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Abstract: A meteotsunami with a wave height of 0.1-0.9 m and a period of 60 min was observed at
tide gauges along the Korea Strait on 7 April 2019, while a train of two to four atmospheric pressure
disturbances with disturbance heights of 1.5-3.9 hPa moved eastward from the Yellow Sea to the
Korea Strait. Analysis of observational data indicated that isobar lines of the atmospheric pressure
disturbances had angles of 75-83° counterclockwise due east and propagated with a velocity of
26.5-31.0 m/s. The generation and propagation process of the meteotsunami was investigated using
the Regional Ocean Modeling System. The long ocean waves were amplified due to Proudman
resonance in the southwestern Yellow Sea, where the water is deeper than 75 m; here, the long
ocean waves were refracted toward the coast on the shallow coastal region of the northern Korea
Strait. Refraction and reflection by offshore islands significantly affect the wave heights at the
coast. To investigate the effects of an eastward-moving velocity and angle of atmospheric pressure
disturbance on the height of a long ocean wave, sensitivity simulations were performed. This result
will be useful for the real-time prediction system of meteotsunamis in the Korea Strait.

Keywords: meteotsunami; Proudman resonance; atmospheric pressure disturbance; long ocean
wave; Korea Strait

1. Introduction

A meteotsunami, a tsunami-like long ocean wave, is generated by atmospheric pres-
sure disturbances, atmospheric gravity waves, and squalls propagating over the ocean
surface [1,2]. Long ocean waves are induced in the process of rapid change and restoration
of sea level by this atmospheric forcing. The long ocean waves are amplified by Proud-
man [3], Greenspan [4], shelf, and harbor resonances depending on the region, and it has
been suggested that Proudman resonance is the main cause of meteotsunami amplifica-
tion worldwide [5]. Proudman resonance occurs when the propagation speed (C) of the
generated ocean wave is close to the movement speed (U) of pressure perturbations [1,6-9]:

C=\/gH (1)

where ¢ is gravitational acceleration and H is the water depth. When the Froude number
(Fr = U/C)is close to 1.0, a strong amplification of the long ocean wave occurs by absorbing
the energy of moving atmospheric pressure disturbances (i.e., Proudman resonance) [10].
The long ocean waves propagating along the coast are also amplified due to Greenspan
resonance; the amplification depends on the wave period and bottom topographic slope [4].
However, these external resonances alone do not make a destructive meteotsunami. The
long ocean waves generated by external resonance are amplified as they propagate into
semienclosed bays, and water depth becomes shallower; the amplification strength of the
waves varies depending on the size, shape, and depth of the water body. The long ocean is
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further amplified due to harbor resonance in a long narrow bay when the period of the
long ocean wave is close to the natural resonant periods of a bay [11-14]. If these long
ocean waves reach the shore during high tide, even in calm weather, they can cause coastal
flooding by high sea level oscillations and become a devastating natural disaster [15,16].

The causes and damage conditions of meteotsunami events known around the world
are summarized in [2]. There have been several reports of disasters caused by meteot-
sunamis in the Yellow Sea and East China Sea [2,17]. On 31 March 1979, a meteotsunami
occurred in Nagasaki Bay, Japan, with a maximum sea level anomaly of 4.8 m [1,18].
Meteotsunamis induced a strong current, making severe damage to cargo vessels and
fishing boats by tearing their mooring lines in Nagasaki Bay. Due to the meteotsunami on
25 February 2009, with a maximum wave height of 2.9 m, 30 vessels were capsized and
damaged in western Kyushu, and eight residences were inundated below floor level [19].
A meteotsunami caused by a pressure disturbance moving southeast from the eastern
Yellow Sea resulted in the death of three people along the west coast of Korea on 31 March
2007 [15,20]. The meteotsunami overlapped with high tide, causing severe inundation
along the coast and capsizing more than 90 vessels along the west coast of Korea [15].
Recently, a real-time pressure disturbance monitoring system was developed for the pre-
vention of meteotsunami disasters based on the available atmospheric pressure data from
89 automatic weather stations (AWS) along the Korean coastline [21].

