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ABSTRACT

This study investigates wind and wind wave conditions in North Sulawesi waters based on their climatological
characteristics and a case study of when high waves occurred during Tropical Cyclone (TC) Kimi. Climatological
characteristics are calculated by using ERAS data and the case study is conducted by simulation using Simulating
Waves Nearshore (SWAN) wave model. Model verification was performed by comparing the significant wave
height (SWH) from SWAN with observation data from wave buoys in Albatross Bay, Townsville, and Emu Park.
The statistical results provide biases of -0.11 m, 0.22 m, and 0.16 m, respectively. The Root Mean Square Error
(RMSE) values are 0.14 m, 0.28 m, and 0.23 m, and the correlation coefficients are 0.54, 0.8, and 0.95. During the
December- February (DJF) period, wind speed peaks in February (3.0-6.5 m/s), and the SWH reaches 0.5-0.8 m.
On 17" of January 2021, Manado's coastline experienced high waves, coinciding with the active phase of TC Kimi
near northeastern Australia from 15" to 19" of January 2021. As TC Kimi developed, wind speeds in North
Sulawesi increased to 7.0—12 m/s, triggering waves reaching 1.0—1.8 meters with an anomaly of 1-1.5 meters.
This wave activity experienced a time lag of +19 hours in response to the wind speeds generated by TC Kimi.
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1. Introduction

Around the North Sulawesi waters exists several
important atmosphere and ocean phenomenon, such
as cyclogenesis [1], variation of mixed layer [2], and
Indonesian Throughflow [3]. On the northeast, the
western north Pacific (WNP), is location with the
highest tropical cyclone activity, where 31% of the
global tropical cyclone occurred [4]. For more details,
Ningsih et al., 2023 [5] divided the tropical cyclone
area around Indonesia into 4 areas, and one of them is
western north Pacific. The study discovered between
1979 and 2020, 60.5% of TC occurred in that area.
When a TC formed in WNP, the wave heights around
the TC can reach 10 m, and in some place, for
example in Japan waters, can reach 12 m [6,7]. Waves
that generated by TC will spread as a swell and the
propagation distance can reach 20,000 km [8]. Some
of the swell can reach North Sulawesi waters,
especially if the TC trajectory is westward and
crosses the Philippines [9].

To understand how climatological condition of a
parameter in an area, World Meteorological
Organization (WMO), 2018 [10] recommend to
observe and calculate the data for 30 years. Wave
climate information is very important for various
fields, namely sea transportation [5], beach tourism

[11] and maritime security [12]. On 17" of January
2021, high waves were observed along the coast of
Manado, North Sulawesi, while TC Kimi was active
in the waters off northeastern Australia. TC Kimi
reached its maximum intensity on 17 of January
2021 with maximum wind speed reached 45 knots
(83.3 km/h). Study by Aror et al. [13] found out that
high waves in North Sulawesi may influenced by
atmospheric disturbance. In addition, previous study
by Burrahman, 2021 [14] discovered that the high
waves on 17" of January were triggered by
meteorological factor and generated high waves with
1.5-2 m height.

This study aims to investigate the influence of TC
Kimi on wave conditions in Manado Waters. TC that
occurred on DIJF period in Australia region can
induce positive significant wave height (SWH)
anomaly and during DJF period there are 8.53%
probability of SWH > 2 m in North Sulawesi [5]. In
this study, we will investigate the climatological
characteristic and wave condition during TC Kimi by
simulating the waves, then calculating the anomaly.
Understanding the wave climate in North Sulawesi
can provide valuable information for decision-
making across various sectors, including tourism,
infrastructure development, fisheries, transportation,
and maritime security. Additionally, analyzing the
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impact of TC Kimi on high waves offers insights into
wave occurrences in Manado. This knowledge can
help local authorities prepare mitigation strategies to
minimize potential damage and fatalities if similar
conditions arise in the future.

2. Methods

SWAN model. Delft University of Technology
developed SWAN to perform wave simulation in
water body with a spatial resolution of less than 25
km [15] and shallow waters [16]. It can be applied to
various water bodies, including estuaries [17], straits
[18,19], coasts [20,21], gulfs [22], and lakes [23].
Additionally, SWAN is capable of simulating waves
in ocean, such as the Northwest Pacific [24] and the
Indian Ocean [25], and can even be used for global
wave simulations [26].

