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Abstract— Analyze Surface Ocean Currents (SOCs) with one year of HF Radar data (2018-2019) for each season to determine the
characteristics of the SOC direction and speed of the crossing route and its control factors carried out in the Bali Strait and the Flores
Sea. Method of data analysis by computing the SOC speed and direction of the zonal and meridional components. The results showed
that the SOC pattern in the Bali Strait affects the season where its speed in the DJF season is lower than the JJA season. Moreover, the
SOC direction in the Bali Strait is dominant towards the south due to the influence of bathymetry. Meanwhile, the SOC pattern in the
Flores Sea has a random pattern every season for the influence of topography in the form of small islands that influence the SOC
dominant pattern. Furthermore, the SOC characteristics on the Bali Strait crossing route throughout the month are divided into two
patterns: random on the eastern side of East Java Island and dominant towards the south on the west side of Bali Island with a maximum
speed of 83 cm/s. Meanwhile, the crossing route in the Flores Sea is random, with a maximum speed of 32 cm/s. Whereas, based on the
normal cross-correlation method, the SOC control factors in the Bali Strait tend to be influenced by tides, while the factors in the Flores
Sea are less influential based on the distribution of zonal and meridional currents of HF Radar.
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calculated the difference with the HF Radar frequency to
I. INTRODUCTION produce the shift frequency [5], [6]. This shift frequency is
calculated as the current radio velocity, enabling the SOC
vector to be calculated. In the formula, the relation between

Apart from being included in an in-situ maritime
observation, HF Radar is also classified as a remote sensing

device [] According  to  the International Bragg scatter, Doppler, and shift frequency is formulated as
Telecommunications Union, the HF Radar device works at a Vi =Af2). . .
frequency of 3-30 MHz of radio waves [2]. At high The HF Radar development history as a SOC measuring

device was started back in the 1950s. Crombie [7] studied the
reflection of sea surface radar waves based on the Doppler
principle at 13.56 MHz. It was discovered for the first time
that the ocean’s wavelength was half the length of radio

frequencies, it will produce a small observation area that has
a high resolution. Conversely, at low frequencies, it will
produce a wider observation area with low-resolution results.
Therefore, the installation of HF Radar in a site depends on .
the conditions of the area and similar frequency interference. waves, and the change in the Doppler frequency was constant

The working principle follows the Bragg and Doppler formula regardless of the §urrounding wind and sea conditions. This
[3], [4]. When radio waves from HF Radar hit the ocean's opens further studies on the use of HF Radar at sea level. From
Pl 1970 until now, HF Radar was rapidly developed and

commercially available in the world [8]-[10]. Currently, two
main producers produce HF Radar products, CODAR and
WERA [11], [12]. In total, there have been 400 HF Radar
devices installed since March 2019. The device is spread
across 42 countries, with ten countries participating in
disseminating SOC data that can be accessed at http://global-

surface, it might produce a backscattering of moving ocean
waves. This backscattering is known as Bragg scattering,
which will be observed as a peak in the energy spectrum. The
object approaches the radar if the largest spectrum energy
peak falls on a positive Doppler frequency. In contrast, the
object moves away from the radar if it falls on a negative
Doppler frequency. This Doppler frequency value has then
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hfradar.org/. From the JCOMM [13] data, the United States is
the largest HF Radar user country with 144 units, followed by
Korea and Japan with 26 and 22 units, respectively.

Several studies related to the use of HF Radar to measure
SOC have been carried out. For example, the use of HF Radar
to study the SOC characteristics in the Ariake Sea, Japan by
Aoki and Kataoka [14], the development of a short-term
prediction system to map SOC from HF Radar measurements
by Ren et al. [15], the use of instruments to find the
correlation between SOC and model by Orasi et al. [16], and
assimilation of HF Radar with models to improve forecast
capability during tropical cyclone by Li and Toumi [17].
However, a study on the utilization of HF Radar and its
application in Indonesia to measure SOC has never been
carried out up to now. From the literature review, a study on
the comparative analysis method wave spectrum of HF Radar
has been conducted by Lukijanto et al. [18]. However, it was
done in the South of England waters, not in Indonesian waters.
Furthermore, Iswandi [19] only explained the HF Radar
mechanism and compared it with other tsunami sensors, not
in the application and data processing.

However, several references state that SOC can be
influenced by generating factors originating from the
atmosphere and oceans, such as wind and tides [20]-[22].
Previously, Wyrtki [23] had explained that the wind had an
influence in the movement of SOC along the equator,
especially 60° — 90° east longitude. Meanwhile, Pond and
Pickard [24] provide another explanation in which they decide
SOC movements based on the influence of differences in
density, wind, tides, seismic ocean waves, turbulence, and
other motion variations such as internal forces Rossby waves,
and gravitational waves. Stewart [25] and Ogata et al. [26]
also includes that SOC could be affected by tsunamis and
tides. Thus, it is known that the SOC generating factor can be
generated either from the influence of the atmosphere, oceans,
or the interaction of the two.

