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Abstract
This paper presents the assessment of wave energy resources over Malaysian seas using the improved satellite altimetry data.
Instead of the standard altimetry data, the coastal altimetry products from Jason-2/PISTACH and AltiKa/PEACHI are considered
to offer better estimation of significant wave height (SWH) over coastal oceans. In selecting the appropriate SWH, Jason-2/
PISTACH from MLE4, Oce3 and Red3 retracking algorithms are examined, with respect to the limited data from Acoustic
Doppler Current Profiler. The results in this study indicate that the Oce3 algorithm is the appropriate retracker. Unfortunately, it is
only available for a Jason-2/PISTACH product, not for AltiKa/PEACHI. Therefore, this study uses the improved SWH from
Red3 retracker, recorded as the second appropriate retracker, in the study of wave energy resource. The Malaysian sea is
dominated by low SWH (0.5–1 m) and wave period (4–5.5 s). High wave energy during the strong monsoon season can be
harvested, with wave energy during a northeast monsoon ranging from 8 to 20 kW/m, and between 4 and 5 kW/m during a
southwest monsoon. Ten out of 14 zones are recorded as high energy zones, producing the energy storage more than 40MWh/m.
The Malaysian sea has a potential of continuous wave energy throughout the year from the variability of SWH exceeding the
minimum requirement of SWH for several wave energy converters (e.g. C5 Wave Star) to be operated.
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Introduction

With the emerging of coastal altimetry products enabling nov-
el applications in coastal waters, ocean energy resources can
be better quantified near coasts (Goddijn Murphy et al. 2015).
Issues regarding the satellite altimetry data over coastal ocean
have been discussed in various literatures (Gommenginger
et al. 2011; Idris et al. 2014; Passaro et al. 2014; Idris et al.
2017), and in the book of Coastal Altimetry (Vignudelli et al.
2011). The relatively coarse spatial footprint of the satellite

(7 km for the Jason series) creates signal corruption, and dif-
ficulties in corrections are generally considered a key con-
straint of the altimeters for coastal studies. This results in the
data rejection when near coasts, typically within 10 km from
the coastline (Idris et al. 2014).

Several projects have been established enhancing the sat-
ellite altimetry data over coastal oceans, including the projects
of the Coastal and Hydrology Altimetry product (PISTACH),
and the Prototype for Expertise on AltiKa for Coastal,
Hydrology and Ice (PEACHI). Through these projects, vari-
ous data processing protocols (waveform retracking) and geo-
physical corrections specialised for coastal oceans have been
successfully developed. Waveform retracking is an efficient
signal post-processing performed to optimise the accuracy of
the geophysical estimation (i.e. Significant Wave Height,
SWH) based on the physical or empirical retracking algo-
rithms (Gommenginger et al. 2011).

In addition to the advancement of data processing, the ad-
vanced altimetric technologies have been developed to per-
form better near the coast. The AltiKa altimeter on-board,
the SARAL satellite and Synthetic Aperture Radar (SAR)
on-board, the Cryosat-2, the Sentinel-3A and the Sentinel-
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3B have been established to operate in finer spatial resolution
(and other several attributes), promising improved perfor-
mance in coastal waters (Raney 1998; Raynal et al. 2018).

Those coastal altimetry products are freely available to var-
ious users for studying coastal ocean environments, including
the ocean wave renewable energy. The potential of ocean en-
ergy resources in Malaysian seas includes the wave energy,
tidal energy, salinity gradient and ocean thermal energy con-
version (Yaakob et al. 2016). Of the aforementioned ocean
energy resources, wave energy has an enormous exploration
potential (Zubaidah et al. 2006). Although Malaysian seas are
considered a low wave climate environment (Mirzaei et al.
2014; Yaakob et al. 2016), the occurrence of seasonal mon-
soons and the geographical location itself possibly provide
continuous wave energy resources. With the seasonal mon-
soon generating high waves, wave energy could potentially
to be harvested (Mirzaei et al. 2014). It could also be advan-
tageous for any installation of wave energy converter, safe
from the impact of high waves and damaging storms.

Studies have been conducted to assess the wave energy
resources in various regions (Goddijn Murphy et al. 2015;
Wan et al. 2015; Bernhoff et al. 2006; Stopa et al. 2013;
Kumar and Anoop 2015). Assessment is based on the ocean-
ographic buoys data (Muzathik et al. 2010; Muzathik et al.
2011), the numerical wave models (Mirzaei et al. 2014; Zheng
and Li 2011; Zheng et al. 2011) and the satellite altimetry
(Goddijn Murphy et al. 2015; Wan et al. 2015; Yaakob et al.
2016; Pontes et al. 2009).