SWAN is based on the wave action balance equation
and incorporates sources and sinks along with
complex deep-water process formulations derived
from the Wave Modelling (WAM) model, such as
wave creation, dissipation, and quadruplet wave-
wave interactions [27]. Enhanced formulations for
triad wave-wave interactions, bottom friction-
induced dissipation, and depth-induced breaking are
used to better refine these processes in shallow water.
SWAN is a completely spectrum model that takes
into consideration all wave orientations and
frequencies, which makes it appropriate for
modelling how wind waves change along coastlines
that are impacted by ambient currents and shallow
waters. The following is the expression for the
governing equation [28]:

a a a a a S
EN+£CxN+£CyN+$CUN+£C9N —; (1)

with N denotes the action density spectrum (m?%/s). On
the left hand, the first component represents the
change of action density over time. Propagation
throughout the geographic space denoted by second
and third component, with velocities ¢, and c,, in the
x and y directions. The fourth component accounts for
frequency shifts due to depth and current variations,
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with a propagation velocity of ¢, in frequency space.
Wave refraction caused by these variations
represented by the fifth component, which has
propagation velocity cg in the directional dimension.
All velocity variables are measured in meters per
second (m/s). The right hand of the equation is
component for source and sink and are described in
more detail below,

S =Sin + Sz + Snia + Sasw + Sasp T Saspr (2
with S;,, is wave generation from wind. Second and
third component, S,,;3 and S,;, are non-linear wave
interaction which made up of triad wave and
quadruplet wave. Meanwhile fourth to sixth
component are for the dissipation of wave energy,
with Sy, is due to white-capping, S;, is due to
bottom friction and Sy .- is due to wave breaking. All
of source and sink terms are in m%/s®.

Data. The wind forcing data used in this study is from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) database. Specifically, we
utilized 10-meter wind data from ECMWF
Reanalysis v5 (ERAS) [29], which represents the
most advanced atmospheric reanalysis dataset
available. ERAS provides hourly wind data with a
spatial resolution of 0.25° x 0.25°. Previous studies
comparing ERAS with other wind datasets, such as
Climate Forecast System Reanalysis (CFSR), has
demonstrated that ERAS offers superior accuracy and
correlation, making it more suitable for wave
simulations [30,31,32]. The dataset is available at an
hourly temporal resolution and a spatial resolution of
0.5° x 0.5°. For bathymetric data, we employed the
General Bathymetric Ocean Chart (GEBCO), which
offers a spatial resolution of 15 arc seconds. GEBCO
provides integrated elevation data by combining both
ocean depth and land topography [33]. However, in
wave simulations, SWAN focuses solely on ocean
bathymetry. To analyse the wind and wave climate,
we utilized monthly averaged wind and wave data
from the ERAS, spanning the period from 1974 to
2023. We then computed the monthly averages for the
DJF (December-January-February) period, aligning
them with the timing of TC Kimi.

mesh topo-bathy 5297.9

4768.2

42385
3708.8 E
KR E
VARV s ‘ 31791 3
v il S
| % ) 26494 2
A . 5
/ . £ 3
A A € 21198 2
VRV I
VAT %/‘QL’ 15001 &
_\/ { 1060.4
1 ; ‘ .15307
123°E  124°E  125°E  126°E ! b)

Figure 1. Unstructured grid and bathymetry of (a) model domain and (b) analysis domain.
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Figure 2. Buoy locations to verify the SWAN output.

Model setup. The global surface wind climate
indicates that the strongest wind speeds occur
between 30°-60° in both hemispheres [34]. These
strong winds generate wind waves, which eventually
evolve into swells as they travel away from their
source regions. Depending on their height, these
swells can propagate over distances ranging from
2,800 to 20,000 km [8]. The first domain which
covers a large portion of the Pacific Ocean, enabling
the accurate simulation of swells that generated by the
trade winds in this ocean. Swells play a crucial role in
ocean dynamics and can influence locally generated
wind waves. Previous studies have shown that swells
originating in the Pacific reach Indonesian waters
throughout the year via northeastern passage, such as
North Sulawesi and Maluku, except for June-July-
August (JJA) [35, 36]. The second domain is the
domain for analysis, where the model output is
examined. Analysis domain focuses on North
Sulawesi located in 0°S—5°N, 122°-127°E. The wave
simulation provides hourly outputs with spatial
resolution aligned with the model grid.