There were 42 events of sea level oscillations due to the arrival of long ocean waves
with wave heights higher than 40 cm in Jinhae-Masan Bay (128.4-128.8° E, 34.9-35.3° N)
in the Korea Strait from 2013 to 2017, and the periods of the long ocean waves were
48-125 min [22]. The abnormal sea level rise observed at MS in the past resulted in wave
heights of up to 80 cm, and when it overlaps with high tides, flooding of low-lying regions
may occur [22]. On 7 April 2019, long ocean waves with a wave height of 0.9 m arrived at
MS in the Korea Strait, and there was a flood threat due to the high sea level oscillations
in Jinhae-Masan Bay. However, there is no explanation for the generation mechanism of
the long ocean waves that were observed in the Korea Strait on 7 April 2019. In this study,
the generation mechanism and propagation process of the long ocean waves that were
observed on 7 April 2019, in the Korea Strait were investigated using observational data
and numerical simulations.

Observational data and two-dimensional numerical simulations are introduced in
Section 2. In Section 3, the time series of the observed atmospheric pressure and sea level
data in the Korea Strait are analyzed, and two-dimensional numerical simulations are
performed to determine the generation and propagation processes of the long ocean waves
that occurred on 7 April 2019. In Section 4, possible amplification mechanisms for long
ocean waves in the Korea Strait are discussed, the role of offshore islands on the refraction
and reflection of long ocean waves toward Jinhae-Masan Bay is examined, the resonance
effects due to local features are explained, and numerical model simulations are performed
to find the angle and speed at which Proudman resonance can occur most effectively.
Finally, conclusions are drawn in Section 5.

2. Materials and Methods
2.1. Observational Data

To understand the generation and propagation of meteotsunamis in the Korea Strait,
the time series of atmospheric pressure and sea level data observed at meteorological
stations and tide gauge stations were used. Data were obtained from a total of 10 stations:
CJ, SGP, GM, GH, YS, GJ, GD, MS, SSB, and HKT (Figure 1b). In this study, atmospheric
pressure and sea level data from 7 to 8 April 2019 were analyzed, and local standard
time (UTC + 9 h) was used. Atmospheric pressure data were supplied by the Korea
Meteorological Administration (KMA) and Japan Meteorological Agency (JMA), and the
data intervals were 1 and 10 min, respectively. Sea level data were provided by the Korea
Hydrographic and Oceanographic Agency (KHOA) and Japan Oceanographic Data Center
(JODC), and the data intervals were 1 and 10 min, respectively. Atmospheric pressure data
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were obtained with automatic weather station (AWS) and automated surface observing
systems (ASOS), and sea level was measured using float-type tide gauges.
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Figure 1. (a) The red dashed rectangle represents the study area covering the Korea Strait between the Yellow Sea, East
China Sea, and East Sea. (b) Observation stations for atmospheric pressure (red) and sea level (yellow) in the Korea Strait.
CJ, SGP, GM, GH, YS, GJ, GD, MS, SSB, and HKT stand for Chujakdo, Seogwipo, Geomundo, Goheung, Yeosu, Geojedo,
Gadeokdo, Masan, Sasebo, and Hakata, respectively. Contours represent the bottom topography (m). Jeju Island and
Tsushima Island are located at 126.8° E, 33.4° N and 129.5° E, 34.5° N, respectively, in the Korea Strait. MS is located in
Jinhae-Masan Bay (128.4-128.8° E, 34.9-35.3° N).

By analyzing the time series of atmospheric pressure and sea level data in the Korea
Strait, the movement direction and speed of atmospheric pressure disturbances and long
ocean waves (meteotsunami) were estimated. The horizontal movement of squall lines
was traced from the rainfall intensity radar images provided by the KMA. A high-pass
filter with a cutoff period of 180 min was used to remove tide signals in the sea level data
and low-frequency variability in the atmospheric pressure data. Wavelet analysis was
performed on the time series of atmospheric pressure and sea level data to find peak energy
periods and event durations in the data.

2.2. Numerical Model Simulation

To reproduce the generation of a meteotsunami in the Korea Strait and analyze the
propagation process, two-dimensional numerical modeling experiments were conducted
using the Regional Ocean Modeling System (ROMS) [23,24]. The model domain encom-
passed the shelf sea region of 32.0-35.3° N, 122.4-129.6° E, including the Korea Strait,
which is located between the Yellow Sea, East China Sea, and East Sea (Figure 1b). The
horizontal grid spacing of the model was approximately 300 m. The bottom topography
data were obtained from the Korbathy 30s bathymetry dataset [25], and the minimum
water depth was 0.1 m.

