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Abstract: The long-term trend of swell-like waves invading the east coast of Korea was identified
by using observations and hindcast data from 1979 to 2016. We defined a swell-like wave as a wave
with a height of 2 m and a peak period of 10 s on the basis of a literature review of human casualties
and property damage in the region. In total, 179 swell-like wave cases were detected from 1979 to
2016, with 132 cases caused by extratropical cyclones (ETCs). The track density analysis indicated
that the ETCs were mainly generated on the east coast of China, over the East/Japan Sea, and over
the Kuroshio-Oyashio extension region and then moved northeast. This reflects the prevailing wind
direction, which was the most significant factor in generating the swell-like waves. The number of
swell-like waves has been significantly increasing since the 2000s. This increasing trend of swell-like
waves is linked with the synoptic eddy activity with a correlation of 0.53. They were associated with
the reversed meridional gradient of surface air temperature and the consequent negative vertical
wind shear anomaly near 40° N.

Keywords: swell-like wave; extratropical cyclone; track density; hindcast; cyclone tracking

1. Introduction

Anomalously high wind waves, mainly generated in the East/Japan Sea (E]S), fre-
quently occur due to extratropical cyclones (ETCs) passing through the EJS during autumn
and winter [1-4]. Strong winds accompanied by intense storms also produce long sur-
face gravity waves that radiate out of their generation area [5,6]. High wind waves have
been observed through in situ observation or spaceborne remote sensing [7,8]. Kitaide [1]
demonstrated that abnormal high swell waves (or a Yorimawari Waves) are generated due
to the solid north-easterly winds formed by a quasi-stationary low-pressure system. Ut-
sunomiya et al. [9] reported that waves with a significant wave height of >2 m, significant
wave period of >10 s, and a wave steepness of <0.02 can be classified as a Yorimawari
Wave. Jeong et al. [10] and Oh et al. [11] demonstrated that these waves, called swell-like
waves, frequently occur under clear weather conditions over the coastal region because
they originate from the central or eastern EJS. These swell-like waves usually last two to
three days in winter and can cause property damage and human casualties in coastal areas.

Damage caused by swell-like waves has been increasingly detected in recent years,
and includes the destruction of breakwaters, water yards, and fishing boats, flooded roads,
vehicles, and buildings, and a range of associated costs for recovery and compensation.
These problems trigger severe disruption to offshore operations and port activities. From
November 2005 to January 2016, the amount of ocean swell-induced damage in Gangwon
province reached nearly USD five million [12].

Swell-like waves are frequently observed along the east coast of Korea, located to the
west of the EJS [10,11,13]. Jeong et al. [10] found that strong winds generated swell-like
waves that propagated across the EJS to the coast in this region. Jang et al. [13] concluded
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that explosive cyclones accompanied by firm and persistent winds are the drivers of swell-
like waves. These explosive ETCs have been also detected over the EJS and the northwest
Pacific near the Kuroshio Current [14,15]. Heo et al. [16] examined the mechanisms and
conditions conducive to explosive cyclones and abnormal storm waves in the EJS. Jeong
and Oh [17] also studied swell-like waves that caused casualties on the east coast of Korea,
finding that most cases occurred in the winter between October and February.

Notably, most studies have concluded that the driver of swell-like waves is ETCs,
which occur mainly in winter with a strong wind field. Furthermore, previous studies
have reported that part of the total ETC events develop into explosive cyclones, thereby
producing stronger waves [16]. East Asia has favorable conditions for the development of
ETCs as the upper-tropospheric wave action is in the active phase and the east coast of Asia
is located in the climatological frequency maxima of the Warm Conveyor Belt [18-20]. In
addition, ETCs are frequently detected in marine areas of the Northern Hemisphere such as
the North Atlantic, North Pacific, and inland of East Asia [19]. Most previous studies have
been conducted only for certain periods or specific cases. Several studies have confirmed
that ETCs are essential for generating swell-like waves in the cold season [8,10,11,13,17].
However, the drivers of the recent increase in the swell-like waves are not fully understood,
especially at the decadal and multi-decadal timescales.

The main aim of this study was to examine the long-term trend of the occurrence of
swell-like waves on the East coast of Korea by using in situ data, high-resolution hind-
casts, and reanalysis. We: (a) produced high-resolution atmospheric and wave hindcasts,
(b) determined the occurrence trends and characteristics of swell-like waves from the ob-
servations, and (c) identified the cases of swell-like waves from the hindcasts. Finally, via
reanalysis, we used the cyclone tracking algorithm to analyze the occurrence and movement
pattern of ETCs, which represent the main driver of swell-like waves.

