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a b s t r a c t

Accurate assessment of wave energy potential has not been done so far in the offshore and nearshore
waters of the Red Sea. In this paper, we present an assessment of wave energy resources in the Red Sea
using numerical modelling. The wave conditions are simulated for 1979 to 2010 using a third generation
ocean wave model, WAVEWATCH-III by forcing with CFSR winds. The model results are validated against
in situ measurements in the Red Sea. The simulated wave parameters are used to estimate the wave
power in the Red Sea during the 32 years e a reasonable long-term period for accurate assessment. The
estimated wave power has been analyzed on a monthly, seasonal and inter-annual basis. The results
indicate robust spatial and seasonal variations in mean wave power. Detailed investigations on wave
energy potential have been carried out at a number of coastal locations in the Red Sea that consists of the
coasts of Saudi Arabia, Yemen, Egypt, Sudan and Eritrea. Inter-annual variability in the mean wave power
is also analyzed and discussed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Most of the maritime countries are benefitted by the proximity
to the ocean renewable energies, especially the oceanwave energy.
The high demand in the energy sector and the shortage of the
conventional energies lead to the search for renewable and sus-
tainable energies. The utilization of renewable and sustainable
energy not only yields to overcome the energy demand but also
reduces the carbon emissions. Globally, the estimated wave energy
resource is more than 2 TW [1], which has the potential to become
commercially viable [2]. Prior to the exploitation of these energies,
a reliable assessment of the wave energy potential should be
performed.

Wave energy resource assessments have been carried out
globally and regionally [3e21]. For instance, the wave energy po-
tential in the South China Sea and the East China Sea was derived
from altimeter data (Wan et al., 2015) [5] and using wavemodelling
[6]. The wave energy resource assessments were carried out along
the east coast of Malaysia [7,8], off Korea [9], off western Europe
[10e12], along the Italian coast [13], in the Black Sea [14], in the
Baltic Sea [15], off Portugal [16], off Hawaii [17], off Scotland [18], in
the western Indian Ocean [19], along the Indian coast [20], and in
the Persian Gulf/Arabian Gulf [21].
backer).
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Long-term wave data is necessary for the wave energy assess-
ment to average out the oscillations due to variabilities. Obtaining
long-term wave data is a difficult task in most part of the world
ocean, and the assessments will be restricted to limited coastal
locations where long-term data is available [22]. Satellite data can
be an alternative source, although it has limitations in accuracy
along the land-water interface. In recent years, third generation
spectral wave models such as WAVEWATCH III, SWAN and WAM
have been used to assess wave energy resources [8,13,23e25]. A
well-calibrated model will be adequate to reproduce long-term
wind-wave data on fine temporal and coarse resolutions.

Recent studies indicate that waves are moderately high in most
part of the Red Sea [26]. The significant wave height in the deep
waters of the Red Sea is typically around 2.0 m and a maximum of
4.5 mwas observed in the central Red Sea. The reversing monsoons
cause seasonal variability at large scale. The maximum wave
heights in the Red Sea are due to the mountain gap wind jets
occurred during summer, which blows across the width of the
central Red Sea through the central region (between 18� and 20�N).
The wave convergence in the central Red Sea is another notable
phenomenon, which occurred during winter due to the conver-
gence in the atmosphere [27]. In addition, the local breezes
contribute some amount of wave energies along the eastern part of
the Red Sea.

The Middle East countries such as Saudi Arabia are relying on
conventional energy resources such as petroleum and natural gas.
Assessment of alternative resources, especially in the renewable
resource assessment for Red Sea, Renewable Energy (2016), http://
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energy sector, will be beneficial to understand the available re-
sources and to exploit whenever such requirement arises. In
addition, it will help the economy of the region, considering the
present drop-down in the oil market. Limited studies are available
on the wind and wave characteristics of the region; however the
wave energy potential has not been assessed yet. In this view, wave
energy resource assessment has been carried out for the Red Sea,
which is ultimately useful for the bounded regions such as the west
coasts of Saudi Arabia and Yemen, Egypt, Sudan and Eritrea. The
present study aims to assess the wave power in the Red Sea during
1979e2010 using numerical modelling of wind-waves. The wave
parameters thus obtained are used to estimate the wave power in
the Red Sea. Average values of wave power were calculated on a
monthly, seasonal and annual basis to analyse the variations.
Table 1
Geographical co-ordinates, water depth and distance from coast for locations P1 to
P12.

