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Abstract

Wave energy resource assessm nd trends around Indonesian s ocean has been carried out by means of
analyzing satellite observations Wave energy flux or wave power can be approximated using parametenzed sea
states denved from satcllite data Unfortunately only surface parameters can be measured from remote
sensing satellites for example for ocean surface waves § antwave height Others like peak wave period and
energy period are not available but can instead be estimated using empirical models. The results have been
assessed by meteorological season. The assessment shows clearly where and when the wave power resource s
promig@g around Indonesian s ocean The most striking result was found from June to August i1n which about
30-40 kW/m (the 90th percentile 40-60 kW/m  the 99th percentile 50-70 kW/m) wave power energy on average
has been found around south of the Java Island. The significant trends of wave energy at the 95% level have also
been studied and itis found that the trends only occurred for the extreme cases which is the 99th percenule (1e
highest 1%) Wave power energy could increase up to 150 W/m per year The significant wave heights and wave
power have been compared with the results obtined from global wave model hindcast cartied out by wave model
WAVEWATCH {11 The compansons indicated excellent agreements
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1 Introduction

The national energy counal of Indonesia reported that In
donesia encrgy demand would increase every year (Prisodjo ot
al 2016) They projected that the energy price will mncrease in
which the coal gas, diesel oil and fuel o1l and biomass will in
creaseup to 1 2% 09% 2 3% and 1.2% respectively per year At
the time of writing the majonity of electricity generation in In
donesia s from oil which mosdy depends on foreign imports and
thus depends on the oil price For example in 2015 the import ra
tio for the o1l was about 44% which increased about 9% from 2007
where import ratio was 35% (Prasodjo etal. 2016)

In order to reduce such dependency renewable energy has
been considered This consideration has been started 1n 2006
where Indonesian government stated explicitly in the presiden
t1al decree No 5 Based on this ¢ e atis expected that renew
able energy contnbution will be 17% of total primary energy mix
1n 2025 From this figure 5% should co m hydro power
which including occan renewable energy such as ocean wave,
ocean current and tidal energy Other sources renewable energy
are from biofuel (5%) geothermal (5%) and hquefied coal (2%)
Recently these figures have been revised by the Indonesia gov
ernment regulation No. 79 1n 2014 In this new regulation the ex
pectation from the renewable energy has been increased from
17% to 23% in 2025 Morcover the government also has put an

other target 1n 2050 1n which 31% of total energy mix should
come from rencwable encrgy In order to achieve such targets
assessments on renewable energy should pay more attentions
particularly for ocean renewable ¢nergy which has not been
really explored
Since Indonesia is an archipelago country that has more
ocean than land, 1e 64 97% it has a great potential of wave en
ergy resources (Mudho 2011) as well as tidal energy (Rib % al.
2018) This is also suppontdgthe
Agency for the Assessment and Application of Technol n
donesia which found that Indonesia has relatively high ocean
wavinergy potential cspecially in the region of west of Sumat
era south of Java Bali, West Tenggara and East Nusa Teng
gara (BPPT 2014) Therefore #t1s a great of importance to assess
thewave energy potential in morne mtensive manner
Recently Ribal and Zieger (2016) have done a preliminary as
sessment of wave energy resources around Indonesia by analyz
ing the calibrated ENVISAT data However their assessment was
fEBited to two years penod which are from 2010 until 2011 Their
results are in a good agr nt with the data obtained from glob-
al wave model (Ardhuin etal. 2010 Durrant et al. 2014 Hemen

2017 Purnamasan et al

e pl 7).
n the present paper, we will extend the work of Ribal and
Zieger (2016) by using ENVISAT alumeter data over the full pen
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od from 2002 to 2012 In addition the trends in wave energy at
the 95% level will be studied and a seasonal assessment is given
which beyond the work of Ribal and Zieger (2016) Moreover the
results based on the altimeter observations will be compared
with the 10 hindcast of global wave model carried out by
well-known wave model WAVEW, i version 408 (Tolman,
2009 Ardhumn etal 2010 Durrant etal , 2014).