2. Data and Method

Our methodology consisted of three steps. First, accidents caused by swell-like waves
on the east coast of Korea were investigated through a literature review. To help define
what should be considered an accident involving a swell-like wave causing damage, we
investigated cases in which human life and property were damaged due to swell activity.
Each case was collected from media, articles, and government reports from October 2005 to
August 2018. For a more accurate definition of swell-like waves, the cases were investigated
over a longer time series than those for the hindcasts. We retrieved the characteristics of
waves that can theoretically damage the coast by using the observations and hindcast for
each accident case. Second, we used these results to identify cases of wave intrusions in the
Korean coast in 1979-2016. Third, a cyclone tracking algorithm was applied to characterize
the ETCs, which are known to be the cause of swell-like waves. Lastly, the long-term
characteristics of swell-like waves were examined alongside the results of the cyclone tracking
algorithm, and eddy activities were analyzed to elucidate the long-term characteristics.

2.1. Data

We utilized the observation data from five buoys of the Korean Meteorological Ad-
ministration (KMA) and the Korea Hydrographic and Oceanographic Agency (KHOA),
denoted as DH, UL, PH, E01, and E02 in Figure 1b. Furthermore, we observed wave
characteristics by using acoustic directional wave and current profilers to evaluate ocean
swell definition and to evaluate hindcasts, denoted as SC, MB, W], Y1, and SR (Figure 1b).
Table 1 summarizes the information on the observation data. Finally, ERA-Interim [21] was
used to analyze eddy activities, to identify cyclone tracking, and to provide atmospheric
hindcast’s initial and boundary conditions.
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Figure 1. Representation of the study area showing (a) the atmospheric (red box) and wave (blue box)
model domains and (b) the east coast of Korea, along with the bathymetry and observation sites used
in this study (see Table 1).
Table 1. The specific information of observations. The stations of SC, MB, W], HP, Y1, and SR are
operated using an acoustic wave and current profiler (AWAC), and the others are operated using
buoys. For AWAC stations, installation depth is provided.
Name Organization Location Component Measure'ment Water Depth
Duration (m)
Sokcho (SC) KIOST 38.20° N, 128.63° E October 2010~December 2016 15.0
Maengbang (MB) KIOST 37.41° N, 129.22° E Current September 2014~December 2016 259
Waljin (W]) KIOST 37.07° N, 129.42° E Hmo September 2014~December 2016 18.7
Hupo (HP) KIOST 36.70° N, 129.48° E To2 December 2011~March 2014 17.5
Youngil (YI) KIOST 36.09° N, 129.47° E Tp August 2010~August 2015 24.5
Sureummal (SR) KIOST 35.67° N, 129.48° E July 2014~December 2016 321
Donghae (DH) KMA 37.53° N, 130.00° E Wind January 2005~December 2016 -
Ulleung (UL) KMA 37.45° N, 131.10° E slsnT December 2011~December 2016 -
Pohang (PH) KMA 36.35° N, 129.78° E H November 2008~December 2016 -
Ulleung NE (E01) KHOA 38.00° N, 131.54° E T s October 2012~December 2016 -
Ulleung NS (E02) KHOA 37.72° N, 130.56° E m August 2014~December 2016 -

2.2. Model for Atmospheric and Wave Hindcast

We produced atmospheric and wave hindcasts from 1979 to 2016. To retrieve a com-
prehensive atmospheric hindcast, the Advanced Research-Weather Research and Forecast
model (WRF-ARW) [22] version 3.7 and its variational data assimilation system (WRFDA),
developed by the National Center of Atmospheric Research (NCAR), were utilized [23,24].
The three-dimensional variational data assimilation technique was applied to improve the
model’s initial conditions and to generate the final high-resolution hindcast. The model in-
corporates fully incompressible nonhydrostatic equations in synergy with terrain-following
vertical coordinates. The model area was about 20-50° N, 117-143° E, the horizontal res-
olution of the domain was 10 km with 435 x 435 grids, and the vertical resolution was
60 layers from the surface to a 50 hPa level (Figure 1a). The instantaneous model outputs
were saved every hour. We used the Yonsei University (YSU) planetary boundary layer
scheme [25], Noah land surface model [26], and Kain—Fritsch cumulus parameterization
scheme [27]. This model applied the Dudhia short-wave and rapid-radiative-transfer-
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model (RRTM) long-wave radiation scheme [28], and the WRF single moment 6 class [29].
Table 2 summarizes the applied model configuration parameters and physical schemes.

Table 2. Overview of WRF model configuration for the experiments.

Model Used WRF v.3.7.1
Initial and boundary conditions ERA-Interim 0.75° x 0.75° (6-h interval)
Horizontal and vertical resolution 10 km X 10 km, 60 layers to 50 hPa
Horizontal grid points in X-Y direction 435 x 435
Period of integration 30 h (including 6 h spin-up)
Cumulus parameterization schemes Kain-Fritsch scheme

PBL parameterization schemes YSU PBL scheme
Microphysics parameterization

schemes WSM 6-class graupel scheme

Dudhia short-wave and RRTM long-wave
radiation scheme

Surface layer scheme Monin—-Obukhov similarity theory

Land-surface scheme Noah land surface scheme

Radiation parameterization scheme

The SWAN (Simulation Waves Nearshore, [30]) model version 41.10 was used for the
wave hindcast in the model area with grids of 313 x 361 and 1/12° resolution (Figure 1a).
We also applied the Korea coastal precision grid bathymetry, provided by KHOA with
the General Bathymetric Chart of the Oceans (GEBCO) data [31]. The two-dimensional
energy spectrum was composed of 72 wave directions. The number of frequencies are 25
(0.04-0.40 Hz range), and the time interval was set to 300 s. In this study, the spectral area
was reduced to shorten the computing time because we determined whether the swell-like
wave condition was satisfied only when the waves in the SWAN model were of a significant
height. It was calculated through 50 iterations for 99% convergence every hour, and the
friction coefficient was set to 0.038 m? s—3 in the JONSWAP formulation [32]. The rest of
the settings were configured as the default.

