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a b s t r a c t

As a renewable energy, the assessment of wave power potential around a country is crucial. Knowledge
of the temporal and spatial variations of wave energy is required for locating a wave power plant. This
study investigates the variations in wave power at 19 locations covering the Indian shelf seas using the
ERA-Interim dataset produced by the European Centre for Medium-Range Weather Forecasts (ECMWF).
The ERA-Interim data is compared with the measured wave parameters in the Arabian Sea and the Bay of
Bengal. Along the western shelf seas of India, the seasonal oscillations lead to variation of the wave
power from the lowest seasonal mean value (2.6 kW/m) in the post-monsoon period (OctobereJanuary)
to the highest value (25.9 kW/m) in the south-west monsoon (JuneeSeptember) period. Significant (10
e20%) inter-annual variations are detected at few locations. The mean annual wave power along the
eastern Indian shelf seas (2.6e9.9 kW/m) is lower than the mean annual wave power along the western
part (7.9e11.3 kW/m). The total annual mean wave power available along the western shelf seas of India
is around 19.5 GW. Along the eastern shelf seas, it is around 8.7 GW. In the Indian Shelf seas, the annual
mean wave power is highest (11.3 kW/m) at the southern location (location 11), and the seasonal vari-
ation in wave power is also less. Hence, location 11 is a better location for a wave power plant in the
Indian shelf seas.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Amongst renewable energy sources, ocean waves contain the
highest energy density and have the potential to become a
commercially viable energy source [1]. Progress from full-scale
testing to the commercialisation of wave energy projects has
been relatively slow. This slowness has been partly due to the
financial risks associated with uncertainty in quantifying the wave
energy resource over a variety of timescales [2]. Based on the
analysis of wave data collected from buoys, satellites, numerical
wave hindcasts, or a combination of these sources, wave energy
resource assessments have been made for the Black Sea [3], the
Baltic Sea [4], the Hawaiian Islands [5], the North Sea [2] and the
Persian Gulf [6]. In addition, wave energy resource assessments
have been made for the seas around Australia [7], Canada [8],
California [9], Canary Islands [10], China [11], Europe [2,12], Iran
[13], Ireland [14], Malaysia [15], Portugal [16,17], Taiwan [18], the
x: þ91 832 2450 602.
United Kingdom [2,19] and the United States [20,21]. Wave energy
resource assessment is also carried out globally [22,23].

India has a long coastline of 5423 km along the mainland and
receives around 5.7 million waves per year [24,25]. Hence, the
country has large wave energy resources. Along the Indian coast,
the Indian Institute of Technology Madras in Chennai has con-
ducted studies on wave energy resources and wave energy con-
version devices [26]. In addition, a wave energy plant is located at
Vizhinjam based on the near-shore oscillating water column [27].

Kumar et al. [28] examined variations in near-shore wave power
at four shallow water locations along the east and west coasts of
India. Their findings were based on the measured wave data
covering a one-year period. However, since the spatial and tem-
poral variation in wave energy covering the entire Indian shelf seas
is not known, the purpose of this research is to assess the wave
energy resources in the Indian shelf seas. Nineteen deep water lo-
cations (11 locations in the western Indian shelf seas and 8 loca-
tions in the eastern Indian shelf seas) are selected for the study
(Fig. 1). Information on the monthly and annual variability of the
wave power is required when selecting a wave power plant loca-
tion. Hence, the variations in wave power over a 34-year period at
the 19 deep water locations are also studied.

Delta:1_given name
Delta:1_surname
mailto:sanil@nio.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2014.11.034&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
http://dx.doi.org/10.1016/j.renene.2014.11.034
http://dx.doi.org/10.1016/j.renene.2014.11.034
http://dx.doi.org/10.1016/j.renene.2014.11.034


Fig. 1. Map showing the locations considered in the study.
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2. Materials and methods

2.1. Data

The ERA-Interim (ERA-I) global atmospheric re-analysis dataset,
the most recent reanalysis dataset produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF), is used in
the study [29]. An updated atmospheric model (the Integrated
Forecast System Cycle 31r2) is used in the data analysis, which
includes increased pressure levels and additional cloud parameters
that maximize improved model physics [30]. The incorporated
wave model is based on the WAM (global ocean WAve prediction
Model) approach [31]. Significant wave height (Hs) andwave period
(Te) datawith a grid resolution of 0.75� � 0.75� are extracted for the
period January 1, 1979 to December 31, 2012 at 6-h intervals for the
selected locations.