We used unstructured grid for computational grid. It
has several advantages compared the regular nested
grid, for example it can create more accurate
shoreline, has mesh density variations and can
perform simulation in shorter time [20, 37]. To
generate the unstructured grid, this study utilizes
Oceanmesh2D, a MATLAB-based software to
generate grid for ocean modelling [38]. The grid in
model domain has 4 km resolution in nearshore and
100 km in off shore. Meanwhile in domain analysis
the resolution in nearshore is refined to 100 m. The
unstructured grid consisted of 159,653 elements and
93,352 nodes.

To verify SWAN output (Fig. 2), we used wave buoy
data provided by Queensland Government in three
locations, namely Albatross Bay (141.685°E, 12.688°
S), Townsville (147.059° E, 19.159° S) and Emu Park

(151.07° E, 23.305° S). Data from the wave buoys are
available from 9" of January to 22", 2021, and with
the temporal resolution of 30-minutes.

To evaluate the accuracy of the model output, we
used bias, root mean square error (RMSE), and
correlation coefficients (r) for verification.

bias (x,y) =— I, AH(x, y, ) 3)
1
RMSE (o) = (LS, 180Gy OF (@
r(xy) = St [Hm Coy,t)~ Fim Gy DllHo Gy, )—Ho eyl 5

M [Hm (23,0~ Hy (x,y,012[H, (x,,6)— Ho (x,y,0)]?

where H,, represents the SWH output from SWAN,
while H, denotes the observation data. H,, and H,
correspond to the mean value SWAN output and
observation data, respectively. The last one is M
which represents the number of data points. Both bias
and RMSE are expressed in meters.

3. Result and Discussion

SWAN verification. To assess SWAN performance
in wave simulation, SWH from three buoys near the
path of TC Kimi were analyzed (Fig. 2). Fig. 3
demonstrates a strong correlation between the
observed data and SWAN output, particularly at
Townsville and Emu Park. In Albatross Bay, SWH
from SWAN seems to underestimate the observation
data. In comparison, SWAN output in Townsville
generally overestimates observation data. Different
pattern spotted in Emu Park, where the SWAN output
overestimates the lower wave heights while
underestimating the higher wave heights.

To offer a more detailed comparison of SWH
between SWAN output and observational data, bias,
RMSE, and correlation coefficients were computed.
The bias recorded in Albatross Bay is -0.11 m and
meanwhile the RMSE is 0.14 m. This apparent in Fig.
3, where the SWH plot from SWAN and the
observations display minimal discrepancies. Bias and
RMSE in Albatross Bay are lower probably due to the
wave in this location tends shorter compared to
others. The best correlation value was noted at Emu
Park, with a correlation coefficient of 0.95. As shown
in Fig. 3, the SWAN output spreads near the reference
line. Based on the statistical calculation, the results
are confident enough to be used to perform wave
simulation. Compared to Subasita 2018 [25], the
study shows bias varies from -1.1 to 0.11 m, RMSE
varies from 0.3 to 1.17 and Correlation varies from
0.66 to 0.75. Other study by Liang et al. [26] shows
bias varies from -0.14 to 0.26 m, and RMSE varies
from 0.36 to 0.64.
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Figure 3. Scatter plots of SWH comparisons in 3 buoys.
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Figure 5. Wave climate in North Sulawesi during (a) December, (b) January, and (c) February period between
1974-2023.

Table 1. Statistical calculation in 3 buoys.
Bias (m) RMSE (m) Correlation

Albatross Bay -0.11 0.14 0.54
Townsville 0.21 0.27 0.80
Emu Park 0.15 0.23 0.95

Wave climate in DJF period in North Sulawesi. TC
Kimi occurred in 15" to 19" of January 2021, so in
this study we focused the wind and wave climate only
on the DJF period. The DJF period marks the active
phase of the Asian monsoon, with winds blowing
from the Asian continent, passing through the
Indonesian archipelago, and heading towards
Australia. In North Sulawesi during DJF (Figure 4
and 5), the winds blow from the northwest-northeast,
influenced by winds from the Pacific Ocean. In
December, the highest wind speeds occur in the
waters of the Sangihe and Talaud Islands and the
Maluku Sea, ranging from 2.5 to 3.5 m/s.