The structure of this paper 15 as follows. The description of the
calibrated ENVISA meter data will be described in Section 2
following by mean significant wave height and peak period in
Section 3. Wave power energy potenual in Indonesia as well as its
trends over the ENVISAT observations will be presented in Sec
tions 4and 5. respectively The comparison with the resu@ ob
tained from global wave model WAVEWACTH 111 will be shown
in Section 6 following the conclusions in Section 7

2 ENVISAT altimeter data

The European Space Agency (ESA) launched many missions
including ERS1 (Europcan Remote sensing Satellite) ERS2 and
ENVISAT altimeter The later satellite was launched on March |
2002 in French Guiana This satellite was operated for 10 years,
which is from 2002 to 2012 The main purpose of the ENVISAT
mission was to monitor land ocean atmosphere and ice (Zicger
2010) Moreover ENVISAT alumeter has some similarities with
ERS2 where both satellites have the same exact repeat mission
(ERM) which is 35 d inclination (98 51°) altitude (784 km) and
size of footpnnt (Quartly ctal 2001 Zieger 2010) Al data over
the duration of this satellite observation will be used in this
present work where the calibrated data is available from Glob
wave database, hitp / ‘globwave ifremer fr/ (Queffeulou and Cro
izc Fillon 2012) Moreover the validation and the quality con
trol procq thathave been used i Zieger et al. (2009) (also
see Zieger 2010: Youngetal 2011 Zieger etal 2 Babanin et
al 2014a b) will also be applied here to obtain the significant
wave height and Ku band radar altimeter backscatter for our
need Furthermore the data have been binned to a resolution of
1°x1° which represents the optimal resolution for continues glob
al coverage based on the charactenistic geometry of altimeter
ground tracks (Zieger 2010 Vinoth and Young, 2011)

3 wave height and peak wave period

The significant wa eight is one of the most important
parameters in assessing wave energy resources This parameter is
available in the ENVISAT and it can be extracted in the straight
forward manner Another parameter in estimating wave power
encrgyis peak wave period. The details of these two parameters
will be presented in the following two subse ctions

31 u.ﬂ.p.--—un

As aforementioned significant wave height parameter is re
corded in the ENVISAT which can be extracted in straightfor
ward manner As a result mean value of the significant wave
heights for each month or years can be documented Hence
mean significant wave height based ()@VISAT altimeter mis
sion for ten vears is presented in 1y 1 As shown in the figure
the highest mean wave height during the observation time can be
found e south of the Java Island southwest of the Sumatera
Island south of Bal and south o t Nusa Tenggara as well as
East Nusa Tenggara where mea nﬁhcmt wave height is more
than 2m It should be noted that since this 1s the mean of signi
ficant wave height. some individual waves could be more or less
than the significant wave height Unfortunately the figure can
only give the general picture of the location in which the signific
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Fig 1. Mean significant wave height (m) from 2002 until 2012

antwave heights are high that 1 our interest.

In order to obtain more detail information about the time in
which mean significant wave heights are very high in some loca
tions m Indonesia then period of time has been dlassified into
four diff ent scasons based on the meteorological season,
namely December-January-February (DJF), March-April-May
(MAM) June-July-August (JJA) and September-October-
November (SON) Mean significant wave heights for each season
during ten year observatons are shown in Figs 2-5, respectively

Figure 2 shows mean significant wave heights during ten
years satellite observation for three months which are from
December until February each year in which rainy season in In
donesia During this period of tme mean significant wave
heights around south of Java and southwest of Sumatera have al
most simtlar to the wave hetghts around north of Irtan which are
about2m It Id be noted that dunng these three months
period winter in the northern hemisphere a mer in the
southern hemisphere Interestingly mean significant wave
heights between March and May and between September and
November are similar in which mean significant wave heights are
less than three meters. These results were presented in Figs 3 and
5 respectively The most striking significant wave heght oc
curred from June to August every year where the highest mean
significant wave height occurred at this time as shownin Fig |

o 100 He 120 130°

140°E

Fig 2. Mean significant wave heights (m) from December to
February (DIF) between 2002 and 2012

90 100 1 1200 1307

Fig 3. Mean significant wave heights (m) from March to May
(MAM) between 2002 and 2012,
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Fig 4 Mean significant wave haights (m) from june to August
(JJA) between 2002 and 2012

1207 130

Fig. 5 Mean significant wave heights (m) from September to
November (SON) between 2002 and 2012,

In fact mean wave heghts could reach up to more than 3 m at
some locations These results give us the idea of wave power en
ergy mn which the higher the significant wave height the higher
the wav e power energy

3.2 Mean peak wave period

As a matter of fact, from all parameters recorder in ENVISAT
altimeter none of them s the peak period or in other words 1t
should be mentoned that peak period parameter is not available
from ENVISAT alumeter Fortunately Gomme ngn.r ctal
(2003) (also see Gommenginger et al - 2004, 2005), has proposed
a simple empirical model to estimate peak wave period (1,)
based on Ku-band radar altimeter ba 0") and the signi
ficant wave height (#) Their model was based on co located
TOPEX buoy measurements that is