The numerical model was forced only by a train of moving atmospheric pressure
disturbances. The movement direction, speed, angle, and wave period of the atmospheric
pressure forcing were estimated based on the analysis results of the KMA and JMA obser-
vation data. The initial temperature, salinity, and sea level in the numerical model were
uniform, set as 15 °C, 30 psu, and 0 m, respectively. Wind forcing was not considered
because the wind speed at the time of the meteotsunami event was weak (<3 m/s). For
the open boundaries of the numerical model, Chapman [26] and Flather [27] conditions
were used for sea level and velocity, respectively. The time step of the model was 3 s, and
the simulation was performed for 24 h. The numerical simulations in this study were
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performed with an analytical forcing and initial condition. In order to quantify the role of
offshore islands on the refraction and reflection of long ocean waves and the amplitude of
sea level oscillations at the coastal tide gauge stations, an additional numerical experiment
was performed without the offshore islands. To find the critical movement speed and
angle of atmospheric pressure disturbances that are optimal to induce the largest sea level
oscillations by Proudman resonance in the Korea Strait, a range of movement speeds of
2040 m/s and angles of 60-120° were applied in sensitivity experiments.

3. Results
3.1. Atmospheric and Ocean Observation

On 7 April 2019, convective rain clouds were observed moving from west to east
in the Korea Strait (Figure 2). A zonal band of rain clouds moved eastward along the
northern coast of the Korea Strait, and a southern branch of rain clouds to the west of Jeju
Island headed toward the island at 15:00 on 7 April. Atmospheric pressure disturbances
propagated ahead of the southern branch of rain clouds (Figures 2 and 3). It could be
observed that the atmospheric pressure jumps were tilted spatially, and the titling angle
was approximately 80° counterclockwise due east (Figure 3). The trains of atmospheric
pressure disturbances arrived at CJ at 13:49 on 7 April, and moved over SGP, GM, and
MS at 14:29, 14:50, and 15:46, respectively (Figure 3a,c and Table 1). The arrival times of
the atmospheric pressure disturbances were defined as the time of the lowest elevation
point of the first anomaly peak. The movement angle and time were spatially inferred
using the arrival time of the atmospheric pressure disturbances at each station (red dashed
line in Figure 3c). The line of atmospheric pressure jumps was inclined at approximately
75-83° counterclockwise due east in the Korea Strait. The angle gradually increased as it
moved from west to east, because the eastward-moving speed of atmospheric pressure
disturbances was faster in the south than the north from 13:30 to 14:30 on 7 April (Figures 2
and 3c). Once the disturbances passed the GH and GM stations, the angle was maintained
at 75-80°. The speeds of the atmospheric pressure disturbances were calculated using
differences in the arrival times and distances between each station in the east-west direction
based on the observed data. The speeds of the atmospheric pressure disturbances along
the northern coastal stations (GH-GD), central stations (CJ-GM), and southern stations
(SGP-HKT) of the Korea Strait were approximately 31.0, 26.5, and 30.4 m/s, respectively
(Figure 3¢ and Table 1). The height of atmospheric pressure disturbances from trough
to crest was approximately 1.5-3.9 hPa (Table 1). Atmospheric pressure disturbances
consisting of two to four waves moved eastward along the Korea Strait (Figure 3a).

Table 1. Start time and maximum height (AP) of atmospheric pressure disturbances at the coastal
stations on 7 April 2019. At is the corresponding elapsed time in the change of atmospheric pressure
(AP). Intervals of atmospheric pressure data at SSB and HKT are 10 min and their station name,
arrival time, At, and AP are in italics.

Arrival Times

Station (Hour:Minute) At (Minutes) AP (hPa)

CJ 13:49 59 3.9
SGP 14:29 34 2.6
GH 14:15 17 2.1
GM 14:50 17 2.0
YS 14:33 12 2.1

GJ 15:58 29 1.9
MS 15:46 26 15
GD 16:21 33 2.5
SSB 17:35 71 2.7

HKT 18:15 66 2.7
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Figure 2. Rainfall intensity (mm/h) estimated from rainfall radar at (a) 15:00, (b) 16:30, (c) 18:00, and
(d) 19:30 on 7 April 2019.