On the other hand, marine SOC information is needed by
maritime service users, such as fishermen, skippers, marine
tourism activists, and coastal communities themselves. In
fact, in some cases, knowing the SOC pattern can help the
search and rescue team in a sea accident. Many examples
show that SOC s still a significant obstacle during an accident
in Indonesian waters. For example, in the case of the oil spill
in Balikpapan Bay on 31 Mar. 2018, the crash of the Lion Air
plane in Karawang waters on 28 Oct. 2018, the crash of
Sriwijaya Air at Jakarta Bay on 9 Jan. 2021, and the most
frequent occurrence was the decrease in the catch of fishers.
Unfortunately, currently, there is no real-time and high-
resolution SOC information in Indonesia. Learning this
condition, the Marine Meteorology Center of the
Meteorology, Climatology, and Geophysics Agency (BMKG)
since October 2018 has operated HF Radar in two locations,
Bali Strait and the Flores Sea. The two locations were chosen
since they have relatively high shipping frequency and
favorite domestic and foreign tourist routes that require ferry
safety. Based on the explanation above, this study examines:
(1) validate HF Radar output, (2) analyze the SOC produced
by HF Radar in the Bali Strait and the Flores Sea as well as
its crossing routes, and (3) lastly, the study on the effect of
atmosphere-ocean on SOC in these two locations has never
been carried out.
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II. MATERIALS AND METHOD

Following the purpose of this paper, the method section
will be started by performing HF Radar validation against
ADCP in section II.A. The SOC characteristics are diurnal,
seasonal, and the crossings that are the main objectives of this
research are described in section II.B. The last explanation of
the factors affecting the SOC is in the II.C section. In order,
the results of the method are described in section III.

The primary data used in this study comes from HF Radar
located in the Bali Strait and the Flores Sea from 1 Oct. 2018
to 30 Sept. 2019. The Bali Strait is a strait that separates Java
and Bali Islands. The Bali Sea borders the North of the Bali
Strait, while the Indian Ocean borders the South. As seen from
the map, the shape of Bali Strait is cone-shaped with a narrow
part on the north side and a wide part on the south side.
Meanwhile, the Flores Sea is located in the northern part of
the Nusa Tenggara Islands. This sea stretches from West Nusa
Tenggara Island in the west to Alor Island in the east. The
north side is directly adjacent to the Java and Makassar Seas.
The bathymetry value of the Flores Sea has a large change in
depth and can reach more than 5000 m [27]. Both the Bali
Strait as well as the Flores Sea are in the Java-Nusa Tenggara
Island cluster (Figure la-c).

The data recorded in this device are ocean currents with a
data recording duration of every 20 minutes for Bali Strait and
30 minutes for the Flores Sea. For validation purposes, the
Acoustic Doppler Current Profiler (ADCP) device was also
used in this study with an observation interval on 24 Apr.
2019 09.00 to3 May 2019 09.50 (local time). In Automatic
Weather Station (AWS) maritime, the data employed includes
the water level as well as wind direction and speed at the
scene. These devices in the Bali Strait was also utilized for
further analysis.

A.  HF Radar data validation technique

Before further processing, the instrument HF Radar data
was validated using ADCP, considering that the current HF
Radar is a remote sensing device that still requires validation
from an onsite device. The current data generated by the
ADCP comes from a depth of 2.5 m above sea level. Thus,
compared to the HF Radar, which records surface currents, it
might not be balanced. As a result, a filtering process was
required in processing the data [28]. The filtering technique
employed was the 36-hour Finite Impulse Response (FIR)
low-pass filter. The value of 36 appeared as the spectral period
of HF Radar and ADCP energy starting to decrease through
the Fast Fourier Transform (FFT) technique. This value was
also used as the cut-off (limit) of the low-pass filter.
Furthermore, the filter process was carried out using the
Hamming function [29] (p. 473):

2nd
H(n) =0.54 + 0.46 cos (F)
d=-D/2,...,D/2

where D is the length of the data used. This Hamming
function was then used as a rational transfer function [30]:

F(z2)=f.(1) +f,(2Q)z +... +f.(n+ I)z"

(1)

2)

where f. is the filter coefficient and z is the z-transform
variable of the F(z).
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Fig. 1 (a) The Indonesian maritime continent. The location of the HF Radar instrument is marked four a red dot. Two HFRs are located at BOOM and WARU in
the Bali Strait (b) and in the LAWA and KARA in the Flores Sea (c). The blue radial represents the HF Radar measurement range, and the black asterisk is the

location the ADCP is installed.

