine energy as a renewable re- 
source because of society’s ever-increasing energy demands, and a concomitant need to reduce 
greenhouse gas emissions. Additionally, climate-related variations in wave energy should be in- 
vestigated in order to ensure the stability of its long-term availability. Here, we investigate the 
potential for wave energy in the Persian Gulf along the southern coasts of Iran. To do so, we 
have applied the Mike SW numerical model and ECMWF wind field data for a 30-year study, from 

1988 to 2017. For this purpose, wave energy was evaluated at six points in the western, north- 
ern, southern, and eastern parts of the Persian Gulf. To assess the impacts of climate change, 
we also consider the wave regime from 2070 to 2099 (for 30 years) following IPCC RCP4.5 and 
RCP8.5 climate change scenarios. Our findings suggest that in the present climate, seasonal 
variations in the mean wave parameters (i.e. wave energy, wave period, and significant wave 
height) correspond to the lowest wave energy in the summers, and highest in the winters. In 
the future climate change scenarios, energy level variations generally have similar patterns, 
with slight modulations in some local areas. 
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1. Introduction 

According to the Implementation Agreement on Ocean
Energy Systems (2007) , the global ocean wave energy is es-
timated at approximately 93100 TWh/yr. Therefore, in re-
cent years extensive studies have been completed on wind-
wave energies in the global ocean and coastal seas, and the
potential for wave energy extraction ( Besio et al., 2016 ;
Kumar and Anoop 2015 ; Neil and Hashemi, 2013 ). A lot of
studies have been completed to assess the wave energy po-
tential around the world ( Alonso et al., 2015 ; Appendini et
al. 2015 ; Gallagher et al., 2016 ; Jadidoleslam et al., 2016 ;
Liang et al., 2016 ; López et al., 2015 ; Morim al., 2014 ; Neill
et al., 2014 ; Ponce de León et al., 2016 ; Rusu and Onea,
2013 ; Wang et al.; 2016 , Zhou et al. 2015a , b ). All of these
indicate that the use of high precision data is indispensable
for assessing the local parameters of wave energy. There-
fore, our study is focused on a high accuracy evaluation of
the temporal and spatial parameters of waves in coastal
areas of the Persian Gulf. In addition, the present and fu-
ture wind climate must be considered as the main source of
wave energy production. Recent research has shown that in
the twentieth century, the mean sea level and the average
wind speed have increased by 30 cm and 1 m/s, respectively
( WCRP, 2018 ). 

Meanwhile, several studies have considered climate
change and winds in areas such as the Red Sea ( Aboobacker
et al., 2017 ; Langodan et al., 2016 ; Shanas et al., 2017 ),
the Mediterranean Sea ( Kapelonis et al., 2015 ), and the
Caspian Sea ( Amirinia et al., 2017 ), the Persian Gulf and
Oman sea ( Armanfar et al., 2019 ; Goharnejad et al., 2013 )
for a variety of purposes, including wave energy assessment
and climate change impacts. Also, the IPCC climate change
scenarios, specifically RCP8.5 emissions scenarios for the
end-of-century period (2081—2100), suggest that mean wind
speeds will decrease in the North Atlantic, but increase in
the Southern Hemisphere, and thus that the wave climate
may experience higher wave heights in these areas. These
changes will increase the peak periods of the waves, for
example in the eastern South Pacific Ocean and the Indian
Ocean, causing the mean wave direction to tend to experi-
ence counterclockwise rotation in southern oceans ( Casas-
Prat et al., 2018 ). 

