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Abstract: In the west coast of Korea (WCK), macro-tidal environments with wide tidal flats yield
distinctive characteristics such as recursive tidal currents and tidal asymmetry. Here, we proposed an
efficient search and rescue (SAR) computation method for WCK conditions (where bottom shapes
affect nearshore sticking) using a finely resolved wet—dry circulation model. A random-walk particle
tracking module (PTM) was applied to an unstructured finite element model to provide the SAR
information needed to mitigate the consequences of marine leisure accidents. To capture the unique
external forcing characteristics affecting the nearshore SAR case, sensitivity tests, which considered
the characteristics of human bodies in particle representation, were performed on an idealized basin
under typical external forcing. Furthermore, the effects of surface drag were included to represent
real conditions more accurately. Our simulations showed that the accuracy of initial accident times
for in situ mannequin floating tests (where several initial locations and times of accidents were used)
directly affected the accuracy and effectiveness of SAR missions. However, to understand and predict
the missing floating person in real time, additional intensive field experiments are required that
account for the local geomorphological characteristics, external real-time temporal tides, and wind

forcing incorporating extreme weather conditions.

Keywords: marine leisure accident; search and rescue; macro-tidal environment; wind factor; particle
tracking model

1. Introduction

Owing to increasing leisure populations engaging in diverse marine activities, un-
expected accidents are inevitable at beaches or offshore. Moreover, increasing floating
litter from discarding overland and marine garbage degrades the coastal environment and
reduces the safety of aqua activities. In addition, frequent transport of crude oil sometimes
causes a severe 0il spill accident. Most of the west coast of Korea (WCK) consists of a
macro-tidal environment with a mean spring tidal range of 3 to 9 m and a very shallow
depth with a bottom slope of 0.4-1.3 x 1073, from the Mokpo located in the southwest
to the Incheon in the middle of the Korean Peninsula (Figure 1). These authentic ambi-
ent coastal environments yield associated wide intertidal flats, strong tidal currents, and
complex nonlinear tidal constituents. In addition, safety accidents during marine leisure
near coastal areas exposed to dangerous conditions sometimes require search and rescue
(SAR) operations by the Korean Coast Guard (KCG) to be conducted within the so-called
“golden” time of rescue. Although such operations depend on the water temperature, KCG
aims for an operating system through which they can arrive at the accident site within an
hour for successful rescue operation and to accomplish the operation within 6 h in a normal
situation to ensure survival. Floating materials on marine surfaces are treated as free drifts,
that is, neutral particles, regardless of their shape and size, with randomness according to
tidal currents and surface wind stresses. Thus, it is essential to understand and operate
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SAR by particle movement with focus on ambient tidal conditions, especially in the WCK,
where macro-tidal environments dominate, and surface wind stress during the accidents.
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Figure 1. Map showing study area, WCK, with complex coastlines, shallow depth (bathymetry data
from KorBathy30s [1]), and spring tidal range (computed as 2[M;+5;]).

According to KCG analyses, marine leisure safety accidents mostly occur on natural
(i.e., offshore, nearshore, beaches, tidal-flat, and seashore rocks) and artificially treated
coastal infrastructure (such as harbors, breakwaters, and bridges) during fishing, swimming,
and diverse aquatic activities. The death toll resulting from annual marine accidents and
natural (artificial) coastal areas was 378 (224) from 2017 to 2020 (Figure 2). The main
reasons for safety accidents in artificial and natural environments are falling from coastal
structures and drowning, isolation, and inability to escape due to rapidly rising tidal speeds
in open tidal flats or very mild slope beaches. Figure 2 shows a high risk of death toll
due to marine leisure activity scattered along the coast regardless of accident types. The
local geomorphological environment sometimes dominates rescue operation; therefore, it
should precisely capture not only the temporal hydrodynamic variants but also spatial
characteristics of the high-risk area. With the use of appropriate real-time SAR operations,
such safety accidents on both coastal infrastructures can be minimized. However, because
the high tidal range causes a wide area of dry and rewetted conditions periodically, such
peculiar cases should be moderately incorporated into SAR modeling systems.
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Figure 2. Coastal accidents depending on locations (indicated by different colors) around the Korean
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Peninsula with death toll for subregional seas (bar chart) during 2017-2020. For selected coastal
locations, typical three-bed sloping types are demonstrated with tidal ranges between approximately
higher high water (AHHW) level and approximately lower low water (ALLW) level.

2. Background

Random-walk particle tracking models (PTMs) have been applied in diverse situa-
tions, such as identifying ocean and estuarine mixing mechanisms, by Bilgili et al. [2] and
Biiytikgelebi et al. [3]; modeling coastal debris to simulate floating debris from Malaysian
Airlines Flight 370 [4]; simulating the oil spills induced by the Hebei Spirit accident in
2007 [5,6] and oil leakage from the sea bed in the Gulf of Mexico [7]; conducting SAR
in maritime emergencies [8-11]; analyzing the tidal barrier effect [12]; simulating heated
water discharge with buoyant particles [13] and fish larval transport [14,15]; and tracking
marine plastics by using beaching mechanism [16] and marine litter drift [17-19]. Although
these models account for various oceanic or coastal hydrodynamics, including tidal, wind,
and atmospheric variations, only a few of the particle tracking analyses [2,3,16,20] consider
wet and dry conditions. However, beaching and backwashing is rather important because
trapped floating materials on the exposed tidal flat would not move offshore without
sudden overwash events, such as a flood tide that transports them onshore, as in the
macro-tidal environment of WCK. Thus, in this study, we explored some sensitivity particle
tracking simulations that take into consideration the diverse forms of sloping bed profiles:
linear, concave, and convex types (shown in Figure 2 for typical locations with tidal ranges),
in a macro-tidal environment to highlight the materials of the different resultant trapping
of floating bodies, including humans, from coastal marine leisure or safety accidents that
may be missed by SAR. Previous studies [21,22] regarding marine drift include oil spills,
lifeboat, human body, and marine litter in the form of styrofoam, plastic bottles, and broken
plastic material [21,23-28], which introduce leeway drift simulation under wind conditions
to determine the drifting location.