In January, the area of highest wind speeds expands
to the eastern part of the Sulawesi Sea, with speeds
between 3 and 5 m/s. During this period, wind speeds
peak in February, reaching between 3 and 6 m/s, and
extend to the central part of the Sulawesi Sea. During
the DJF period, the wave direction follows the wind
direction, moving towards the southwest. In
December, the highest wave heights range between
0.25 to 0.5 meters, mainly in the waters around the
Sangihe and Talaud Islands. By January, wave
heights increase to between 0.25 and 0.75 meters,
spreading into the Maluku Sea. In February, the
waves reach their peak heights of 0.25 to 1 meter,
extending into the Sulawesi Sea. This result confirms
the previous study by Kurniawan et al. 2011 [35] and
Ramdhani 2015 [36] where the wind and wave come
from north-northeast during DJF period due to
influence of Asian monsoon.
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Figure 6. Location and trajectory (left), and intensity and the highest wind speed of TC Kimi (right).

TC Kimi. TC Kimi was an active tropical cyclone in
the Australian region, a basin known for significant
tropical cyclone activity, with 12% of global tropical
cyclones occurring there [4]. Figure 6 shows that TC
Kimi was first classified as a Tropical Depression
(TD) at 06 UTC on 15" of January 2021, at the
coordinates 146.5° E and 13.5° S. The cyclone moved
southward and intensified into a Category 1,
according to Australian Tropical Cyclone category
scale by WMO, 2023 [39], by 00 UTC on 16% of
January 2021. TC Kimi reached its peak intensity
with wind speeds of 23.1 m/s (45 knots) between 12
and 18 UTC on 17" of January 2021. The cyclone
then began to weaken, indicated by a reduction in
wind speed, and reverted to a TD at 18 UTC on 18"
of January 2021, coinciding with a shift in its
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trajectory towards the northwest. TC Kimi was
officially declared dissipated after 06 UTC on 19" of
January 2021.

Wind and SWH in North Sulawesi. The wind and
SWH conditions were analysed based on the different
phases of TC Kimi: before the formation of TC Kimi,
peak intensity, and after TC Kimi dissipated. The
phase before TC Kimi was selected at 00 UTC on 15%
of January 2021, the peak intensity phase was at 12
UTC on 17" of January and the phase after TC Kimi
dissipated was at 12 UTC on 19" of January. These
time periods were selected to analyse the impact of
TC Kimi activity towards wind and wave dynamics
in North Sulawesi.
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Figure 7. Wind speed and direction (a) pre-TC Kimi, (b) at the peak intensity and (c) post-TC Kimi. Red square
shows the area of interest and red star (b) indicates the location of TC Kimi.
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Before TC Kimi became active (Fig. 7a and 8a), the
wind predominantly blew from the west-northwest at
speeds ranging from 3-9 m/s. SWH were between
0.3-1 m and the direction looks irregular due to wave
that comes from the Pacific Ocean meets the wave
that formed in the western part of the Sulawesi Sea.
At the strongest intensity (Fig. 7b and 8b), wind speed
increased to 5-11 m/s and wind directions were from
west-north. SWH also increased to 1-1.8 m. In the
Maluku Sea, SWH were lower due to a shadow zone,
in terms of the wind direction. Stronger wind speed
also leads to the shifting of location where wave from
Pacific Ocean meets the wave from Sulawesi Sea,
which in this phase, the wave meets in the waters
between Sangihe and Talaud. After TC Kimi
dissipated (Fig. 7c and 8c), wind speed dropped to 3-
5 m/s and the direction becomes irregular meanwhile
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Figure 9. SWH anomaly at (a) 00 UTC on 15" of January, (b) 12 UTC on 17% of January, and (c) 12 UTC on
19t of January 2021

the SWH also dropped to 0.5-1 m and the direction
changes into its climatology (Fig. 5)