Vieira et al. (2020) studied wave climate-energy pat-
terns for different seasons for the Persian Gulf and found
that waves during winter and springtime are more ener-
getic, and become milder in the autumn. Alizadeh et al.
(2020) showed a decreasing trend for the overall Persian
Gulf, which is relatively severe in northern areas and has
an impact on the potential for future wave energy. In the
Persian Gulf, the mean significant wave height has greater
variability than that of wind speed, although the dominant
wave direction has greater stability than that of wind direc-
tion ( Kamranzad, 2018 ). Kamranzad et al. (2017) compared
two stations in the northern Persian Gulf, at Asalouyeh and
Boushehr, and found that the sustainability for wave energy
and harvesting is higher at the former, compared to the lat-
ter. Moreover, Kamranzad et al. (2015) suggest that the an-
nual wave energy will decrease at both stations for A2, B1,
and A1B climate change scenarios. In terms of the present
climate, for the period from 1984 to 2008, Kamranzad et al.
(2013) investigated the wave energy characteristics at three
locations in the Persian Gulf (western, central and eastern)
and report that both seasonal and decadal variations can
be seen in the wave energy trends, on account of present
climate variability. 

The focus of this study is the wave climate in the Persian
Gulf, motivated by the potential for exploitation of renew-
able wave energy. An assessment of wave climate in this
area suggests that the most significant wave heights should
occur in the central part of the Persian Gulf in January and
February ( Kamranzad and Chegini, 2014 ). 

In this paper, we assessed the potential wave energy for
the Persian Gulf area. Although, a wide range of research
has been completed in this study area, consideration has
not been given to climate change impacts according to the
latest scenarios, RCP8.5 and RCP4.5. Moreover, in this re-
search, we almost tried to assign a ‘Wave Energy Develop-
ment Index’ as an indicator of potential energy develop-
ment. Finally, we provide a ‘bivariate probability distribu-
tion of occurrence’ and wave energy matrices. 

2. Study area 

The Persian Gulf is formed as an extension of the Indian
Ocean, with an area of 237,473 square kilometers, and fol-
lowing the Gulf of Mexico and the Hudson Bay, is the third
largest bay in the world. The Persian Gulf runs from the wa-
ters east of the Strait of Hormuz and the Oman Sea to the
Indian Ocean and the Arabian Sea. According to a previous
sensitivity analysis completed in this study area by Liao and
Kaihatu (2016) , the impacts of the boundary waves at the
Oman Sea on wind-waves in the Persian Gulf are negligible;
therefore no wave spectral are specified as outer boundary
conditions. The Gulf’s geographic coordinates are from 24 °
to 30 °30’N and from 48 ° to 56 °25’E of the Greenwich merid-
ian. The length of the Persian Gulf from the Strait of Hormuz
to its most western location is about 805 kilometers. At its
widest, the Gulf is 290 kilometers. The maximum depth of
the Persian Gulf is 93 meters and the shallowest waters are
about 10—30 meters in the western part. There are several
islands in the Gulf. In terms of topography ( Figure 1 ), the
Persian Gulf is asymmetrical and the slopes of its southern
coasts are milder than the slopes of its northern shores ( Pous
et al., 2015 ). 

3. Material and methods 

3.1. Spectral wave model setup and wave data 

In order to study the wave regimes in the Persian Gulf, it
is necessary to specify bathymetry data, wind speeds and
directions, buoy wave data, and sea level pressure data. In
this study, the Spectral Wave (SW) model component of the
MIKE modeling system ( DHI, 2005 ) is used in order to hind-
cast the wave characteristics, driven by wind climate data.
Waves are numerically modeled using the SW model, a dy-
namic modeling system based on the SWAN spectral wave
model, which is implemented on an irregular unstructured
grid. For more details about the unstructured grid mesh,
see Korn (2017) . The SW model solves the energy transfer
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Figure 1 Location of selected points in the Persian Gulf. 
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Table 1 Specifications for Boushehr buoy in the Persian 
Gulf. 

Station Name Latitude 
( °N) 

Longitude 
( °E) 

Water depth 
(m) 

Boushehr 28.58 50.5 28 
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quation including source and sink terms to predict the de-
eloping wave field. 
The SW governing wave model equation is the spectral 

ction balance equation, which in Cartesian coordinates is: 