The classical techniques for modeling the transport of floating debris are only moder-
ately successful owing to several unknowns or assumptions, as stated by Critchell et al. [29],
such as the value of the wind drift coefficient, variability of the oceanic forcing and wind,
resuspension of floating debris by waves, and poorly known relative contribution of float-
ing debris from diverse sources. These problems are not restricted to marine debris, but
tracking other floating objects using a numerical model.

In this study, marine leisure safety accidents and unexpected floating bodies under a
macro-tidal environment with very mild onshore and offshore slopes on tidal flats were
simulated using a random-walk PTM based on the coastal and ocean circulation model,
Advanced Circulation (ADCIRGC; [30]). Drifters on the sea surface can be moved by tidal
currents and wind drags with respect to the floating type and shape, and further moving is
induced by the leeway effect. Marine leisure accidents around coastal areas such as beaches,
marinas, small ports, tidal channels, coastal rocks, and breakwaters, occur occasionally,
and a prompt SAR operation is required to increase the possibility of locating drifting
missing humans. The main objective of this study was to initiate and provide a scientific
background (information) of SAR to the KCG. However, the unique physical characteristics
of WCK and the wide range of tidal fluctuations hinder direct application approaches in
simulating SAR events or predicting spills offshore [5,6].

In these numerical simulations, the constituents of small drifts and human bodies are
mainly considered in the performance of neutral PTMs to extend an early warning system
(EWS) for the storm season and provide real-time marine hazards induced by safe accidents
during marine leisure activities and unexpected ship collision. The particle tracking scheme
was applied to the existing EWS frame by ADCIRC + SWAN [31]. However, because of
numerous unknowns underlying geophysical characteristics, we elucidated and identified
the drifting mechanisms in a macro-tidal environment by testing sensitivity in a simplified
basin of a representative case of WCK for bottom slopes, shape, turbulence dispersion,
missing location (with respect to separating distance from the coast), and leeway coefficients
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regarding floating materials. After the sensitivity tests, field verification with a mannequin
drogue experiment was used to demonstrate the feasibility of the proposed approach.

3. Method

In this study, for the Eulerian circulation analysis, we adopted a depth-averaged two-
dimensional finite element model, ADCIRC, to represent the complex coastal geometry of
the WCK. It solved the generalized wave continuity equation, which is a modified form
of the shallow water equations, and momentum equations on unstructured meshes in a
Cartesian or spherical coordinate system. Under certain coastal hydrodynamic conditions,
the Lagrangian passive particle tracking approach by introducing the random-walk method
was incorporated.

The general discrete form of PTM [9,13,32] comprises the deterministic drift part and
dispersion part with randomness, as shown in Equation (1) [32]:

X, (t+At) = X, (t) + A(Xp, t)At +B(X,, t) - E(t)VAL, 1)

where At is the time step, X (t) is the position of a particle at time ¢, and A is a drift vector;
B, the displacement matrix, is a tensor defining the strength of dispersion, and &(t) is a
vector of independent, normally distributed random variables with zero mean and unit
variance [32].

Generally, drift is replaced with tidal or ocean current. In this study, the influence
of wind on particle movement was considered in the drift; thus, the drift vector can be
expressed as shown in Equation (2) [17]:

A=u.+ quw: )
where w £ is the windage coefficient and u,, is the wind velocity 10 m above the sea.

3.1. Sensitivity Tests to Identify Geomorphological Characteristics

In this study, to demonstrate the characteristics of the macro-tidal environment affect-
ing particle movement, we used several sensitivity tests prior to real application by simply
changing the bottom slope variations: linear, concave, and convex, within an idealized
basin, as shown in Figure 3a. The simplified basin was set to represent the typical bottom
geometry of WCK, as shown in Figure 2, near Incheon, Gunsan, and Mokpo. We tested
particle release locations and the re-moving possibility due to the captured or beached
objects on a tidal flat on a simplified coastal basin, as shown in Figure 3a.

To determine the macro-tidal hydrodynamic effects on PTM, a simplified basin of
25 km X 25 km, except for the tidal flat area, resolved with a regular spacing of 50 m
(Figure 3a), was discretized with variable size grids forming 60,377 nodes and 120,500 elements.
Open boundary forcing of the four major tidal constituents was prescribed to represent a
typical macro-tidal environment.

By analyzing the bathymetry data of KorBathy30s [1], mean bottom slopes of 0.4 x 1073
to 1.3 x 1073 from the coast to offshore at selected sites for macro- and meso-tidal basins
were extracted. In the numerical simulations for a simplified tidal basin, mild slopes
and macro- to meso-tidal environments were used to capture the actual situations of
the WCK from Gyeonggi Bay to the southernmost Korean Peninsula [33]. The external
forcing function as amplitudes and phases extracted from NAO99.jb [34] of four major
tidal constituents, My, Sy, K;, and O3, were applied along the open boundaries (Table 1).
A simplified idealized tidal basin with mean slopes in conjunction with typical bottom
types of linear, convex, and concave shapes were used to determine the relative responses
against external forcing on particle movements. Different types of bottom slopes are shown
in Figure 3b, and the simulated onshore-offshore velocity variations along the cross-section
AA/, as in Figure 3a, are plotted in Figure 3c.



