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Abstract

The previous studies have simulated the variability of the wave within the Indonesian seas which showed that the
variability of wave follows the seasonal pattern. However, their analysis only consider the influence of local wind
forcings. The bias and error of their simulated wave were also unclear. In the present study, we investigate the
variability of wave within the Indonesian seas and its relation with the surface wind speed using the combination of
reanalysis and remote sensing data with high accuracies. We split the analysis into swell and wind wave to obtain
the influence of local and remote wind forcings. We show that at the inner seas (i.e., the South China Sea, Java Sea,
Flores Sea, Banda Sea and Arafura Sea), the variability of significant wave height (SWH) is majorly influenced by
the variability of the speed of monsoon wind. The maximum SWH during Northwest monsoon (NWM) season is
located at the South China Sea while during Southeast monsoon (SEM) season is at Arafura Sea. This indicates
that the wind wave (sea) is dominant at the inner seas. At the open seas (i.e., Pacific Ocean and Indian Ocean) the
variability of SWH less corresponds to the the speed of monsoon wind. The remote wind forcings control the wave
variability in the open ocean area. This indicates that swell is dominant at the open seas. In general, the magnitude

of SWHswer is also more than SWHsea Within the Indonesian seas.
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Introduction

Indonesia is a maritime country, consists of
17,499 islands with 2.7 million km2 sea area (Hadi
2007). Located between 2 continents i.e., Asia and
Australia and between 2 oceans i.e., Pacific Ocean
and Indian Ocean, Indonesia is strongly influenced by
the monsoon wind which changes its direction every
season (e.g., Susanto et al., 2006). During December-
February, northwesterly wind blows from Eurasian
continent to Australia Continent; carries moist and
warm air over the Indonesia. This season is known as
winter monsoon or Northwest monsoon (NWM). Con-
versely, During June-August, southeasterly wind
blows from Australia to Eurasian Continent carrying
dry and warm air over Indonesian region known as
southeast monsoon (SEM) season (Setiawan and
Habibie 2010; Alifdini et al. 2021). The transition pe-
riod are from March to May (Transition 1) and Sep-
tember to November (Transition 2). This monsoon
wind affect the seasonal variability of ocean parame-
ters within the Indonesian Seas in general.

One of the ocean parameters which is influ-
enced by wind is wave. As a country with 70% area is
sea area, understanding the wave characteristics is
very important to guarantee the safety of ships trans-
portation within the islands connections since the
ship transportation is susceptible for the high waves .
The investigation of the high wave prone areas of In-
donesia has been conducted by Kurniawan et al.
(2011, 2012) using Windwaves-05 model which is
developed from MRI-Il model from Japan. Kurniawan
et al. (2011) showed the close relation between the
ocean wave variations and seasonal wind patterns
over Indonesia. During the NWM and SEM seasons,
mean of wave height is higher than during the transi-
tion period. Furthermore, by applying the wave height
threshold of more than 2 m, Kurniawan et al. (2012)
found that the high waves prone areas during SEM
season are generally wider than during NWM season.
During transition season, the high wave prone areas
within the Indonesian Seas are only identified at part
of the South China Sea, Pacific Ocean and Indian
Ocean, particularly southern part of Javato Bengkulu.
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Further investigation by Habibi et al. (2018) using WA-
VEWATCH-IIl model also shows the same tendency.
The variability of the significant wave height (SWH) fol-
lows the monsoon cycle. The highest wave height is in
found during the peak of SEM and NWM seasons with
the lowest variance. This indicates the stability of the
high SWH during SEM and NWM seasons. In terms of
spatial distribution, the SWH in the open seas is
higher than in the inner seas. The wave height varia-
bility at the open seas is also more stable than the
inner seas. The most stable area is in Indian Oceans
followed by Pacific Oceans and South China Sea,
while the most unstable region is in Tomini Bay follow-
ing by Flores Sea and Malaka Strait.