2.3. Identification and Tracking of ETCs

In this study, a cyclone tracking algorithm was used to quantify the characteristics of
ETCs affecting the generation of swell-like waves. The cyclone tracking algorithm defines
and tracks cyclones. We utilized relative vorticity and sea level pressure to determine the
cyclones; the detailed description of the applied method can be found in Flaounas et al. [33]
and Lu [34]. We detected the cyclonic circulation through the relative vorticity at the 850 hPa
level and defined the size of the cyclone as the enclosed contours of the sea level pressure
field. We retrieved the relative vorticity and sea level pressure from the ERA-Interim data
with a horizontal resolution of 0.75° x 0.75° and a time resolution of 6 h. The 850 hPa
relative vorticity and sea level pressure field were smoothed to remove the small-scale relative
vorticity not related to synoptic-scale cyclone development and movement. We utilized field
9 x 9 grid point filtering, where each field was smoothed into a 6.75° x 6.75° area.

Figure 2 shows an example of cyclone detection at 00 UTC on 4 January 1980. We
used the relative vorticity threshold of 3 x 1075 s~ to identify the centers of the cyclones
following Flaounas et al. [33] (Figure 2a). Furthermore, the sea level pressure field was
analyzed to understand whether these areas had been caused by cyclones or by local wind
shear. Figure 2b shows the valid closed contours of the sea level pressure field with a 2 hPa
interval. High-pressure systems and cyclones, that is, pairs of closed contours that should
be distinguished, are also shown in Figure 2b. Note that Figure 2c shows that a cyclone
was detected if a valid closed contour satisfying the threshold in the relative vorticity field
was detected in the region. The enclosed contour may be small enough not to identify a
cyclonic center in the grid points (0.75° x 0.75°), too large or abnormal elliptical shapes
irrelevant to cyclonic vortices. Due to this, we set the minimum value of the long axis to
100 km (about 1° mid-latitude) and the maximum value to 1000 km. Then, only one closed
contour or a group of several closed contours may potentially exist. We deduced that a
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cyclone was detected if >20% of the grid satisfying the relative vorticity threshold was
included in the innermost contour. The external boundary of a cyclone was defined as the
first closed curve with an area of 3.14 x 10® km? (equivalent circular radius of 1000 km) or
less, according to Lu [34]. Figure 2d shows two cyclones that satisfy all such conditions. A
solid red line represents the boundary of each cyclone, and the minimum point of sea level
pressure inside the closed contour was determined as the cyclonic center. At this time, the
minimum point of sea level pressure was calculated from the original field.

144°E

990 1000 1010 1020 1030 1040
hPa

-4 -2 0 2 XIO: a 990 1000 1010 1020 1030 :1(;:0
Figure 2. Example of cyclone identification and application of cyclone tracking algorithm at 00 UTC
4 January 1980. (a) Smoothed horizontal relative vorticity at 500 hPa level. The dotted line contour
means the area above the threshold (3 x 107> s~1). (b) Smoothed sea level pressure field and isobars.
(c) Smoothed relative vorticity field and closed isobars (red line). (d) Original sea level pressure
and outermost contour (red line) of the extracted cyclone. Red dots with the mark “L” reflect the
cyclone center.

The cyclones extracted through this approach were tracked every 6 h. The first criterion
is whether each cyclone overlaps its outer boundary within 6 h or not. If an external
boundary overlaps, it is considered to be the same cyclone. If there is no overlap, it can be
still classified as the same cyclone if the movement speed of the low pressure is <650 km
within 6 h. If there were two or more overlapping cyclones, we decided whether to merge
or to split them based on distance, pressure difference, and hardness. If multiple cyclones
overlapped with a closed candidate, it was connected to the cyclone where the difference
in central pressure was minimal. If a closed candidate satisfied the distance threshold
for multiple cyclones, it was connected to the shortest one. The remaining cyclones were
merged, and the record updated to the current timestep was saved. If there were multiple
closed candidates that could be connected to the tracking cyclone, the one with the smallest
pressure difference was connected to the cyclone. The others were considered potentially
split and were tracked at the next timestep. Note that we selected only those tracks with
lifetimes longer than 12 h.