Locations Geographical co-
ordinates

Water depth (m) Distance from coast (km)

Longitude Latitude

P1 43.16 13.29 25.5 6.7
P2 42.8 14.75 21.9 15.5
P3 42 17.5 39.9 15.2
P4 40.05 20.1 22.4 13.1
P5 38.8 21.8 20.4 18.4
P6 38.7 23.1 39.7 8.7
P7 37 25.05 37.3 22.3
P8 36.4 26.27 36.0 1.9
P9 35.66 27.34 39.2 2.0
P10 34.32 26.11 49.3 3.3
P11 37.28 19.68 28.8 2.2
P12 42.81 13.07 20.1 8.2
2. Area of study

Fig. 1a shows the study area. The domain covers the geograph-
ical area: 32�e44�E; 12�e30�N. The Red Sea is a narrow seawater
body in the Indian Ocean, lying between Asia and Africa and has an
area of approximately 438,000 km2. It is about 2300 km long and
360 kmwide at the widest part. The average depth is around 490 m
and the maximum recorded depth in the central axis of the Red Sea
is 2920 m, while a figure of 3040 m has been also reported [28]. In
the south, the Red Sea connects to the ocean body through the Bab
el Mandeb Strait and the Gulf of Aden. In the north, the Red Sea is
leading to the Gulf of Suez and Gulf of Aqaba.

The two important seasons in the region are winter (DeceMar)
and summer (JuneSep). The intermediate seasons are referred as
post-winter (ApreMay) and post-summer (OcteNov). In winter,
north northwest (NNW) wind prevails in the northern Red Sea,
while south southeast (SSE) wind dominates in the southern Red
Sea [27]. In summer, winds are consistently from the NNW
throughout the Red Sea. The average wind speeds over the Red Sea
Fig. 1. (a) Domain and bathymetry covering the Red Sea. Met-Ocean buoy loc
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are close to 10 m/s during both winter and summer. In addition to
the seasonal reversal, the unusual Tokar Gapwind occurs across 18�

N during JuleAug with speeds above 15 m/s.
Fig. 1b shows the coastal locations considered for site-specific

analysis of mean wave power. The locations P1 and P2 are on the
west coast of Yemen, P3 to P9 on the west coast of Saudi Arabia, P10
at the east coast of Egypt, P11 on the east coast of Sudan, P12 on the
east coast of Eritrea. Even though these locations are in random
consideration, they are representing the coastal part of the popu-
lated (or industrial) regions around the Red Sea. The depths at these
locations range 20e50 m, however the Red Sea coasts are generally
very steep and the grid size of 0.03� used in this study may not well
represent the shallow depths close the coast. Hence, we used deep
water formulations (Section 3.2) to calculate the wave power from
the modelled wave parameters. Table 1 shows the geographical co-
ordinates, water depths and distance from the coast of the locations
P1 to P12. Depending upon the slope, some locations are very close
ation is marked, (b) Selected coastal locations in the Red Sea (P1 to P12).

resource assessment for Red Sea, Renewable Energy (2016), http://
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to the coast and others are relatively far.

3. Numerical modelling

Numerical modelling has been carried out to hindcast the wind-
waves in the Red Sea during 1979e2010 using WAVEWATCH III,
version 4.18 (WW3 hereafter), a third generation spectral wave
model developed at NOAA/NCEP (National Oceanic and Atmo-
spheric Administration/National Centers for Environmental Pre-
diction, USA) [29,30]. The model takes into account the growth,
decay and transformation of multi-directional wave systems [31].
Themodel is based on the discrete spectral action balance equation,
a generalization of the energy balance equation:

vN
vt

þ 1
cos f

v

vf
f
·
N cos qþ v

vl
l
·
N þ v

vk
k
·
N þ v

vq
q
·
N ¼ S
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(1)

Where q is wave direction, f - latitude, l e longitude, k - wave
number, the overdot represents the rate of change, and S is the net
source of the spectrumwhich includes energy input by wind (Sin), a
nonlinear wave-wave interaction term (Snl), and dissipation due to
white capping (Sds) and bottom friction (Sbt). In addition, wave-
bottom interactions (Sbot), depth-induced breaking (Sdb), triad
wave-wave interactions (Str) and scattering of waves by bottom
features (Ssc) are also included specifically for the shallow waters. A
finite difference scheme, with different time step sizes for time
integration, spatial propagation, intra spectral propagation, and
source term integration, is used to solve the action balance equa-
tion. A series of source term schemes such as ST2 ([32], ST3 ( [33]),
ST4 ([34]) and ST6 ([35]) are available in the model, however the
scheme ST4 is found more reasonable in the Red Sea as evident
from Langdon et al. [27].

The swell propagation from the Gulf of Aden to the Red Sea is
almost negligible. This has been confirmed when we made several
tests with varying wave parameters. This approach is also found in
Langodan et al. [27]. Hence, zero energy flux is applied on the south
boundary.

3.1. Model setup

The model domain and bathymetry are shown in Fig. 1. The
spatial resolution of the rectangular grids is 0.03� � 0.03� (approx.
3.3 � 3.3 km) in longitude and latitude. Bathymetry data with 30
arc second resolution obtained fromGEBCO [36] are interpolated to
each element grids.

