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Abstract

Indonesian offshore and coastal areas are vulnerable to swells from Roaring Forties and cyclone disasters. However, the
understanding of the characteristics and propagation mechanisms of local disastrous waves is insufficient, posing a threat
to the construction, maintenance, and protection of coastal structures. This study establishes a multiple nested wave model
based on the third-generation wave model WAVEWATCH III. This model includes sole forcing of Roaring Forties and
combined forcing of Roaring Forties and cyclone Ernie to simulate the influence of disastrous waves under the Roaring
Forties and tropical cyclones in the Indonesian offshore zone and coasts. The following results are obtained. The
Indonesian offshore is prevailed by relatively stable southern to southwestern dominant swells and small wind waves
under the impacts of the Roaring Forties without cyclone winds. Long propagating swells originated from the Roaring
Forties dominate in nearshore coastal waters with deformed directions and strength because of the shoaling effect.

Keywords WAVEWATCH III; Roaring Forties; Cyclone Ernie; Indonesian offshore and coast; Wind sea; Swell; Wave
spectrum

long narrow region and deep open coastal waters. It strad-
dles the equator and borders the east of the Indian Ocean.
Devastating waves frequently attack the Indonesian coasts
due to Indian Ocean tropical cyclones and swells from the
Southern Indian Ocean.

Studies on wave characteristics have been mostly con-
ducted on local areas based on observations of coastal
engineering constructions along Indonesia coastal waters
(for example, the statistical analysis of wave components
in the Adipala sea area of Indonesia (Chen et al. 2013;
Wang et al. 2018), the study of wave characteristics in Ja-
va island (Zhou et al. 2014; Nugraheni et al. 2017), the

1 Introduction

Indonesia is the largest archipelago in the world, with a
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spectral analysis of long-period waves at Adipala of Indo-
nesia (Wu et al. 2018), and the study of wave characteris-
tics under cyclones (Habibie and Permana 2013)).
Understanding waves in the Indian Ocean (especially
the South Indian Ocean) is key to exploring wave proper-
ties along Indonesia coasts. Current research on large-scale
ocean waves in the Indian Ocean is relatively mature be-
cause related studies have been conducted to use statistical
and numerical simulation methods, examine the wave
characteristics in the Indian Ocean by analyzing the statis-
tical wave data, and simulate the temporal and spatial
wave characteristics (Zieger et al. 2021). In the Roaring
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Forties zone, the propagation speed of the swells originat-
ed from the Indian Ocean reaches its peak in May and
August (Zheng et al. 2018). The North Indian Ocean is
dominated by swells with strong waves in the eastern
areas (Anoop et al. 2015; Aboobacker 2017). The swell
waves and monsoon wind-generated high waves over-
lapped with tropical cyclone-induced waves will lead to
extreme waves in the Indian Ocean. The wave conditions
in the Arabian Sea are mainly controlled by the SW/NE
monsoon winds, the swells from the South Indian Ocean,
and to some extent, by the regional/local wind systems
(Aboobacker and Shanas 2018). The average significant
wave heights of swells and mixed waves markedly
increased, and a strong connection existed between the in-
tensity of the Roaring Forties and the level of the north-
ward swell propagation (Zheng et al. 2016). The swell en-
ergy in the Indian Ocean shows a significant northeast-
ward propagation trend, with the propagation velocity
reaching its peak during May and September (Zheng et al.
2017). The variabilities of wind speed and significant
wave height and interdecadal scale wave period in the
Roaring Forties are in good agreement with those in tropi-
cal waters of the Indian Ocean (Zheng et al. 2017).

The shortage in measured data of the Indonesian coast
can be effectively mitigated by establishing a reasonable
regional numerical wave model and developing a long-
time wave hindcast and forecast system. Until now, the
third-generation wave models have been widely used in
the numerical simulation of ocean waves, such as the
study of the influence of driving wind field in wave simu-
lation (Kazeminezhad and Siadatmousavi 2017; Umesh et
al. 2018), wave forecast and hindcast experiments (Sand-
hya et al. 2014; Amrutha et al. 2016), model performance
study (Korres et al. 2011; Mentaschi et al. 2015), model
parameter sensitivity test (Seemanth et al. 2016; Kong et
al. 2017), and wave characteristic research (Habibie et al.
2013; Zheng et al. 2017). However, numerical simulation
studies on ocean waves in Indonesian coastal areas are still
lacking. Moreover, available research on waves along In-
donesian coasts under the Roaring Forties and tropical cy-
clones is limited despite the frequent attacks of devastating
waves caused by tropical cyclones and swells from the
Southern Indian Ocean in this area. By contrast, the wave
conditions along the Indonesian coasts are complicated be-
cause of the coexistence of wind sea due to tropical cy-
clones and long-period swells. Therefore, wave growth
and propagation mechanisms in this area remain unclear,
complicating the construction and protection of local coast-
al projects. Thus, under the joint influence of the Roaring
Forties and tropical cyclones along the Indonesian coasts,
maximizing the advantages of numerical wave models to
simulate disastrous waves and study their mechanisms is
of academic and practical significance considering local
marine disaster prevention and mitigation.