Although the seasonal variability has been in-
vestigated by Kurniawan et al. (2011, 2012) and
Habibi et al. (2018), the bias and error of their simu-
lated wave were unclear. In the present study we in-
vestigate the seasonal variability of wave within the
Indonesian seas using reanalyses product from Co-
pernicus Marine Environment Monitoring Service
(CMEMS) with the bias and Root Mean Square Devia-
tion (RMSD) against the in-situ measurement for the
global ocean is -0.05 m and 0.34 m, respectively. For
the tropics, the bias and RMSD are much better, i.e.,
-0.02 m and 0.24 m, respectively (Law-Chune et al.
2020). We also used the high resolution of satellite
based surface wind data to conduct the further inves-
tigation of the relation between the variability of wave
with the surface wind by splitting the analysis of wave
into swell and wind wave which was missed in the pre-
vious studies.

Materials and Methods

A set of Global Wave Reanalysis data
(GLOBAL_REANALYSIS_WAV_001_032) from Marine

Copernicus was used in this study (Law-Chune, 2019).

We took 3 hourly SWH, significant swell wave height
(SWHeswen), and significant wind wave height (SWHsea)
data with the period of observation of 2007 to 2019.
SWH is the average of the 1/3 highest wave in a
certain period. The grid interval of this dataset is
0.2°x0.2°. This study also used semi-daily Advanced
Scatterometer (ASCAT) for surface wind data (Figa-
Saldana et al., 2002) which also has good accuracy
for open seas and coastal areas (Verhoef and
Stoffelen, 2013). The spatial resolution of this
dataset is 0.125° x 0.125°.

To obtain the seasonal variation of waves, the
analysis is based on the monthly climatology mean.
Thus, all dataset were composited into monthly and
monthly climatology following (Wirasatriya et al.
2017).

XY =23 % (% 1)

n

where X(x,v) is the monthly mean value or monthly
climatology value at position (x,y), xi (x,y,t) is ith value
of the data at (x,y) position and time t. Next, n is the
number of data in one month period and the number
of monthly data in one period of climatology (i.e., from
2007 to 2019 = 13 data) for monthly calculation and
monthly  climatology calculation, respectively.
Furthermore, x; is excluded in the calculation if that
pixel is hollow.

Result and Discussion

Seasonal variation of wave within the Indonesian
Seas

From the climatological mean from 2007 to
2019 (Figure 1a.), generally, the SWHs in the Java
Sea, Banda Sea, Flores Sea and Sulawesi Sea are
higher than the SWHs in the Indian Ocean, Pacific
Ocean, South China Sea and Arafura Sea. This may
correspond to the distribution of the surface wind
speed (Figure 1b.). The maximum SWH occurs during
SEM season (Figure 2.). Indian Ocean becomes the
area with the highest SWH reaching more than 2.5 m
during SEM season. At the Arafura Sea, the SWH also
can reach more than 1.5 m - 2 m (Figure 2c.). This
corresponds to the strong southeasterly wind from
Australia (Figure 3c) as also reported by Alifdini et al.
(2021). This strong wind propagates to the Banda
Sea and Java Sea which makes the SWH in this area
can reach more than 1 m. At the South China Sea,
where the wind speed is weaker, the SWH cannot
reach 1 m. At the Pacific Ocean, the SWH still can
reach 1 m under the low wind speed condition.

During the NWM season, the SWH is lower
than the SEM season in general. However, the area
with the SWH > 2 m are found at the South China Sea,
Pacific Ocean and Indian Ocean (Figure 2a.). At the
South China Sea, the high SWH corresponds to the
strong NWM wind blowing from Asia. Along the mon-
soon wind path (Java Sea, Flores Sea and Arafura Sea)
the SWH still can reach 1 m. At the Indian Ocean, the
SWH remains high under the low wind speed condi-
tion (Figure 3a.).

The lowest SWH occurs during both Transition
season. Within the inner seas, the SWH cannot reach
0.5 m (Figure 2b,d.). This low SWH corresponds to the
low wind speed occurs during both Transition season.
However, SWH during the Transition Il is a little higher
than that during the Transition Il since the wind speed
during the Transition Il is higher than that during the
Transition |. At the Indian Ocean and Pacific Ocean,
SWH can reach more than 1.5 m under the condition
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of low wind speed. Thus The SWH in these areas are
not influence solely by the local wind.