10gia Ty = 0 154 + 1 797 « logyeX ()

where X = (0° « H)"® Morcover Gommenginger et al
(2003) concluded that wave period can be estimated globally
with an accuracy 6f 0.8 s root mean square error In addition
Zieger et al (2009) also found that ENVISAT derive wave height
on the other hand was found to be within 0 156 m accurate (root
mean square error) when compared to selected buoys

Applying Eq. (1) by utilizing significant wave heights and Ku
band radar alumeter backscatters mean wave periods for a dec
ade are revealed in Fig 6 As shown in the figure all mean peak
penodsare less than 12 s and interestingly mean peak period has
sumilar pattermns t?t significant wave height. Following a simil
ar fashion to the significant wave height mean peak period 1s
also classified into four seasons as shown in Figs 7-10 respect
ively

4 Wave power energy potential in Indonesia
Following the procedure that has been used by Ribal and
Zieger (2016) atleast two parameters have to be specified inor

90° 93 100F 105 1107 115 120° 125 130° 135 IH0°E

87 Y Rits 1207 130

Fig.7 Mean peak wave period (s) from December to February
(DJF) between 2002 and 2012
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Fig 8 Mean peak wave period (s) from March to May (MAM)
between 2002 and 2012

ur 100~ o 120 130¢

Fig 9. Mean peak wave penod (s) from June to August (11A)
between 2002 and 2012
44

der to estimate the wave power energy namelygmlﬁcmt wave
height (M) and wave energy period (7,). However as has been
pomted out by some researchers such as Cornett (2008) the later
para; risrarely specified As a consequence this parameter
has to be estimated from other vaniables when information about
the wave spectra is unknown Cornett (2008) reported that i the
peak penod is known then relation between wave energy penod
and peak period is given by 7, =7, @#e then used a=0 90 or
7,097 in his work by arguing that it is equivalent to assuminga
standard JONSWAP spectrum with a peak enhancement factor of
7=3.3 Recently IFC {International Electrotechnical ( ommission)
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Fig. 10. Mean peak wave pertod (s) from September to Novem
ber {SON) between 2002 and 2012

(Peacock, 2015) improved the ratio between wave energy period
and peak wave period to 0 857 thatis T =0 8571 However for
simphaty Hagerman (2001) used wave energy period is the same
as peak wave period ¢ g T = T, Following this approach we
choose to represent wave energy period with the peak wave pen
od.

Using parametrized sea states and assuming deep water as
also applied by some researchers such as Pontes (1998) and
Zhengetal (2013) (also see Wan ¢t 1l {2016) and the references
therein) wave energy density. P(W/m]). can be estimated by

p=2 g2y 2
IR )
where p is the water density (-1 027 kg/m?®). g 1s the gravity accel
eration and H, 1s the significant wave height. Again we assumed
that 7, = T and hence wave energy density (kW/m) 1s approxim
ated by

P 05H2T, (3)
It1s clearly scen from Fq hat errors of wave power are highly
contri from errors of significant wave height than wave
period This is because wave power energy is proportional to the

significant wave height squared Furthermore the estimated
€ power energy throughout Indonesia for ten years will be
presented in the following subsections

4.1 A decade of mean wave power eneigy

As aforementioned, the highly correlated parameter for wave
power energy as ent is the significant wave height As ares
ult the pattern of the wave power is similar to the pattem of the
significant wave height. In fact the most promising wave power
energy along indonesia archipelago s simular to the place where

ificant wave heightis also high after applying £q (3) Hence

asshown inFig 11 the highest wave power is located in the
south of the Java Island south of Bali south of West Nusa Teng
gara as well as East Nusa 1 enggara Another location is around
southwest of the Sumatera Island particularly for some small is
lands such as the Simeulu@@land. Nias Island and Siberut is
land In these locations, the wave power can be obtained up to 30
kW/m Inaddition wave power wath highest 10% or the 90th per
centile is also calculated as shownin Fig 12 Itis clear seen from
the figure that the wave power is about 30-50 kW/m Moreover
wave power in the extreme conditions as depicted in Fig, 13 gives
wave power about 40-60 kW/m Again mean wave power has
also been classified into four seasons in order to observe more
details of wave power that will be presented in the following sub
section
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Fig. 11 Mean wave power (kW/m) estimated from altimeter

from 2002 and 2012
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Fig 12. The 90th percentile wave power (kW ‘m) estmated from
altimeter from 2002 and 2012
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Fig 13 The 99th percentile wave power (kW/m) esumated from
altimeter from 2002 and 2012