During the passage of atmospheric pressure disturbances, the sea level oscillations
were observed along the Korea Strait (Figure 3b). The sea level oscillation started at 13:59
at CJ and arrived at GH and MS at 15:07 and 17:48, and the maximum wave heights
from trough to crest were 38.1, 42.5, and 91.9 cm, respectively (Figure 3b and Table 2).
The highest wave height was observed at MS. The tidal range of sea level at the MS tide
observation station is from 120 cm during the neap tide to 240 cm during the spring tide.
The tidal range at MS was 188 cm on 7 April 2019. The start time of sea level oscillation was
defined as the time of the highest point of the first peak in sea level variations. The wave
height at the offshore stations in the western Korea Strait, such as CJ, SGP, and GM, was
relatively small, from 16.3 to 38.1 cm, and the sea level oscillations started 8-15 min after
the passage of an atmospheric pressure disturbance. However, at the GH, YS, GJ, MS, GD,
SSB, and HKT stations, located on the coast or in a bay of the eastern Korea Strait, the wave
height in sea level oscillations was relatively large, but the sea level oscillations started
approximately 40-115 min after the passage of atmospheric pressure disturbances. The
spatial propagation patterns of the waves were inferred using the arrival times of the long
ocean waves at each station (blue dashed lines in Figure 3d). Propagation analysis of the
observed sea level data revealed that the long ocean waves propagate from the southwest
to the northeast of the Korea Strait.
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Figure 3. Variations of (a) atmospheric pressure (hPa) and (b) sea levels (cm), which were high-pass-filtered with a cutoff
period of 180 min. (c) Arrival times (hour:minute) of atmospheric pressure disturbances and (d) the long ocean waves

(meteotsunami) along the Korea Strait on 7 April 2019. The contour intervals are 30 min. The dashed green contour lines in

(c,d) are the extrapolated locations of atmospheric pressure disturbance and long ocean wave, respectively, based on the

patterns of nearby observation data.

Table 2. Arrival times and maximum wave heights of long ocean waves at the tide gauge stations in

the Korea Strait.
Station Arrival Time (Hour:Minute) = Maximum Wave Height (cm)
qJ 13:59 38.1
SGP 14:14 26.6
GH 15:07 42.5
GM 14:56 16.3
YS 15:48 29.7
GJ 16:47 30.1
MS 17:48 91.9
GD 17:05 30.1
SSB 17:18 38.6
HKT 20:08 39.0
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To determine the dominant periods and duration of atmospheric pressure and the
sea level oscillations, wavelet spectrum analysis was performed on the time series of
atmospheric pressure and sea level data at SGP, GH, and MS. The SGP, GH, and MS
stations are located in the southwest, north, and northeast of the Korea Strait, respectively.
The dominant periods of atmospheric pressure fluctuations were 40-115 min and lasted for
7-19 h (Figure 4a). The sea level oscillations at SGP and GH had relatively large energy in
the periods of 10-90 and 10-160 min and lasted for approximately 7 and 12 h, respectively.
The sea level oscillations at MS had relatively distinct periods of 35-90 min. The sea level
oscillation was relatively strong for the first 5 h, and it lasted approximately 14 h. The
durations of sea level oscillation were longer at the GH and MS stations, which are located
in shallow and coastal regions, than at the SGP station, which is in an offshore area.

Period (min)

AL I‘

12:00 18:00 00:00 06:00 12:00 12:00 18:00 00:00 06:00 12:00

7-8 April 2019 7-8 April 2019
(a) Atmospheric pressure (b) Sea level

Figure 4. Wavelet spectrum of (a) atmospheric pressure and (b) sea level time series at the SGP, GH,
and MS stations from 12:00 on 7 April to 12:00 on 8 April 2019.

3.2. Numerical Simulations

The generation and propagation process of long ocean waves in the Korea Strait was
investigated using a two-dimensional numerical model. A simple form of atmospheric
pressure forcing was constructed based on the observational data for the numerical sim-
ulations. An ensemble of atmospheric pressure disturbances with different amplitudes,
moving speeds, angles, shapes, and periods was tested to reproduce the observed sea level
oscillations along the coast in the Korea Strait. In this study, a single realization, which fitted
the sea level oscillations along the Korea Strait on 7 April 2019, is presented. Atmospheric
pressure disturbances propagated eastward along the Korea Strait and consisted of three
sinusoidal plane waves based on the observation data (Figure 5). The amplitude, period,
movement speed (U), and angle (6) of the atmospheric pressure disturbances were assumed
to be 1 hPa, 60 min, 30 m/s, and 80° counterclockwise due east, respectively. The shape of
atmospheric disturbances changes in time and space, and idealized sinusoidal waves were
used in the numerical experiment (Figures 2 and 3a,c). Most of other previous studies also
used approximate disturbances (i.e., idealized shapes, such as step function, triangle, and
sinusoidal wave) [15,18,28,29]. Their shape and moving speed do not change in time like
in our study. However, they are localized disturbances moving in time. When one or two
sinusoidal waves of atmospheric disturbances were propagated eastward, the duration of
the long ocean wave event was shorter, and the number of long ocean waves was smaller
than the observation data. When four sinusoidal waves of atmospheric disturbances were
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moving, the duration of the long ocean wave event was longer than the observation. The
period of the long ocean waves increased with the period of the sinusoidal atmospheric
disturbances, whereas the amplitude of the long ocean waves was nearly invariant except
at the MS tide observation station. The numerical simulations in this study are idealized
ones in terms of atmospheric forcing and initial conditions.