In the Malaysian sea, Muzathik et al. (2010) report the
potential of wave energy along the east coast of Peninsular
Malaysia. Based on the oceanographic buoys data, the aver-
aged wave energy is up to 6.5 kW/m, and the energy storage
about 18 MW h/m. These values are supported by Wan Nik
et al. (2010), who found the wave energy ranging from 0.15 to
6.49 kW/m, and the storage about 17.9 MW h/m. Although
both studies contribute towards the overview of Malaysian
renewable energy, the data from buoys are limited from the
spatial and temporal coverages. Therefore, it is inadequate to
represent the whole area of interest; in this case, theMalaysian
seas.

Mirzaei et al. (2014) conducted the wave energy assess-
ment using the WAVEWATCH-III numerical wave model
over the east coast of Peninsular Malaysia. Their results indi-
cate that the wave energy over the northern region is much
more energetic (2.6–4.6 kW/m) than those of the southern
region (0.5–1.5 kW/m) of the coast. This is from the sheltering
effects of the multiple islands between both regions. In addi-
tion, the wave energy is higher during the northeast monsoon
than the other seasons.

An alternative approach of satellite altimetry in assessing
wave energy in the Malaysian sea was reported by Yaakob
et al. (2016). They used gridded data in 0.25° × 0.25° from
the Radar Altimetry Database System (RADS) to get the

comprehensive spatial and temporal coverage of data for all
sea zones. They report that the average wave energy and stor-
age in Malaysian seas are between 1.41–7.92 kW/m and 7.1–
69.41 MW h/m, respectively. However, it is noticed that data
from RADS are not specialised for coastal oceans. That is, the
data coverage is sparse (in 0.25° × 0.25°), and the SWH and
wind speed parameters are not improved using any coastal
waveform retrackers like Red3 and Oce3 (AVISO 2010).
This may result in uncertainty in the measurements when near
the coastline and/or islands.

In assessing the wave energy resources, two major param-
eters are the SWH and the wave period. In the Malaysian sea,
a satellite altimeter offers valuable SWH data because the
buoy measurement data are limited and rare in both number
and geographical distribution (Yaakob et al. 2016). However,
the wave period is not routinely measured by the altimetry.
The development of algorithms to derive the wave period
from satellite altimetry has been reported by several re-
searchers (Kshatriya et al. 2005; Govindan et al. 2011;
Gommenginger et al. 2003; Hwang et al. 1998). The method
from Hwang et al. (1998) is marked as the most appropriate
for the Malaysian sea because the estimated period has a good
agreement with the buoy measurements (Yaakob et al. 2016).

This study assesses the wave energy resources of the
Malaysian sea using the improved satellite altimetry data for
coastal oceans. Goddijn Murphy et al. (2015) recommend that
the AltiKa and the improved coastal altimetry data from pre-
vious missions can potentially explore wave energy resources
all over the globe. However, such a study has never been
conducted for Malaysian seas, thus becoming the motivation
of this study.

Study area and data

The coast of Peninsular Malaysia and the East Malaysia
(Sabah and Sarawak basin) are considered in this study
(Fig. 1). The area is within the Exclusive Economic Zone of
Malaysia facing the South China Sea and Strait of Malacca. It
lies above a continental shelf, with an average water depth of
200 m and contains many islands. The coastal topographies
are complex including various coastal features such as islands,
beaches, mangroves and corals. The area has a potential for
wave energy (Yaakob et al. 2016) because it is exposed to the
seasonal monsoon each year, receiving strong winds, waves
and rains (Gan et al. 2006).

In this study, two high-resolution altimetric data, Jason-2
(in 20 Hz) and SARAL/AltiKa (in 40 Hz), are utilised. The
parameter of interests is the SWH and wind speed. The data
are gathered from coastal products optimised for coastal ap-
plications using waveform retracking approach (Fernandes
et al. 2003; Gommenginger et al. 2011; Idris and Deng
2012; Kuo et al. 2011). This alternative coastal product is
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utilised as a response to the issue of altimetry over coastal
ocean (Gommenginger et al. 2011), where the measurements
near the coasts have been largely discarded as ‘bad data’. With
the coastal altimetry data products, accurate ocean geophysi-
cal information (SWH, wind speed and sea level) can be re-
trieved over coastal oceans (Andersen and Scharroo 2011;
Cipollini et al. 2009).

The Jason-2/PISTACH and AltiKa/PEACHI from
December 2014 to 2016 are retrieved from the Archiving,
Validation and Interpretation of Satellite Oceanographic ftp
site (ftp://avisoftp.cnes.fr). These datasets are purposely used
to assess the wave energy resources over the experimental
region. The improved SWH from coastal retrackers are
retrieved. They are from Red3 and Oce3 retrackers for the
PISTACH product, and Red3 and BAGP retrackers for the
PEACHI product. The standard ocean retracker of MLE4 is
also available for both products. Details about the retracking
algorithms can be found in AVISO (2010) and Valladeau et al.
(2015). Note that the coastal retrackers available in both prod-
ucts are different.