4.2 Seasonal wave power energy resources

By looking at four different seasons for significantwave height
as well as peak wave period one can identify key seasons for
wave power energy Similar to the significant wave height wave
power energy 1s very weak from December to January every year
In fact, less than 25 kW/m of wav 1 energy were found from
locations which are located m the south of the Java Island south
west of the Sumatera island south of Bali. south of West Nusa
Tenggara and also Fast Nusa Tenggara as shown in Fig 11 Wave
power energy in between March and May ell as between
September and November are similar where wave power can be
expected up to 30 kW/m as presented in Figs 15 and 16 respect
wvely Unlike other three seasons. Fig 17 depicts the most prom
ising season from harvesting wave power energy where more
than 30 kW/m can be obtained durning the scason The highest
10% or the 90th percentile of wave power have also been estim
ated and we found that more than 40 kW/m can be ganed from
this season Moreover the highest 1% or the 99th percentile
which s for extreme events, gives more than 50 kW/m during this
season which is from June until August Figures for the 90th and
the 99th percentiles are not presented from simphicity
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Fig 14 Mean wave power (KW/m) from December to February
{DIF) between 2002 and 2012
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Fig 15 Mean wave power (kW/m) from March to May (MAM)
between 2002 and 2012
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Fig 16, Mcan wave power (kW/mj} from September to Novemn
ber (SON) between 2002 and 2012
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Fig. 17 Mcan wave power (kW/m) from June to August (JJA)
between 2002 and 2012

5 Wave power energy trends for 10 years

Pthu umportant consideration for this study is to estimate
the slope of the lincar trends at the 95% level of th ve power
over the entire duratio the ENVISAT mission based on the
Mann Kendall test This testis a nonparametric test (Mann, 19/
Kendall 1955 Sen 1968) of randomness agfst trend which is
robust against outliers and missing data (Young et al , 2011,
Zieger et al , 2014) The magnitude of trend can be estimated
from Kendall s rank correlations (\«thl The eftcct of auto
correlation was taken into account (Young et al 2011, Zieger et
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Ep_)um The Mann Kendall test statistic depends on the auto
correlation which would increase the apparent level of signific
ance if the correlation is positive and vice versa For each grid
box the Mann Kendall test has been applied to estimate trends
The trends of wave power energy and the 99th percentile arc
presented in bigs 18 and 19 respectively The dots on the figures
depict the significant trends of wave power at the location at the
95% level Asseen [y 18 does not have any dots which means
that wave power for ten years does not have any trends at the 95%
level which indicates that during the period of ume. the wave
power is relatively steady In addition the magnitude of the
trends shown in [ 1ig. 20 are very small However for the 99th per
centile the trends of wave power do occur 1n soimne areas as
shown in g 19 and their slopes are presented 1n Fig 21 It
should also be mentioned that the trends for the extreme case are
not uniform in ttime and space which indicates that both in
crease and decrease m mean wave power depending on the loca
tion Inaddition the trends of the significant wave heights have
also been esumated and i1tis consistent with the results obtained
by Zieger (2010)

6 Comparison to global wave model

In order to compare our result with respect to the global wave
model, we will use the data obtained from global wave model
hindcast that have becn done using WAVEWATCH [ wave mod
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Fig. 18 Mean wave power (kW/m) and its significant trends
{dots) from 2002 to 2012
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Fig 19. The 99th percentile of mean wave power (kW/m) and its
significant rends (dots) from 2002 to 2012
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Fig 20 Mean wave power trend from 2002 to 2012
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Fig. 21 The 99th percentile of mean wave power trend from
2002 t0 2012

elVersion 4. 08 These smulations have been carried out by Dur
rantetal (2014) for duration of more than 30 years, which are
from 1979 to 2013 (http / /opendap bom gov au-8080/thredds/
catalog/pacesapwaves gndded. catalog html accessed on

29 2018) Yorglobal coverage the hindcast resolution1s 04 In
order to perform the comparisons for significant wave heights
and wave power between model and altimeter we were mnspired
by the method used by Rascle et al (2008) in which we compare
between the average data along the satellite track and the inter
polated model data with respect to the satellite track over 1° latit
ude steps However in this work, we use the number of data av
erage which are greater or equal to 14 instead of 12 that have
been used by the previou hors Four different statistical para
meters namely bias (B) root mean square error (RMSE) Pier
son s correlation coefficient () and scatter index (S7) will be
used The companson between model (M) and alimeter (A) are
carried out by using the following equations where N 1s the num
ber of points used (Zieger ctal 2015)

.
1
B=_ Y (Mi-A) 4
N g}
e
RMSF \r STim,a (5)
(£ |
coviM A}

,v,‘“;wa‘ 1) te)

N
\';'::Z,“" - 4,-B,)?