The wave model is forced using CFSR (Climate Forecast System
Reanalysis, NOAA) winds during 1979e2010, a reasonably good
long-term period for wave power assessment. The CFSR wind
vectors (U and V components) are available for every 1 h at
0.312� � 0.312� spatial resolution. Recently, the accuracy of CFSR
winds was evaluated worldwide [37e40]. For the sensitivity in
using at the Red Sea, the CFSR winds have been validated with the
ASCAT satellite winds, which are available daily at 0.25� � 0.25�

spatial resolution. Both CFSR and ASCAT wind speeds were
extracted at the buoy location during 2009. The comparison shows
that the CFSR winds follow the pattern of ASCAT winds (Fig. 2a). At
times, there are sharp peaks in the CFSR wind speed, during which
the ASCAT wind speed follows a smooth curve. This difference is
attributed to the coarse temporal resolution (daily) of the ASCAT
winds. The scatter shows the accuracy of the comparison (Fig. 2b).
It gives a correlation coefficient of 0.75 with a slight over-
estimation (bias ¼ 0.47 m/s) in the CFSR winds. The r.m.s error is
1.98 m/s (7.2%), and the scatter index is 0.33. We have also
compared the CFSR winds with ASCAT winds at a few other loca-
tions in the Red Sea, which produces similar results.
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
dx.doi.org/10.1016/j.renene.2016.09.073
The outputs of the model computations are the integral wave
parameters such as significant wave height (Hs), energy wave
period (Te), mean wave period (Tm), peak wave period (Tp) and
meanwave direction (q), which are stored every 3 h. Here Hs and Te
are the two important parameters required for the calculation of
wave power. Basically, the Hs and Te are derived from the spectral
moments as: Hs ¼ 4

ffiffiffiffiffiffiffi
m0

p
, Te ¼ m�1=m0

, where m�1 is the recip-
rocal of the first spectral moment (m1) and m0 is the zeroth
moment.

The nth order spectral moment is defined as a function of fre-
quency (f) and spectral energy density S(f) as:

mn ¼
Z∞

0

f nSðf Þdf (2)

3.2. Estimation of wave power

The wave energy flux per unit crest length (or wave power) for
deep water locations is estimated using the formula:

P ¼ rg2

64p
H2
s Te (3)

Here the unit of P is kW/m, Hs e the significant wave height (m),
Te- the energy wave period (s), r - the density of sea water (kg/m3)
and g - the acceleration due to gravity (m/s2). Thus the wave power
is directly proportional to the energy wave period and the square of
the significant wave height.

3.3. Validation of model results

The wave model WW3 is widely used for hindcasting and
forecasting of ocean waves by forcing with global re-analysis/
forecast winds. Recently, the WW3 model was validated against
measurements in the Indian Ocean [41]. The situation in the Red
Sea is slightly different, where the influence of swells from the
Indian Ocean is negligible, and the regional and local wind systems
control the wave dynamics [27]. Hence we carried out validation of
model results with wave parameters obtained from a met-ocean
data buoy (23020) located at 22.162� N, 38.50� E, north of Jeddah,
in the central Red Sea at a depth of 694 m (as marked in Fig. 1). The
above data are freely available at the National Data Buoy Center
(NDBC) website. The data consist of hourly significant wave height
and meanwave period during Oct 2008eDec 2010, and meanwave
direction during 2010 and part of 2009. The validation of the model
with the buoy is carried out for a complete year (2009) to cover all
the months.

Fig. 3 shows the comparison between measured and modelled
Hs and Tm during 2009. The time series comparison shows that the
model Hs and Tm are very close to the measured Hs and Tm (Fig. 3a).
The comparison is satisfactory at all ranges of Hs (lower and higher),
while the model Tm is slightly over-estimated at higher meanwave
periods. The scatter and statistics clearly indicate that the model
results are in good agreement with the measured values (Fig. 3b).
The correlation coefficients between the measured and modelled
parameters are 0.91 and 0.75, respectively for Hs and Tm. The biases
are 0.09 m for Hs and 0.42 s for Tm. The r.m.s. errors are well within
the limits: 0.26 m (5.9%) and 0.85 s (9.5%), respectively for Hs and
Tm. The scatter indices for Hs and Tm are 0.29 and 0.20, respectively.
The measured mean wave direction is not sufficiently available for
the year 2009; however the comparison (between measured and
model) of mean wave directions during 2010 produces reasonably
good agreement.
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 2. (a) Time series comparison of ASCAT and CFSR wind speeds at buoy location during 2009, and (b) Scatter between ASCAT and CFSR wind speeds.
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For the sensitivity of the model, the derived significant wave
heights are compared with satellite altimeter wave heights at
different locations in the Red Sea. The along-track mono-mission
products of satellite altimeters Envisat, ERS-2, Jason-1 and Jason-2
are used for the comparison [42]. Table 2 shows the comparison of
buoy data and model results with altimeter wave heights at buoy
location, northern Red Sea (36.1� E, 25.4� N), central Red Sea (37.5�

E, 22.3� N) and southern Red Sea (41.8� E, 15.7� N) during Oct
2008eDec 2010. There is reasonable match for the significant wave
heights among altimeters, buoy and the model. The correlation
coefficients between the altimeters and buoy are 0.86e0.91 with
r.m.s. errors of 0.22e0.39 m. Between the model and altimeter, the
correlation coefficients are 0.78e0.93 considering all the above
mentioned locations, where the bias is �0.06e0.2 m, r.m.s. error is
0.24e0.36 m, and the scatter index is 0.25e0.41.
4. Results and discussion

The wave power calculated for every 3 h was averaged for
different months, seasons and years. The results are discussed in
the following sections.
4.1. Long-term mean wave power

The long-term mean provides the average distribution of wave
power eliminating the inconsistencies due to the variability. In this
view, meanwave power has been estimated in the Red Sea from the
time series wave power for the 32 years (1979e2010). Fig. 4a shows
the spatial distribution of long-termmeanwave power (kW/m) and
standard deviation in the Red Sea. There is distinct amount of wave
energy potential in the deep waters of the Red Sea, with the mean
wave power ranges up to 4.5 kW/m. The highest meanwave power
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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is obtained between 19� N and 21� N latitudes (in the central Red
Sea), followed by at around 15� N latitude (in the southern Red Sea).
Themeanwave power is relatively low in the northern Red Sea, and
very low in the two Gulfs (Gulf of Suez and Gulf of Aqaba), north of
the Red Sea. The standard deviations are slightly above the mag-
nitudes of mean wave power. These fluctuations are mainly due to
the inter-annual variability caused by the climatic indices, and the
variabilities are stronger (up to 5.0 kW/m standard deviation) in the
central Red Sea, followed by the southern Red Sea.

Fig. 4b shows the annual mean wave power (kW/m) at selected
locations in the Red Sea (P1 to P12), and the corresponding values
are listed in Table 3. The mean wave power on the west coast of
Yemen (P1 and P2) is 1.58e1.79 kW/m. The mean wave power at
location P3 on the southern coast of Saudi Arabia in the Red Sea is
low (0.34 kW/m), primarily due to the wave attenuation caused by
a large number of coral reefs and islands along this coastal belt. This
indicates that the nearshore regions of the southern coast of Saudi
Arabia in the Red Sea are not well suitable for exploitation of wave
energy on a large scale.

The central coast of Saudi Arabia in the Red Sea (P4 to P6) has a
reasonable amount of wave energy, with the mean wave power
ranges between 0.66 and 1.16 kW/m. The deep waters of the central
Red Sea exhibit high wave power, almost double of that found near
the coast. Among the locations of the northern coast of Saudi Arabia
in the Red Sea (P7 to P9), the location P7 has the highest meanwave
power (~1.5 kW/m) followed by P8 (~1 kW/m). The northernmost
location (P9) off the coast of Saudi Arabia has relatively weak mean
wave power (0.43 kW/m). The mean wave power at the represen-
tative locations for the western coasts of the Red Sea (P10 to P12)
ranges between 0.51 and 1.03 kW/m. Unlike the eastern coasts, the
shelf of the western coast is steep and the deep waters are
reasonably close to the coast. Hence, higher mean wave power is
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 3. Comparison between the measurements and model results: (a) Time-series of significant wave height and mean wave period during 2009 and (b) scatter of significant wave
height and mean wave period.

Table 2
Error statics of significant wave heights: altimeter, model and buoy data.

Comparisons Satellite Error statistics

Correlation coefficient Bias RMSE Scatter Index

Altimeter vs Buoy ENVISAT 0.86 0.01 0.39 0.4
ERS-2 0.91 �0.04 0.37 0.48
JASON-1 0.9 0.02 0.22 0.25
JASON-2 0.9 0.06 0.23 0.25

Altimeter vs Model At buoy location ENVISAT 0.87 0.04 0.36 0.35
ERS-2 0.93 0.01 0.33 0.41
JASON-1 0.88 0.05 0.24 0.25
JASON-2 0.87 0.13 0.32 0.31

Northern Red Sea ENVISAT 0.85 0.04 0.3 0.29
ERS-2 0.88 �0.01 0.28 0.26
JASON-1 0.8 0.05 0.34 0.36
JASON-2 0.78 �0.01 0.3 0.34

Central Red Sea ENVISAT 0.88 0.2 0.36 0.32
ERS-2 0.92 0 0.34 0.29
JASON-1 0.85 0.08 0.31 0.3
JASON-2 0.82 0.14 0.35 0.33

Southern Red Sea ENVISAT 0.85 0.03 0.33 0.35
ERS-2 e e e e

JASON-1 0.9 �0.02 0.26 0.29
JASON-2 0.91 �0.06 0.26 0.26
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expected within few kilometers from the coast.
Fig. 5 shows the rose of wave power during 1979e2010 at lo-

cations P1 to P12. The wave power below 0.1 kW/m are referred as
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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calm, and thereby thewaves at locations P3 and P9 are substantially
calm. TheWNW to NNE energy fluxes are dominated in most of the
locations (P3 and P6 to P12), while ESE to S energy fluxes are
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 4. (a) Spatial distribution of mean wave power (kW/m) and standard deviation in the Red Sea during 1979e2010, (b) mean wave power and standard deviation at locations P1
to P12 during 1979e2010.