Equation 1-2 was employed to the ADCP and HF Radar
data. Then, further statistical analysis was carried out using
the Root Mean Square Error (RMSE), the coefficient of
determination (r?), and the Index of Agreement (IA) [31]:

n
RMSE = 2 VHFR(@) — Vapce(i) 3)
n
2 Virr i) 21 Vabce i)
rz _ Z:]:l (VHFR(i) - T(l> (VADCP(i) - %) (4)
2 2
Y0 (Vegegs — ZTVHFR(i) n (y o ZTVADCP(i)
i=1 | VHFRi) n i=1 \VADCPG) = T,
A=1 MSE
-t 2
5 ([ — ZTVADCP(i) +ly o ZTVADCP(i) (5)
L\|VaFRG) T T ADCPG) T T

where n, vurr, and vapcp are the total data, HF Radar and
ADCP are speed currents, respectively. IA = 1 describes
perfect agreement, whereas IA = 0 describes no agreement.
While the coefficient of determination describes the closeness
of the two results: the greater the value, the closer the
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relationship. Finally, The RMSE values indicate the distance
or proximity of the distribution of the HF Radar results to
ADCP observations. The lower of RMSE value, the better the
results of the HF Radar measurement.

B.  Characteristics of SOC in Bali Strait and the Flores Sea

HF Radar data contains coordinate variables, time, and
current components. The SOC speed calculation was done
using the following equation:

curr = \/m ©)
where v and u are the component of meridional and zonal
current, respectively. Additionally, the SOC (0) direction was
also calculated using the following equation:

()

u
Pay attention to equation (7); the reference angle formed is
the east direction. However, in navigation, the reference for
measuring an angle is the north direction. Thus, equation (7)
was modified to:

v
0 = arctan—

®=90-6 (8)



The calculation started from October 2018 to September
2019. It was divided every three months according to the
monsoonal effects that commonly occur in the ocean, the DJF
season (December, January, February), MAM season (March,
April, May), JJA season (June, July, August), and the SON
season (September, October, November) [32]. HF Radar
conducted SOC observations every 20 and 30 minutes in the
Bali Strait and the Flores Sea during the measurement,
respectively. To analyze the SOC for each season, the above
three-month average calculations are made:
2, curr;

)

Culr =
n
the results of the monthly validation and processing of SOC
data in the Bali and Lombok Strait are presented in the results
and discussion section.

Moreover, the direction and speed of SOC were determined
on shipping lanes in the Bali Strait and Flores Sea (Figure 2).
There are two main ports in Bali Strait, Gilimanuk and
Ketapang. Gilimanuk Port is at coordinates of 114.39750°
west latitude and -8.1591° south longitude. Meanwhile,
Ketapang Port is at coordinates of 114.4293° west latitude and
-8.1681° south longitude. From the coordinates of Gilimanuk
Port to Ketapang Port, 8-line segments were set with intervals
of 0.0045°. This number has been adjusted to the HF Radar
resolution to simplify calculations (Figure 2a). Furthermore,
from the 8-line segments, the direction and speed of SOC
were seen each season. It might then be seen in what position
and month the optimal current to support the navigation.

In the Flores Sea, on the east side of the map, the port
included in the HF Radar observation scope is Labuhan Bajo,
while there is no port on the west side (Figure 2b). This is due
to the limited range of HF Radar observations. However, the
line segments were still drawn representing the crossing route
from Labuhan Bajo to Bali, for this route is the largest
crossing route on the East Nusa Tenggara Island. Labuhan
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Bajo Port is at the coordinates 119.8212° west latitude and -
8.4778° south longitude, while the west side of the map is then
named point X at the coordinates 119.61220 west lat and -
8.3783% south longitude. With an interval of 0.0045° 24
segments were formed, henceforth, to see the direction and
speed of SOC each month.

C. SOC control factors in the Bali Strait and Flores Sea

Then, to determine the generating factors that affect SOC
in the Bali Strait and Flores Sea, wind speed and water level
data were utilized from the AWS of each location. Since there
was no AWS equipment in the Flores Sea, the analysis was
conducted using a comparison of # and v velocity components
[33]. If the distribution of data u and v forms an ellipse, the
dominant SOC is effect by tides.