Although the ERA-I datasets are validated with measured buoy
data for different regions [32], the ERA-I Hs and Te data are
compared with the measured buoy data at two locations in the
Arabian Sea (AS) and at one location in the Bay of Bengal (BoB)
before estimating wave power in the Indian shelf seas. The location
of the buoys and the details of the data collected are presented in
Table 1. Using the heave data recorded by the buoy, the wave
spectrum is obtained via Fast Fourier Transform (FFT). The Hs and
the energy wave period (Te) are obtained from the spectral mo-
ments as shown in Equations (1) and (2).
Table 1
Details of buoy data used for comparison with ERA-Interim data.

Buoy location ERA-Interim data Period Ins
me

16.953� N, 71.047� E
(Arabian Sea: location 1)

17.25� N, 71.25� E MayeDecember 2005 Sea

13.978� N, 83.260� E
(Bay of Bengal)

14.25� N, 83.25� E July 2004eMay 2005

20.740� N, 70.658� E
(Arabian Sea: location 2)

20.50� N, 70.50� E JuneeAugust 2009 Dir
(Da
Significant wave height ðHsÞ ¼ 4
ffiffiffiffiffiffiffi
mo

p
(1)

Energy periodðTeÞ ¼ m�1

m0
(2)

where mn is the nth order spectral moment and given by
mn ¼ R∞

0 f nSðf Þdf , n ¼ 0 and �1, and S(f) is the spectral energy
density at frequency f.

2.2. Comparison of ERA-I data with buoy-measured data

Comparisons of the Hs from the ERA-I and the buoy-measured
data show good agreement (Fig. 2). The quantitative assessment
is done based on the error indices (bias, correlation coefficient and
root mean square error). The correlation coefficient (r) value for the
Hs is 0.96 with a bias value of 0.17 m. For the shallowwater location
in the AS, the maximum Hs value is the same (4.4 m) for buoy-
measured and ERA-I data. In contrast, in deep water, the ERA-I
data underestimate the Hs for values more than 3.5 m in the AS
and for values more than 2.5 m in the BoB (Fig. 2). For example, the
average value of the buoy-measuredHs at 2 locations in the AS is 2.1
and 2.5 m, while the average value of the Hs from the ERA-I data for
the same period is 1.9 and 2.6 m. In addition, the average value of
buoy-measured Hs in the BoB is 1.5 m, whereas the Hs determined
by ERA-I is 1.4 m. The difference between the mean value of the
trument used for wave
asurement

Data recording Details of data analysis

tex buoy (Oceanor, Norway) 17-min duration
at 2-Hz interval

National Data Buoy
Programme [33]

ectional waverider buoy
tawell, Netherlands)

30-min duration
at 1.28-Hz interval

Kumar et al. [34]



Fig. 2. Scatter plot of buoy measured Hs with ERA-I Hs (top panel) and buoy measured Te with ERA-I Te (bottom panel) for 3 locations.
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buoy-measuredHs and the ERA-IHs is low (<0.2m in the AS and the
BoB), whereas the difference between the maximum Hs value is
high (~1.5 m in the AS and 0.6 m in the BoB).

The comparisons of ERA-I wave period data with the buoy-
measured Te show that the scatter is less with a good correlation
coefficient (0.8e0.9) and bias values less than 0.3 s (Fig. 2). The
difference in the average Te between the measured and the ERA-I
data is negligible (<0.3 s) and the difference in the maximum
value of Te is less than 1.6 s. The study shows that ERA-I Hs and Te
data can be used with confidence for studying the wave power
potential in the AS and the BoB.