A WWIII multiple nested model system is established in
this paper to simulate the disastrous waves originating
from the Indian Ocean to the Indonesian coasts under the
joint effects of the Roaring Forties and tropical cyclones
and analyze the related wave characteristics.

2 Wind climate
2.1 Driven wind

The North Indian Ocean has three wind seasons: south-
west monsoon season (May — Sept.), northeast monsoon
season (Nov.—Mar.), and monsoon conversion season (Apr.
and Oct.) (Cui et al. 2013). The climate in the South Indian
Ocean is complex; this area also has three seasons: 1) winter
season is from Jun. to Sept., with the most frequent wind
in SE, variation direction, and W direction within 0°S—30°S,
30°S-35°8S, and 35°S range, respectively; 2) summer sea-
son is from Dec. to Mar., with the most frequent wind in
NW-W, SE, variation direction, and W direction within
0°S—-10°S, 10°S-30°S, 30°S—40°S, and 40°S range, respec-
tively; 3) reversal seasons are Apr.—May and Oct.—Nov.,
with the most frequent wind in W (except in May), SE,
variation direction, and W directions within 0°S—5°S, 5°S—
30°8, 30°S—40°S, and 40°S range, respectively (Tong et
al. 2003). The northeast monsoon disappears in April, and
the southwest monsoon is ready to start. The Indonesian
coastal area (located near the equator) is also under equato-
rial westerlies. Therefore, April is selected to explore only
the wave properties in the Indonesian offshore and coast
under the coexistence of monsoon wind, Roaring Forties,
and tropical cyclones.

2.2 Tropical cyclone Ernie

Cyclone Ernie is selected as the typical cyclone that at-
tacked the Indonesia coast. Severe tropical cyclone Ernie
was recorded as one of the fastest-growing tropical cy-
clones according to the cyclone position and intensity data
provided by the Joint Typhoon Warning Center best-track
dataset (http://www.metoc.navy.mil/jtwc.html) and the Aus-
tralian Extreme Weather Forecast Center (http://austra-
liasevereweather. com/cyclones/2017/tropical cyclone caleb.
htm). Compared with the historical statistical data of typi-
cal tropical cyclones (Zieger et al. 2021), Ernie was also
one of the strongest tropical cyclones in the Southeast Indi-
an Ocean, with maximum wind speeds exceeding 60 m/s.

A tropical depression formed in southeast Jakarta and
moved south-westward at 1200 UTC on April 5, 2017.
This tropical depression grew into a category 1 cyclone
and was named Ernie at 1200 UTC on April 6. Ernie con-
tinued to gain power in the southwest direction and rapidly
grew into a category 5 severe cyclone at 1200 UTC on
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April 7. This cyclone then maintained its intensity at this
level for more than 12 h, with a 220 km/h peak wind speed
and a 922 hPa central pressure. Ernie later degraded into
category 3 at 1200 UTC on April 8 while still shifting in
the south-southwest direction. The cyclone eventually
turned back into a tropical depression at 0600 UTC on
April 10. The cyclone track is shown in Figure 1.

Figure 1 Track map of tropical cyclone Ernie

2.3 Roaring Forties

The Roaring Forties are the low-pressure regions encir-
cling the earth in the southern sphere from 40°S to 60°S,
where strong westerly winds rage throughout the entire
year, as shown in Figure 2. These regions generate ex-
treme local winds and frequent extreme storms. The peak
value of the storm wind speed always appears in the cen-
tral sea area of the Roaring Forties and the storms rolling
toward the east direction with a clockwise rotating shape,
and the generated big wind waves in the Roaring Forties
zone propagated toward the northeast, proliferating over
the entire Indian Ocean. In addition to local winds and
extreme cyclone impacts, Indonesian coasts are facing the
propagating swell originating from the Roaring Forties
whole year-round, and waves in this area are complicated.