The cyclone track density was quantified from the cyclonic grid points in the outermost
contour of the cyclone [34]. The cyclonic track density (TD) was expressed as shown in
Equation (1):

Z

Track Density (TD;j) = ) Ci/(N x T) (1)
i=1
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where C; (number of cyclone; 0 or 1) denotes the number of times the jth grid point is
affected by the cyclone at the ith time step. N is the total number of time steps in a given
period. Note that TD is a relative number in a given period. The time step in this study
was 6 h, so T was used to convert TD to a unit of daytime (T = 4).

2.4. Wind Activity Index

The surface wind perturbation affecting the generation of the swell-like wave (that
arrived in the eastern side of Korea) is strongly linked with the atmospheric synoptic eddy
activity. The synoptic eddy activity was calculated based on [35] by using Equation (2):

U2 +v*3 /2. @)

Here, U’ and V' are bandpass-filtered zonal and meridional wind, respectively. Lanc-
zos filters with a weight of 9 (17) were used for the 2-8 (9-21) days bandpass filtering
(e.g., the weight 9 is calculated as 4 x 2 + 1 = 9) for analyzing the horizontal wind at
500 hPa within the ERA-Interim reanalysis data. Over mid-latitudes, eastward-propagating
high-frequency traveling synoptic waves were projected on the 2-8 days window [36], and
slower intermediate timescale waves were projected on the 9-21 days bandpass filtering
window. The slower waves included the type of atmospheric blocking event [37].

3. Results
3.1. Characteristics of Swell-like Waves on the East Coast of Korea

The damage to human life and property caused by swell-like waves on the east coast
of Korea was investigated in the period of October 2005-August 2018. During this period,
there were 75 accidents on the east coast, causing 52 fatalities. Casualties occurred mainly
on beaches, breakwaters, and rocky shores. The property damage was mostly related
to the damages of breakwaters, coastal roads, and coastal facilities, flooding of moored
ships and parked vehicles, and local government’s recovery costs due to coastal erosion.
The literature review was used to analyze the accident frequency at monthly and annual
temporal resolution. To elucidate the effective occurrence trend, we counted the number of
accidents that occurred at multiple points on the same day as one.

Atleast two incidents have been continuously reported each year except 2010 (Figure 3a).
They occurred most frequently in the following order: summer, autumn, winter, and spring
(Figure 3b). Figure 3c shows the significant wave height and peak period during the
accident. These data were used for the analysis by using the in situ data and hindcast
results. If the accident time was ambiguous, the maximum value of the significant wave
height on the day of the accident was selected. Without observed data, the hindcast results
were used. For the accidents occurring all over the east coast of Korea, the maximum value
observed at the time was utilized.

In some cases, the wave height and period were too low for the wave to be considered
a swell-like wave. Some cases reported by the media may not have been verified. Most of
such cases occurred in places where leisure activities were common, such as the beaches,
rocky coasts, and nearshore areas (Figure 3c). Accidents in these places may have been
caused by simple human error. However, a relatively high wave energy may have been
involved in human injuries at breakwaters or damage to coastal structures.

Property damage occurred under the conditions of a significant wave height of ~2 m
or more and a peak time of ~10 s or more in all but one case. This finding aligns with
previous studies, especially Oh et al. [11]. They suggested that some swell-like waves were
slightly larger than the typical large swell of 3 m or more, with a peak period of more than
9 s. Most human casualties were reported when wave heights were 2 m or less because local
governments restrict coastal activities in high-risk situations [12]. These results suggest
that on the east coast of Korea, waves with a height of 2 m or more and a peak period of
10 s or more should be classified as swell-like waves.
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Figure 3. (a) Number of accidents by year identified in the literature review. (b) Number of events per
month. (c¢) The maximum significant wave height and maximum peak period from the observations
(red) and hindcasts (blue) at each location of accident. A specific marker has been used to reflect the
classification of each accident and source.

3.2. Model Assessment of 10 m Wind and Wave

We used the following statistical metrics for the comparison of hindcast data with
observations: MB (Mean Bias), RMSE (Root-Mean-Square Error), Index of Agreement
(IOA) [38,39], and Complex Correlation (CC Magnitude, CC Phase lag) [40]. The equations
applied for calculating these metrics are shown below:

1 N
MB = N 1:1(Pi -0) (3)
MSE = | & 3 P, — 0;)? 4
- Ni:1( i 1) ( )
N e A Y
I0A =1— [ Lia (i —O)7 2] ®)
Yt ([P — Of +]0; - OJ)
CC Magnitude = [p| = / [Re(p) 2 [Im(p)]? ©)
CC Phase lag = 0 = tan"![Im(p) /Re(p)] (7)
(Ve < Vo) ,V=u-tiv ®)

p= \/<vp x v;;><v0 X Vi)
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N denotes the number of sampling data, P is the predicted data, O is the observational
data, P is the mean of predicted data, O is the mean of observational data, u is the zonal wind
vector, v is the meridional wind vector, the asterisk (*) represents the complex conjugate,
Re represents the real part of the complex number, and Im reflects the imaginary part of
the complex number.