In some of the earlier studies since energy period (Te), values
were not available. The same was estimated from the known peak
wave period (Tp) using the expression Te ¼ 0.9 � Tp [6,12]. The
comparison of Tp with Te based on the measured data shows larger
scatter for values of Tp more than 12 s (Fig. 3). The study shows that,
for locations like the AS and the BoB where long period swells
(Tp > 12 s) are present, estimating wave power using 0.9� Tp as the
energy period will lead to overestimation of Te for values more than
10 s and underestimation of Te for values less than 10 s. Kumar et al.
[28] also found that the expression Te ¼ 0.9 � Tp is not valid at four
shallow water locations around India when Tp is more than 8 s.
2.3. Wave power estimation

Wave energy flux (i.e., wave power transmitted per unit width)
for deep water locations is estimated using the expression:

P ¼ rg2

64p
H2
s Te (3)

where P is the wave power per unit of crest length (kW/m), r is the
density of seawater (kg/m3), g is the gravitational acceleration (m/
s2), Hs is the significant wave height (m) and Te is the energy
period(s).
3. Results and discussion

3.1. Distribution of annual mean wave power in the Arabian Sea
and the Bay of Bengal

The spatial distribution of the annual mean wave power in the
AS and the BoB is presented in Fig. 4. The annual meanwave power
is the highest (15e20 kW/m) in the southern BoB. The annual mean
wave power is relatively high (~12 kW/m) in the central AS and off
the southern tip of India. The wave power off the southeast coast of
India is the lowest (<5 kW/m) due to the presence of Sri Lanka. The
variability of the wave power in monthly, seasonal and annual
scales needs to be known before selecting a location for a wave
power plant since locations with steady wave power are more
attractive than locations with large seasonal and annual variations.
Hence, this study examines monthly, seasonal and annual wave
power variations at 19 locations covering the western and eastern
shelf seas of India. The results are presented in the next sections.
3.2. Monthly variations in wave power

The monthly mean wave power variation at 19 locations in the
Indian shelf seas is presented in Fig. 5. At all locations in the AS,
the monthly meanwave power is highest during the month of July
followed by the month of June. The standard deviation of monthly
variation is the highest (~2 kW/m) at Locations 4e7, indicating
larger variability at these locations compared to other locations.
The highest monthly mean wave power occurs at Location 2
(39.3 kW/m in July) followed by Location 4 (38 kW/m). The global
study by Arinaga and Cheung [23] reported a monthly median
wave power of 72 kW/m in the Arabian Sea in July. The meanwave
power during JuneeAugust is more than 20 kW/m at Locations
8e11 and more than 25 kW/m at Locations 1e7 (Fig. 5). At all
locations in the western BoB, the monthly mean wave power is
highest during June followed by July (Fig. 5). The monthly mean
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Fig. 3. Scatter plot of the peak wave period and energy period based on measured
data. Fig. 5. Annual cycle of monthly mean wave power along the eastern Arabian Sea

(1e11) and western Bay of Bengal (12e19).
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wave power in June varied from 3.7 kW/m (Location 12) to
18.8 kW/m (Location 18).

The monthly maximumwave power is highest during June at all
locations in the AS except at Locations 10 and 11. At these locations,
the monthly maximum wave power occurs during July (Fig. 6).
Compared to other months, the spatial variation in the mean wave
power during June is high (52 kW/m at Location 11e210 kW/m at
Location 5). Locations 5 and 6 have the highest monthly maximum
Fig. 4. Distribution of annual mean wave power in Arabian Sea and Bay of Bengal. The
unit of wave power is kW/m.
wave power (203e210 kW/m). From December to April, the mean
monthly maximum wave power is less than 20 kW/m at all loca-
tions in the AS.

In the BoB, themonthlymaximumwave power is highest during
July at northerly locations (15e19) and is during December at
southerly locations (12e14) (Fig. 6). Locations 17 and 18 have the
highest monthly maximum wave power (130 kW/m) in the BoB
(recorded in July).

A monthly variability index (MVI) is used to determine the
monthly variability inwave power [35]. The MVI is estimated as the
ratio of the difference between the maximum and minimum
monthly mean wave power and the annual mean wave power.
Small values of MVI indicate less variability in wave power. The
results of this study indicate that the wave power variability is
more at Locations 1e7 with MVI values more than 3 and that it is
less (~1.5) at Locations 11e17 (Fig. 7a).