50f23

J. Mar. Sci. Eng. 2022, 10, 447

(25 km)

n
o
-
€
=3
[0}
Q
=
I
»
n O
9
A
Q!
c
gl B
2l 5 2
sl B =
= o
2
5 <
4 © [}
) [2)\ o
ui| 2 7 -
°y © §z¢
V__mrm = £6596
sl 300
[ = n 7“m
0 i
wn o wn o wn o wn o
v — — o~ ~N oM ™ o~ oy o - o~
(w) ydeq (w) ydeq

AT

A9i%s

LR
RN

R

AVANAATATSTATAviTa:

TAVAYAY
o

AVAVAVAVAYA

FATAVAY
K
L
AT

FAN AV AN AVAVAVAVAVAVANAVAvAvISaATiiTs
i

AVAVAVAVAY
LR

5

BEE
VAVAW
N
)
LR

VgIAV
Kt

£

AVATSYS

vavil
VAVAﬁVg'AVA'

VAVAY
N
o

VAVAVAYaTAYs

AR RIS

AR

OO

OSSR
SO

VY v, v AYAva S TV YAYaYa;

AR
e e
T ATAY 'V

2]
SYAYAY
IR
KADEITS
IR
LR

AVAVAYAY
i
AV

A APV A A Ry PATAT Y
SRR ERIOOOOOO0E ALY
R

B DRI
»&Fﬂﬂﬂﬂﬁﬁﬂﬁsﬁ»{»«? 5
s

1Y
s
Y
K

7

AVAVAVAVAVAY

K
O]

AVAVAVAVAVAVA
0

s

VAVAVAYAVAY
AVAVAY
AVAY
VA
SRR

N
AVAY

NN

VAVAVAVAVAVAVAVAVAVAVAVAVA S
ﬁa&hﬁlﬂ#ﬁ#ﬂﬂﬂ}ﬁ"
A N

RVAVAVAVATAT,

SSSNANA
VAYAATAVATAYATATAVAN, FeV Y VAN AV AN
RO
YaVAVAVAVAVAVAVAVAVAVAVAVAV AVANAVAVAVAVAVAVAVAN

FAVAVAVAVAVANANANIAVZ4 V4V

<
AVAY

VAN

5
Distance (km)

(b)

bk
B
Ty
S
s
VL,

e
v
va
Favay

At

o VAVAVavaY,
e
VAV

YaY)

v
va)

VAN

ava
VA

4MMAVAVAVAVV
IV AVAVAVAYAVAVAVA YAt A AT
- “§¢mw¢v¢v¢vvv N

A\

PAVAVAVAVANANAN AN NVAVAVAV

Aepunoq uadQ

Al

1.6

Linear
--- Convex

1.4

- Concave

1.2

i
.....:.:.u..wu

Mokpo

Gunsan

ﬁm\Ev xewl

0.6

n

Incheon

0.4

0.2

0.0

0

1

15

20

25

Distance (km)

)

Figure 3. Simplified basin (a) for sensitivity tests

(c

(b) bathymetry shapes at near the coast, and

7

(¢) x-directional maximum velocities along transect AA’.

Table 1. Tidal amplitude (m) applied at an open boundary representing macro-tidal and meso-tidal
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3.2. Wind Effect on Particle Movement

According to previous works [23,25,27,28], wind affects drifting objects by the leeway
effect, regardless of the material (Equation (3)). In one instance, the drift due to leeway was
approximately 25% greater than the drift due to the surface currents under the wind and
current conditions [25]. As floating body ratio (Agj,/ Awater) changes the traveling time,
these relationships could be applied in simulating and finding floating locations.

Uieeway N PairCD Auir 3)
Uwind Pwater Cw Awater ’

where, Ujeeway is the leeway drift speed (m/s), Uy;nq is the wind field at 10 m height of

wind speed (m/s), pg;, is the air density (kg/m?), puater is the sea water density (kg/m3),
Cp is the wind drag coefficient, Cyy is the current drag coefficient, and A,;, and Aqqrer are
the area of the over-water and submerged parts of the drifting objects, respectively [23].

Because the unknowns change with respect to the floating material and its portion,
it is difficult to apply a single or constant value. Nevertheless, in the first attempt of
wind effects on the numerical simulation, a wind-induced shear effect factor, w £, Was
incorporated. Moreover, detailed coefficients of parameters should be withdrawn in field
tests considering variant wind forcing.

In this study, sensitivity tests of wind factor were performed by 20% increase or
decrease compared to the base value of 0.03 to identify the importance of the surface wind
effects under the macro-tidal environment. Leeway effect was not actually fully accounted
because of nearshore floating consideration in this study; however, the effect may act as an
important factor in offshore simulation. Thus, the leeway effect should be investigated and
tested in future studies. In addition, in case of storm events, the combined effect of current
and wave should be applied to account for the wave effect using a tightly coupled model
of circulation and wave such as ADCIRC + unSWAN [7,31].