The wind speed data are also retrieved from the coastal
altimetry products. They are derived empirically through a
mathematical relationship with the Ku-band backscatter coef-
ficient and the SWH using the Gourrion algorithm (Gourrion,
2002). The wind speed model function is evaluated for 10 m
above the sea surface and is considered to be accurate to 2 m/s
(AVISO 2010).

For validation purposes, limited wave height data from the
Acoustic Doppler Current Profiler (ADCP) are available from

January 2009 to 2010. Therefore, Jason-2/PISTACH data
from a similar duration (January 2009–2010) are also re-
trieved to assess the quality of altimetric SWH against
ADCP. It is noted that AltiKa was launched on February
2013; thus, comparing with available ADCP is impossible.
The validation against ADCP is conducted over three stations:
Perhentian, Kota Kinabalu andMabul (see Fig. 1 and Table 1).
The nearest distance of Jason-2 passes to the ADCP station
shown in Table.1.

Methodology

To ensure that the most optimised retracked SWH is utilised in
the computation of wave energy, validation of retracked SWH
against ADCP is conducted. The validation is conducted by
computing the number of valid results of retracking algo-
rithms, root mean square (RMS) error, median absolute devi-
ation (MAD) and correlation. In the assessment, the along-
track altimetry data are averaged within every 5-km distance
bands. The averaged SWH data are then compared with the
ADCP SWH. The results are discussed in the ‘Assessing the
appropriate retracker for significant wave height’ section.

The most appropriate retracked SWH is then used to com-
pute the wave energy. The wave power can be expressed as
follows (Goddijn Murphy et al. 2015; Yaakob et al. 2016):

P ¼ ρg2

64π
H2

s T e ¼ 0:49H2
s Te ð1Þ

Figure 1 Study area around the coast of Peninsular and East Malaysia
(depicted fromGoogle Earth). The satellite altimetry tracks of Jason-2 (in
red) and SARAL/AltiKa (in yellow) are also shown. For validation pur-
poses, the ADCP stations at Perhentian, Kota Kinabalu and Mabul are

shown in blue star, and the Jason-2 satellite passes 001, 114 and 203 are
shown in bold red lines. The selected 14 zones for the assessment of wave
energy resources are denoted as A–N
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where P is the wave power per unit of crest length (kW/m),Hs

is the SWH (in unit meter), Te is the wave period (in unit
second), ρ is the density of seawater (assumed to be
1025 kg/m3) and g is the gravitational acceleration.
Although the expression in Eq. (1) is suitable for the deep
ocean, previous study by Yaakob et al. (2016) indicate that it
is also applicable for the coastal ocean around Malaysia.

Unlike SWH, Te cannot be measured with satellite altime-
ters; therefore, the wave period is calculated using an equation
from Hwang et al. (1998). In the Hwang method, the peak
period of the wave field, T (in unit second), is related to wind
speed, U (in unit m/s), and significant wave height, Hs. It is
expressed as follows:

U
gT

¼ 0:048
�
U 2= gHsð Þ0:67 ð2Þ

where g is gravitational acceleration. The value of wind speed,
U, and significant wave height, Hs, can be obtained from
satellite altimetry.

According to Yaakob et al. (2016), Eq. (2) is the best meth-
od for Malaysian coastal water for several reasons. First, it is
aligned with the most wave energy converter (WEC) devel-
opers approach, showing their WEC power production by
means of a power matrix in terms of Hs and T. Second, com-
parison with buoy data indicates a good agreement among
both datasets, where the correlation coefficient of the wave
period, Te, exceeds 0.8. However, a high RMS error
(0.993 s) is found from large variations when different data
processing procedures are used in the Hwang et al. (1998)
algorithm.

To estimate the total energy resource at each zone (Fig. 1),
the annual wave energy density, Pdensity, and the annual energy
production, EPT, are calculated. Pdensity is computed based on
the probability occurrence in the wave scatter table in the
‘Wave scatter diagram’ section. By assuming the Pdensity cor-
responds to the sea state in different ranges of SWH and wave
period, regarding its probability of occurrence, the annual
Pdensity in each zone can be expressed as follows (Yaakob
et al. 2016; Kofoed et al. 2013):

Pdensity ¼ ∑P � Prob ð3Þ

where P is the amount of wave energy contributed in the
relative SWH and the wave period (in unit KW/m), and
Prob is the relative SWH and wind period probability of oc-
currence. The total energy storage, EPT, per unit zone (in unit
MW h/m) is calculated by multiplying the annual Pdensity with
the number of hours in a year, approximately 8766 h. It can be
expressed as follows (Zheng et al. 2013):