Table 3
Annual mean wave power during 1979e2010 at locations P1 to P12.

Locations Mean wave power (kW/m)

Annual Winter Post-winter Summer Post-summer

P1 1.58 2.84 1.42 0.33 1.73
P2 1.79 3.06 1.60 0.63 1.77
P3 0.34 0.41 0.25 0.39 0.21
P4 0.66 0.63 0.53 0.94 0.26
P5 0.74 0.80 0.77 0.81 0.43
P6 1.16 1.10 1.22 1.46 0.62
P7 1.46 1.45 1.60 1.69 0.89
P8 0.98 0.93 1.06 1.21 0.53
P9 0.43 0.41 0.47 0.54 0.23
P10 1.03 1.12 1.05 1.00 0.89
P11 0.62 0.98 0.61 0.34 0.45
P12 0.51 0.74 0.50 0.30 0.47
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dominated at P1, P2, P4 and P5. Even though situated in the south,
the wave power from SE is sheltered at P12 due to topographic
features. In general, the seasonal reversal of the wind direction are
significantly contributing to wave energy flux, mainly at locations
P1, P2, P4, P5 and P6.

4.2. Seasonal mean wave power

The seasonal wave power is subject to the prevailing wind
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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conditions over the region. Here the mean wave power during 4
seasons; winter, post-winter, summer and post-summer, are
analyzed. Fig. 6 shows the seasonal mean wave power (kW/m) and
standard deviation in the Red Sea during 1979e2010. The mean
wave power is higher during winter, followed by the post-winter,
summer and post-summer, respectively. The standard deviations
of wave power are almost in the samemagnitude or slightly higher,
during all the seasons. The winter and post-winter standard de-
viations (up to 6.5 kW/m and 6.0 kW/m, respectively) were
significantly contributed to the seasonal and inter-annual vari-
ability; their impacts are higher in the central and southern Red
Sea. The winter and post-winter contribution to the inter-annual
variability are also linked with the climatic indices such as ENSO
and IOD (discussed in Section 4.4).

During winter, the highest mean wave power (6.0e6.5 kW/m)
has been contained at two regions in deep water e around 19.5� N
in the central Red Sea and around 15� N in the southern Red Sea. In
general, the mean wave power in deep waters of the central and
southern Red Sea is in the range 4.0e6.5 kW/m, while that in the
northern Red Sea is between 1.5 and 4.5 kW/m. During post-winter,
the highest mean wave power (4.5e5.0 kW/m) is at 20� N in the
central Red Sea followed by at 23.5� N (4.0e4.5 kW/m) in the
northern Red Sea, while that in the southern Red Sea is up to
3.0 kW/m.

During summer, the highest meanwave power is around 22.5� N
(up to 4.5 kW/m). In general, the deep waters between 17� N and
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 5. Rose of wave power during 1979e2010 at locations P1 to P12.
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26� N latitudes (central and northern Red Sea) have the meanwave
power of the range 2.0e4.5 kW/m, while those in the southern Red
Sea are below 2.5 kW/m. During post-summer, the wave power
weakens in the northern and central Red Sea (below 3.0 kW/m),
while the southern Red Sea exhibits relatively higher mean wave
power (up to 4.5 kW/m).

The seasonal mean wave power at the coastal locations in the
Red Sea has been analyzed. Fig. 7 shows the seasonal mean wave
power at locations P1 to P12 during 1979e2010, and the corre-
sponding values are listed in Table 3. The seasonal response of the
wave power differs according to the locations., the highest mean
wave power at locations P1 to P3 and P10 to P12 is during winter,
while that at locations P4 to P9 is during summer. This indicates
that the mean wave power during winter is stronger in the
southern Red Sea andwest coasts of Red Sea. Themeanwave power
during summer is stronger along the coasts of Saudi Arabia in the
central and northern Red Sea. These observations are consistent
with the earlier studies [26,27].