∂ 

∂t 
N + 

∂ 

∂x 
C g , x N + 

∂ 

∂y 
C g , y N + 

∂ 

∂σ
C g ,σN + 

∂ 

∂θ
C g ,θN = 

S 
σ

, (1)

here σ is the relative frequency, θ is wave direction, N is 
ave action density, which is equal to the energy density 
ivided by the relative frequency (N ( σ , θ) = E ( σ , θ) / σ ),
nd C g is the propagation velocity of wave action in (x, y, σ ,
) space. The last term on the left side of Eq. (1) represents
he effects of refraction and shoaling. The source term on 
he right side is defined as: 

 = S in + S nl + S dis + S ot + S surf , (2) 

here S in represents energy transfer from the wind to the
aves, S nl is the energy transferred from one frequency to
ther frequencies by nonlinear wave-wave interactions, S dis 
s wave dissipation due to the effects of white-capping, S ot 
s the wave dissipation due to bottom friction, and S surf rep-
esents wave dissipation resulting from the wave breaking 
n a shallow area. 

.2. Model implementation 

athymetry must be specified in order to use the SW model
o simulate waves. This is achieved by implementing grid- 
ed bathymetric data at 30 arc-second intervals in the 
orth/south latitudinal direction and also the east/west 
ongitudinal direction, as provided by the British Oceano- 
raphic Data Center (BODC), as extracted from gebco.net. 
he bathymetric chart and unstructured mesh of the study 
rea, including 17000 meshes and 8670 nodes, are presented 
n Figure 2 (A and B, respectively). 
One of the important inputs for this model is the wind
eld data. For this purpose, data from the European Center
or Medium-Range Weather Forecasts (ECMWF) was used in 
his study. The ECMWF ERA-interim wind field data was ex-
racted from http://apps.ecmwf.int with 0.125 × 0.125 de- 
rees spatial resolution in the study zone and 6-hourly time
nterval. 

A sensitivity analysis of dissipation parameters due to 
hite capping, bottom friction, and depth induced wave 
reaking was carried out, which suggests that the white cap-
ing factor is effectively the dominating factor. 

.3. Spectral wave model performance 

n order to evaluate the model performance, the model is
mplemented using available data for particular case stud- 
es. After analyzing the sensitivity of its’ parameters to ob-
erved field data (calibration), the model is implemented 
or additional conditions and the results are compared with
ore field data to estimate model accuracy (validation). 

n the present study, the model is implemented for two
-month periods while varying the effective parameters. 
able 1 presents the specifications of the Boushehr buoy in
he study area. 

http://apps.ecmwf.int
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Figure 2 A) Bathymetry data, and B) triangular meshes including 17000 meshes and 8670 nodes in the study area. 

Table 2 Model performance indices for the Boushehr buoy. 

Parameter Normal Range Ideal Range Calibration Validation 

Bias (m) 0.2—0.5 < 0.3 0.22 0.20 
CC 0.75—0.90 > 0.8 0.79 0.82 
RMSE(m) 0.1—0.7 < 0.5 0.40 0.35 
SI 0.15—0.35 < 0.3 0.23 0.16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statistical parameters between observed and modeled
data are calculated: 

Bias Bias = 

(
S̄ − Ō 

)
, (3)

Root mean squared errors RMSE = 

√ 

1 
N 

∑ 

( S i −O i ) 
2 
, (4)

Correlation coefficient CC = 

∑ 

(
S i −S̄ 

)(
O i −Ō 

)
√ ∑ 

(
S i −S̄ 

)2 ∑ 

(
O i −Ō 

)2 
, 

(5)

Dispersion coefficient SI = 

√ 

1 
n 

∑ 

((
S i − S̄ 

)
−

(
O i − Ō 

))2 

Ō 

, 

(6)

where O i is the observed value at the i th time step, S i is a
forecast value at the same time, N is the number of time
steps and Ō and S̄ is the mean value of the observed data.
Table 2 presents results for the model performance, with
columns 2 and 3 giving the normal and ideal ranges for each
performance index. These results suggest that the SW model
is sufficiently accurate to use for wave climate estimates
in this study. Associated values for modeled and observed
significant wave heights (H s ) are presented in Figure 3 and 4
as a calibration and validation periods. 