3.3. In Situ Mannequin Tracking and Numerical Discretization

Floating human body tracking for in situ experiments was performed using three em-
bedded global positioning systems (GPS) equipped on mannequins, as shown in Figure 4.
Among the tests, the tracking interval was set to every 5 s during 25 June 2021 02:40-08:07
(UTC), which corresponds to flooding tides from low to high, to capture the actual con-
ditions of a typical WCK environment. The total floating distance was 6.2 km heading to
the northeast direction along the coastal line showing a maximum dispersion coefficient
of 1.27 m? /s with a mean value of 0.08 m?/s. The dispersion coefficient was calculated
through the square product of relative separating distances (Ad;) of each mannequin for
every elapsed time span At, i.e., Ad? / At. This information was applied to sensitivity tests
in an idealized basin.

In the numerical simulation of the actual coastal area, we considered the representative
area of the mid-WCK, even among the areas at risk of coastal safety accidents. Many coastal
aquatic activities have expanded in the surrounding areas. In addition, in these areas, it is
easy to examine the behavior of a human body or pollutants in the water caused by coastal
safety accidents; thus, a floating mannequin experiment was performed to understand
floating body movements in real situations. In particular, it has the advantage of being
able to practically examine and simulate whether free random movements of particles, a
characteristic of coastal intertidal zones, are adsorbed, stuck, or resurfaced, depending on
the tidal environment.
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Figure 4. Map showing in situ mannequin drogue experiment near a beach in WCK.

To reproduce the behavior of a drowning body in the actual coastal area, the North
Western Pacific Grids having 258 k vertices (NWP-G258k) [31] grid system, which was
introduced in the precise EWS of typhoon storm surges covering the northwest Pacific
Ocean and finely resolved in a coastal area of shallow depth, as in the WCK, was used.
In addition, the detailed depth by KorBathy30s [1] was interpolated along with the grid
details in the mid-WCK. As discussed earlier in the idealized tests, because the bottom
topography of water depth in the offshore direction greatly affects the movement of coastal
floats, it is important to describe the bottom topography based on accurate water depth
data of the target area. The minimum grid was resolved as approximately 10 m in the
Mallipo intertidal zone in which marine safety accidents were markedly higher than those
in other zones, while grids of ~25 m were used in discretization where the mannequin
tracking experiment was performed. Because the region of interest has been finely resolved
based on a reference grid of approximately 258,000, the total number of nodes in the grid
increased to 278,206, and the number of elements was 522,935 (Figure 5). The dispersion
coefficient calculated through the mannequin tracking experiment was applied to the
particle tracking simulation. For the meteorological information, the Japan Meteorological
Agency meso-scale model was initially applied to provide the locality of wind forcings
via assimilation during 15 June 2021 to 28 June 2021, but such external wind stress forcing
can be reproduced using the ADCIRC + SWAN model taking into account the weather
information. The simulated weather and tidal results were applied as an external force
to the random-walk PTM. At the starting point of mannequin tracking, 103-10° particles
assuming the human body were released and the rescue positions were determined in
terms of probabilistic search area.
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Figure 5. Unstructured grid system, NWP-G258k, with locally refined grid for field
experiment verification.

4. Results and Discussion

Any marine numerical simulations inevitably have limitations in terms of the numer-
ical methods of approximation, considering external environment forcing, mapping the
geomorphological characteristics in discretization, and computing accuracy. Though the
unknowns can be somewhat minimized by applying state-of-the-art schemes, models with
appropriate sensitivity tests for ambiguity can have additive effects on the understanding
of natural chaos. For this purpose, we tested the sensitivities as described in the previous
section, and the results are discussed below.

4.1. Effects of Bottom Slope and Shape in PTM

The bottom slope of the meso-tidal basin is twice that of the macro basin, while the
external tidal forcing is greater within the macro basin. To determine the particle movement
and associated sensitivities in different tidal environments, particle release locations were
set at the outer (P1), mid (P2), and inner parts (P3) of the basin (Figure 6 and Video S1). The
released particles were tracked every hour to measure the total behavior of advection with
respect to tidal movement and dispersion, and to determine the most probable locations of
particle clusters. As expected, the dispersed distances increased as time elapsed after the
initial release instances.

Fluctuating patterns in the macro-tidal basin differed according to the release locations,
i.e., it was higher at the inner location (P1) adjacent to the coast but decreased slowly in
farther locations (P2 and P3), as shown in Figure 6. Meanwhile, in the meso-tidal basin, the
fluctuating amplitudes did not show distinct patterns with respect to the source locations.
Moreover, bottom shapes greatly affect the inner location (P1) of the macro-tidal basin, but
the effects decreased at P2 and P3. In the meso-tidal basin, the bottom shape effect was
insignificant regardless of source release points.

To understand particle movements, the maximum dispersion distances were calculated
in accordance with the bottom shapes. The results showed that macro-tidal environments
enhance the random movement of particles compared to meso-tidal basins. Maximum
distances released at the P1 location were 3.67 (3.95), 6.74 (10.52), and 5.62 (7.98) km for
Incheon (Mokpo) tidal conditions in accordance with linear, convex, and concave shapes,
respectively (Table 2). External environments with meso-tidal conditions increased by
56.1% and 42.0% for convex and concave bottom shapes, respectively. Meanwhile, the
particles released at P3 location, increased by 9.7% and 6.3% under the same conditions.
This suggests that floating or lost materials, including human bodjies, in beaches or tidal
flats adjacent to shores can move wider than tidal excursion lengths. This suggests that
the convex shape of the bottom geography directly affects the coastal buoyant particles.
However, the linear bottom slope does not affect floating particle movement compared to
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the uneven bottom shapes. Thus, the bottom topography, including wide tidal flats, need
to be precisely described for effective SAR operations.
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o v o » o

Distance (km)

Elapsed time (hour)

Figure 6. Temporal variation of fluctuating particle movement with respect to bottom shapes: linear,
concave, and convex for macro- (Incheon) to meso-tidal (Mokpo) conditions.