To give better understanding about the rela-
tionship between SWH and wind speed, we sampled
5 areas representing the wave height classification
areas made by Hardjono (2018) i.e., South China Sea
and Pacific Ocean which represent northern equato-
rial area; Arafura Sea, Indian Ocean which represent
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the southern equatorial area; and Java Sea which rep-
resents the inner seas (Figure 1a.) to plot the tem-
poral variation as shown in Figure 4. This figure shows
that the fluctuation of SWHs at the South China Sea,
Arafura Sea and Java Sea follow the wind speed fluc-
tuation. As shown by Purbani (2019), the stronger
wind speed the higher wave is formed. At the South
China Sea, the highest significant wave and strongest
wind speed height occur in January.
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Figure 1. Climatological mean (2007-2019) of a) SWH and b) surface wind within the Indonesian seas. A, B, C, D, and E in Figure.
a) represent the chosen points for time series analysis shown in Figure 4 and 5.
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Figure 2. Monthly climatology of the SWH (2007-2019) in a) January, b) April, ¢) July, and d) October which represent the NWM
season, Transition | season, SEM season, and Transition Il season, respectively.
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Figure 3. The same as Figure 2 but for monthly climatology of the surface wind
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Figure. 4. Temporal variation of the SWH at a) South China Sea, b) Pacific Ocean, c) Arafura Sea, d) Indian Ocean and e) Java
Sea as denoted by the points A, B, C, D, and E in Figure la.
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Furthermore, at the peak of SEM season i.e., August,
the peak of southerly wind speed is only half of the
peak of northerly wind speed in January. This makes
the climatological mean of wind speed is high with
southward direction but the climatological mean of
SWH is not so high. At the Arafura Sea, the relation
between wind speed and SWH is more robust than at
the South China Sea. The maximum SWH and wind
speed occur during SEM season. At the Java Sea the
maximum SWH occurs during NWM season. These re-
sults show that the variability of SWH at the inner
seas follows the variability of the monsoon wind
which is consistent with the simulation of Kurniawan
etal. (2011) and Habibi et al. (2018).

In contrast with the fluctuation in the inner
seas, the fluctuation of the SWH at the Pacific Ocean
and Indian Ocean do not follow the wind speed fluc-
tuation. At the Pacific Ocean, the incongruity between

wind speed and SWH is shown by the highest (lowest)
wind speed during SEM (NWM) season which is fol-
lowed by the lowest (highest) SWH. At the Indian
Ocean, the SWH remains higher than 1.5 m through-
out the year although the weak wind by less than 3
m/s is identified in January - April. To explain these
incongruities, we split the analysis of the SWH into the
SWHswei and the SWHsea.

The analysis of significant swell wave height and the
significant wind wave height

Figure 5 shows the temporal variation of the
SWHswe and SWHsea at South China Sea, Pacific
Ocean, Arafura Sea, Indian Ocean and Java Sea. At
the South China Sea, Arafura Sea and Java Sea, the
variability of the SWHswen and the SWHsea follow the
variability of wind speed. At the Java Sea and Arafura
Sea, the SWHsea is lower than the SWHswen in general.
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Figure 5. The same as Figure. 4 but for the significant swell wave height and significant wind wave height.
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Figure 6. The same as Figure 2 but for monthly climatology of the significant wind wave height
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Figure 7. The same as Figure. 2 but for monthly climatology of the significant swell wave height.

However, when the wind speed is maximum during
the SEM season, the SWHsea is higher than the
SWHeswell. This indicates that the direct influence of
local wind to the wave generation is more dominant
in these areas than the remote wind that generates
swell. The characteristic of enclosed area at the Java
Sea and Arafura Sea may hamper the swell propaga-
tion to the both areas. At the South China Sea, the
significant swell height is higher than the significant
sea height throughout the years. This indicates that
the influence of remote wind is stronger than local
wind in generating waves in this area. The position of
the South China Sea which opens to the western Pa-
cific Ocean may let the swell propagates from the Pa-
cific Ocean to the South China Sea.