For calibration and validation, two 6-month periods are
selected from March 7, 2015 to September 7, 2015 and from
September 8, 2015 to March 7, 2016, respectively. These pe-
riods are chosen because they contain the best performance
times of the buoy with minimal data gaps. 
3.4. Evaluation of wave energy 

The wave estimates obtained from the SW model are used
to estimate wave power potential in the study area. Several
methods are presented by Ertekin and Yingfan (1994) to es-
timate wave power using H s and wave period, T. The mean
wave energy density per unit horizontal area (J/m 

2 ) is cal-
culated as: 

E = 

1 
16 

ρgH 

2 
s (7)

in which ρ is the seawater density (kg/m 

3 ), g is the gravity
(m/s 2 ) and H s is the significant wave height (m). The wave
power is expressed as: 

P = ECn , (8)

where C is the wave speed (m/s) and n is the ratio of the
wave group speed and wave speed. C is equal to the wave-
length divided by the wave period (T) and is equal to gT 

2 π .
The approximate value of n is 0.5 in deep water. Therefore,
the wave power is calculated as: 

P = 

1 
16 

ρgH 

2 
s ×

gT 
2 π

× 0 · 5 ≈ 0 · 49H 

2 
s T . (9)

3.5. Impact of climate change 

In their Fifth Assessment Report (AR5), the Intergovernmen-
tal Panel on Climate Change (IPCC) has adopted several
Representative Concentration Pathways (RCP) scenarios as
possible greenhouse gas concentration pathways that might
dominate the future climate. Four pathways have been la-
beled as RCP2.6, RCP4.5, RCP6, and RCP8.5, which indicate
the possible radiative forcing values by the end-of-century,
2100 ( Allen et al., 2014 ). 
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Figure 3 Comparison of modeled and buoy-observed significant wave heights (H s ) time series during the calibration period (8 
March 2015 to 7 September 2015). 
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Figure 4 As in Figure 3 , comparison of modeled and buoy-observed H s time series during the validation period (7 September 2015 
to 7 March 2016). 
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RCP8.5 assumes a comparatively high greenhouse gas 
missions pathway, associated with the implementation of 
o effective global climate change mitigation policies or 
easures, leading to a radiative forcing of 8.5 W/m 

2 by the
nd-of-century. At that time, carbon dioxide concentrations 
an be expected to reach 1000 ppm and continue increasing 
 Riahi et al., 2011 ). RCP4.5 scenario assumes a stabilizing of
he radiative forcing at 4.5 W/m 

2 by 2100 ( Thomson et al.,
011 ). 
In this study, climate change data are extracted from 

adGEM2-AO_r1i1p1 ( http://apdrc.soest.hawaii.edu/data/ 
ata.php ). HadGEM2 is a coupled Earth System Model that
as used by the Met Office Hadley Centre for the CMIP5
entennial simulations. On account of the large spatial 
nd temporal scales of climate change data, downscaling 
hould be implemented to translate the coarse-resolution 
adGEM2 outputs to finer resolution climate information. In 
articular, the data resolution for HadGEM2 is not appropri- 
te for modeling wave regimes in the Persian Gulf; for ex-
mple, monthly time steps in climate change model outputs 
eed to be downscaled to hourly data. In this research, a
ombination of dynamical and statistical approaches is ap- 
lied, namely the so-called ‘change factor method’ which 
as used by Kamranzad et al. (2015) for the Persian Gulf
o evaluate wind/wave power, and by Breslow and Sailor
2002) in USA applications for wind power estimates. 
The approach of hybrid dynamical-statistical downscal- 

ng can be considered as a challenge to use the poten-
ial of dynamical downscaling to prepare fine-scale climate 
hanges along with the advantages of statistical downscal- 
ng. In this study, we used a dynamical-statistical downscal- 
ng technique used by Kamranzad et al. (2015) . 