A ; hP

07-Apr 20]9 13.00_ _ ( 211)025

35°N ‘.

r%’?

34°N i

| 1024

2 N

330N .N#”,.. 4

6\6?

1023

124°E  126°E  128°E
Figure 5. Eastward propagation of atmospheric pressure disturbances with a moving speed (U) and
angle (0) at 13:00 on 7 April 2019. The angle of a moving isobar was measured counterclockwise due
east. The arrow represents the moving direction of the atmospheric pressure disturbances. The waves
under the arrow represent a schematic sinusoidal form of the atmospheric pressure disturbances.

The time series of the atmospheric pressure forcing used for the numerical simulations
and those of the observed atmospheric pressure data were compared at SGP, GH, and
MS (Figure 6a). The atmospheric pressure forcing at SGP and GH, which are located to
the southwest and north of the Korea Strait, respectively, had two and three peaks from
13:50 to 17:10 on 7 April. The amplitude and phase of the first peaks were different at
SGP, although the second and third peaks had a similar amplitude and phase. At GH,
the phases of the first peak were coincident but the amplitudes were different, and the
amplitudes of the second and third waves were similar but the model forcing lagged
behind the observed atmospheric pressure variation. The atmospheric pressure anomaly
had similar wave amplitudes at MS but was out of phase between the model forcing
and the observation. The atmospheric pressure disturbances from the observation kept
changing in time and space (Figure 3a); therefore, the simple sinusoidal form of model
atmospheric pressure forcing could not match the irregular observed atmospheric pressure
disturbances. However, the packets or trains of atmospheric pressure disturbances were
relatively similar at SGP, GH, and MS in terms of beginning time, end time, and amplitude
(Figure 6a).

The simulated sea level variations were compared with sea level observation data that
were high-pass-filtered with a cutoff period of 180 min (Figure 6b). The numerical model
reproduced the amplitude and phase of sea level oscillations similar to the observation at
SGP, GH, and MS. There were time lags between the simulated and the observed sea level
anomalies. The lags of simulated sea level variations were —1, —4, and +3 min compared
with the observations at SGP, GH, and MS, respectively. The time-lagged correlation
coefficients over 6 h were 0.53, 0.37, and 0.89 at SGP, GH, and MS, respectively, and the
RMSEs were 5.38, 10.78, and 19.70 cm at SGP, GH, and MS, respectively. As the pressure
disturbances moved to the east (black solid lines in Figure 7), long ocean waves were
generated due to Proudman resonance in the southwestern Yellow Sea. The amplitude
of the long ocean waves kept growing while they propagated, in addition to pressure
disturbances in the relatively deep region of 122.5-126.0° E and 33.5-35.0° N (Figure 7a,c).
The long ocean waves were refracted due to the bottom topography, where the water
depth was less than about 75 m (Fr < 0.9), and lagged behind the pressure disturbances
(Figure 7c,d). However, the long ocean waves propagated ahead of the atmospheric
pressure disturbances where the water depth was deeper than 108 m (Fr > 1.1) (Figure 7d).
Reflected waves were generated and propagated westward, while the forced long ocean
waves (meteotsunami) propagated eastward (Figure 7d,e). As the long ocean waves reached
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the shallow coastal region or islands, they refracted and reflected (Figure 7c,e). Even after
the pressure disturbances moved out of the model domain, the sea level continued to
oscillate due to the waves reflecting from the coast (Figure 7g,i). The start times of sea
level oscillations at SGP were similar to the arrival times of the trains of atmospheric
pressure disturbances, whereas sea level oscillations started 1-3 h after the arrival times of
atmospheric pressure disturbances at GH and MS (Figure 6). The reason the arrival of long
ocean waves was delayed at GH and MS is that the propagation of long ocean waves is
slowed down as they refract in the coastal region due to the shallow water (Figure 7c,d).
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Figure 6. Comparison of (a) atmospheric pressure anomalies and (b) sea level variations from observations and numerical
simulations at SGP, GH, and MS from 12:00 on 7 April to 06:00 on 8 April 2019.
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atmospheric pressure that propagate eastward (Figure 5).
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4. Discussion
4.1. Proudman and Greenspan Resonances