Along the west coast of Yemen (P1 and P2), the mean wave
power duringwinter is 2.84e3.06 kW/m, followed by post-summer
(1.73e1.77 kW/m), post-winter (1.42e1.60 kW/m) and summer
(0.33e0.63 kW/m), respectively. Along the coast of Saudi Arabia in
the southern Red Sea (P3), the mean wave power during winter is
0.41 kW/m, followed by summer (0.39 kW/m), post-winter
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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(0.25 kW/m) and post-summer (0.21 kW/m), respectively. Along
the coast of Saudi Arabia in the central Red Sea (P4 to P6), the mean
wave power during summer is 0.81e1.46 kW/m, while that during
winter, post-winter and post-summer are 0.63e1.10 kW/m,
0.53e1.22 kW/m and 0.26e0.62 kW/m, respectively. Along the
coast of Saudi Arabia in the northern Red Sea (P7 to P9), the mean
wave power during summer is 0.54e1.69 kW/m, followed by post-
winter (0.47e1.60 kW/m), winter (0.41e1.45 kW/m) and post-
summer (0.23e0.89 kW/m). Along the east coast of Egypt (P10),
the mean wave power during winter is 1.12 kW/m, followed by
post-winter (1.05 kW/m), summer (1.0 kW/m) and post-summer
(0.89 kW/m), respectively. Along the coast of Sudan and Eritrea
(P11 and P12), the mean wave power during winter is
0.74e0.98 kW/m, followed by post-winter (0.50e0.61 kW/m),
post-summer (0.45e0.47 kW/m) and summer (0.30e0.34 kW/m),
respectively.
4.3. Monthly mean wave power

Fig. 8 shows the monthly mean wave power in the Red Sea
during 1979e2010. The highest meanwave power in the Red Sea is
obtained during DeceMar (up to 6.5 kW/m), and the lowest is
during JuleAug (up to 4.0 kW/m). During Jan and Feb, the highest
meanwave power is in the central and the southern Red Sea, while
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 6. Spatial distribution of (a) seasonal mean wave power (kW/m) and (b) standard deviation in the Red Sea during 1979e2010.

Fig. 7. Seasonal mean wave power (kW/m) at locations P1 to P12.
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duringMar themeanwave power has been reduced in the southern
Red Sea, but increased in the lower part of the northern Red Sea.
During Apr and May, the wave power has been dropped consider-
ably with the highest mean wave power (around 5.0 kW/m)
observed in the central Red Sea. During Jun, a slight increase in
mean wave power is found in the central and southern Red Sea,
compared to Apr and May. During Jul and Aug, the wave power has
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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been dropped significantly, even though two certain regions in the
central Red Sea exhibit some peaks (up to 4.0 kW/m). One of these
regions (around 18� N) is under the influence of Tokar Gap winds,
especially during July (as marked in the figure). Similar observa-
tions were found around the Tokar wind influenced regions with a
high wave energy propagation and strong gradients towards the
east [26].
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Fig. 8. Monthly mean wave power (kW/m) in the Red Sea during 1979e2010.
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During Sep, the mean wave power in the southern Red Sea is
very low (up to 1.5 kW/m), while the peaks are in the upper part of
the central Red Sea (up to 5.0 kW/m). The meanwave power during
Oct is reasonably higher throughout the Red Sea with a peak in the
upper part of the central Red Sea (up to 5.5 kW/m). During Oct and
Jan, smaller northeasternmountain gap wind jets (other than Tokar
Gapwind jets) enhanced thewave energy along the northeast coast
[26]. The months Nov and Dec exhibit a completely different
pattern compared to the previousmonths, but with a rapid increase
in mean wave power in the southern Red Sea; up to 6.0 kW/m and
6.5 kW/m during Nov and Dec, respectively. During Dec, a signifi-
cant increase in wave power has been found in the central Red Sea.

Fig. 9 shows the monthly mean wave power at locations P1 to
P12. At locations P1 and P2, the highest meanwave power is during
Jan (3.1 kW/m and 3.4 kW/m, respectively at P1 and P2) and Feb
(same values as in Jan), followed by Dec (2.7 kW/m and 3.0 kW/m,
respectively at P1 and P2). Earlier studies ([26] and [27]) also
described that the regions north of Bab-el-Mandeb (southern Red
Sea) has consistently larger wave heights during the winter
months. The lowest mean wave power at these locations is during
Aug (0.24 kW/m and 0.51 kW/m, respectively at P1 and P2). The
meanwave power at P3 is considerably low in all the months; with
the maximum in Jul (0.54 kW/m).
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The mean wave power at P4 and P5 follows the same pattern in
all the months. The highest mean wave power at P4 is during Jul
(1.2 kW/m) followed by Jun (1.1 kW/m), while that at P5 is during
Jul (1.0 kW/m) followed by Mar (0.94 kW/m). The lowest mean
wave power is during Oct; 0.21 kW/m and 0.42 kW/m, respectively
at P4 and P5. The mean wave power at P6 and P7 follows the same
patterns in all the months. The highest mean wave power at P6 is
during Jun and Sep (1.7 kW/m and 1.6 kW/m, respectively), while
that at P7 is during Mar and Sep (2.0 kW/m and 1.95 kW/m,
respectively). The lowest mean wave power at these locations is
during Nov (0.56 kW/m and 0.82 kW/m, respectively at P6 and P7)
consistent with the observations of Ralston et al. [26].