Table 3 shows the statistical measures between hindcast and in situ observation for
10 m winds from 2014 to 2016. During the period, the MB for wind speed was in the
0.1~0.8 m/s range at each station, indicating that the model slightly overestimated wind
speed. The mean RMSE at each station was 2.20 m/s. The mean magnitude of the complex cor-
relation was 0.83 and the phase angles were <10° except DH. A detailed comparison between
the hindcast, observation, and satellite data for 10 m winds can be found in Kim et al. [41].

Table 3. Statistical evaluation of the hindcast of sea surface wind from 2014 to 2016. The statistics
used were Mean Bias (MB), Root-Mean-Square Error (RMSE), Index of Agreement (IOA), Complex
Correlation magnitude (CC magnitude), and Complex Correlation phase lag (CC phase lag).

CcC
Name MB  RMSE IOA  CC Magnitude Phase Lag Nun.l. of
(m/s)  (m/s) Pairs
(Degree)

Donghae (DH) 0.62 2.31 0.86 0.80 —11.1 15,616
Ulleung (UL) 0.84 2.24 0.89 0.87 57 16,362
Pohang (PH) 0.34 2.24 0.89 0.87 -85 16,463

Ulleung NE (E01) 0.23 2.01 0.91 0.81 —6.5 12,983
Ulleung NW (E02)  0.14 2.21 0.89 0.81 2.1 14,724

Table 4 shows the statistical measures between the hindcast and in situ data for
significant wave height and peak period in the 2014-2016 period. Table 5 also shows the
evaluation results, which were limited when the significant wave height was above 2 m.
There were no peak period measurements at the buoy stations (DH, UL, PH, E01, and
E02), unlike the acoustic Doppler profiler stations (SC, MB, W], SR, and YI). The peak
period evaluation results in Table 4 were sampled with a significant wave height of 1 m
or more for a comprehensive evaluation. The MB for significant wave height and peak
period reflected negative values at most stations, which suggests that the wave model
slightly underestimated the wave height. The RMSE and IOA further indicate that the
model efficiently reproduced wave height and period.

Table 4. Statistical evaluation of the hindcast of significant wave height and peak period from 2014
to 2016. The statistics used are Mean Bias (MB), Root-Mean-Square Error (RMSE), and Index of
Agreement (IOA).

Significant Wave Height (m) Peak Period (s)
Name Mean MB RMSE  10A  Num.of MB RMSE  10A  Num.of

Pairs Pairs

Donghae (DH) 1.26 —0.13 0.42 0.94 17,021 - - - -

Ulleung (UL) 1.39 —0.14 0.41 0.95 16,921 - - - -

Pohang (PH) 1.19 —0.11 0.40 0.94 17,068 - - - -

Ulleung NE (E01) 1.15 0.00 0.63 0.89 14,599 - - - -

Ulleung NW (E02) 1.26 —0.05 0.43 0.94 15,726 - - - -
Sokcho (SC) 0.76 0.02 0.30 0.94 13,685 —-0.1 1.0 091 2497
Maengbang (MB) 0.86 —0.13 0.33 0.93 16,922 —-0.2 0.9 0.92 3353
Waljin (WJ]) 1.03 —0.12 0.33 0.92 12,587 —-0.2 0.9 0.93 2743
Sureummal (SR) 0.89 —0.03 0.30 0.94 4705 —-0.2 0.9 0.94 1132
Youngil (YD) 0.76 —0.18 0.34 0.89 16,416 —-0.1 0.9 0.94 2820
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Table 5. Statistical evaluation of the hindcast of significant wave height and peak period from 2014
to 2016. Significant wave height was sampled above 2 m. The statistics used were Mean Bias (MB),
Root-Mean-Square Error (RMSE), and Index of Agreement (IOA).

Significant Wave Height (m) Peak Period (s)
Name Mean MB RMSE  10A  Num.of MB RMSE  10A  Num.of
Pairs Pairs
Donghae (DH) 3.00 —0.10 0.61 0.85 1993 - - - -
Ulleung (UL) 3.09 —0.25 0.60 0.86 2520 - - - -
Pohang (PH) 3.01 —-0.27 0.59 0.84 1561 - - - -
Ulleung NE (E01) 3.09 —0.13 0.58 0.88 1554 - - - -
Ulleung NW (E02) 3.07 —0.09 0.53 0.89 1799 - - - -
Sokcho (SC) 2.81 —0.12 0.40 0.89 485 0.0 0.7 0.94 485
Maengbang (MB) 2.81 —0.19 0.44 0.86 531 -0.1 0.7 0.93 531
Wauljin (W]) 2.90 —0.35 0.62 0.65 274 —-0.2 0.8 0.96 274
Sureummal (SR) 2.94 —0.35 0.56 0.76 266 -0.1 0.8 0.91 266
Youngil (YI) 2.71 —0.20 0.50 0.80 298 —-04 0.8 0.95 298

3.3. Decadal Trends of Swell-like Waves

To analyze the long-term trend of swell-like waves, we scrutinized the events with a
significant wave height of 2 m or more, a peak period of 10 s or more, and a duration of
more than 3 h from the wave hindcast data. Note that if the wave model grid included
in the east coast of Korea (35.3° N-38.6° N) satisfied these criteria, it was classified as a
swell-like wave. Figure 4a shows the number of annual swell-like wave events on the east
coast of Korea from 1979 to 2016. In total, 179 cases of swell-like waves were extracted
and were found to last for an average of 20 h. Of these, 165 were linked to the passage
of low-pressure systems. Eight of them were confirmed as being counted twice with the
movement and development of the same cyclone. In six cases, winds occurred at the
edges of the Siberian high, regardless of direct ETC intervention. Moreover, 33 events of
165 cyclones were identified as typhoons.