Variations in the water level value of a location are
influenced by the moon's movement [25]. For this reason, the
available water level, wind speed, and SOC data were
separated based on the Hijri month. Further exploration was
carried out to see the patterns of the three parameters.
Furthermore, since the wind speed and water level data were
time-series data, there is likely blank data that enable the
running average to be carried out through the equation [34]:

| Mo-1
ws; = —Z ws(i —]) (10)
M, 4
=0
| Mo-1
wl; = —Z wl(i —j) (11)
M, £
=

Whereas for SOC from HF Radar using the following
equation:

Mo-1
1
curr; = — Z curr(i —j) (12)
M, £
=

The Coverge observation HF Radar and
Crossing in Flores Sea (b)

Flores
Sea

Sawu Sea
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1198

Fig. 2 The coverage of the SOC from HFR in the Bali Strait (a) and Flores Sea (b) is marked with cyan color, while the crossing route is marked with magenta.
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Where:

M, : the range of moving mean values, in this case, the

value is 5

ws; : moving average value of wind speed

ws : initial wind speed data

wl; : moving average value of water level

wl : initial water level data

curr; : moving average value of current

curr : initial current data

Wind speed data (ws;), water level (wl;), and HF Radar
currents that had been obtained were separated every hour.
Thus, later it might produce an average hourly data for a year.
This means that there were 24 data for each of the parameters
above. The three-parameter values obtained were then plotted
in a graph to see their similarities.

Furthermore, the main problem dealing with two or more
time-series data is determining the pairwise similarity
between them [35]. To overcome this problem, in the second

methodology, the Normal Cross-Correlation (NCC) equation
was applied to see to what extent the value of wind speed and
the water level correlates with the SOC value of the HF Radar.
The NCC equation is defined below [36]:
NCC = L(T) (13)
VC11(0) C»(0)
where:

+o0

Ch()= f 7,(8) Z,(s + T)dt (14)

with z;(s) and z,(s) are the two-time series data being
compared. The higher the NCC generated from the time series
data pair shows a strong correlation between the two. On the
other hand, if it is zero, it means that it does not correlate. In
short, the three methodologies can be summarized in the
above flowchart (Figure 3).

v

l

low-pass filtering
ADCP HF Radar AWS
(sea current at (SOC) (water level and
25 m) wind speed)
Vv V
Split ship lines per- Split  hourly  and Split monthly data
segment monthly data

v

v v

SOC

The SOC crossing Diurnal and monthly induced by
characteristics SOC characteristics atmospheric and ocean

\ v
Quiver analysis Spatial and temporal Time series analysis

analysis (NCC)
Vv
Conclusion <
Vv

< Finish ’

Fig. 3 Flowchart this study
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III. RESULTS AND DISCUSSION

A. HF Radar Data Validation on ADCP

Figure 4 presents a statistical analysis comparison between
the SOC speed on HF Radar and ADCP with a 36-hour low-
pass filtering technique. The HF Radar data period used
follows ADCP installation time from 24 Apr. 2019, 09:00 to
4 May 2019, 09:40 (local time) to guarantee validation
quality. It can be shown that during the observation period,
the HF Radar measurement is higher than ADCP for the
ADCP device measured at a depth of 2.5 m. As a result, a
regression formula in the form of Vigadar = @ + b*Vaqep can be
formed with the intercept value (a) at [5.46; 11.93] and slope
(b) [1.87; 2.19]. Additionally, the obtained RMSE and TA
were 6.4 cm/s and 0.99, respectively. From these
observations, it can be inferred that the output of HF Radar
measurement can be used to study the SOC characteristics in
the Bali Strait and the Flores Sea.

The result of the HF Radar validation with the ADCP in
this study showed relevant results, for example, RMSE 6.4
cm/s and correlation 86.4. This result is not much different
from the study of Wei et al. [37], which obtained the RMSE
range of [7; 13] cm/s and correlation of 0.89-0.98 with the
same device. Several references have compared the HF Radar
data output with other observation devices, such as the buoy
device by Tian ef al. [38], which obtained the RMSE range of
[11; 13] cm/s. The use of a drifter set by Corgnati et al. [39]
obtained the RMSE range of [10; 22] cm/s, and the current
meter commonly installed in the hull by Cosoli and de Vos
[12] obtained a range of [17.4; 33.6] cm/s. From the
comparison, it can be seen that the use of various observation
devices tends to produce different measurements, such as the
difference in the time interval for data collection [40]. In this
paper, ADCP and HF Radar took measurements every 10 and
20 minutes, respectively. However, according to Liu ef al.
[41], these two intervals are considered very well in sampling.
Moreover, environmental influences such as interference with
radiofrequency and metal (i.e., ships) can reduce the quality
of HF Radar data.

Furthermore, the low-pass filtering technique used comes
from the spectral period of HF Radar and ADCP energy
starting to decline through the FFT technique. Other studies
with similar devices tend to compare validation directly [42]—-
[44]. In contrast, many ocean phenomena produce high-
frequency signals that must eliminate [29]. This study offers
novelty in validation using low-pass filtering technique.