At the areas of Pacific Ocean and Indian Ocean,
only the variability of SWHsea follows the variability of

wind speed. The variability of the SWHswen is inde-
pendent from the variability of wind speed. At the Pa-
cific Ocean (Indian Ocean), there is only 1 peak of the
maximum SWHswen Which occurs in January (July). In
contrast, the peak of maximum wind speed at the Pa-
cific Ocean and Indian Ocean occur twice a year. The
magnitudes of SWHsweil are also much larger than the
SWHesea for both areas. This indicates that remote
wind forcings play important role to determine the
characteristics of wave at both areas than the local
wind. Suciaty (2018) explained that the magnitude of
the swell is larger than the sea especially at the open
ocean. The wider area without obstacles, the higher
swell generated. Swell can propagate hundreds kilo-
meters from its origin area of generation. As example
by Habibie et al. (2013) who simulated the extreme
wave event at the southern Java on 4-10 May 2007.
The strong tropical cyclone in Cape of Hope, southern
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of Africa caused persistent wind by more than 22 m.s
1 speed. The wave generated by this strong wind prop-
agated toward Indonesia waters and generated ex-
treme swell wave by more than 3 m over the western
coast of Sumatra, the southern coast of Java to Flores
which face the Indian Ocean. Therefore, the swell at

the open oceans is higher than swell at the inner seas.

These facts also explain the incongruity between the
wind speed and SWH at Indian Ocean and Pacific
Ocean as mentioned in the previous section.

The spatial distributions of the SWHsea and the
SWHswen are presented at Fig. 6 and 7, respectively.
The spatial pattern of the SWHsea follows the spatial
pattern of wind speed. In the areas where wind speed
is strong the SWHsea is also high, and vice versa. The
high SWHsea is majorly located at the inner seas which
become the main path of the monsoon wind from the
South China Sea to Arafura Sea with the magnitude
by more than 0.6 m. At the NWM season, the maxi-
mum SWHeea is located at the South China Sea while
during SEM season, it is located at the Arafura Sea.
During the transition seasons, the magnitude of
SWHesea is low which corresponds to the low wind
speed. At the open oceans, only at the Indian Ocean
during SEM and Transition |l seasons the SWHsea can
reach more than 0.6 m. This also corresponds to the
magnitude of SEM wind which propagates not only
through the main path of monsoon but also along the

southern coast of Lesser Sunda Islands to Java Island.

Different with SWHsea, the spatial pattern of
SWHeswel shows that the high SWHswen by more than
1.5 mis located at the open seas and occurs through-
out the years. At the inner seas, the high SWHswen only
occurs during NWM (SEM) season at the South China
Sea (Arafura Sea and Banda Sea) which indicates the
capability of the SWHswelnl to infiltrate to the inner seas
during the peak of NWM and SEM season. The mag-

nitude of SWHswel is also more than SWHsea in general.

Conclusion

The variability of wave within the Indonesian
seas and its relation with the surface wind speed has
been studied by using the combination of reanalysis
and remote sensing data. At the inner seas (i.e., the
South China Sea, Java Sea, Flores Sea, Banda Sea
and Arafura Sea), the variability of SWH is majorly in-
fluenced by the variability of the speed of monsoon
wind. The maximum SWH during NWM season is lo-
cated at the South China Sea while during SEM sea-
son is at Arafura Sea. This indicates that the wind
wave (sea) is dominant at the inner seas. At the open
seas (i.e., Pacific Ocean and Indian Ocean) the varia-
bility of SWH less corresponds to the the speed of
monsoon wind. The remote wind forcings control the
wave variability in the open ocean area. This indicates
that swell is dominant at the open seas. At the inner

seas, the high SWHswen can penetrate to the South
China Sea (Arafura Sea and Banda Sea) during NWM
(SEM) season. In general, the magnitude of SWHswen
is also more than SWHsea within the Indonesian seas.
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