EPT ¼ Pdensity � 8766 ð4Þ

Assessing the appropriate retracker
for significant wave height

The PISTACH and PEACHI products from satellite altimeters
offer several options of improved SWH data for coastal
oceans. Therefore, it is important to use the most appropriate
SWH before computing the wave energy. An assessment is
conducted to identify the quality of improved SWH from the
standard retracker of MLE4, and the coastal retrackers of
Red3 and Oce3 from Jason-2/PISTACH product. The assess-
ment is conducted by computing the number of valid results of
the retracking algorithms, and RMS error, MAD and temporal
correlation against ADCP data along selective satellite passes
(Table 1). These values are computed and averaged over sev-
eral distance bands from the coastline.

To compare with ADCP data, the closest date and time of
both datasets are searched. This is important because the
ADCP data are available hourly, while the Jason-2 data are
available approximately every 10 days.

To decide the appropriate retracker, a systematic ranking
(Table 2) is developed to rate the performance of retrackers.
Each assessment of each distance band is given a rank from
one to ten, where one indicates the worst performance and ten
indicates the best performance. The rank values are then
summed to identify the appropriate retracker. Based on
Table 2, a high rank is given to the retracker with a high
fraction of valid results and correlation, and low RMS error
and MAD. Since it is well known that altimetry data over
coastal are usually flagged as bad due to land contamination,
an appropriate retracker that capable of recovering more valid
results near the coast with the high accuracy and precision is
sought. The fraction of valid result indicates the capability of a

Table 1 Description of ADCP stations used for validation purposes

ADCP stations Coordinate ADCP distance (km)

Latitude (°N) Longitude (°E) To the coast To the nearest Jason-2 satellite track (pass no.)

Perhentian 5.9133 102.7130 17.26 71 (001)

Kota Kinabalu 6.0405 116.1094 0.17 14 (114)

Mabul 4.2593 118.6329 13.67 19 (203)
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retracker to recover more datasets, thus reducing the no-data
gap near coastline. The correlation coefficient merits to find
the precision of the along-track retracked SWH, while the
RMS and MAD merit to finding the accuracy of SWH.

Figure 2 shows the analysis of MLE4, Oce3 and Red3
retrackers along selective Jason-2 passes near ADCP stations.
The analysis values are averaged over the distance band to the
coast.

Based on the results in Fig. 2, the analysis within band
0–5 km for all passes (Fig. 2a–c) and band 5–10 for pass
001 (Fig. 2a) is unreliable because of data unavailability.
A similar issue has been reported by several researchers
(Deng and Featherstone 2006; Idris and Deng 2012;
Gommenginger et al. 2011), in which the altimetric sig-
nals are perturbed by emerged land when near the coast-
line. When the altimeter footprint is partly over the ocean
and partly over the land, the reflective properties are the
relative proportion of sea and land areas (Gommenginger
et al. 2011). This produces an inaccurate geophysical es-
timation over the coastal region, typically within the dis-
tance of comparable size of the altimeter footprint (7 km
for Jason-2) (Idris and Deng 2012).

The results in this section (Fig. 2) show that the value of
correlation is low (< 0.5) for all retrackers in the three stations.
The Oce3 retracker has the maximum correlation of 0.46,
while the MLE4 and Red3 retrackers have 0.45 and 0.39,
respectively. This suggests that the improved SWH from these
retrackers is less coherent. The reason potentially responsible
is that the distance between the ADCP stations to the nearest
satellite passes is huge, ranging from 13 to 71 km (Table 1).
This may produce an incoherency because of the time lag, and
the fact that wave signals in the coastal region are more com-
plex than in the deep ocean, where they tend to be larger, of
shorter wavelength, and possibly nonlinear in dynamical wave
motion. Although the value of correlation is low, the analysis
of RMS error and MAD indicates that the discrepancy among

the altimetric improved SWH with ADCP-SWH is small (<
0.6 m), suggesting that the improved SWHs are reliable.

Table 3 shows the summary of ranking value for all
retrackers over the three ADCP stations. It is found that the
Oce3 retracker outperforms the MLE4 and Red3 retrackers in
all three stations. This is indicated by the highest total ranking
values of Oce3 retracker. The results also indicate that in two
out of three stations, the Red3 retracker is more appropriate
than those of theMLE4 retracker. This finding is supported by
Idris (2014), where the Oce3 retracker is found superior to
those of Red3 and MLE4 retrackers over the Great Barrier
Reef, Australia. On the other hand, the Red3 retracker outper-
forms the MLE4 retracker in four out of six passes.