Long ocean waves are amplified by three resonance processes in the shallow coastal
ocean: Proudman, Greenspan, and shelf resonances [3,4]. When a long ocean wave
enters a bay or an estuary, its wave height may be amplified due to shoaling and harbor
resonance. As atmospheric disturbances move eastward with speeds of 20.0-31.0 m/s
over the southern Yellow Sea toward the Korea Strait (Figure 2 and Table 1), Proudman
resonance amplifies long ocean waves, where the bottom depth is between 40.1 and 91.7 m
(Figures 1 and 7). These eastward-moving atmospheric pressure disturbances amplify
long ocean waves by Proudman resonance in an offshore region deeper than 45 m in the
southern Yellow Sea (Figure 7). As the long ocean waves cross 126° E and enter the Korea
Strait, they lag behind the atmospheric pressure disturbances, moving eastward in the shallow
region near the coast, and the wave crests tend to become parallel to the coast due to refraction
(Figures 7 and 8). However, the long ocean waves offshore and deeper than 100 m keep
accompanying the moving atmospheric pressure disturbances and grow in amplitude.

200
35°N
150
100
34°N
50
BN 128°E 129°E - 128°E 129°E ?

(a) CON (b) NOI

Figure 8. Spatial distributions of bottom depth (m) for (a) the control (CON) experiment and (b) no
offshore islands (NOI) experiment. The contour intervals of the isobaths are 50 m.

Greenspan resonance occurs when the propagation speed of an atmospheric dis-
turbance is close to that of edge waves, coastal trapped waves over a sloping shelf that
propagate along the coast [30]. The speed of an edge wave (Cy) is given as:

Cew = gTtan[(2n +1)B] /21 ()

where g is the acceleration due to gravity, n is an integer for each mode, B is the bottom
slope, and T is the wave period [31]. Based on the bottom slope () of 0.00103-0.00224
from CJ to GD along the 50 m isobath in the northern Korea Strait and the observed wave
period of 60 min, the estimated edge wave speeds are 613 m/s for n = 0 and 17.0-38.0 m/s
for n =1. It may be possible that the eastward propagation speed (21-31 m/s) of the
atmospheric pressure disturbances is close to the trapped edge wave speeds, and the long
waves grow by Greenspan resonance [4,28].

4.2. Refraction and Reflection by Offshore Islands

The sea level oscillations at MS in Jinhae-Masan Bay had relatively large amplitudes
from both observations and numerical simulations among the tide gauge stations in the
Korea Strait (Figures 3 and 7 and Table 2). The superposition of waves propagating
northeastward along the coast of the Korea Strait and waves refracted and reflected by
bottom topography and Tsushima Island increased the wave energy entering Jinhae-
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Masan Bay (Figure 7e,g). To examine the effects of refraction and reflection due to bottom
topography and Tsushima Island on the waves entering Jinhae-Masan Bay, a numerical
model simulation was performed without the islands under the same atmospheric pressure
forcing (NOI experiment). After removing the islands from the model domain, the bottom
topography where the islands had been was made similar to the surrounding region
(Figure 8).

The distribution of the sea level at 16:30 indicated that wave heights between GJ and
Tsushima Island were higher in the control (CON) experiment than in the NOI experiment
(Figure 9b). A trough of long ocean waves propagated through the mouth of Jinhae-Masan
Bay at 16:30. The long ocean wave refracted and reflected by the islands formed a wave
crest parallel to the coast in the CON experiment at 16:45, whereas the wave crest was
perpendicular to the coast in the NOI experiment (Figure 9b). Then, the crest of the
long ocean wave entered the mouth of Jinhae-Masan Bay at 17:00 (Figures 7e and 9) and
propagated toward MS at 17:15. The distribution of sea level at 16:15 was similar to that at
17:15, but had an opposite phase to that at 16:45 in both numerical simulations. In the NOI
experiment, most of the long ocean wave energy propagated to the east along the coast
instead of entering Jinhae-Masan Bay (Figure 9b).