In order to assess the dependability of outputs of the cli-
ate models, observed data and climate model data are
ompared over the entire study area. Thus, control periods
re specified and selected locations are tested. Underes- 
imates in wind data for climate change scenarios can be
dentified by comparisons between ECMWF and HadGEM2 
ata. Biases in climate change wind data are corrected
y application of modification coefficients introduced by 
amranzad et al. (2015) for CGCM3.1 using a hybrid method,
efined in terms of the monthly averages of absolute wind
omponents, estimated as: 

u = 

| u | ECMWF ( monthly average ) 

| u | HadGEM 2 ( monthly average ) 
, (10) 

v = 

| v | ECMWF ( monthly average ) 

| v | HadGEM 2 ( monthly average ) 
, (11) 

http://apdrc.soest.hawaii.edu/data/data.php
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Figure 5 (a) Maximum, (b) mean, and (c) minimum wave energy for 30 years (1988—2017). 
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Figure 6 Mean yearly wave energy for 30-year periods: 
(A) historical period, 1988—2017, (B) climate change scenario 
RCP4.5, and (C) climate change scenario RCP8.5, 2070—2099. 
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here βu and βv represent the modification factors for u and 
 components of the wind speed, respectively. 
Thus, the ratios of directional wind speed data between 

CMWF and HadGEM2, for scenarios RCP4.5 and RCP8.5, can 
e shown to vary between 1.15 to 2.15, and 1.25 to 2.30,
espectively. Once climate change wind speed data were 
ownscaled and corrected, the spectral wave model was run 
or 30-year periods of future scenarios (2070—2099). 

.6. Wave Energy Development Index 

xtreme Value Analysis (EVA) and a corresponding Wave En- 
rgy Development Index (WEDI) can be used to assess the
evel of severity at a given spatial location. WEDI can esti-
ate the potential hazards that may occur in terms of ex-
reme events at Wave Energy Converters (WECs) and off- 
hore structures: 

EDI = 

P wave 
J wave 

, (12) 

hich is the ratio of annual average wave power (P wave ) to
he maximum storm wave power (J wave ). Wave Energy Con-
erters are usually placed at specific locations based on es- 
imates for mean power potential. An additional considera- 
ion is the maximum power potential, as well as estimates 
or the severity of extreme events, penalizing locations with 
igh WEDI index values, as considered by Hagerman (2001) . 

. Results and discussion 

he time series of H s and T p are obtained from the SW
odel and wave energy is calculated for a period of 30 years
1988—2017) in the present climate, and a 30 years (2070—
099) in the future. Figure 5 A—C gives the maximum, aver-
ge and minimum values for wave energy as simulated for
he current period. 
In Figure 6 , mean yearly wave power changes for his-

orical and future climate time-periods are shown. Calcula- 
ions of the trends demonstrate that there is an ascending 
rend for the historical period, while both climate change 
cenarios have descending trends and the trend for RCP4.5 
s milder. 

.1. Seasonal variations of wave energy 

s shown in Figure 5 , there are variations in wave energy
n the western, northern, eastern and southern parts of the
ersian Gulf. To assess potential wave energy in this study 
rea, six points are selected, with regard to spatial distri-
ution, depth and distance to the coastline, labeled 1 to 6
s shown in Figure 1 . The characteristics of these locations
re given in Table 3 . 
As shown by Figure 7 , the average wave energy level in

he present climate increases from the northern part of the
ulf to the southern part. The maximum energy is estimated
t point 4, located in the southern Gulf, estimated at ap-
roximately 0.33 kW/m. The lowest energy is estimated in 
he eastern Gulf within the Strait of Hormuz, at approxi-
ately 0.08 kW/m. 
With respect to RCP4.5 and RCP8.5 climate change sce- 

arios, estimated values for energy follow similar patterns 
s for the present climate, implying that although the over-
ll wave energy pattern will not change, in fact, there
re significant changes in the amount of generated wave 
ower. Competing effects occur. The extractable energy 
ill increase by about 13—30% at locations 4, 5 and 6, in
oth RCP4.5 and RCP8.5 climate change scenarios, as shown 
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Table 3 Characteristics and location of six selected locations. 