The mean wave power is fairly high at P8 and low at P9. The
highest mean wave power at P8 is during Mar, Jun and Sep
(~1.3 kW/m), and the lowest is during Nov (0.47 kW/m). The
highest and lowest mean wave powers at P9 are during Jun
(0.59 kW/m) and Nov (0.22 kW/m), respectively. The mean wave
power at P10 is nearly consistent throughout the year, with the
highest is during Mar (1.55 kW/m) and lowest is during Jul
(0.81 kW/m). Even though the locations P11 and P12 are very far
each other, the mean wave power follows the same pattern in all
months. The highest meanwave power at P11 is during Jan (1.1 kW/
m) followed by Mar (1.0 kW/m), while those at P12 is during Jan
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 9. Monthly mean wave power (kW/m) at locations P1 to P12.
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and Feb (0.78 kW/m) followed by Mar (0.72 kW/m). The lowest
meanwave power at these locations is during Aug (0.24 kW/m and
0.22 kW/m, respectively at P11 and P12).

It is remarkable that the mean wave power is higher along the
west coast of Yemen (P1 and P2) during NoveApr, followed by the
part of the west coast of Saudi Arabia between P6 and P7 consis-
tently during JaneSep. The mean wave power is relatively weaker
along the west coast of Yemen during MayeSep. In general, along
the west coast of Saudi Arabia the weakest mean wave power is
during OcteNov. Considering different wind systems prevailing
over the region, mountain gap winds as well as the sea breezes in
addition to the monsoonal winds plays a major role in maintaining
the high temporal (for example, monthly and seasonal) and spatial
variability of the wave power in the Red Sea.

4.4. Inter-annual variability in wave power

The year to year variations in the wave energy in the Indian
Ocean is generally associated with the global oscillations such as
ENSO (El-Ni~no Southern Oscillations) and IOD (Indian Ocean
Dipole). However, such fluctuations may not be evident to full
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extent in the Red Sea, as the region is very small compared to the
global oceans, and almost isolated from the ocean body. In this
context, we havemade an attempt to analyze the fluctuations in the
annual mean wave power in the Red Sea. Globally, the winds are
weaker during El Ni~no years and stronger during La Ni~na years, and
hence, the wave energy should follow the same trend.

Fig. 10 shows the annual mean wave power during
1979e2010 at locations P1 to P12. Weak to strong El-Ni~no and La-
Ni~na years were classified in the Oceanic Ni~no Index (ONI). Even
though not so apparent, some glimpses of ENSO are visible in the
annual mean wave power. For instance, the years 1983e1984,
1998e1999 and 1999e2000 were the La-Ni~na years during which
the mean wave power shows an increase in the Red Sea, as evident
from the locations P4 to P11. The locations P1 to P3 and P12 are in
the southern part of the Red Sea, which responded neutrally to the
1998e1999 event and in opposite phase to the 1999e2000 and
1983e1984 events. In this perspective, it is important to note that
the southern Red Sea not only neutral, at times they are in opposite
phase with the La-Ni~na. We also find opposite phase in the
southern Red Seawhen the El-Ni~no occurs along with positive IODs
(e.g., 1982e1983). This indicates that the IOD has an impact on the
resource assessment for Red Sea, Renewable Energy (2016), http://



Fig. 10. Inter-annual variability of mean wave power (kW/m) at locations P1to P12 during 1979e2010: (a) Nino and DMI index (b) mean wave power and trends at P1 to P12.
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southern Red Sea. Irrespective of the above two inferences, all the
locations in the Red Sea (P1 to P12) follow the same pattern during
1990, which was neither an ENSO nor an IOD year, but the drop-
down in wave power is yet to be understood. This leads to the
Please cite this article in press as: V.M. Aboobacker, et al., Wave energy
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observation that thewhole Red Sea responds to the local met-ocean
condition in similar patterns in the absence of global oscillations.

The linear trends of annual mean wave power at locations P1 to
P12, accounting the temporal variability during 1979e2010, have
resource assessment for Red Sea, Renewable Energy (2016), http://



Table 4
The variations in mean wave power during 1979e2010 at locations P1 to P12.

Locations Increase in mean wave power (kW/m) Annual % of increase

1979e2010 (32 years) Annual rate of increase

P1 0.29 0.0092 0.60
P2 0.36 0.0112 0.93
P3 0.09 0.0027 0.87
P4 0.11 0.0036 0.63
P5 0.08 0.0025 0.41
P6 0.12 0.0039 0.37
P7 0.17 0.0052 0.37
P8 0.15 0.0046 0.50
P9 0.05 0.0016 0.48
P10 0.24 0.0075 0.79
P11 0.16 0.0048 0.91
P12 0.05 0.0015 0.30