10

-10
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128°E 129°E
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Figure 9. Spatial distributions of surface elevation every 15 min from 16:15 to 17:15 on 7 April 2019. The upper and lower

panels are (a) surface elevation from the original topography (CON) and (b) no offshore island (NOI) models, respectively.

The contour intervals of surface elevation are 5 cm.

To examine the role of the refracted and reflected waves on sea level variation in
Jinhae-Masan Bay, sea level variations from the numerical simulations were compared with
the observed sea level variations at GJ, GD, and MS (Figure 10). The sea level oscillations in
the CON experiment started at 16:46, 17:05, and 17:48 at GJ, GD, and MS, respectively. The
sea level oscillations in the NOI experiment started at 16:38, 16:57, and 17:40, respectively,
which were 8 min earlier than those in the CON experiment. When the amplitudes of
sea level oscillations were compared over 6 h from the beginning of the long wave event,
the wave amplitudes at GJ, GD, and MS were 34.2%, 67.8%, and 72.7% larger in the CON
experiment than those in the NOI experiment, respectively. The numerical experiments
revealed that the refraction and reflection of waves by the offshore island and bottom
topography affect amplitudes and arrival times of the long wave in Jinhae-Masan Bay.
In [15], it is suggested that the interaction between long waves and tides in the Yellow
Sea affects the arrival time and amplitude of long ocean waves. Therefore, the interaction
between long waves and tides may need to be considered to increase the accuracy in the
prediction of amplitudes and arrival times of long ocean waves in the Korea Strait.
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Figure 10. Sea level variations from the observation (black line), original topography model (CON;
red line), and no offshore island model (NOI; blue dotted line) at GJ, GD, and MS from 15:00 on
7 April to 06:00 on 8 April 2019.

4.3. Local Topographic Effects

As a long ocean wave generated by Proudman resonance propagate in the ocean, it
can be amplified by Greenspan, shelf, and harbor resonances due to local bathymetric
characteristics [5]. SGP and GH are located in the west, and MS is in the east of the
Korea Strait (Figure 1). The long waves arriving at SGP and GH were amplified in the
southeastern Yellow Sea, whereas the long ocean waves arriving at MS propagated through
the Korea Strait and entered Jinhae-Masan Bay (Figures 3 and 11). The tide observation
stations at SGP and GH are located at an open coast. However, the MS tide observation
station is located in an elongated bay, Jinhae-Masan Bay. Before the long ocean waves
entered Jinhae-Masan Bay, they were amplified and refracted in the Korea Strait. After the
long waves entered Jinhae-Masan Bay, their amplitudes were increased by shoaling and
harbor resonance [18,22]. MS is almost in the innermost part of the elongated narrow bay
(Figure 11). The distance and average depth from the 40 m isobath offshore to the MS tide
observation station are approximately 40 km and 24 m, respectively. The periods of natural
harbor resonance for a semienclosed bay are given as:

4]
@n—1) g

where T, is the resonant harbor oscillation period of the n-th mode for a semienclosed
bay. I and h are the length and average depth of a bay, respectively. g is gravitational
acceleration. The resonance periods (T,) in Jinhae-Masan Bay are 174, 58, and 35 min for
n =1, 2, and 3, respectively. The theoretical periods of the second and third modes (n = 2
and 3) in sea level oscillations are within the observed periods of 35-90 min at the MS tide
observation station (Figure 4). In [22], it is assumed that the length and averaged depth of
the inner bay from 35.08° N to the MS tidal station are 13.1 km and 10.6 m, respectively
(Figure 11c). They suggested that the natural resonance periods of the inner bay are 85.6
and 28.5 min for n =1 and 2.

T, = =123, ... 3)
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Figure 11. Enlarged topographic maps of the (a) SGP, (b) GH, and (c) MS tide observation stations. Colors represent bottom

depths in meter. The bottom topography is contoured at depths of 10, 20, 50 and 100 m.