In this study, the assessment is only conducted for the
Jason-2/PISTACH product. Concerning the performance of
SARAL/AltiKa, recent studies (Sepulveda et al. 2015;
Goddijn Murphy et al. 2015) confirmed that the SWH from
AltiKa is more accurate near the coast than the previous al-
timeters (the Jason series), particularly at a low SWH. Unlike
the altimeter of previous missions, the AltiKa advanced tech-
nology offers a higher frequency, larger bandwidth, smaller
antenna beam width, higher pulse repetition frequency and
echo tracking, thus contributing to improved performance in
coastal water (Verron 2013). The authors’ previous study of
the Malaysian coast (Abdullah and Idris 2018) identified the
standard MLE4 retracked data from AltiKa can provide mea-
surements as close as 3 km from the coastline with data cov-
erage up to 88%.

It can be summarised that the SWH from AltiKa can pro-
vide good measurements over the coastal ocean, and the
Jason-2/PISTACH from Oce3 retracker is the appropriate
retracker for accurate SWH retrieval. However, it is realised
that the Oce3 retracker is limited to Jason-2/PISTACH prod-
uct. Therefore, to compute the wave energy, the improved
SWH from Red3 is used instead of Oce3, because it is avail-
able from both the Jason-2/PISTACH and AltiKa/PEACHI
data.

Note that the performance of retrackers might vary depend-
ing on the coastal topography. The results presented in this
section are only applicable to the tested regions, in this case
the Malaysian seas. If one would apply the similar approach,
the appropriate retracker should be examined.

Assessing wave energy resources in Malaysia

Wave scatter diagram

Fourteen specific zones in 2° × 2° are selected to investigate
the potential of wave power in Malaysia (Fig. 1). Examples of
scatter diagrams are shown in Tables 4, 5 and 6 to represent
the composition of wave energy resources for wave height and
wave period from altimetric data over 2 years. Since

Table 2 Ranking system to identify the appropriate retracker. The
fraction of valid results (in unit of %) is scaled to 0–1 for consistency
with the other variables

Rank Fraction of valid results RMS error (m) MAD (m) Correlation

1 0.00–0.10 0.91–1.00 0.91–1.00 0.00–0.10

2 0.11–0.20 0.81–0.90 0.81–0.90 0.11–0.20

3 0.21–0.30 0.71–0.80 0.71–0.80 0.21–0.30

4 0.31–0.40 0.61–0.70 0.61–0.70 0.31–0.40

5 0.41–0.50 0.51–0.60 0.51–0.60 0.41–0.50

6 0.51–0.60 0.41–0.50 0.41–0.50 0.51–0.60

7 0.61–0.70 0.31–0.40 0.31–0.40 0.61–0.70

8 0.71–0.80 0.21–0.30 0.21–0.30 0.71–0.80

9 0.81–0.90 0.11–0.20 0.11–0.20 0.81–0.90

10 0.91–1.00 0.00–0.10 0.00–0.10 0.91–1.00
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Fig. 2 The analysis of MLE4,
Oce3 and Red3 retrackers along
selective Jason-2 passes near
ADCP stations of Perhentian (a),
Mabul (b) and Kota Kinabalu (c)
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Malaysian seas comprise of various coastal topographies (in-
cluding beaches, mangroves, corals and islands), the compo-
sition of wave energy resources for wave height and wave
period over the respective zones can be learnt. The annual
probability distribution of SWH and the wave period are tab-
ulated in seven intervals of SWH and thirteen intervals of
wave period. The number within each cell represents the oc-
currences of sea states whose SWH and wave period fall with-
in the corresponding range. The annual probability is given in
part per thousands; thus, implying that a value of 60 would
represent a probability of 0.060 or 6.0%.

Based on the results, the dominant SWH and wave period
of 0.5–1 m and 4–5 s, respectively, are observed for most of
the zones. Several zones (B, I and L, in Figs. 4, 5 and 6)
recorded a slightly higher composition of SWH and wave
period (1–1.5 m and 5–6 s). These zones are located at the
off-shore of the South China Sea (Fig. 1). In general, wave
dynamics in the off-shore is greater than those in the near-
shore. This is because the waves propagate in the off-shore
are unaffected by the sea bottom. However, as they move
towards the shoreline, they eventually reach a point from
which the seabed starts to affect their propagation through
refraction, shoaling and bottom friction. From this point on-
wards, waves dissolve part of their energy with the seabed
(Muzathik et al. 2010).