SWH anomaly (Fig. 9) are calculated from the
difference of SWH in Fig. 7 and its climatological
condition (Fig. 5), so that the change that occurred
during TC Kimi active can be detected. Before TC
Kimi active, SWH anomaly are between 0.4-0.7 m.
The highest values are mainly in the western and
eastern part, due to the wave climate in both areas are
lower. In the northeastern part, the anomaly was low
because of the wave climate in this area is higher
compared to other area so the change is lower. At the
strongest intensity of TC Kimi, SWH anomaly
increased to between 0.4-1.3 m with the highest
anomaly are mainly in the Sulawesi Sea and the
northern part of Maluku Sea. This condition occurred
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due to the high SWH at the strongest of TC Kimi
occurred in those areas. Low SWH anomaly in the
central Maluku Sea and Talaud waters are because of
both arcas are the shadow zone, relative to its
direction (Fig. 8b). After TC Kimi dissipated, the
SWH anomaly are decreased. High anomaly during
this phase occurred in the northern area and east area
because of the SWH are high in those areas,
meanwhile the lowest anomaly is in the shadow areas.

Time lag calculations were performed to determine
the delay in TC Kimi's impact on atmospheric
dynamics in North Sulawesi. This analysis is crucial
because TC Kimi and Sulawesi are located in
different hemispheres (Fig. 2). The calculations were
conducted for wind speed parameters in both regions.
Additionally, SWH values at near Manado Bay were
included to assess changes over time.

Before TC Kimi formed, there was an observed
increase in wind speed in the TC Kimi area,
consistently remaining above 6 m/s until the cyclone
weakened. This increase in wind speed was followed
by a rise in wind speed in North Sulawesi after a
delay. Wind speeds in North Sulawesi increased
several hours later, peaking on of 17" January 2021.
After the wind speed in North Sulawesi rose, the
SWH in the region also increased shortly thereafter
and reaches 0.8 m. As TC Kimi began to weaken,
wind speeds in both the TC Kimi area and North
Sulawesi, as well as SWH in North Sulawesi,
decreased. TC Kimi wind decreased mainly due the
asymmetric distribution of wind speed that occurred
during a TC. Usually, area behind the TC tends to
have slower wind speed compared to the front area of
a TC, relative to TC trajectory. This asymmetric wind
speed distribution can occur due to various factors
such as the forward speed of tropical cyclone systems,
friction with the boundary layer, blocking action, beta
effect and landfall [40]. After TC Kimi dissipated on
20" of January wind speeds in the TC Kimi area
increased again, but wind speeds in North Sulawesi
showed only a slight increase which indicates that in
this period wind in TC Kimi have no impact on wind
in North Sulawesi. This observation suggests that
wind in the TC Kimi area has a moderate correlation
with wind speed changes in North Sulawesi.

To determine the time lag, it is necessary to calculate
the correlation for each hourly lag and plot the results
on a cross-correlogram. Fig. 12 shows the highest
correlation occurs at a time lag of +19 hours, with a
correlation value of 0.49. This suggests a moderate
correlation between wind speed in the TC Kimi area
and wind speed in North Sulawesi. The +19-hour time
lag indicates that it takes 19 hours for the wind speed
in the TC Kimi area to impact the wind speed in North
Sulawesi.
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4. Conclusion

During the DJF period, winds blow from the
northwest to the northeast, while waves move toward
the southwest. This indicates that the winds in North
Sulawesi are strongly influenced by the monsoon,
whereas the waves are primarily driven by those
coming from the Pacific. During the peak intensity of
TC Kimi, SWH showed a significant increase
compared to before TC active and after TC Kimi
dissipated, which the SWH reach 1.8 m in the
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Sulawesi Sea and Maluku Sea. The high significant
wave height (SWH) was influenced by several
factors, including strong wind speeds, the vast area of
the Sulawesi Sea, which allows for a long fetch, and
the westward wind direction that optimally utilizes
the fetch in the region. The high SWH during the peak
of TC Kimi leads to the high anomaly compared to
the climatological conditions reaching 0.4-1.3 meters.
This increase triggered by a significant rise in SWH
at TC Kimi’s peak intensity. Influence of TC Kimi to
the wind speed has a time lag of approximately 19
hours.
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