Table 2. Average and maximum dispersion distance (km) in macro-tidal and meso-tidal environments
according to the bottom slope shape.

Incheon Gunsan Mokpo
Station Bottom Slope Shape

Ave. Max. Ave. Max. Ave. Max.

Linear 1.24 3.67 1.40 433 1.30 3.95
P1 Convex 2.77 6.74 3.76 8.36 4.37 10.52
Concave 2.70 5.62 2.88 6.10 3.28 7.98

Linear 091 1.45 1.10 1.71 1.25 2.40

P2 Convex 0.84 1.30 0.93 1.53 1.05 1.97
Concave 0.96 1.84 0.99 1.62 1.04 1.87

Linear 0.47 0.65 0.48 0.69 0.55 0.88

P3 Convex 0.51 0.72 0.50 0.57 0.49 0.79

Concave 0.52 0.80 0.45 0.66 0.50 0.85

Based on numerical simulations, we found that the initial release location of floating
particles was very important for understanding overall dispersive movements. In particular,
under low tidal forcing in a meso-tidal basin, particles or buoyant materials lost adjacent to
the coast could be stuck on tidal flats during flooding tides, and some of them resurface
after high tide. This recursive pattern continues, and thus the number of remaining particles
in coastal areas exponentially decreases. As a result, the final maximum dispersion length
is much smaller than that of the macro-tidal basin.

Stuck and resuspended (beaching and backwashing) particles on the coast of tidal
flats or marshes with respect to ascending or descending tides should be emphasized
when modeling a marine rescue operation to successfully identify the golden time for SAR
operations. This is because the imbalanced recursive patterns could mislead SAR teams
away from traditional SAR activity offshore. Thus, in this study, we attempted to evaluate
the existing ratio on coasts, that is, landed and attached floating materials. To demonstrate
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onshore-offshore directional beaching and backwashing (landing and re-surfacing) effect
of particles stuck on the tidal flats, a similar tidal environment in an idealized basin as
listed in Table 1 was applied to obtain an insight while applying the model in an actual
coastal environment. However, to simplify, the tidal phase was not considered on the
open boundary shown in Figure 3a on a test basin. Thus, the results showed only minimal
north—south excursion. We observed that approximately 66.6-98.4% of particles were stuck
and did not resurface under the linear and convex bottom slope conditions (Figure 7). The
landing and stuck particles in this special case might be caused by the complex effects of
relatively short tidal variation and a small space to move back and forth. Thus, the resulting
re-surfacing momentum eventually decreases.

4.2. Contribution of Dispersion

Sensitivity tests relating turbulent flow strength represented by the dispersion coeffi-
cient were performed to understand the impact of coastal meteorological conditions on tidal
flow. The WCK is usually affected by winter NW and summer SW winds with mean (maxi-
mum) velocities of 3.4 (16.3) and 2.5 (17.7) m/s, respectively. Although actual turbulence is
affected by several parameters, it is difficult to define the horizontal dispersion coefficient as
a constant or time-variant value. After the field experiment of mannequin drogue tests, the
simplified basin could have 0.2-1.8, 2, 5, and 10 m?2/s dispersion coefficients of sensitivities.
Numerical tests were performed by adding or decreasing the coefficients with respect to
a basis setting value of 1.0 m? /s, which was measured in the field experiment (Figure 8).
As expected, the moving distances increased with elapsed time of particle release after a
sudden injection at the P1 location. Particles moved up to 3.9 km under the basis condition
of the normal case but increased (decreased) by 14.2-60.3% (60.8-66.2%) by considering 80%
of the dispersion coefficient fluctuations. These results indicate that higher values of the
dispersion coefficients are rather insensitive. In the previous PTM application on the WCK
by Suh [13], a mean value of 10 m?/s was adopted. However, there were no sensitivity
tests. Hinata et al. [16] applied the same order of horizontal diffusivity of 10 m?/s. Owing
to the importance of dispersion coefficients, Bilgili et al. [2] and Jalon-Rojas et al. [35] tested
the sensitivities for dispersion coefficient by considering 1-10 m?/s. In this study, the
coefficients were set to vary according to the field experiment conditions.
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Figure 8. Temporal fluctuating particles regarding sensitivity tests for dispersion coefficients.

4.3. Impacts of Particle Release Location Affecting Beaching and Backwashing

Most human accidents during leisure activities in coastal areas occur during the
summer season when personal carelessness runs rampant, and there is impaired recognition
of external weather variation or tidal rising speeds. Tidal rising speeds on mid WCK are
especially fast (0.31-0.56 m/s) in meso- to macro-tidal areas with mean tidal slope of
0.4 x 1073 to 1.3 x 10~3. Unfortunately, there is insufficient information on the movement
of floating human bodies for the high tidal regions on the tidal flat and beaches due to
the very low-lying onshore—offshore characteristic. This hinders the accurate capture
of traditional advection-dispersion associated with random-walk processes in marine
trackings [4,6,22] due to the repeated or transitory behavior of attaching and resuspension
on the coast under dry and wet conditions. Thus, the prevailing SAR operations offshore
or at sea could not be directly applied, but such geophysical aspects should be taken into
account in SAR analyses, particularly in particle tracking algorithms, to improve success
rates. Therefore, we attempted to perform sensitivity tests to better understand coastal
shores with very mild slopes and geological formulae, such as linear, concave, or convex
shapes, by changing external tidal forcings for an idealized basin representing the WCK
(Figure 9 and Video S1).