3 Nesting model numerical simulation from
Indian Ocean to Indonesian Coast

The state-of-the-art third-generation ocean wave numeri-
cal models include SWAN (Booij et al. 1999; SWAN
Team 2019), WAVEWATCH III (WW III) (WAVEWATCH
IIT Development Group 2016), and WAM (Komen et al.
1994). Among these models, the WWIII model is frequent-
ly used in large-scale ocean and shallow water wave simu-

Figure 2 Wind map of Roaring Forties (between two white lines)
in the Indian Ocean at 1200 UTC on April 8, 2017

lations and has been widely accepted due to its successful
application in wave simulation, wave study, and wave fore-
casting and hindcasting operations (Xu et al. 2007; NOAA/
NWS Environment Modeling Center).

A three-layer nested wave model system was estab-
lished in this study based on WWIII (version 5.16) to stim-
ulate disastrous waves along Indonesia coasts under the
Roaring Forties and tropical cyclones, and simulation re-
sults were validated by buoy and satellite wave data. The
characteristics of disastrous waves along Indonesia coasts
under the influence of Roaring Forties alone and the joint
effects with tropical cyclones were then analyzed.

3.1 Wave model

The WWIII wave model is based on the energy equa-
tion. The control equation of this model is the random
phase dynamic spectral density balance equation of the
wavenumber direction spectrum. This control equation
usually utilizes spherical coordinates for large-, meso-,
and small-scale wave simulations.
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where N is the wave action density spectrum, 4 is longi-
tude, @ is latitude, k is the wavenumber, 6 is the wave di-
rection, 7 is time, ¢, is the wave group velocity, U, and U,
are respectively the current components in the latitude and
longitude directions, R is the radius of the earth, ¢ is the
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relative circular frequency, and S is the total source and
sink term of the input. This term comprises three parts in
deep water, namely atmosphere—wave interaction term S, ,
nonlinear wave—wave interaction term S, and wave—ocean
interaction term S, while that in shallow water includes
wave—bottom interactions S,,,, depth-induced breaking S,
and triad wave—wave interactions S, which are also added

to S.
3.2 Model setup

A three-layer nesting technique is applied from the Indi-
an Ocean to the Indonesian coast to prevent wave energy
loss induced by the Roaring Forties and tropical cyclones.
The WWIII model system comprises the following three
nested domains: the entire Indian Ocean domain (D1)
(Outer domain: 30°E—140°E, 60°S—30°N, 20" x 20’ resolu-
tion), intermediate domain (D2) (60°E—130°E, 30°S—10°N,
5" x 5" resolution), and Indonesia coastal domain (D3) (94°
E—114°E, 20°S-0°, 1’ x 1’ resolution). The wave spectrum
is discretized with 32 frequencies ranging from 0.041 to
0.79 Hz and 36 directions with a 10° increment. Figure 3
shows the Indian Ocean topographies and the range of
three domains. Bathymetry data are from the ETOPOI1
(Amante and Eakins 2009) database.

Figure 3 Topography of Indian Ocean, model nesting domains
(Triangle mark as buoy and asterisks indicate the location)

Model physics is set such that discrete interaction ap-
proximation is applied to nonlinear wave —wave interac-
tions (Ardhuin et al. 2010). Parameterization (ST4) is se-
lected as the wind input and dissipation source term. Bot-
tom friction is modeled using the Joint North Sea Wave
Project parameterization with a default value. Depth-in-
duced breaking is calculated using Battjes and Janssen’s
(1978) parameterization with a default value. Nonlinear tri-
ad interactions are modeled using the LTA model (Elde-
berky, 1996).

The model calculation time lasts for 15 days from

March 30 to April 13, 2017. The model is forced by sea
surface wind velocities from the cross-calibrated multiplat-
form ocean surface wind velocity (Version 2). Waves
along the Indonesian coasts were mainly controlled by the
Roaring Forties from 0000 UTC on March 30 to 1200
UTC on April 5 and from 1800 UTC on April 11 to 1800
UTC on April 13 during the simulation period, while they
were affected by the Roaring Forties and cyclone Ernie
from 1200 UTC on April 5 to 1800 UTC on April 11.