Notably, the events have become more frequent since the 2000s. From 1979 to 2002, an
average of 3 swell-like waves occurred, but from 2003 to 2016, an average of 7.7 swell-like
waves occurred. Figure 4b illustrates the trend of swell-like wave occurrence by month
and type. We found that the waves caused by ETCs occurred mainly in November—April,
and waves triggered by typhoons occurred intensively in July-October. The results shown
in Figure 4b are different from those of Figure 3b. Even if a swell-like wave occurred at
the coast, it was not reported unless it caused human loss or property damage. Figure 4c
shows the frequency of swell-like waves caused by ETCs and the trend of the 5 year moving
average in December—February. The increased frequency of swell-like waves in the 2000s
was due to the significant increase in ETCs, as there were no significant trends in the
frequency of swell-like waves caused by typhoons or high-pressure systems.

We extracted low-pressure systems through the cyclone track algorithm and further
analyzed the long-term characteristics of cyclones. In total, 10,288 cyclones were extracted
from 1979 to 2016, with an average annual occurrence of 270 per year (not shown). The
average duration of the cyclones was two days, and the median duration was three days.
To investigate the characteristics of the cyclone track, we examined the track density of
cyclones from 1979 to 2016 (Figure 5). As seen, there were two distinct regions with
the highest frequency of cyclone passage in East Asia. In the regions centered on the
southern tip of the Sea of Okhotsk (Oyashio) (50° N, 162° E) and centered on eastern
Mongolia (48° N, 126° E), track densities were found to be ~0.5 per day and more than
0.4 per day, respectively. Moreover, the regions with a track density of >0.1 per day extend
from latitudes 12-24° N, including the South China Sea to the Sea of Okhotsk. Note that
previous studies have concluded that numerous ETCs occurred in the West Siberian Plains,
downstream of the Altai-Sayan Mountains (same as Northeast China), the East China Sea,
and the Kuroshio-Oyashio extension [42—49]. Some studies have reported that the leeward
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cyclogenesis region downstream of the Altai-Sayan Mountains and the coastal cyclogenesis
region in the warm ocean water region of EJS in the East China Sea are the main regions in
which East Asian ETC occurs [44,45].
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Figure 4. (a) Number of annual swell-like wave occurrences and causative factors including extrat-
ropical cyclone (ETC), typhoon (TY), and high-pressure system (HP) based on hindcast data from
1979 to 2016; (b) monthly swell-like wave occurrences and the causative factors; and (c¢) number
of cases resulting from ETC in winter (December—February). The red line in (c) reflects the 5 year
moving average.

To elucidate the seasonal pattern of cyclone activity, we reconstructed the cyclone
track density in December—February (DJF), March-May (MAM), June-August (JJA), and
September-November (SON) from 1979 to 2016. The region with the maximum of TD in
DJF is the south of the Kamchatka peninsula. The TD extended in the northeast-southwest
direction around this region (Figure 5b). A TD of 0.6 day~! (0.5 day!) or more was
identified in the Kuroshio-Oyashio extension region during the DJF (MAM) (Figure 5d).
On the other hand, a TD of 0.5 day ! or more was observed during MAM in Northeast
China. Adachi and Kimura [45] reported that the maximum cyclogenesis in DJF occurs
from the East China Sea to northeastern Taiwan. Wang et al. [48] also emphasized that the
frequency of ETCs occurring in northeastern China peaks in MAM. TD was 0.4 day ! or
more in the northeastern part of China and 0.3 day ! or more in the low latitudes of the
North Pacific Ocean and the southern tip of the Sea of Okhotsk due to typhoons in JJA
(Figure 5d). The frequency of cyclogenesis in northeastern China has decreased, while in
the Kuroshio-Oyashio extension region, it was >0.7 day ! (Figure 5e). However, the TD
remained above 0.2 day ! in the low latitudes of the Northwest Pacific Ocean.
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Figure 5. Track density of cyclones from 1979 to 2016. (a) Total, (b) DJF, (c) MAM, (d) JJA, and
(e) SON. TD is the relative value of each period.