Our results showed that most of the particles released near the coast suffered landings
on the shore during a flooding tide, but some of them remained even through the ebbing
tide. However, when the release point is close to the offshore, the chance of landing and
resurfacing is greatly reduced. Thus, in SAR operations that occur near the coast, such as
beaches, rocks, and fishing harbors, careful attention should be paid to identifying possible
rescue locations.
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Figure 9. Particle behavior in the idealized wet—dry zone with respect to the bottom shape.

4.4. Verification of Wind and Tide for In Situ Test

Marine conditions, such as tides and tidal currents, are the most influential factors in
SAR operations at sea. From previous studies on coastal circulation and early warning of
storm surges around the Korean coast [31,33], the circulation model ADCIRC was satisfac-
torily verified for observed tidal elevation and currents. However, to prove the validity of
the ADCIRC circulation model applied in this specific case, the results reproduced using
the numerical model during the mannequin observation period of the marine situation
were compared with the recorded values of the Taean tidal station and the measured wind
speeds near the in situ location. During the period corresponding to the experimental
period, reproduced wind speeds were 0.9-2.5 m/s following the satisfactory overall trend
of wind speed data (1.2-3.3 m/s) observed near stations. Nevertheless, the simulated tidal
variation was very similar to the observed tides, with minimum observed (simulated) levels
at low tide at —2.57 (—2.61) m, and maximum levels at high tide at 2.62 (2.69) m (Figure 10).
The numerical simulation represented the real situation with satisfaction, so this was used
to reproduce the movement of the human body as floating particles in the ADCIRC model.
These results suggest that in situ experimental information introducing the leeway effect
may be comparable with the simulated particle tracking results. Results of particle tracking
with random-walk motion showed a dispersive pattern over time, as discussed in sensitiv-
ity tests in an idealized basin. The results were plotted with elapsed time from the source or
missing location and animated, which is provided in Supplementary Materials, Video S2,
to capture the time-dependent decreasing possibility of the search area with mannequin
path lines.
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Figure 10. Comparison of wind speed (a) and water surface elevation (b) in Gadaeam and Taean

(Figure 1).

4.5. Probability in Finding Location

The usual SAR operations normally rely on deterministic approaches, that is, finding
the location with respect to the movement of the missing float according to tidal excursion.
However, in natural nonlinear interactions with tide, wind, and irregular bottom geomor-
phology, deterministic predictions could inaccurately identify a target point or search areas,
thus misusing the golden time of rescue. Hence, in this study, we proposed a probabilistic
approach by applying random-walk particle movements and the final location ratio from
the release point. When particle tracking is performed backward, the source locations of an
uncertain flow field can be found. Hammoud et al. [36] attempted to identify the release
time and path of pollutants from fixed and moving sources using backward tracking.

Each floating neutral particle is affected by environmental tides, wind fields, and
associated turbulent motion. Thus, sometimes the trajectories of particles expressed as x; in
Equation (1) show closed orbit probability due to random-walk characteristic and recursive
tidal excursion.

The probabilistic location model of particle approach is widely adopted by oceanic
accidental cases [8,10,37], particularly for instantaneous ship cracking or submergence oil
spills. However, to the best of our knowledge, there is no coastal safety accident rescue
modeling using probabilistic findings, especially under macro-tidal environments on tidal
flats and along tidal channels.
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In this study, we attempted to investigate the probability of SAR for an in situ man-
nequin test in the 1 x 1 km detecting cell. Each cell has at least 5 (offshore) to 1316 (near
coast) nodal points of unstructured grids. For each cell, portions of release particles were
calculated at every computational time up to 12 h. According to the KCG report, this is
known as a limit of golden time of rescue in normal coastal conditions. Simulated results
as shown in Figure 11 (also provided in Supplementary Materials Video S3) clearly show
that abrupt decrease of searching probability from the initial release point occurs after
6 h, when a half tidal excursion due to semi-lunar tidal constituent, distributes probability
detection cell with low contents. Up to 6 h, cells with at least 50% of probability were partly
detected. The reason for scattering of lower probability cells might be long tails of cells
along the tidal motion due to macro-tidal environment. These results indicate that SAR for
nearshore coastal accidents would be greatly influenced by local tidal motion; thus, in the
SAR operational modeling local tidal motion should be fully considered. However, due
to the distinctly different phenomena in the tidal area, modeling should be shifted in an
appropriate manner to enhance the success of rescue missions within an golden time. Then,
the approach can be extended to extreme weather conditions in real-time forecasting for
rescue operations by the KCG.

In this study, we attempted to investigate the probability of SAR for an in situ man-
nequin test in the 1 x 1 km detecting cell. Each cell has at least 5 (offshore) to 1316 (near
coast) nodal points of unstructured grids. For each cell, portions of release particles were
calculated at every computational time up to 12 h. According to the KCG report, this is
known as a limit of golden time of rescue in normal coastal conditions. Simulated results
as shown in Figure 11 (also provided in Supplementary Materials Video S3) clearly show
that abrupt decrease of searching probability from the initial release point occurs after
6 h, when a half tidal excursion due to semi-lunar tidal constituent, distributes probability
detection cell with low contents. Up to 6 h, cells with at least 50% of probability were partly
detected. The reason for scattering of lower probability cells might be long tails of cells
along the tidal motion due to macro-tidal environment. These results indicate that SAR for
nearshore coastal accidents would be greatly influenced by local tidal motion; thus, in the
SAR operational modeling local tidal motion should be fully considered. However, due
to the distinctly different phenomena in the tidal area, modeling should be shifted in an
appropriate manner to enhance the success of rescue missions within an golden time. Then,
the approach can be extended to extreme weather conditions in real-time forecasting for
rescue operations by the KCG.