The spectral segmentation technique is used to separate
different wave components, analyze wave field and spec-
tral energy distribution characteristics, and resolve the
complex wave patterns under Roaring Forties and tropical
cyclones in the Indian Ocean and along Indonesia coasts.

4 Nesting model validation

Buoy and satellite data have remarkable coverage and
advantages in ocean wave research despite the difficulty in
conducting field observations. Some scholars and organi-
zations investigated ocean waves and achieved good re-
sults based on satellite data, such as JASON altimeter data
(Leodn et al. 2019; International Altimetry Team 2021).

4.1 Model validation with buoy data

Buoy and satellite data were used to validate the model
in this paper. Buoy data are provided by the Earth System
Science Organization-Indian National Center for Ocean In-
formation Services. Observed buoy data are unavailable
near the Indonesian offshore area, and three stations are se-
lected in the North Indian Ocean (Figure 3). Buoy informa-
tion is presented in Table 1.

Table 1 List of wave buoys in the Indian Ocean (observation data
available during Ernie)

Buoy name  Longitude (°E) Latitude (°N) Water depth (m)
BDI11 82.90 14.20 32919
BD14 85.87 6.19 3875.1

Seychelles 55.872 —4.6 43.1

The modeled results used for the comparison of ob-
served buoy data were taken from the nested grid DI.
Figure 4 shows the comparison of the calculated model
and observed buoy values.

Figure 4 shows the following: 1) the significant wave
heights of WWIII simulation are in good agreement with
those from buoy observations. The correlation coefficients
are all above 0.95, and the maximum wave heights during
the cyclone process are effectively described. 2) Buoys
BDI11 and BDI14 are on the east of the Indian Peninsula
and are large for the relative loss of waves propagated
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(a) BD11

(b) BD14

(c) Seychelles

Figure 4 Comparison of WW III stimulated significant wave
heights (SWH) with buoy observations

from the south. The overall significant wave height simula-
tion is low, and the deviation value is negative. Wave prop-
agation is blocked due to the cover of the island on the
south of buoy BD11, resulting in minimal changes in the
wave height of buoy BD11. The RMSE and absolute devi-
ation of significant wave height simulation at buoy BD11
are both lower than those at buoy BD14. 3) Buoy Sey-
chelles is located in shallow waters on the north of Mada-
gascar Island. The fitting degree of wave simulation value
is high, with the correlation coefficient reaching 0.977 1 and
the RMSE only 0.120 6 m. This finding indicates that the
model can reasonably simulate offshore waves.

4.2 Model validation with satellite data

Jason-3 satellite is a follow-on mission to Jason-2 by
EUMESTAT and NOAA, and satellite tracks across the In-
donesian coastal area are shown in Figure 5.

The modeled results used for the comparison of satellite
data were taken from the nested grid D2. The verification
results are presented in Figure 6.

Figure 6 shows the following: 1) the overall change
trend of significant wave heights simulated by WWII is

Figure 5 Satellite tracks across Indonesian coastal

(a) Pass 051

(b) Pass 090

(c) Pass 166

Figure 6 Comparison of WWIII stimulated SWH with Jason-3 data

consistent with the values of Jason-3 satellite observations.
The data have a high degree of coincidence, which can ef-
fectively simulate the peak values of big waves. 2) The
simulated significant wave heights of WWIII are generally
lower than those of satellite observations. 3) Large devia-
tions are found in the satellite altimeter measurement due
to the satellite itself and the wave height outliers when the
satellite is close to the land area.
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Figures 4 and Figure 6 respectively show that the simu-
lation results and measured values are successfully veri-
fied, and the WWIII model is reasonably set. The model
can also be used to simulate the wave field in the Indian
Ocean and further study wave characteristics.

5 Simulated wave characteristics
5.1 Waves under Roaring Forties

Figures 7(a) and 7(b) respectively show wind field and
significant wave height along the coasts of Indonesia at
1200 UTC on April 2. Waves were induced by Roaring
Forties and local background low winds at this time. The
Indonesian coasts are dominated by southern waves, and
the SWH decreases when propagating from the south to-
ward the Indonesian offshore zone from 2.8 m to approxi-
mately 1 m near the coastal line. The analysis of 2D wave
spectra and the relationship between wave direction and
wind field revealed that the strength and directions of
wave height had a poor correlation with that of the local
winds. This finding implies that waves on the Indonesian
coast are mostly generated by Roaring Forties of the south-
ern sphere. Local winds affected wave strength only when
the wind speed reached 10 m/s and above, as shown in the
left-down corner of Figure 7.