To analyze the role of cyclones in the occurrence of swell-like waves invading the
eastern coast of Korea, the paths and central pressures of 165 ETCs and typhoons related to
the occurrence of swell-like waves were reconstructed (Figure 6). Most typhoons moved
toward the Sea of Okhotsk along the Korean Peninsula and the Japanese archipelago. ETCs
were seemingly intensified from the region of their origin to the west (Figure 6a). Figure 6¢
displays the count of grid points affected by 132 ETCs and their initial points associated
with the occurrence of swell-like waves. Note that we account for the number of ETC
passages for all grid points within the outermost isobars in order to consider both size
and duration. The occurrences of cyclones linked to swell-like waves on the east coast of
Korea were clustered in the East China Sea, EJS, and Kuroshio-Oyashio extension region.
It should be noted that the passage of ETCs associated with swell-like waves exhibited a
southward shift from the TD, as demonstrated in Figure 5.
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Figure 6. The paths and central pressures of (a) 132 ETCs and (b) 33 typhoons with regard to the
occurrence of swell-like waves invading the eastern coast of Korea, and (c) the count of grid points
affected by 132 ETCs at the outermost contour (shaded). The black dots represent the initial points of
the ETCs.

As shown in Figure 4c, the swell-like wave index, which is a 5 year moving average of
the swell-like wave events caused by ETCs in DJF, exhibited a strong interannual variability.
Further, a prominent positive trend or abrupt increasing regime shift was observed in the
period after 2004. Based on the horizontal correlation map plotting the swell-like wave
index and certain variables, a statistically significant atmospheric-oceanic signal can be
inferred [50]. Here, we analyze the possible reason for increases in the swell-like wave index
by calculating the correlation map of wind activity (Equation (2)). The swell-like wave
index is significantly correlated with both the high frequency (2-8 days) and medium-range
(9-21 days) wind activity around Korea, EJS, and the southern part of Japan (Figure 7). A
statistically significant positive correlation occurred within storm pathways and sites where
ETCs caused swell-like waves (Figure 6). Not all cyclones occurring in or passing through
this region generate swell-like waves that affect the eastern coast of Korea; however, ETCs
with strong wind activity can induce them frequently.

(a) Wind activity (2-8 days) (b) Wind activity (9-21 days)
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Figure 7. Correlation map of wind activity bandpass-filtered in (a) 2-8 days and (b) 9-21 days against
the Korean swell-like wave index in DJE. Hatch denotes 95% significance region.

The inter-annual time-series of both the 2-8- and 9-21-day bandpass-filtered wind
activity averaged over the domain for 130-140° E, 30-40° N in DJF are illustrated in Figure 8.
To make the anomaly visible, the climatological mean value was removed in each time-
series. In the 2-8 days wind activity index, the inter-annual variability was dominant, but
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the 9-21 days wind activity revealed a strong inter-annual variability with a visible positive
trend or regime shift after 2004. The correlation coefficients between the swell-like wave
index and both 2-8 and 9-21 days wind activity indices were 0.43 and 0.53, respectively.
The correlation with the 2-8 days wind index was mainly driven by inter-annual variability,
while the contribution of the decadal trend was stronger in the 9-21 days index compared
to the inter-annual variation.

(a) Wind activity (2-8 day) in DJF

_. 10
=z
o
T
A 5
wi
: [
- [ |
i 0 —
a [ |
=)
£
o -5
g 5
o
o
-10
1980 1985 1990 1995 2000 2005 2010 2015
(b) Wind activity (9-21 day) in DJF
4 4
z
(=]
T
8 24
Y
A | [
2 I i
al
£
o -2 4
2 2
o
o
_4 -

1980 1985 1990 1995 2000 2005 2010 2015
Year
Figure 8. Wind activity filtered in (a) 2-8 and (b) 9-21 days. The time series (red lines) represent the
domains averaged in 130-140° E, 30—40° N.

In general, the ETC activity was affected by the atmospheric internal wave dynamics
with the middle latitude jet stream waveguide [51]. ETC activity is known to be modulated
by vertical wind shear [52]. The correlation map of swell-like wave index and vertical wind
shear (300925 hPa) in DJF is shown in Figure 9. The negative correlation lies to the east of
40° N, 130° E.

The negative anomaly of vertical wind shear was locally balanced by the horizontal
distribution of surface temperature by the thermal wind relationship [53]. In Figure 10a,
the correlation map of 2 m air temperature in the DJF period is shown against the swell-like
wave index. In Figure 10a, a positive 2 m air temperature correlation was identified around
Okhotsk Sea, while a negative temperature correlation was detected over the southern
part of the warm region. This reversed meridional gradient of surface temperature can
induce weak vertical wind shear to the east of Korea (Figure 9). The 140-160° E, 40-60° N
domain-averaged 2 m temperature anomaly in DJF exhibited the positive decadal trend
(Figure 10). The correlation of the 2 m temperature index and swell-like wave index was
0.53. These results imply that slowly eastward-propagating waves (9-21 days), which act
as blocking events, occur more frequently under the influence of the negative vertical wind
shear anomaly. Consequently, the increasing trend of ETCs seemed to be related to the
weak meridional SST gradient to the east of Korea.
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Figure 9. Correlation map of vertical wind shear (300-925 hPa) against Korea swell-like wave index
in DJE. Hatch denotes 95% significant region.
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Figure 10. (a) Correlation map of 2 m air temperature against the swell-like wave index in DJE.
Hatch denotes 95% significant region. (b) The interannual time series of the domain (140-160° E,
40-60° N)-averaged 2 m temperature is shown in the left panel.