Point ID Latitude ( ° N) Longitude ( ° E) Depth (m) Position in the 
Persian Gulf 

Maximum Distance 
from coastline (km) 

J mean (kW/m) 

1 29.83 48.68 27 North-West 2 0.81 
2 24.35 53.50 19 South 2 1.80 
3 28.35 51.02 24 North 2 2.00 
4 27.58 49.40 19 South 2 2.93 
5 26.65 53.48 76 North 2 0.92 
6 26.80 56.10 71 North-East 2 0.10 
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Figure 7 Annual average wave energy at selected stations 
during 30 years (1988—2017) for RCP8.5 and RCP4.5 climate 
change scenarios for 30 years (2070—2099). 
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Figure 8 Annual average wave energy changes at selected 
stations during 30 years (1988—2017) relative to RCP8.5 and 
RCP4.5 climate change scenarios for 30 years (2070—2099). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in Figure 8 . By comparison, at location 3, there will be
about 1% reduction in energy in the RCP4.5 scenario, and
about 6% more energy, in the RCP8.5 scenario. At stations
1 and 2, there is about 11—21% reduction in energy in both
RCP4.5 and RCP8.5 climate change scenarios. Moreover, re-
sults have shown that the average wave energy production
in the study area is about 0.23 kW/m in the present climate,
which compares to 0.22 kW/m and 0.23 kW/m according to
the RCP4.5 and RCP8.5 climate change scenarios, respec-
tively. Thus, it is apparent that the negative and positive
components in the future climate scenarios may largely can-
cel each other out. 

For the present climate conditions, the directional vari-
ations of wave energy are given for the 6 selected locations
in Figure 9 . Thus it is shown that the dominant wave direc-
tions at locations 1, 2, 3, 4, and 5 are from the north and
northeast. Also, at location 6 the prevailing energy comes
from the northwest, indicating that the Oman Sea has a di-
rect effect on this locality. 

4.2. Seasonal wave energy 

The average seasonal wave energy is also investigated in
this study. As shown in Figure 10 , the average wave energy
values in winter, spring, autumn and summer are 0.33, 0.24,
0.19, and 0.16 kW/m, respectively. Thus, winter and sum-
mer have the highest and lowest wave energy values, re-
spectively. In the RCP4.5 scenario, the maximum amount
of energy is expected to be produced in winter, whereas the
minimum amount occurs in autumn. In the RCP 8.5 scenario,
the wave energy patterns are expected to have the high-
est variation i.e. the average wave energy in spring, winter,
autumn and summer are 0.26, 0.24, 0.22 and 21.0 kW/m,
respectively. As Figure 11 shows, the wave energy has a de-
creasing average in winter, whereas this average value is
ascending in the other seasons. The maximum ascending av-
erage seasonal wave energy occurs in summer at 26.83 and
28.01 kW/m for the RCP4.5 and RCP8.5 climate change sce-
narios, respectively. 

Therefore, it can be suggested that the mean values in
projected changes are more severe in the RCP8.5 scenario
than those in the RCP4.5 scenario. 

We have also compared wave energies in each season us-
ing the 30 years (1988—2017) model results, at selected lo-
cations. At location 1 on the western side of the Persian
Gulf, the amount of wave energy varies from 0.25 kW/m in
winter to 0.18 kW/m in the summer. At location 2 in the
southern part of the Persian Gulf, the amount of wave en-
ergy varies from 0.33 kW/m to 0.17 kW/m in winter and
summer, respectively. Also, in the northwestern Gulf at lo-
cation 3, the amount of wave energy changes from 0.45
kW/m to 0.20 kW/m in winter and summer, respectively.
At location 4 in the southwestern part of the Gulf, the max-
imum amount of wave energy is observed, changing from
0.48 kW/m in the winter to 0.21 kW/m in the summer. In
the northern part of the Gulf at location 5, the amount of
wave energy changes from 0.31 to 0.16 kW/m in winter and
summer, respectively. Finally, on the eastern side of the Gulf
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Figure 9 Directional distributions for wave energy at selected locations for the present climate. 
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Figure 10 Seasonal mean wave energy at selected locations 
during 30 years (1988—2017) for the present climate, and for 
RCP8.5 and RCP4.5 climate change scenarios. 
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n the Strait of Hormuz, near the Oman Sea, the minimum
mount of wave energy is estimated for location 6, changing 
rom 0.13 in winter to 0.04 kW/m in summer. The reason for
his considerable reduction in the wave energy is due to the
elatively short fetch in this area. Meanwhile, according to 
igure 12 (A—D) the amount of wave energy in the spring is
igher than in autumn and summer. 
According to both RCP4.5 and RCP8.5 climate change 