5.2 Waves under the combined influence of
tropical cyclone Ernie and Roaring Forties

Figures 8(a) and 8(b) respectively show the wind field
and significant wave height along the coasts of Indonesia,
wherein waves were induced by Roaring Forties and the
winds of cyclone Ernie when it reached its maximum sus-
tained intensity at 1200 UTC on April 8. 1) Maximum sig-
nificant wave height reached 4 m within the range of the
cyclone, and wave strength decreased outward in a radia-
tion form. Waves and winds generally had a relatively
strong relationship. 2) High winds show a clockwise direc-
tion around the track of Ernie, wind speed significantly in-
creased under the influence of Ernie, and southeast waves
dominated the area with high SWH. Wave directions along
the Indonesian coastal zone are in the southwest, which is
different from the cyclone wind direction herein. By con-
trast, wave directions around the tracks of Ernie were devi-
ated by the cyclone, with wave directions changing to
southeast within the range of Ernie when the wind speed
was over 10 m/s. The cyclone enhanced the wave strength
within its scope. However, compared with strong cyclone-
generated wind waves, the propagating waves induced by
Roaring Forties were still important factors, even within
the cyclone range during the cyclone process.

(a) Wind field

(b) Wave field

Figure 7 Field maps of wind and mixed wave along the coast of
Indonesia at 1 200 UTC on April 2

6 Spectral wave properties

Two-dimensional wave spectra provide detailed wave
components along the Indonesian coasts under Roaring
Forties, cyclones, and the background monsoon wind. Typ-
ical control points are chosen to explore the detailed wave
pattern in this region: three points (41, 42, and A3) are se-
lected on the left (maximum wind radius) and right side
(maximum wind radius) of Ernie’s track, and four loca-
tions (a, b, ¢, and d) along the most developed coastal ar-
eas of Indonesia are chosen, as shown in Figure 9. De-
tailed location information is listed in Table 2.

6.1 2D wave spectra within the range of Ernie

Figure 10 shows the 2D wave spectra at points A1, 42,
and A3 at 1200 UTC on April 2 and at 1200 UTC on April 8.
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(a) Wind field

(b) Wave field

Figure 8 Field maps of wind and mixed wave along the coast of
Indonesia at 1200 UTC on April 8

Figure9 Locations of the control points in the Indonesian coast zone

Table 2 Information of the selected points

Control Points Longitude (°E)  Latitude (°N)  Water depth (m)
Al 108.00 15.60 5687.00
A2 110.50 15.60 5620.00
A3 113.00 15.60 5179.00
a 106.00 7.00 870.00
b 104.55 6.02 50.50
c 101.25 4.30 6.80
d 105.75 6.40 17.00

The three points were located in deep water off the Sunda
Shelf at 1200 UTC on April 2. The waves at A1, 42, and
A3 represent the combined effects from Roaring Forties
and background monsoon wind at 1200 UTC on April 2
and those from Roaring Forties, background wind, and
tropical cyclone Ernie at 1200 UTC on April 8.

At 1200 UTC on April 2, the wave spectral distributions
at the three points (whether on the right side of Ernie’s
track at maximum radius (41), on the track (42), or the
left side of Ernie’s track on the maximum radius) were sim-
ilar. The wave energy spectra were multimodal with 2—-5
peaks. Most of the energy fluctuations originated from the
first quadrant. Spectra energy accumulated within 60°—90°
(southwest to south directions) with swell energy as the
dominant component, which originated from the long
propagating swell induced by Roaring Forties. The maxi-
mum SWH of the swell was 2.03 m, and the swell compo-
nents demonstrated a small frequency (large wave period).
The local wind wave energy was distributed within 45°—
200° with northeast as the main direction, which corre-
sponds to the northeast monsoon wind condition and has a
large frequency (short wave period).

At 1200 UTC on April 8, the wave spectral pattern with-
in Ernie’s range showed different and complicated proper-
ties at A1, 42, and A3 locations. Energy spectra demonstrated
several peaks, with peak frequencies ranging from 0.05 Hz
to 0.2 Hz. The maximum energy peak remained in the first
quadrant at 41, 42, and A3, showing stable properties as
that before the arrival of Ernie at 1200 UTC on April 2.
The long-period swell component was induced by the Roar-
ing Forties, and this swell energy component concentrated
within 60°—90° in the south to southwest directions. The
large frequency of wind wave distributions showed a coun-
terclockwise change from A1, A2 to 43, which correspond-
ed to local wind directions, and the spectral energy decreased
from A1, A2 to A3. The wind sea energy was enhanced and
became the dominant component at point A1, with a maxi-
mum SWH reaching 2.34 m. Meanwhile, the energy of wind
seas was nearly equal to the swell energy at 42 and 43.