V.M. Aboobacker et al. / Renewable Energy xxx (2016) 1e1312
been estimated (Fig. 10). The trend lines indicate that the trends are
positive at all the locations (P1 to P12). A similar trend has been
observed for the spatially averaged mean wave power. This in-
dicates that there is a gradual increase in wave power in the whole
Red Sea due to the increase inwave height, which can be attributed
to the changes in global climate. Table 4 shows the variations in
mean wave power and the annual rates at locations P1 to P12. It
varies from 0.05 to 0.36 m per 32 years (or 0.0015e0.0112 m
annually) according to the magnitude of the incident waves at each
location. The most reasonable approach is the quantification of the
increments in terms of percentages. The annual percentage in-
crease of mean wave power in the Red Sea is between 0.3% and
0.93% with an average value of around 0.6%. The highest increase
(>0.8%) is at locations P2, P3 and P11, while the lowest (<0.4%) is at
P6, P7 and P12. In general, higher wave power is expected along the
coasts of Red Sea in the future. Even though any of the global
studies are not precisely covered the Red Sea, the trends in the
Indian Ocean (especially in the Arabian Sea) are generally positive
([43,44]). The IPCC also projects an increasing trend in extreme
wave heights in mid-latitudes ([45]).

5. Summary and conclusions

The wave energy resource assessment was carried out for the
Red Sea considering the wave conditions over a long-term period,
1979e2010. The wave parameters in the Red Sea were derived
using WW3, a third generation wave model by forcing with CFSR
winds, and validated against available in-situ measurements in the
central Red Sea. The comparison between the measurements and
model results provides the correlation coefficients of 0.91 and 0.75,
and the r.m.s. errors of 0.26 m (5.9%) and 0.85 s (9.5%) for the sig-
nificant wave height and mean wave period, respectively.

The wave power was computed using the hindcasted wave pa-
rameters over the 32 years, and estimated the monthly, seasonal
and annual mean wave powers. The long-term mean over 32 years
indicates that the deep waters of the Red Sea have a distinct
amount of wave power, ranges up to 4.5 kW/m, with the highest
mean wave power in the central Red Sea. Seasonally, winter pre-
vails for the higher wave power (up to 6.5 kW/m) followed by post-
winter (up to 5.0 kW/m), summer and post-summer (up to 4.5 kW/
m). A notable feature is the spatial variations of highest meanwave
power between the seasons; during winter in the central and
southern Red Sea, during post-winter in the central Red Sea, during
summer in the central Red Sea and lower part of the northern Red
Sea, and during post-summer in the southern Red Sea. On monthly
classification, the highest mean wave power in the Red Sea is
during DeceMar (up to 6.5 kW/m), and the lowest is during
JuleAug (up to 4.0 kW/m). Even though relatively low, the lower
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part of the central Red Sea is characterized by the wave power
generated due to the winds from Tokar gap.

The mean wave power at selected coastal locations (P1 to P12)
was estimated and analyzed. The highest long-term mean wave
power is along the west coast of Yemen (up to 1.8 kW/m), followed
by the central west coast of Saudi Arabia (up to 1.6 kW/m) and the
east coast of Egypt (up to 1.03 kW/m). Seasonally, thewinter has the
highest meanwave power along the coasts of Yemen (up to 3.1 kW/
m), Egypt (1.12 kW/m), Sudan (up to 1.0 kW/m) and Eritrea
(0.74 kW/m), while summer has the highest mean wave power
along the coast of Saudi Arabia (up to 1.7 kW/m in the central re-
gion). In all the seasons, the southern part of the coast of Saudi
Arabia responds with lowmeanwave power (up to 0.41 kW/m). On
monthly classification, the mean wave power is higher along the
west coast of Yemen during NoveApr and relatively weaker during
MayeSep, while that along the west coast of Saudi Arabia is almost
higher and consistent during JaneSep and weaker during OcteNov.
Along the east coast of Egypt, the mean wave power is higher
during Mar, while slightly low in all other months. Along the coasts
of Sudan and Eritrea, the highest mean wave power is during
NoveApr. Considering different wind systems prevailing over the
Red Sea, mountain gap winds and the sea breezes play major roles
in maintaining high temporal and spatial variability of the wave
power in the Red Sea.

Inter-annual variability and trends of mean wave power during
1979e2010 were analyzed at selected coastal locations (P1 to P12).
The trends are positive at all the locations with an average increase
of mean wave power by 20% during the 32 year period. The ENSO
and IOD have a distinct role in the variability of mean wave power
in the Red Sea. Under neutral conditions (non-ENSO non-IOD
years), the pattern of annual mean wave power is similar at all
the locations in the Red Sea, while under ENSO or IOD conditions
the southern Red Sea responds in opposite or neutral to the pattern
present at the rest of the Red Sea.

Even though brief, the present investigation on the wave energy
potential and the associated characteristics such as inter-annual
variability and long-term trends in the Red Sea highlights the
quantification of wave power and the suitability of the exploration
of the renewable energy in relevant areas. It will also help the de-
velopers and the operators of theWave Energy Convertors (WEC) in
decision making.
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