81 = (7)

The summary of the cumparlsons?cnmed in the following
Table I and the scatter density for significant wave heights and
wave power nted in Figs 22 and 23, respectively

In general as can be seen from the table the significant wave
heights from alumeter and the global wave model are in an excel
lent ement In fact RMSE for ten years companson 15 0.288 m
and the correlation coefficientis 0 941 The scatter index is very
small thatis 0 167 and bias i attve which 15 -0 092 m The
number of points used for the significant wave heights compar
ison between the model and altimeter are 98 385.

Although the wave power from ENVISAT altimeter and
WAVEWATCH 11l wave model 1s less accuracy compared to the
signihcant'vc heights. the results are also still acceptable
where bias ot mean-square error Pierson s correlation coeffi
cient and scatter index are -0 414 kW/m, 5640 kW/m 0.816 and
3608 respecuvely This small discrepancy could be caused by
many things in which one of them 1s the choice of peak period
andis the same as peak wave energy

7 Conclusions

Wave energy resource assessment and trends around Indone-
sian s ocean has been carned out by means of analyzing satellitc
observatons and utilizing all over the 10 year ENVISAT mission
(2002-2012) The results have been analyzed by season The
highest wave poweff@as found in JJA season (June to August) in
which about 30-40 kW/m (the 90th percentile 40-60 kW/m the
99th percentile 50-70 kW/m) on average is expected around
south of the Java Island, south of Bali south of West Nusa Teng
gara and also East Nusa Tenggara Other locations which arc
also promusing are around southwest of the Sumatera Island
particularly for some small islands such as the Simeulue island
Nias Island and Siberut Island  The significant wave heights and
wave power obtained from alumeter have been compared relat
tve to the results obtained from global wave model WAVE
WATCH HT Itis found that the results are in excellent agree
ments.

Table 1. Model ENVISAT u»mpdns(msgf significant wave height (7, measured in m) and wave power (P measured in kW/m by year

and forentirely 10 years

v B RMSE y sI

Period F, P W, P P I, P i, P
2002 5 5490 2991 -0.049 -0 285 0375 5131 0.900 08314 0231 0602
2003 9740 5 46b 0113 04932 0.283 6 305 0945 0810 0159 0.649
2004 10059 5610 -0.112 0924 0 268 5561 0950 0.838 0149 1563
2005 9 930 5357 0116 -0 568 0 290 5304 0946 0831 0163 0591
2006 9932 5394 -0079 0.600 0272 5530 0945 0828 0158 0579
2007 9675 5 190 -0.076 -0.125 0284 5642 0941 0819 0168 0611
2008 10181 5317 0093 -0479 0275 5647 0948 0827 0156 0 586
2009 10362 5759 -0 09 -0.292 0282 5554 0943 0811 0 166 0.620
2010 9617 5202 -0 108 -0 261 0288 5 662 0943 0.815 0167 0626
2011 10583 5611 -0 064 +0.317 0.290 5.729 0937 0777 0173 0.645
2012 2716 1502 -0079 -0 148 0282 5758 0951 0.804 0161 0564
2002-2012 98 385 99 -0092 -0414 0288 5640 0941 0816 0167 0.608

Note The comparisons include the number of points (V), bias (5) root mean square error (RMSE) Pierson's correlation coefficient (/)

and scartter index (SI)
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Fig 22. Comparison of modelled significant wave height relat
ive to observations from ENVISAT altimeter
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Fig. 23 Companson of modelled wave power relative to obser
vations from ENVISAT alumeter

These results are not only beneficial for wave energy interest
but they are also useful information for constructing offshore in
frastructures such as oil explorations Moreover it also can give
some tdeas for Indonesia government to consider harvestng
wave encrgy in some simnall islands such as the Simculue island
Nias Island and Siberut Island instead of obtamning the electricity
from main island of Sumatera

Since ENVISAT altimeter retired 1n 2012 1f one 1s interested in
approximating wave power energy after 2012 then they could
use the data from other satellites such as JASON 2 JASON 3
SARAL (Satelhite with ARgos and ALtiKa) Sentinel 3A (RYO
SAT 2and Hai Yang 2 (HY 2) whichis China s first dynamic en
vironmental satellite Although the data from satellites have been
proven highly accuracy. the resolution is very coarse as the op
timum gridded is one degree Therefore for future work 1t will be
good to utthze ocean gl odel as well as coastal model to as
sess wave power energy such as WAVEWATCH 111 and SWAN
(Simulating WAves Nearshore) to achieve high resolution wave
power energy assessment
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