3.3. Seasonal variations in wave power

The waves in the Indian shelf seas show seasonal variations
[24,25] with high waves (>1.5 m) during the SW monsoon period
(JuneeSeptember). OctobereJanuary is the post-monsoon period
while FebruaryeMay is the pre-monsoon period. Hence, the sea-
sonal variations in wave power are studied. The findings show that
the highest seasonal mean wave power occurs during the SW



Fig. 6. Monthly maximum wave power at the locations studied. Locations 1 to 11 are along the eastern Arabian Sea and locations 12e19 are along the western Bay of Bengal.
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monsoon at all of the locations except Location 12 (Fig. 8). At
Location 12, the highest seasonal mean wave power occurs during
the pre-monsoon period. The wave power during the SWmonsoon
is 70e77% of the annual wave power at Locations 1e7. At the
southern locations in the AS (8e11), the wave power during the SW
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Fig. 8. Seasonal and annual mean wave power in the Indian shelf se
monsoon is 55e71% of the annual wave power (Fig. 8). Kumar et al.
[28] found that the mean wave power is high (15.5e19.3 kW/m)
during the SW monsoon along the west coast of India. The present
study shows that most of the wave power is available during the
SWmonsoon period when the availability of solar power is less due
to cloud cover. Significantly, during the non-monsoon periods,
when the wave power is less, the availability of solar power is high.
Hence, it would be ideal to build a combined wave and solar power
plant.

Glejin et al. [36] reported that the wave height increases from
south to north along the central west coast of India during the SW
monsoon period with the average significant wave height
measuring 20% more at the northern location than the average
significant wave height at the southern location. This difference is
due to the increased swell and wind-sea height at the northern
location. The present study indicates that the increase in the wave
power from Locations 4e7 is only 9% during the SW monsoon
period.

During the pre-monsoon period, the wave power is 12e22% of
the annual wave power with higher values at the southern loca-
tions. Thewave power during the post-monsoon period is 9e21% of
the annual wave power, and thus, it is slightly less than the wave
power during the pre-monsoon period. In the AS, during the pre-
monsoon period, the wave power is also higher at the southern
locations than at the northern location. The strong seasonality
observed in the wave power is similar to the variations observed in
significant wave height along the eastern AS [24,25,37]. At Loca-
tions 12e15, the lowest seasonal mean wave power occurs during
the post-monsoon period, while at other locations, it occurs during
the pre-monsoon period.
SW monsoon
Annual
Annual variation
Pre-monsoon
Post-monsoon

0 11 12 13 14 15 16 17 18 19
s studied

as. Locations 1e11 are in the AS and locations 12e19 are in BoB.



Table 3
Percentage of time the wave power available in different range for locations along
the eastern shelf seas.

Location Location Wave power
(kW/m)

Average
Hs (m)

Average
Te (s)

Average wave
power (kW/m)

Frequency
(%)

12 10.50� N
81.00� E

<5 0.83 5.87 2.10 90.14
5e10 1.47 6.07 6.46 8.85
>10 2.01 6.80 13.76 1.01

13 12.00� N
81.00� E

<5 0.93 6.32 2.76 76.59
5e10 1.44 6.50 6.60 20.76
>10 2.00 6.87 13.80 2.64

14 13.50� N
81.00� E

<5 0.92 6.42 2.73 82.69
5e10 1.38 6.88 6.40 15.86
>10 2.00 7.31 14.94 1.45

15 15.00� N
81.00� E

<5 0.90 6.46 2.66 81.51
5e10 1.41 6.73 6.53 16.51
>10 2.07 6.95 15.28 1.98

16 16.50� N
83.00� E

<5 0.90 7.52 3.07 49.50
5e10 1.36 7.86 7.13 33.84
>10 1.91 8.05 14.70 16.65

17 18.84� N
85.00� E

<5 0.91 7.88 3.24 38.15
5e10 1.34 8.24 7.18 31.69
>10 2.00 8.40 16.93 30.16

18 19.50� N
87.00� E

<5 0.87 8.37 3.16 33.98
5e10 1.32 8.66 7.26 29.50
>10 2.02 8.84 18.23 36.51

19 21.00� N
88.50� E

<5 0.81 8.72 2.85 42.87
5e10 1.30 8.85 7.29 28.74
>10 1.92 8.97 16.75 28.39
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3.4. Annual variations in wave power