This demonstrates that Malaysian seas have a low cli-
mate condition with dominant SWH between 0.5 and
1.5 m and wave period between 4 and 6 s. The value of
SWH well agreed with findings from Yaakob et al.
(2016). However, the value of the wave period found in
this study is somewhat lower than those of Yaakob et al.
(2016), who found the wave period is between 5 and 7 s.
The slight discrepancy may be because they computed the
probability occurrence from 10 years of data, while this
study uses only 2 years of data. It is noted that longer
time series data should be considered in the future to
obtain better results. It is also noticed that Yaakob et al.
(2016) used altimetry data from RADS, which is not
specialised for the coastal ocean. The data suffers from
data loss and is flagged as bad typically at 10 km from
the coastline because of the difficulties in the corrections
and issues of land contamination in the altimetric foot-
print (Gommenginger et al. 2011). The spatial resolution
of the data is considered low, providing measurements in

0.25° × 0.25° grid, when compared with the data used in
this study (20 Hz for Jason/PISTACH and 40 Hz for
AltiKa/PEACHI). As recommended by various re-
searchers (Cipollini et al. 2010; Cipollini et al. 2008;
Gommenginger et al. 2011), the coastal altimetry product
should be considered when conducting any coastal appli-
cations to obtain better results.

The results in this section recommend that the Malaysian
seas require WEC that practically can gain more energy at a
low SWH and wave period. This is valuable information,
especially for WEC developers, to design, develop and select
devices that perform the best in their area of interest. The
minimum and maximum wave height is the main working
requirement of a device (Yaakob et al. 2016). Table 7 summa-
rises the wave energy converters along with their minimum
wave height requirements to operate that are currently avail-
able at the commercial stage. It seems that the Attenuator
WEC type, for instance the Pelamis and C5 Wave Star, is
suitable for the Malaysian seas since it can be operated at
the minimum SWH of 0.5 m.

Comparison of wave height, wave period and wave
energy with ADCP data

The scatterplot of wave height, wave period and wave energy
derived from the altimeter and ADCP data is presented in
Fig. 3. The regression lines and residual curves are also shown
in Fig. 3. The samples are selected based on the nearest dis-
tance between the altimeter and ADCP locations, and the
closest temporal among both datasets. Due to limited ADCP
data, only eleven samples are available for comparison.

The results indicate that the correlation coefficient of wave
height (Fig. 3a) and wave energy (Fig. 3e) exceeds 0.6, while
for the wave period (Fig. 3c), the correlation is only 0.47. The
residual curves of wave height (Fig. 3b), wave period (Fig. 3d)
and wave energy (Fig. 3f) are found concentrated under the
lower digits of y-axis between − 0.2 m to 0.2 m, − 2 s to 2 s
and − 1 to 1 kW/m, respectively, suggesting small discrepancy
among both datasets. Also, generally there are no obvious
pattern can be observed on those residual curve figures.
These suggest that the regression lines show the accurate re-
lationship of the datasets.

The RMS error of the wave height and wave energy is
considered low at 0.05 m and 0.45 kW/m, respectively.
However, the RMS error of wave period is relatively high, at
1.16 s. These results mimic studies by Yaakob et al. (2016)
and Muzathik et al. (2010), which found a high RMS error of
wave period at 0.993 s and 0.646 s, respectively. These values
are considered high because of the difference in data process-
ing procedures to extract wave period parameter. In addition,
the wave period is an unstable quantity (Hwang et al. 1998;
Yaakob et al. 2016).

Table 3 The total rank of the retrackers at the three ADCP stations. The
highest rank at each station is indicated in italics

Stations MLE4 Oce3 Red3

Perhentian 118 130 125

Mabul 128 149 123

Kota Kinabalu 152 177 157
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Monthly variability of wave period and wave energy

The monthly variation of SWH and the wave period from
satellite altimetry is shown in Fig. 4, and the monthly variation
of the wave energy is presented in Fig. 5.

Monthly variation of SWH characterised the real environ-
ment of the Malaysian sea, where the variability is strongly
affected by the monsoon seasons. During the northeast mon-
soon (November–February), high SWH and wave periods are
experienced. The SWH and wave period exceed 1.3 m and
5.8 s, respectively, during this season. This results in high
wave energy resources between 8 and 20 kW/m.

During the southwest monsoon (June–September), the var-
iation of monthly averaged SWH is 0.8–1 m, while the aver-
aged wave period is 5–5.5 s. This produces wave energy be-
tween 4 and 5 kW/m.

Comparable results are observed by Muzathik et al. (2010)
and Muzathik et al. (2011), who recorded a high SWH and
wave period variations during the northeast monsoon season.

Results from Figs. 4 and 5 expose a potential of wave
energy throughout the year, ranging from 2.5 to 20 kW/m.
There is a wide range because there is large variability of
SWH and wave periods throughout the year exceeding the
minimum requirement of SWH for several WEC to operate.
For instance, the C5Wave Star WEC (Kramer et al. 2011) and

Pelamis Wave Power (Power 2017) can operate efficiently
with a minimum SWH of 0.5 m (see Table 7).