As highlighted in several research reports, the term P (probability) in probability of
containment (POC), probability of detection (POD), probability of search success (POS),
or probability of rescue success (POR) [7,8,21,30] depends on diverse uncertainties in
representing environmental forcing for a stochastic PTM, currents and winds, leeway
characteristics for the search object, and horizontal dispersion required to account for the
smaller subgrid scale turbulence and transport mechanisms [25]. We need to increase the
probability by identifying each mechanism and minimizing the associated uncertainty by
obtaining more information through sensitivity tests in further studies.

4.6. Impact of Number of Particles on Accuracy and Computing Time

The total number of particles is a key factor to ensure accurate modeling of PTM.
The importance of total number of particles in PTM is shown by the following aspects:
(1) simulation of spreading throughout the domain of interest to estimate general move-
ment, such as residence time of flushing rate between ocean and estuary; (2) continuous
release of particles from a contaminant source point, such as a waste water treatment
plant or thermal power plant; and (3) representation of a specific point of instantaneous
accidents, such as oil spill, ship accidents, or marine leisure accidents that need SAR. The
first two cases require relatively larger particles than that of the third case for capturing the
whole transport pattern for the computation domain. Thus, for the purpose of SAR, the
importance of total number of particles may be low.
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It is generally expected that more particles result in higher accuracy. However, in the
case of human accidents, if statistically sufficient particles [2] are used to satisfy a target
accuracy, it is a plausible choice to maintain fast computing within a certain short time to
meet EWS. Although setting the total number of particles targeting SAR is still debatable,
Li¢er [11] tested 5 x 10° for a semi-active surfboard drift hindcasting simulation. In this
study, we tested four cases by increasing the total number of particles to 1 x 103,5 x 10,
1 x 10%, and 1 x 10° to capture the accuracy variation and computing time consumption.
Although overall PTM coupled with ADCIRC can be performed using parallel computers,
comparative tests were performed for 3 days of simulation on a single core 2.60 GHz
Intel Xeon processor for comparison. In addition to the number of particles affecting the
computation time, the time step of each particle movement is important for PTM. Although
time steps of 1.0 and 0.2 s were set for idealized and real tests, respectively, the same
as the time step in a hydrodynamics model in which a Lagrangian tracking scheme was
applied, longer time steps of 60 and 10 min, respectively, were applied in postprocessing
track particles. Nevertheless, the time step should be addressed to satisfy the particle
Courant-Friedrichs-Lewy stability criterion in PTM, as suggested by Biiyiikgelebi et al. [3].

Simulation results showed almost the same probabilities for the initial 4 h of release
time regardless of the total number of particles. When the elapsed time increased to 6 and
12 h, the probabilities for each case generally decreased. However, the differences were
between 1% and 2% showing almost corresponding patterns of particle spreading. Compu-
tational time increased linearly from 2.9 to 172.6 min in accordance with larger particles
from 1 x 10% to 1 x 10, respectively. In addition, postprocessing time for visualization was
not affected by the total particles, ranging from 1.5 to 2.4 min (Figure 12). Although the
computation time depends on the simulation hardware, the linearly increasing trend with
respect to number of particles was addressed by Mohtar et al. [20]. Thus, for an immediate
operation, the 1 x 103 particles demonstrated in this study were sufficient for SAR of EWS.
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Figure 12. Comparison of CPU time (wall-clock) of particle tracking (red) and postprocessing (blue)
for 1 day of simulation in accordance with number of particles.

4.7. Importance of Genesis Time and Location in SAR

According to the SAR missions of the KCG, the uncertainties surrounding the initial
location and time of missing persons greatly mislead the probability in actual rescue
operations. To capture the final probability variations in accordance with the uncertainties
surrounding the initial location and time, sensitivity tests were performed by shifting the
location and time of missing persons. That is, missing locations were assumed just near
the coast, with a deviation of 70 m from the original location and truncated to the third
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decimal point of the latitude and longitude, matching it as the approximate location. To
account for the uncertainty around the initial time persons went missing, we tested the
shifting missing time as £30 and £60 min against the actual time. The simulated results
in Figure 13 (Video S2) and Figure 14 (Video 54 and S5) show the differences that passed
every hour with respect to the original time and location.

36.82

Std. dev. of 70 m

Latitude (degree)

Latitude (degree)
@ © @
8 8 8
S S ®
3 3 E

@
&
N
3

Latitude (degree)

8
8

Latitude (degree)
@
&
3
3

(0672572021 07:40:00 (UTC)
Third decimal point

Latitude (degree)
@
&
9
3

126.10 126.14 126.10 126.14 126.10

126.12 126.12 126.12
Longitude (degree) Longitude (degree) Longitude (degree)

Figure 13. Simulated results depending on the source location of particle release after every hour
of floating up to 5 h, overlapped on the black solid line of actual tracks (left-panel) shifted as a
standard deviation of 70 m (mid-panel), intentionally locating near the shore, and (right-panel) input
of uncertain coordinate as third decimal point truncation.