cenarios, the prevailing wave energy patterns in the loca- 
ions that we considered are consistent with the present 
limate. However, according to Figure 13 , these changes do 
ot follow the same averages at all locations. For exam-
le at locations 1 and 2, during the winter, spring and au-
umn, the mean value in wave energy variations shows a 
ownward mean amount and has an increasing average only 
n summer. At location 3, the mean value in wave energy
ariations in the winter is descending, for both scenarios of
limate change. This downward mean value is also apparent
n the fall season, according to the RCP4.5 scenario. How-
ver, there is an increasing mean value in other seasons. At
ocations 4 and 5, in winter, both RCP4.5 and RCP8.5 climate
hange scenarios suggest downward mean values, whereas 
n the other three seasons and for both climate change sce-
arios, there is an upward mean value. At location 6, the
ave energy variation in all seasons and in both the RCP4.5
nd RCP8.5 climate change scenarios is always increasing. 

.3. The bivariate probability distribution 

f occurrence and wave energy 

n order to make accurate decisions regarding the appropri-
te locations for wave energy converter devices (WECs), it
s necessary to consider probabilistic distributions for H s and
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Figure 12 Mean values in wave energy changes at selected locations during winter for present climate conditions, as well as 
RCP8.5, and RCP4.5 climate change scenarios for 30 years (2070—2099); A) Winter, B) Spring, C) Summer, D) Fall. 
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T e , which are used in most energy matrices in WEC calcula-
tions. The frequency of occurrence of each value for H s and
T e in bivariate form is an expression of the prevailing wave
characteristics at the associated point location. Figure 14
A—F describes the sea state conditions at the selected point
locations, and the respective matrices are plotted for each
of these locations. 

As shown in Figure 14 A, at location 1, the results are
that for 41.5 and 38.1% of occasions, the wave periods are
2.5 s and significant wave heights are 0.2 and 0.4 m; thus
the wave energy will be in the range of 0.12—0.33 kW/m.
The occurrence of other wave periods and significant wave
heights have occurrences that are less than 10%. 

At point location 2 shown in Figure 14 B, the wave periods
are in the range of 1.5 to 3.5 s and significant wave heights,
in the range of 0.2 to 0.6 m, with a higher probability of
occurrence. The wave energy variation in these conditions
is in the range of 0.1 to 0.96 kW/m. 

At point location 3 shown in Figure 14 C, the dominant re-
sults are wave periods of 2.5 s and significant wave heights
in the range of 0.2—0.4 m. The amount of wave energy
varies in the range of 0.11—0.31 kW/m. 
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Figure 14 A, B, C, D, E and F: Bivariate distributions for the sea states H s and T e . The right panel represents the total of the 
occurrences and the left panel shows the average sea state wave energy for 30 years. 
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Figure 15 The comparison of WEDI and wave power at se- 
lected point locations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At point location 4 shown in Figure 14 D, the wave periods
maximum occurrence is the range of 2.5—3.5 s and the sig-
nificant wave heights in the range of 0.2—0.4 m. The change
in wave energy in these conditions varies from 0.11 to 0.47
kW/m. 

At the point location 5, based on Figure 14 E, the max-
imum occurrence for wave periods is 2.5 s and significant
wave heights are in the range of 0.2—0.4 m. The change in
wave energy values in these conditions is from 0.1 to 0.3
kW/m. 

Finally, at point location 6, as shown in Figure 14 F, the
maximum occurrence for wave periods is 2.5 s and signifi-
cant wave heights are in the range 0.2—0.4 m. The change
in wave energy in these conditions is between 0.09 to 0.27
kW/m. 