The above phenomena can be interpreted as follows:
wind wave energy components were related to the local
wind of Ernie in the clockwise direction, and wind speeds
at the right side of Ernie’s track (41) were enhanced due to
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(2) Point A1 4/2 12:00 (b) Point A1 4/8 12:00
(c) Point A2 4/2 12:00 (d) Point 42 4/8 12:00
(e) Point 43 4/2 12:00 (f) Point 43 4/8 12:00
Figure 10 2D directional spectra of points A1, 42, and 43
its translation speed (toward the southwest direction). rection, with lengths showing the wind speeds. The color
The coordinate system is a Cartesian coordinate. The ra- scale and contour indicate the energy spectral density in

dial direction comprises frequencies in Hz with intervals m’- (°)/Hz. Hs is significant wave height, and U,, repre-
of 0.1 Hz. The arrows in the circle center indicate wind di- sents the wind speed at 10 m elevation.



88

Journal of Marine Science and Application

6.2 2D Wave spectra along the Indonesian Coast
within the Sunda Shelf

Points a, b, ¢, and d are located along the Indonesian
coast within the Sunda Shelf. Points a and b are respectively
located in the right (point @) and left (point b) sides of Sun-
da Strait, point b faces the Indian Ocean but is slightly
sheltered by the protruding cape, point ¢ is near the coastal
line of Mentawai Islands of Indonesia, and point d is locat-
ed in Sunda Strait. Waves are not only influenced by Roar-
ing Forties, cyclone winds, and local monsoon wind but al-
so experience the shoaling effect and the coastal line influ-
ence. Figure 11 shows the 2D wave spectra at points a and
b in deep nearshore water at 1200 UTC on April 2 and at
1200 UTC on April 8, respectively.

The total spectral energy did not substantially vary at
points a and b, whether under the coexistence of Roaring
Forties and local winds at 1200 UTC on April 2 or under
the coexistence of Roaring Forties, cyclone Ernie, and lo-
cal winds at 1200 UTC on April 8. The low-frequency
dominant swell energy distributions are not as stable as
that of A1, 42, and 43 due to the deformed incoming

(a) Point a 4/2 12:00

(c) Point b 4/2 12:00

Figure 11

swells by the shoaling effect near the coastal line. The
spectral shape shows multipeaks at points @ and b, wherein
a separate wave energy system emerged from the west at
point b. This phenomenon is due to the influence of the
sustained equatorial westerlies on points a and b, while
point a is sheltered by the cape of Sunda Strait. Thus, cy-
clone Ernie only had a small impact on waves at the two
points.

Figure 12 shows the 2D energy density spectra at points
c and d in nearshore waters at 0000 UTC on April 2 and
1200 UTC on April 8, and multipeak spectral patterns
were observed in low- and high-frequency ranges at the
two locations. The spectral energy at point ¢ was concen-
trated around the south direction with low-frequency at
0000 UTC on April 2 and 1200 UTC on April 8. A north-
west wind wave spectral component emerged with the in-
crease in wind speed at 1200 UTC on April 8. Several
swell components were also observed within 30° and 120°
with low SWH, and these components had similar direc-
tions and different frequencies. The wind sea energy was
almost equal to the swell energy.

Located within Sunda Strait, point d is exposed only to

(b) Point a 4/8 12:00

(d) Point 5 4/8 12:00

2D directional spectra of points a and b
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(a) Point ¢ 4/3 00:00

(c) Point d 4/3 00:00

(b) Point ¢ 4/8 12:00

(d) Point d 4/8 12:00

Figure 12 2D directional spectra of points ¢ and d

waves from west to south, and the spectral wave energy at
this location was lower than that at point ¢. Low-frequency
swell spectral energy was concentrated in the west. This
concentration is due to the propagation of generated swell
by the Roaring Forties to the shore of Indonesia from the
southern sphere, and some of the swell experienced dif-
fraction and propagated into the Sunda Strait. Equatorial
westerlies also contribute to the components of wind
waves. The directions of wind seas and swells were almost
the same, and the wind sea energy was predominant.