Potential zones of wave energy

For better understanding the potential wave energy resources
inMalaysian sea, two variables are discussed: (1) wave energy
density; (2) and wave energy storage. Figure 6 illustrates the
annual average wave energy density and total wave energy
storage resources per unit area for each selected zone.
Calculating the storage energy provides information for de-
signing the technical and operating system of WEC (Zheng
et al. 2016). The integration of energy storage and the tech-
nologies is important to improve the potential for flexible
energy demand and ensure that excess renewable energy can
be stored for use at a later time (Spataru et al. 2014).

Based on Fig. 6, the estimated wave energy density in the
Malaysian sea is between 1.9 and 7.7 kW/m. This finding well
agrees with the studies of Yaakob et al. (2016) and Zheng et al.
(2013), who found the wave energy density in the South
China Sea ranges between 1 and 7 kW/m.

Several studies (Ren et al. 2009; Zheng et al. 2013) suggest
that the area with wave energy density ≥ 2 kW/m is considered
an area with available wave energy, while the area with den-
sity ≥ 20 kW/m is considered a rich zone. Referring to Fig. 6,

Table 4 Annual wave scatter occurrence in zone B

SWH (m) Wave period (s)

1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 10–11 11–12 12–13 > 13

0.0–0.5 10 30 44 18 6 2 1

0.5–1.0 30 125 69 21 10 6 3 2 0.3

1.0–1.5 14 151 71 12 7 4 3 2 1 1

1.5–2.0 5 100 52 7 4 3 2 1 1

2.0–2.5 6 74 35 4 1 1 0.8 0.5

2.5–3.0 12 31 7 1 0.1 0.1

> 3.0 4 2 2 0.2

Table 5 Annual wave scatter occurrence in zone I

SWH (m) Wave period (s)

1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 10–11 11–12 12–13 > 13

0.0–0.5 15 43 52 17 5 1 0.4

0.5–1.0 0.3 30 104 63 23 13 6 2 1 0.2

1.0–1.5 0.1 10 111 69 17 8 7 4 2 1

1.5–2.0 0.2 6 75 42 11 2 1 1 1 1

2.0–2.5 6 45 32 11 1 0.3 0.1

2.5–3.0 6 34 26 9 1 0.1

> 3.0 0.1 7 33 30 11 2 0.2
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most of the zones in the Malaysian seas can be considered an
area with available wave energy, except at zone F, where the
density is < 2 kW/m. Zone F is located at the Strait of Malacca
where the ocean variability differs from that of the South
China Sea.

In this study, the energy resources are presented in three
categories: high, intermediate and low energy zones (Yaakob
et al. 2016; Zheng et al. 2013). A high energy zone consists of
total energy storage greater than 40 MW h/m, while interme-
diate and low energy zones consist of energy storage between
20 and 40 MW h/m and less than 20 MW h/m, respectively.
The low energy zones include zone F, located at the Strait of
Malacca, and the intermediate energy zones include zones K,
M and N, which are in East of Malaysian waters. The high
energy zones include zones A–E, zones G–J and zone L.
Zones A–E are situated at the east coast of Peninsular
Malaysia, while zones G–J and L are situated in East
Malaysian waters. The high energy zones are expected to gen-
erate up to 65.6MWh/m of energy, agreeing with the study by
Yaakob et al. (2016) that records the energy up to
69.41 MW h/m in high zones. Nevertheless, when compared

with findings of Yaakob et al. (2016), the high energy zones
found in this study are much broader, covering all five zones
along the east coast of Peninsular Malaysia and five zones
within East Malaysian waters. The difference is mainly from
the improvement in the estimated SWH, which is specialised
for the coastal oceans.

Discussions

The findings from this study clearly provide a scientific ad-
vancement in terms of wave knowledge in coastal seas, par-
ticularly in Malaysia. It exposes that wave data can be accu-
rately retrieved from the specialised coastal altimetry data
products such as PISTACH and PEACHI. Despite a frequent
and dense coverage of data, coastal altimetry products offer
reliable and accurate datasets over coastal zones. This over-
comes the lacking in existing in situ techniques for studying
ocean waves. The in situ buoys observations are location-
specific and generally sparse. It might contain instrumental
errors, and the measurements might not representative of local

Fig. 3 Scatterplots and residuals of wave height (a, b), wave period (c, d) and wave energy (e, f) derived from altimeter and ADCP data. The regression
lines are also shown in a, c and e

Table 6 Annual wave scatter occurrence in zone L

SWH (m) Wave period (s)