Wave Energy Development Index 

A significant parameter at the beginning of a wave en-
ergy development project is the wave energy development
index (WEDI) value for a specific site. This index is obtained
by dividing the average annual wave energy changes by the
storm wave energy changes. It is dimensionless. The WEDI
index distribution for the simulated 30 years is shown in
Figure 15 . This figure compares the WEDI index for selected
locations. The highest WEDI index is suggested for location
6, and the lowest is for location 4. Our findings suggest that
location 4 in the southern part of the Gulf is the most ap-
propriate place to install wave energy converters. 

5. Conclusions 

The aim of this study is to investigate the characteristics of
ocean wave parameters and wave energy potential, and the
possible influence of climate change in the Persian Gulf re-
gion. Due to the high potential for energy extraction from
wind-waves and advances in wave energy converter devices,
waves are nowadays considered as an appropriate source
for renewable energy. This is a new perspective compared
to previous times. Iran has a huge potential source for this
energy with approximately 2700 km of coastline along the
northern and southern borders. The harnessing of this en-
ergy, in combination with other types of renewable energies
such as solar energy, in which southern Iran abounds, can
potentially turn the country from a dominant dependence
on fossil fuels. Moreover, although some parts of the world
ocean, such as the North Atlantic, and North and South
Pacific, have a quite high wave energy values, more than 50
kW/m ( Alcorn, 2013 ), in fact, many coastal areas like Italy
( Vannucchi, and Cappietti, 2016 ), the Black Sea ( Akpınar
and Kömürcü, 2013 ), and North Coast of Australia ( Hemer
et al., 2017 , 2018 ), have wave energy values that are less
than 2 kw/m which is similar to our results. In the Persian
Gulf similar study was conducted using present and future
climates (A2, B1, and A1B scenarios), and the output maps
showed that wave energy in coastal areas is less than 0.5
kW/m ( Kamranzad, et al. 2015 ). The average wave power
(kW/m) distribution in the Persian Gulf for a 25-year model-
ing period, 1984—2008, studied by Kamranzad et al. (2013) ,
shows that done in the Persian Gulf shows the highest and
lowest values of wave power were taken place in the central
part and eastern part of the study area, respectively. 

Computer model simulations for waves and climate
change scenarios were performed. We compared present
climate conditions in the Persian Gulf to future climate es-
timates. 

We also estimated that most of the significant wave
heights are less than one-meter high with wave periods that
are less than 4.5 seconds. The results show that for location
1, 80%, of time T e , H s , and P w vary between 2—3 s, 0.1—0.5
m, and 0.12—0.33 kW/m, respectively. For location 2, more
than 50% of wave parameters including, T e , H s , and P w , vary
between 2—3 s, 0.1—0.5 m, 0.1—0.3 kW/m, respectively. In
location 3, some 50 percent of wave parameters, T e , H s , P w ,
vary 2—3 s, 0.1—0.5 m, and 0.11—0.31 kW/m, respectively.
For location 4, more than 70% of T e , H s , and P w change be-
tween 2—4 s, 0.1—0.5 m, 0.11—0.47 kW/m, respectively. For
location 5, T e , H s , and P w , in more than 50 percent of the
time, vary between 2—3, 0.1—0.5, and 0.1—0.3 kW/m, re-
spectively. In location 6, for more than 60% of the time, Te,
Hs, and Pw change between 2—3 s, 0.1—0.5 m, and 0.09—
0.27 kW/m, respectively. For locations 1, 2, 3, 4, 5, and 6
the value of WEDI are 0.27, 0.13, 0.14, 0.11, 0.23, and 0.80,
as well as mean wave power (kW/m) for locations 1, 2, 3,
4, 5, and 6 are 0.22, 0.24, 0.29, 0.33, 0.22, and 0.08 kW/m,
respectively. 

According to these results, it appears that the potential
energy level for waves in the southern part of the Persian
Gulf is higher than in other areas. Based on our assess-
ments, the locality around location 4 has emerged as having
the most favorable conditions for wave energy extraction.
There are no significant differences among locations 2, 3,
and 5. 
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