In the simulation of the in situ field experiments for mannequin floating tests, a total
of 1000 particles were released to identify the remaining particles on a certain POC, which
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moved according to the tidal flow direction, as defined in [8,10,37] with elapsed time from
the source point.

As seen in Figure 14a, input of an accurate missing time greatly affected the entire
SAR effort. For example, for a case occurring 30 min earlier, the location of particle clouds
was near the particle release point, and thus the clouds of the particle only resided near the
initial missing location for 1 h. However, within 2 h the clouds spread rapidly to the north
according to the strong coastal currents and moved in a northeast direction at 3 h, reaching
the coast and then moving forth and back, making long tails along the coast 4 and 5 h later,
showing some stuck at shore and inland. However, at a 1 h earlier release time, the initial
particle movement slightly deviated from the original point, the clouds were trapped and
remained at the shore in a small bay for the entire 5 h elapsed simulation time.
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Figure 14. Cont.
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Figure 14. Simulated results for up to 5 h of floating particle distribution by changing the particle
release time, shifting it (a) earlier and (b) later, as noted in the upper left corner.

When the initial time was set to 30 and 60 min later than the actual missing time cases,
the clouds moved far away in a northeast direction owing to the flooding currents, as
shown in Figure 14b, even after 1 h of elapsed time. After 2 and 3 h, the clouds moved and
resided near the target point of rescue in the case of 30 min later release; however, 1 h later,
the clouds showed a narrow band along the farther shoreline, making it very difficult to
limit the point of rescue (Figure 14). In addition, at 4 and 5 h, the spreading pattern showed
further dispersion and additional shoreline sticking during the ebbing tide.

As anticipated, the simulated results after a 3 h simulation including all unknowns,
presented a somewhat misleading rescue point, i.e., abrupt reduction of the “probability”
term in SAR. Therefore, we need to obtain more accurate information on the initial missing
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location to increase the accuracy of our predictions under a locally refined and discretized
numerical model.

4.8. Wind Effects

Among the external forces on the PTM, it was clear that the wind played an important
role even in the near-coastal floating mechanism. This study aims to examine coastal
accidents under severe weather conditions. Thus, sensitivity tests were conducted by
increasing wind forcing to be comparable to the in situ mannequin field experiments.
According to the analyzed annual wind field in the study area, the dominant direction and
magnitude are northwest of 10 m/s with duration of 4 h. Hence, the simulation scenarios
were provided with magnitudes ranging from 5 to 15 m/s with the wind factor. However,
besides strong wind condition, a site-specific diurnal breeze wind effect during summer
season is important but not included in the present study.

Simulation showed that the effects of wind on the floating material were significant
when speeds exceeded 10 m/s, and as a result, some of the particles landed at the opposite
end of the coast, but occasionally all were stuck to the shore (Figure 15 and Video S6).
In the case of no-resurfacing due to mismatched tidal currents, there were only a few,
that is, a very low probability of SAR in marine areas. This highlights the importance
of providing real-time wind information for PTMs in operational SAR missions near the
macro-tidal environments.

12612 126.10
Longitude (degree)

126.14 126.12
Longitude (degree)

12
Longitude (degree)

Figure 15. Simulated results depending on the wind effect on particle tracking after 3 h of floating;
wind speeds are denoted in the upper-left corner of each map.

5. Conclusions and Further Study

Marine leisure activities, such as fishing, swimming, yachting near coastal areas, and
catching shelves in tidal flats, are rapidly increasing around the South Korean Peninsula,
especially in the WCK due to increased accessibility from metro Seoul, the capital city. Ac-
cordingly, annual death toll resulting from safety accidents induced by impaired personal
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recognition of external ascending tidal speeds on the very mild slope of tidal flats, and iso-
lation and falling on slippery coastal rocks or tetrapods, are rising. To provide an adequate
operational SAR strategy against nearshore accidents, finely resolved unstructured meshes
accounting for wet—dry conditions applied to a wide range of tidal flats were discretized
using the ADCIRC circulation model. A random-walk PTM was applied as a missing
body floats, incorporating the surface drag effects as the leeway coefficient. Prior to field
application, several sensitivity tests were performed to determine the important factors
affecting SAR operations on the WCK. Our results showed that the accurate representation
of the bottom slope and local bathymetry type were crucial, especially for nearshore leisure
accident modeling. In particular, the bottom topography of the water depth in the offshore
direction greatly affected the movement of coastal floats. Thus, it was very important to de-
scribe the bottom topography based on accurate water-depth data of the target simulation
area. Moreover, turbulence due to tidal currents played an important role in the spreading
mechanism. A recursive wet—dry in a macro-tidal condition showed quite different particle
movements in normal offshore oil spills, vessel accidents, or marine debris transport.

Through numerical simulations, we found that the input of accurate timing of missing
data played a major role in increasing the effective predictions of accident locations for
SAR missions. Despite our findings, there remain several limitations and unknowns
associated with these models, such as incorporating the time-varying buoyancy of missing
body, minimizing ambiguity, partially resolving the present numerical approximation,
and locally specifying the site-specific variant external wind forcing, which need to be
elucidated in future studies.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jmse10030447/s1, Video S1: Bottom slope and shape effect.wmv, Video S2: Source loca-
tion.wmv, Video S3: Temporal probability changes.wmv, Video S4: Releasing time (earlier).wmv,
Video S5: Releasing time (later).wmv, Video S6: Wind effect.wmuv.
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