B. Characteristics of SOC in the Bali Strait

During the DJF season, the SOC pattern is relatively calm
throughout the waters of the Bali Strait. According to the
season, the current direction is divided into two major groups,
namely heading north on the east coastal of Java Island and
South on the west coastal of Bali Island. Specifically, in the
southern part of the west side of Bali Island, the direction of
the current was grouped into two, forming an eddy on the west
side and another towards Bali Island (Figure 5a). During the
DJF season, SOC speed is the lowest compared to other
seasons. Meanwhile, SOC velocity at two ports, Gilimanuk
and Ketapang, was recorded as 29 cm/s and 41 cm/s,
respectively. During the MAM season, there has been an
increase in SOC speed on the western side of the Bali Island,
ranging from 40-80 cm/s with the new direction dominant to
the South.

Additionally, lower SOC speed (0-20 cm/s) was detected
on the eastern side of Java Island with the direction of the
current to the east to then join the current in the middle of the
water to the South (Figure 5b). During this season, the SOC
speed at Gilimanuk and Ketapang Ports was 73 and 6 cm/s.
The JJA season is the season with the maximum SOC speed
in the Bali Strait (Figure 5c). It can be seen that the west side
of the island of Bali SOC speed can reach 140 cm/s with the
dominant current heading south. A different thing occurs on
the eastern side of Java Island, where it is measured that the
SOC speed is lower with a range of 0—40 cm/s. The SOC
direction at this location was to the east and joined the current
in the middle of the waters to the south where an eddy was
detected at this location. During this season, the SOC speed at
Gilimanuk and Ketapang Ports was 114 and 14 cm/s. Note
that in this paper, all speed of SOC is expressed in cm/s.

30 \ \ \ 80
25
-1 60
20 1 4
” —— ADCP .
é 15+ ——HF Radar| 4 é
Q Q
n=218
10 - Vhfradar = 8.6940 + 2.0336Vadcp
a=8.6940 [5.4632; 11.9336] cm/s
b=2.0336[1.8746; 2.1925] 120
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Fig. 4 Comparison instrument ADCP (blue) and HF Radar (brown) data in the Bali Strait using a 36-hour low-pass filter. The statistics are shown in the lower
right box with the description: the number of data pairs (n); regression equation; regression intercept (a); regression slope (b); RMSE; coefficient of determination
(r-squared) and IA. The values on [bracket] parameters a, b, and r-squared show a 95% confidence level.
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In the SON season, the resulting SOC pattern was not much
different from the JJA season, but the speed had decreased
considerably. The maximum SOC speed still occurred on the
west side of Bali Island, 100 cm/s, while the eastern side of
Java Island has relatively low speeds with a range of 0-20
cm/s. During this season, the SOC speed at Gilimanuk and
Ketapang Ports was 80 and 6 cm/s (Figure 5d).

Figure 5 also shows the SOC direction in the Bali Strait,
which generally points to the South. This is due to the
influence of the bathymetry of the Bali Strait, which leads to
the Indian Ocean. Hanifa et al. [45] explained that the
bathymetry of the north side of the Bali Strait is relatively
shallow about 50 m and extends to 360 m on the south side of
the water. Some of the eddies formed during the DJF season
can also be influenced by various things such as the wind [46],
imbalance of the baroclinic layer [47], and differences in

salinity [48]. The influence of the season on SOC seems to be
more pronounced in the Bali Strait, wherein the DJF season
the SOC is lower than the JJA season. Furthermore, the SOC
pattern in the four seasons can be simplified into two patterns
period, the relaxation and agitation periods. The relaxation
period includes the DJF and MAM season, while the agitation
period includes the JJA and SON seasons. Largier [49]
explained that the relaxation period of SOC occurs when a
barotropic pressure difference appears that allows an
upwelling event to occur. Meanwhile, the SOC agitation
period occurs when a storm occurs in the ocean. Furthermore,
the periods of relaxation and agitation are characterized by
varying low and high wind speeds, respectively [50].
Observation made by Pranowo [51] also found that the SOC
in the Bali Strait is related to the DJF season with ranges 2—6
m/s and dominant direction from the southeast.

DJF MAM
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Fig. 5 The SOC vector in the Bali Strait for each season. The contours indicate the current speed (cnv/s), while the black arrows specify the direction of the current.
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C. Characteristics of SOC in the Flores Sea

During the DJF season, the Flores Sea had three different
SOC speed patterns. The northern part was high-speed with a
predominantly eastward direction, the center was relatively
calm, and the southern part tended to be irregular due to the
clustering of small islands around it (Figure 6a). High-speed
currents were detected on the north side of Rinca Island (8.5°
south longitude), reaching 35 cm/s. The SOC speed created at
Labuhan Bajo Port tended to be low, with 5 cm/s dominating
the current direction to the north. Furthermore, during the
MAM season, SOC conditions in the Flores Sea tended to be
calm on the west side of the East Nusa Tenggara Island, while
high currents were detected close to the east side of Komodo
Island, which might reach 31 cm/s with the dominant current

direction towards the southwest (Figure 6b). It can also be
seen that on the north side of the Flores Sea, the direction of
the current moving to the east began to turn west in the middle
waters of the Flores Sea. The same thing happened on the
south side of the Flores Sea, which was initially the current
direction that went north turned east.