Even though the wave power during the SW monsoon is less at
the southern location (Location 11), the annual meanwave power is
highest (11.3 kW/m) at this location since the wave power during
the pre- and post-monsoon periods is highest at this location
(Fig. 8). The mean wave power potential for the southwest coast of
India near Thiruvananthapuram is 13 kW/m [26]. The annual mean
Hs and Te are maximum (1.6 m and 8.5 s) at Location 11 compared to
the other locations studied. Hence, the annual meanwave power is
highest at this location. The lowest annual meanwave power along
the western shelf seas is at Location 9 (7.9 kW/m). The mean wave
power at Locations 2 and 3 during June to August is 29 kW/m and is
close to the mean wave power (z28 kW/m) off Muldwarka in the
northern Arabian Sea, which was measured at a water depth of
10 m during June to August [34]. Table 2 shows the percentage of
time during an annual cycle that wave power is available in a
different range at all locations in the western shelf seas. The table
shows that, at all of the locations, wave power between 5 and
10 kW/m is available 12% (Locations 3 and 5) to 38% (Location 11) in
a year. Fifty percent of the time, the wave power is more than
8.8 kW/m at Location 11. At Locations 1e9, the wave power is more
than 4 kW/m. The wave power is more than 10 kW/m during 25%
(Location 8) to 43% (Location 11) of a year.

In thewestern BoB, the annual meanwave power increases from
south to north with the lowest (2.6 kW/m) wave power recorded at
the southern location and the highest (9.9 kW/m) at Location 18
(Fig. 8). At Location 19, the annual mean wave power is 8.1 kW/m.
Most of the time (>80%), the wave power is less than 5 kW/m
(Table 3) at 3 locations (Locations 12,14 and 15). Fifty percent of the
time, the wave power is more than 3 kW/m at Locations 13e15 and
Table 2
Percentage of time the wave power available in different range for locations along
the western shelf seas.

Location Position Wave power
(kW/m)

Average
Hs (m)

Average
Te (s)

Average wave
power (kW/m)

Frequency
(%)

1 22.50� N
68.25� E

<5 0.83 6.83 2.43 57.65
5e10 1.39 7.34 6.95 14.04
>10 2.34 8.53 24.16 28.32

2 21.00� N
69.00� E

<5 0.87 7.36 2.83 54.19
5e10 1.32 8.09 6.85 16.13
>10 2.49 8.94 28.96 29.68

3 19.50� N
71.25� E

<5 0.87 6.99 2.64 61.23
5e10 1.34 7.73 6.82 12.34
>10 2.45 8.67 27.14 26.43

4 18.00� N
72.00� E

<5 0.91 7.37 3.05 54.89
5e10 1.29 8.35 6.75 17.31
>10 2.51 9.01 29.89 27.80

5 16.50� N
72.75� E

<5 0.86 7.45 2.73 60.91
5e10 1.28 8.34 6.73 12.97
>10 2.42 9.04 27.67 26.12

6 15.00� N
73.50� E

<5 0.85 7.69 2.80 61.05
5e10 1.28 8.39 6.72 12.79
>10 2.40 9.04 27.29 26.16

7 13.50� N
73.50� E

<5 0.89 7.91 3.08 55.64
5e10 1.27 8.58 6.75 16.98
>10 2.40 9.02 27.33 27.39

8 12.00� N
74.25� E

<5 0.85 8.02 2.89 59.80
5e10 1.29 8.33 6.84 14.69
>10 2.22 8.79 22.43 25.51

9 10.50� N
75.00� E

<5 0.86 8.20 3.04 54.57
5e10 1.29 8.55 6.95 19.47
>10 2.07 8.73 18.98 25.96

10 09.00� N
75.75� E

<5 0.87 8.59 3.22 44.66
5e10 1.27 8.88 7.02 24.18
>10 2.07 9.00 19.72 31.16

11 07.50� N
77.25� E

<5 1.00 8.05 3.93 17.73
5e10 1.33 8.29 7.14 38.64
>10 2.02 8.80 18.07 43.63
more than 6 kW/m at Locations 17e19. More than 25% of the time,
thewave power ranges between 5 and 10 kW/m at Locations 16e19
and it is more than 10 kW/m for 28% of the time at Locations 17e19.