7 Discussions

The Indonesian coasts are prevailed by swells traveling
from the Southern Indian Ocean when solely affected by
the Roaring Forties. SWH decreases in parallel in the
northeast direction from 3 m (offshore), 1-2 m (open coastal
area) to 0.5 m (sheltered coastal area). Compared with wave
components and local wind wave energy, wave energy is
mainly concentrated within the south to southwest (60°
and 90°) direction distribution in the offshore zone with
dominant swells. Waves experience the shoaling effect in
nearshore coastal areas, and incoming swells from the

Roaring Forties generated waves will be deformed in di-
rection and strength. Equatorial westerlies also create wind
waves because the Indonesia coast is only located within
this sustained wind.

The northward propagating swell waves were still pre-
dominant under the impacts of Roaring Forties and tropi-
cal cyclones simultaneously, except for the cyclone range
within 10 m/s velocity circle in the offshore area. Cyclone-
generated waves and the propagating swell from the Roar-
ing Forties coexist, wind sea energy significantly enhances
the total wave height and forms new high-frequency wind
wave components, and SWH decreases from offshore to-
ward north from 4 m (offshore), 1-2 m (open coastal area)
to 0.5 m (sheltered coastal area). Wave compositions in near-
shore waters are also complex due to the shoaling effect of
topography and the coastal line shape. However, swell
components remain important wave factors despite their
deformation. Cyclone-induced waves have significant
strength in the offshore zone. However, these waves have
a slight impact near the Indonesian coastal area, and the
equatorial westerlies contribute to some wind wave energy
near the coastal area.

Wave compositions along Indonesian coasts are com-
plex, and wave spectra are multimodal. Wave spectra at
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different locations can be divided into three types. 1) Mul-
timodal spectra under the influence of cyclone wind in the
Indonesian offshore zone. Relatively stable directional
low-frequency swell spectral components and rapidly
changing wind wave spectral components coexist. 2) Spa-
tially stable multimodal spectra in the Indonesian offshore
zone. Low-frequency swell spectral wave energy is mainly
concentrated within the south to southwest directional
scope, with relatively small and stable wind wave spectral
components in the high-frequency range. 3) Multimodal
type spectra along Indonesian coasts where cyclone influ-
ence is insignificant. The incoming low-frequency swell
spectral components remain dominant but are deformed
due to the shoaling effect, and wind wave spectral compo-
nents are mostly induced by equatorial westerlies, which
can be neglected if the location is blocked and sheltered by
the complicated islands and coastal lines. Bimodal type
spectra can be found near Indonesian coasts when the incom-
ing low-frequency swells and wind waves (mostly generated
by equatorial westerlies) have different directions.

8 Conclusions

This study establishes a multiple nested numerical wave
model based on WWIII to examine the distributions and
propagation characteristics of disastrous waves under the
Roaring Forties and tropical cyclone Ernie in the offshore
and coastal zone of Indonesia during the monsoon reversal
period.

Roaring Forties induced swells and decreased from off-
shore to the coastal zone of Indonesia when solely under
the effect of the Roaring Forties, and local wind wave
spectral components distributed in relatively high frequen-
cies from south to southwest directions. Spectral wave dis-
tributions are relatively stable offshore but are deformed
near coastal zones because of the shoaling effect, especial-
ly in the sheltered waters.

Under the combined impacts of the Roaring Forties and
tropical cyclones, total significant wave heights within the
cyclone range are enhanced by cyclones in the offshore
zone, while those near the coastal area only slightly var-
ied. Wave spectra also show multimodal shapes in off-
shore and coastal areas, spectra patterns within the cyclone
range rapidly change due to the rapid wind fluctuation in
speed and direction, and spectral distributions are wide
and complicated in frequency and directional scope, with
coexisting relatively stable swell spectral components and
rapidly changing wind wave components.

Local equatorial westerlies prevailing along the Indone-
sian coast in the monsoon reversal period contribute a
high-frequency wind wave component, in addition to the
prevailing swell and other wind systems. Wave systems in
the Indian Ocean are complicated, especially in the Indone-

sian offshore and coastal zones. Thus, in-depth research
must be conducted in different seasons to improve the un-
derstanding of wave mechanisms in this region. Studying
high-precision and high-resolution numerical model simu-
lation is necessary when high-resolution topography data
are available.
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