In the JJA season, a maximum SOC speed of 30 cm/s was
formed near Komodo Island in the northwest direction (Figure
6¢). Generally, low SOC velocities occurred on the northern
side of the Flores Sea, ranging from 0—15 cm/s. Considering
the western side of the Flores Sea pointed to the southeast and
the eastern side of the Flores Sea pointed to the northwest,
resulting in the low SOC speeds in the middle of the Flores
Sea (119.70° east longitude). The SOC speed at Labuhan Bajo
Port was obtained as much as 5 cm/s.
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After that, during the SON season, the dominance of high
SOC speeds almost covered the study area, in the range of 15—
30 cm/s while the lower SOC speeds occurred on the west side
of East Nusa Tenggara Island with a range of 0—15 cm/s. The
current direction in this season was dominated towards the
southwest, except for the west side of East Nusa Tenggara
Island that headed north and then turned to the southwest in
the middle of the water. Meanwhile, the SOC speed in the
Labuhan Bajo Port was measured and the result was 5 cm/s
(Figure 6d).

In general, the SOC speed in the Flores Sea is lower when
compared to the Bali Strait, which only ranges from 040
cm/s. Some of the Bali Strait topographical differences are
that the Flores Sea has many small islands, especially between
Komodo and NTT islands, causing the currents to move faster
in the region (Figures 5 and 6). The SOC in the Flores Sea has
a distinctive pattern in diurnal variations, especially in small
island clusters. Furthermore, it is important to note that the
SOC speed of the eastern side of Komodo Island was erratic
throughout the season due to the influence of topography
(such as the existence of small islands) that changes the
dominant pattern of the Flores Sea SOC. When considering
the bathymetric profile, the north side of the Flores Sea has a
bathymetry compared to the south side. This causes the
current to move calmer on the north side compared to the
south side, which tends to be higher due to the presence of
small islands in these waters. At either the maximum or
minimum SOC speed in the Flores Sea, the current direction
is dominated to the southwest. A study conducted by Webb
[52] explains that small islands act as a barrier and can disrupt
the dominant current pattern.

Moreover, what needs to be paid attention is that most of
the year, the SOC direction is dominant towards the east side
of Komodo Island (Figures 6b, c, and d). Thus, it is indicated
that a lot of deposits might accumulate there, which in turn
can change the morphology of the coastal zone. Sea currents
and waves leading to the coast can contribute to the
morphological changes in the coastal zone as in the form of
sediments [53]. Specifically, Taniguchi ef al. [54] explain that
residual currents affect sediment deposition on the coast.

Besides, SOC in the Flores Sea in this study tends not to be
influenced by seasons. A numerical study conducted by Rizki
[55] found that SOC velocity in the Flores Sea in the DJF
season was higher but not too significant compared to the JJA
season, at 3.7 and 3.5 m/s. During the DJF season, SOC flows
strongly to the east, especially along the coast of the Nusa
Tenggara archipelago. Meanwhile, during the JJA season,
SOC still flows strongly to the east, although not as strong as
during the DJF season. During this season, the SOC moving
westward widens in the northern part of the Flores Sea [27].
This is different from the Java Sea, which is geographically
directly connected to the Flores Sea but is influenced by the
DJF and JJA seasons [56]. However, the maximum SOC
speed in the Flores Sea is still low compared to the maximum
SOC speed of the Bali Strait, at 40 and 140 cm/s, respectively.

D.  SOC Characteristics on the Crossing

The direction and speed of the SOC for the crossing route
in Bali Strait and Flores Sea are presented in Figures 7a and b
with quiver analysis. It is a simple illustration to see the
change speed and direction of the SOC with time. The
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distance Ketapang to Gilimanuk and Labuhan Bajo Ports to
point X was 4.33 and 12 km, respectively. The HF Radar
spatial resolution range was 0.0045° (~500 m). Referring to
every 1%in the equator, the value was ~111 km, meaning that
there might be 8 grids in the Bali Strait and 24 grids in the
Flores Sea. It can be seen in the Bali Strait (Figure 7a), points
3 and 4 became points of change in the current direction due
to the eddy effect mentioned in the previous explanation. It is
noteworthy that the influence of ocean waves was not
considered in this study.