4.4. Effects of Speed and Angle of the Atmospheric Pressure Disturbances

Even if the amplitude of atmospheric pressure disturbance is the same, the ampli-
tude of a long ocean wave generated by the moving atmospheric pressure disturbance
depends on the propagating speed and angle of atmospheric pressure jumps in a coastal
region [15,28,29]. Changes in long ocean wave amplitude are caused by the refraction,
reflection, and shoaling of propagating long ocean waves due to variations in bottom
topography and the coastline. To estimate changes in the amplitude of long ocean waves
with respect to the propagation speed and angle of atmospheric pressure disturbances
in the Korea Strait (Figure 5), numerical experiments forced by atmospheric pressure
disturbances moving with speeds of 20-40 m/s and angles of 60-120° were performed
(Figure 12). In these experiments, atmospheric disturbance was assumed as an idealized
sine wave propagating eastward with an amplitude of 1 hPa and a period of 60 min. When
such air pressure jumps move from the west to the east along the Korea Strait, the ranges of
long ocean wave amplitudes at SGP, GH, and MS are 3-12, 4-19, and 17-76 cm, respectively.
The eastward-moving atmospheric pressure jumps with velocities of 27-34 m/s and angles
of 80°-118° make the amplitude of the long ocean wave higher than other atmospheric
pressure jumps. The amplitude of long ocean waves arriving at SGP and GH is less sen-
sitive to the moving speed and angle of atmospheric pressure disturbances than that at
MS. When the speed of eastward-moving atmospheric pressure disturbances is between
24 and 30 m/s, Proudman resonance effectively enhances the long wave amplitude in the
southwestern Yellow Sea and East China Sea, and the amplitude of long waves observed
at SGP and GH increases. However, the amplitude of long waves observed at MS would
reach a maximum when the eastward-moving speed and angle of atmospheric pressure
disturbance are 30 m/s and 85-100°, respectively. Such selective and sensitive responses of
the sea level at MS may be related to the bottom topography of the Korea Strait and harbor
resonance within Jinhae-Masan Bay.

The expected amplitude of long waves at each station in Figure 12 can be used to
predict the amplitude of long ocean waves when the eastward-moving speed and direction
of atmospheric pressure isobars are detected in the real-time monitoring system. For future
study, it will be necessary to investigate the generation of meteotsunamis in the Korea
Strait when atmospheric pressure disturbances propagate from south to north across the
strait, such as in a long ocean wave event in March 2014 [22], using observation data and
numerical experiments.
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Figure 12. Expected amplitudes (cm) of the long ocean waves at (a) SGP, (b) GH, and (c) MS in the Korea Strait if an

atmospheric pressure disturbance propagated eastward with various isobar angles (6 in Figure 5) and traveling speeds (U)

from 20 to 40 m/s.

5. Conclusions

In this work, long ocean waves (meteotsunami) propagating from southwest to north-
east along the Korea Strait were observed, while atmospheric pressure disturbances moved
from west to east on 7 April 2019. The amplification of long ocean waves by Proudman
resonance in the Korea Strait was demonstrated in this study for the first time. The moving
speed of atmospheric pressure disturbances was 26.5-31.0 m/s with an inclination of
75-83° in the counterclockwise direction. The average height of the atmospheric pressure
disturbance was 2.4 hPa, and two to four waves passed in succession.

The two-dimensional numerical simulation reproduced the propagation of long ocean
waves in the Korea Strait. The arrival time, phase, and period of the simulated long ocean
waves were appropriately estimated to within a few minutes. The long ocean waves were
generated due to Proudman resonance as the atmospheric pressure disturbances moved
over the Yellow Sea and East China Sea. The maximum amplitude of sea level fluctuation
was 16.3-91.9 cm. The amplification of sea level oscillations was highest at Masan (MS)
due to reflection from an island and the shoaling effect. After the long wave hit the coast of
the Korea Strait, the sea level oscillated continuously for 7-19 h with 10-160 min periods.
The long ocean waves responded immediately to atmospheric pressure disturbances in
the open sea, but they reacted 1-3 h later in the coasts and bays of the Korea Strait. The
propagation speed of a long ocean wave was slowed down by shallow topography in
the coast, and refraction was caused by complex topography, coastlines, and islands. The
reason for the small amplitude of sea level oscillations in coastal areas except for MS was
that a long ocean wave propagated parallel to the isobath; thus, the shoaling effect was
small. At MS, the amplitude of sea level fluctuation was largest due to the combination of
the refraction, the reflection by the islands, harbor resonance, and the shoaling effect as
energy entered the bay. The contribution of reflected waves by islands was 72.7% for sea
level oscillations of MS. We could determine the high sea level oscillation conditions in the
Korea Strait through sensitivity experiments with different moving velocities and angles.
These results will be useful for the development of real-time monitoring and prediction
systems for meteotsunami.
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