The mean annual wave power along the western BoB
(2.6e9.9 kW/m) is lower than that available along the eastern BoB
(7.9e11.3 kW/m). The annual mean wave power is highest
(20e70 kW/m or higher) in the temperate zones (30e60� north and
south latitude) where strong storms occur [38]. In the southern
hemisphere, the maximum annual mean wave power is ~125 kW/
m southwest of Australia near 48�S, 94�E. In the northern hemi-
sphere, the annual mean wave power south of Iceland exceeds
80 kW/m around 56�N, 19�W [38]. The wave energy resource
assessment for the Indian shelf seas is calculated by considering the
length of coastline that corresponds to each location studied. The
estimated total annual mean wave power available is around
19.5 GW (171 TWh/y) along the western shelf seas of India and
around 8.7 GW (75.5 TWh/y) along the eastern shelf seas.

The ratio of the maximumwave height to the meanwave height
is a rough measure for the feasibility of the energy project [38]. The
maximum wave height determines the investment cost and the
mean wave height indicates the annual mean wave power avail-
ability. The ratio of the maximum wave height to the mean wave
height is more than 4.5 at Locations 5, 6 and 14 (Fig. 7b). The ratio of
the maximum wave height to the mean wave height is more than
3.5 at all locations except Location 11, where it is 2.2.

3.5. Inter-annual variations in wave power

Many studies indicate inter-annual variations in wave climate
[39,40]. Hence, inter-annual variations in wave power are studied
to ensure stable wave energy. The study shows that, in the western
shelf seas of India, the inter-annual variations in annual meanwave
power are 12e20% and the higher variations occur at Locations 3e5
(Fig. 9). The annual meanwave power along the eastern AS show an
increasing trend and vary from 0.016 kW/m/y (Location 8) to
0.053 kW/m/y (Location 3).

The inter-annual variations in wave power along the eastern
shelf seas are 10e15% of the mean annual values at different
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locations (Fig. 10). The annual meanwave power along the western
BoB show an increasing trend (0.002e0.034 kW/m/y) at all loca-
tions except Location 15, which shows a negligible decreasing trend
(�0.002 kW/m/y).

4. Conclusions

This study used the 34-year (January 1, 1979 to December 31,
2012) ERA-I dataset produced by the ECMWF to examine the
temporal and spatial variability of the wave power along the shelf
seas of India. Along the western shelf seas of India, the mean wave
power during JuneeAugust measures more than 20 kW/m. At all
locations, the monthly mean wave power is highest during July
followed by June. The trends of the annual meanwave power show
an increasing trend (0.002e0.053 kW/m/y) at all locations except
Location 15. The mean annual wave power along the western BoB
(2.6e9.9 kW/m) is lower than the mean annual wave power
available along the eastern AS (7.9e11.3 kW/m). The total annual
mean wave power available along the western shelf seas of India is
around 19.5 GW, and the total annual mean wave power available
along the eastern shelf seas is around 8.7 GW. The monthly vari-
ability index indicates that the wave power variability is more at
Locations 1e7 along the western shelf seas and less at Locations
11e17. The wave power is more than 10 kW/m during 43% of the
time in a year at Location 11 and the mean wave power also is the
highest [11.3 kW/m] at this location compared to the other loca-
tions studied in the Indian shelf seas. The relatively low value of the
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Fig. 9. Variation of yearly mean wave power along the eastern Arabian Sea.
ratio of the maximum to mean wave height and the high annual
mean wave power at Location 11 makes this location suitable for
installation of a wave energy plant.
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