Figure 7a visualizes that the SOC speed in the Bali Strait
generally fluctuated throughout the month. On the eastern
side of Java Island, the SOC speed was high in January-
February with a range of 30-45 cm/s, while on the west side
of Bali Island, it was high in October and February—May with
arange of 24-83 cm/s. The Low SOC speed on the Java side
occurred in November—December with a span of 2—4 cm/s.
Meanwhile, on the west side of Bali Island occurred in
January with a range of 3 —23 cm/s. It is noted that from June
to September, the direction of the Bali Strait currents was
dominant towards the northeast.

The SOC throughout the month tended to be consistent at
several points for shipping crossings (Figure 7b). Points 1-15
show that SOC tended to consistently point west in October,
November, February, March, and May. Besides, the current
was directed northeast in July, southeast in April, southwest
in June, August, and September. Mostly, in December and
January, the direction of the flow was not obvious. At points
1624 in the Flores Sea, the direction of the SOC that
occurred tended to fluctuate, especially in October—
November. The current direction was detected to the north
and South in the same month. Other months tended to have
the same current direction with a small difference in direction.
High current speeds on the Flores Sea crossing route should
be watched out for in October, November, February, and
May. The current speed for the four months ranged from 20—
32 cm/s and low current speed with a range of 1-7 cm/s.

The SOC is closely related to shipping aspects, especially
in Indonesian waters. However, there has not been a study on
shipping safety yet. In general, the SOC direction on the ship
crossing route in the Bali Strait is generally dominated
towards the South around the Bali side (red box, Figure 7a).
Another case around the Java side (blue box, Figure 7a), is
that the formed SOC tends to be irregular throughout the
month. Thus, this area needs special attention to support
shipping safety in the Bali Strait. Apart from supporting the
safety of shipping crossings, the results of the SOC direction
mapping (Figure 7) can be used as a benchmark for the
efficient consumption of ship fuels. Moving a ship in the
direction of the current requires much less fuel than the
direction of the current opposite [57], [58].

However, this can be maximized if the surface wind
direction is also in the same direction as the ship’s motion.
Further study is required to determine the best shipping time
by combining the effects of wind speed and direction with the
surface ocean currents. A study on SOC in the Bali Strait was
conducted by Bayhaqi [59], which found that the direction of
currents in the Bali Strait for the period of 20062012 was
dominant from the southeast. The direction of currents in the
Flores Sea was predominantly influenced by the west
monsoon [27].
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Fig. 7 (a) The general pattern of the SOC ship crossings in the Bali Strait throughout the month. Point 1 and 8 is associated with Ketapang and Gilimanuk Port,
respectively. The blue and red boxes represent the different SOC contrasts that occur in the Bali Strait; (b) Same with (a) but for Labuhan Bajo Port. Point 1 and

24 is associated with Point X and Labuhan Bajo Port, respectively.

E. SOC Controlling Factor

Figure 8a shows that Ketapang Port has a tidal pattern of a
semi-diurnal type wherein a day there are a maximum of two
high tides and a minimum of low tides. This is evidenced by
two maximum values and two minimum values. This is also
related to the diurnal pattern of surface current velocity where
two waves are formed. This semi-diurnal tidal pattern
occurred due to the semi-diurnal tide components of M2 and
S2, which were greater than the diurnal tide components of
K1 and Ol. Furthermore, there was no significant effect when
the current speed was compared to the wind speed. Wind
speeds tended to be high at 00—-06 UTC (08.00—14.00 local
time). It was seen that the wind speed dropped drastically after
5 UTC until the next day, 21 UTC. This occurs due to the
warming of the air by the sun. Coastal areas tend to experience
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high wind speed from morning to daytime due to the
displacement of air masses from the oceans that have cooled
at night. In addition, wind speed patterns increase with
increased solar radiation energy (dotted line).

The relationship between SOC and tides-wind speed in the
Bali Strait in Figure 8a was then analyzed using NCC analysis
(Equation 13-14). This was to avoid analysis errors and lead
to a more objective and exact interpretation. It might be seen
that the NCC value for water level was higher than the wind.
This means that tides significantly influenced the dominant
SOC pattern in the Bali Strait. Besides, the influence of wind
and tides on SOC had a direct effect (immediately), as
evidenced by the NCC peak of both relations at lag 0. If the
results of Figure 8a are compared to Figure 8b, it turns out
that the SOC speed pattern is almost identical to the water
level pattern to that of Figure 8a.
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Fig. 8 (a) Comparison of water level (dashed line) and wind speed (dotted line) to SOC speed (the solid line) at Ketapang Port; (b) The interpretation of part (a)
is carried out using the NCC to see the most dominant controlling on the SOC.