1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 10–11 11–12 12–13 > 13

0.0–0.5 12 38 44 13 7 3 1

0.5–1.0 41 137 63 17 10 7 4 2 1 0.1

1.0–1.5 23 172 82 22 7 4 3 2 1 1

1.5–2.0 10 105 44 14 3 2 1 1 0.7

2.0–2.5 9 43 12 4 2 0.2 0.2 0.6

2.5–3.0 7 13 2 1 0.1 0.1

> 3.0 2 3 1 1 0.4 0.6
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surrounding wave environment, such as buoys in protected
areas of a harbour (Sepulveda et al. 2015). In addition, missing
and invalid measurements might be identified. Therefore,
quality controls are required to check and calibrate the quality
of collected data before they can be applied to any coastal
applications. In the South China Sea and Indian Ocean, the
situation is even worse, compared with the Atlantic and
Pacific, because long time series data of in situ observations
are mostly unavailable (Justin and Dwarakish 2015). On the
other hand, it is simply impossible to estimate the wave cli-
mate and extreme sea state without such a long time series
data (Justin and Dwarakish 2015).

Other wave measurement techniques such as numerical
wave modelling offer valuable information about wave cli-
mate conditions. However, drawbacks might be experienced
when using such data since they are based on certain basic
assumptions that may not well represent the real wave condi-
tions. The performance of numerical wave model depends on
how best the phenomena are expressed into the numerical
schemes, so that more accurate wave parameters could be
estimated (Justin and Dwarakish 2015). The numerical model

of WAVE WATCH III, for example, is mainly suitable for
deep water regions (Bulhoes and Fernandez 2011). Applying
the model in coastal zones will affect the accuracy of the
coastal studies.

The results from this study reduce the gap in the existing in
situ observations and numerical wave modelling. Together
with the existing datasets, coastal altimetry products can be
assimilated in the numerical wave modelling for better esti-
mation of the wave climate conditions over the coastal zones.

To further understand the wave climate condition in
Malaysian seas, the advanced technology of Synthetic
Aperture Radar (SAR) altimetry should be considered in the
future studies. However, in the case of Malaysian sea, a
specialised coastal SAR retracker is required to improve the
accuracy of retracked SWH. Based on our initial study, the
SWH retracked by the standard SAMOSA retracker may not
accurate in this region because of severe land contaminations.
Although the SAR altimetry technology (e.g. on-board of
Sentinel-3 satellite) offers an accurate high spatial resolution
(300 m) data at along-track direction, across the satellite track,
the spatial resolution (~ 7 km) is still similar to those of the

Fig. 4 Variation of monthly
averaged SWH (in blue) and
wave period (in red) from satellite
altimetry
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conventional altimetry low-resolution mode waveforms
(Dinardo et al. 2013; Thibaut et al. 2014). This implies that
when the satellite track runs parallel to the shoreline, the ac-
curacy of geophysical parameters degrades, particularly with-
in ~ 7 km from the coastline. This is because of the across-
track spatial resolution is sparse (~7 km), similar to those of
the conventional satellite altimetry (e.g. Jason series and
Envisat), leading to erroneous estimation in the altimetric sig-
nals. Our initial studies found that there are severe impacts of
land on the SAR altimetry waveforms, where complicated
coastal waveforms are observed within 7 km from the coast-
lines. This is mainly due to the fact that the orientation of
Malaysian coastline is parallel to certain satellite tracks.
Therefore, the standard SAR retracker (e.g. SAMOSA) is less
effective in this region, thus showcasing the need of coastal
SAR retracker to better deal with the complicated coastal SAR
waveforms. The development of coastal SAR retracker is our
ongoing research.

Conclusions

This study provides a fundamental overview on wave climate
in selected zones around the Malaysian sea. Using an im-
proved coastal altimetry data product of Jason-2/PISTACH
and AltiKa/PEACHI, this study reveals that Malaysia has a
low wave climate with a monthly averaged SWH and wave
period between 0.7–1.8 m and 4.8–7 s, respectively. Of 14
zones, 13 zones are marked as available wave energy, with a
density greater than 2 kW/m. Ten out of 14 zones are recorded
as high energy, with storage greater than 40MW h/m. Zone F,
situated at the Strait of Malacca, is marked as having less
potential wave energy from low energy density and storage.
This is expected, because the Strait of Malacca is a semi-
closed ocean, encountering small swell waves, when com-
pared with the South China Sea. Zones A–E, located along
the east coast of Peninsular Malaysia, and zones G–J and L,

located at the East Malaysia, have enormous potential for the
development of wave farms. They are estimated to produce
between 42 and 66 MW h/m of energy.

With such a low wave climate, an efficient and reliable
device that can enable maximum energy harvesting is crucial
for the Malaysian sea.

The presented technique shows the potential of applying
the coastal altimetry products for exploring wave energy re-
sources all over the globe. Advantages can be taken, but not
only limited to the Jason-2 and AltiKa data, but also the pre-
vious altimeter data that are currently being reprocessed using
algorithms improved for the coastal zone.
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