Figure 8 and the analysis above explain that tides have
more influence on surface currents than wind speeds in the
Bali Strait. As for the Flores Sea, the relationship pattern of
wind speed, water level, and surface currents cannot be
determined for the absence of an AWS as a water level data
supplier. However, this can be anticipated by looking at the
distribution (scatter) of the relationship between u and v SOC
components. If the distribution is in an ellipse form, the SOC
predominantly influences tides [33], [60]. This is because the
SOC component is the resultant movement of the major and
minor axes. These results are presented in Figure 9a—d for
plotting each season in the Flores Sea. It can be shown that
the (zonal-meridional) (#—v) pattern produced every season
did not form an ellipse pattern like the u—v pattern in the Bali
Strait (not shown here). Thus, it can be said that tides do not
influence SOC in the Flores Sea. Besides, there is no water
level observation device such as AWS from the Flores Sea
search results, especially those close to the HF Radar
installation. Whereas the AWS is a device in providing sea-
level information in tourists area, especially on Komodo
Island, it is predominantly used in Indonesian waters.

Furthermore, Figure 8a again visualizes the high wind
speed in the Bali Strait at 00-06 UTC is due to the balance of
the radiation flux received or released from the land.
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Radiation flux values are generally negative and constant at
night and positive along with the sun's peak during the day.
The radiation flux includes flux sensible heat, latent flux heat,
and flux storage heat. The location of the observation is the
boundary between land and sea. Accordingly, there may be
differences in the radiation flux received. According to
Roland [61], two things affect the balance of radiation flux on
the coast. First, the flux storage heat conditions in the oceans
can reach hundreds of meters due to the influence of currents
and waves. Second, the specific heat of water greater than
land causes the oceans to absorb and store solar radiation
during the day and release it at night. High specific heat
requires a longer time for both absorption, storage, and
release. As a result, there might be a time lag for transferring
radiation flux between the oceans and the land. In normal and
mainland, the radiation flux on land occurs simultaneously
near the peak of the sun. However, due to the location of the
study is close to the sea, it causes a higher flux storage heat
absorbed compared to land. Thus, it disrupts the balance of
radiation flux on the mainland resulting in high wind speeds
before noon. The wind speed pattern is presented in Figure 8a,
similar to the result that the heat flux is felt diurnal where it is
high during the day and constant at night [62].
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Referring to Figures 5 and 6, even though they are in the
same archipelago, the Bali Strait and the Flores Sea make
different contributions regarding SOC generation. The Bali
Strait has a bathymetric slope that tends to have its currents
influenced by tides. Meanwhile, the Flores Sea, which has
relatively flat bathymetry not influenced by tides. More detail
in Figure 8b also show the NCC water level is higher than the
wind. The influence of wind and tides on the SOC has a direct
effect (immediately), as evidenced by the peak of the NCC of
the two relations at lag 0. The study conducted by Cutroneo
et al. [36] in the Tyrrhenian Sea, Italy, indicates similar results
where the average bathymetry is 50 m, not much different
from the center of the Bali Strait by about 50-360 m [45].
However, further research is still needed to determine the
correlation between SOC and tides to sea depth. Furthermore,
the obstruction in the form of small islands in the Flores Sea
also disturbs the dominant SOC pattern, comparing this
pattern with currents far from the island; the values tend to be
homogeneous (Figure 6).

Studies on seasonal SOC in the Bali Strait and the Flores
Sea are rarely done, even in Indonesia. Some research done
by Syamsudin ef al. [63] and Hanifa et al. [45] tends to be
done in the short term and based on the model by Berlianty
and Yanagi [64] and Hasanah [65], as a result of which it is
challenging to capture seasonal patterns. This paper offers
novelty in the form of utilization of HF Radar to get seasonal
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SOC pattern. The next research can be developed for other
applications.
IV.CONCLUSION

The first measurement, utilization, and analysis of HF
Radar in Indonesia have been carried out in the Bali Strait and
the Flores Sea. The low-pass filtering was used in this paper
to validation. The seasonal effect influences the Bali Strait of
the SOC pattern, where the SOC speed in the DJF season is
lower than the JJA season. Meanwhile, the SOC direction in
the Bali Strait is predominantly southward due to the
influence of the bathymetry. On the other hand, this study also
obtained that the SOC speed on the north side of the Flores
Sea generally has a uniform speed, but the SOC speed
becomes erratic on the south side of the Flores Sea. This is
due to the influence of topography that changes the dominant
SOC pattern. Then, the SOC pattern of crossing routes in the
Bali Strait is conducted in this paper. Finally, the SOC in the
Bali Strait is influenced by tides, while in the Flores Sea is
not. It is based on the comparison SOC, water level, and wind
of the NCC methods.
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