4. Discussion

Many previous studies have reported the occurrence of winter ETC and the corre-
sponding swell-like wave. Our study confirmed that the occurrence of swell-like waves was
temporally clustered during December to February. Although ETCs in winter are essential
for the generation of swell-like waves, we only considered the wave heights and periods that
can affect the coast as swell-like waves to examine their occurrence and determining factors.

Swell-like waves do not occur exclusively, as the low-pressure systems pass through
the Korean Peninsula. This is true even if an actual center of low pressure is located in Japan
or the Kuroshio-Oyashio extension region. A swell-like wave can occur during conditions
that generate a pressure gradient in the East Sea. The track of cyclones and the location of
reinforcement are not key factors for swell-like waves, while the atmospheric conditions
that can cause a pressure gradient in the E]S are more critical. The tracks of 165 ETCs were
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clustered in the northeast direction from the Yellow Sea to the Aleutian Islands, indicating
that ETCs were moving and generating a north-east wind.

The increase in swell-like waves over EJS since the 2000s is an important trend. Al-
though our study only addressed swell-like waves on the east coast of Korea under limited
conditions, the number of swell-like waves has been significantly increasing along the
other coasts of Korea, Japan, and those of Russia bordering the EJS. Although our study
has not elucidated the relationship with climatic factors, the hypothesis that the frequent
occurrence of swell-like wave invasions is only temporary should be further examined if
the weakening of the north—south temperature gradient continues.

One of the objectives of this study was disaster prevention. We defined the condition
of a "swell-like wave that can cause damage," and we presented the long-term trend of
swell-like waves according to our own definition. In other words, it is necessary to be
careful to compare the results presented in this study with general meteorological and
wave climatology. Swell waves are not always a dangerous natural phenomenon and are
sometimes used as wave energy in certain areas [54,55]. In Section 3.3, we suggested the
cause of the increase trend through the correlation between the swell-like wave index and
meteorological factors. This approach can also be applied by substituting a variable other
than the swell-like wave index.

The performance of atmospheric and wave hindcasts can affect the accuracy of swell-
like wave case classification. Our hindcasts showed sufficient accuracy to distinguish a
swell-like wave event that invaded the east coast of Korea (significant wave height of 2 m
or more, a peak period of 10 s or more, and duration of 3 h or more) (Tables 4 and 5). How-
ever, when using these hindcasts for other purposes, for example, to perform climatology
analyses, such as the analyses of wave height and wave energy flux, it is necessary to
discuss uncertainties and possible improvements. Our interest is a swell-like wave with
a wave period of 5-15 s (the frequency range is 0.06-0.2 Hz). When analyzing the wave
spectrum data, in this case, more than 99% of energy exists at frequencies below 0.4 Hz.
Although the results of our numerical model may sometimes show errors in spectrum
analysis, there was no significant difference in the comparison of significant wave heights.
It is, thus, suitable to perform numerical model calculations with a broader spectrum for
more accurate wave analysis. Further, a sensitivity test for some parameters, such as ocean
current [56-59] or model parameters [60,61], may also be required. These factors can also
increase or decrease the wave height, which can be a critical factor in generating a swell-like
wave; however, this study focused only on the relationship between weather and waves.

5. Conclusions

The main aim of this study was to examine the long-term trend of occurrence of
swell-like waves in the East coast of Korea by using in situ data, high-resolution hindcasts,
and reanalysis. As in previous studies, we defined swell-like waves as being waves with a
significant wave height of 2 m or more and a peak period of 10 s or more and extracted them
from the accident cases that occurred between 2005 and 2018. We used high-resolution
atmospheric and wave hindcasts to investigate long-term cases of swell-like waves. The
WRF model was applied alongside the ECMWF ERA intermediate reanalysis data as input
data, while the SWAN model was utilized as a wave model using the output from the WRF
model as input data.

We found that the causal synoptic patterns of swell-like waves on the east coast
of Korea can be classified into (a) winter extra-tropical cyclones (ETCs), (b) eastward-
propagating cyclones in spring and autumn, the extension of the Siberian High inducing a
strong pressure gradient, and (c) typhoons around the EJS. To analyze the characteristics
of ETCs that can generate swell-like waves, we tracked all ETCs that occurred between
1979 and 2016 from the cyclone tracking algorithm by using the ECMWEF ERA-interim data.
We found that the regions of cyclone occurrence and movement were mainly clustered in
the east coast of China, the Kuroshio-Oyashio extension area, and the inland of Northeast
Asia. This finding aligns with previous studies. The TD of 132 ETCs associated with
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swell-like waves, which occurred on the east coast of China, over the EJS, and over the
Kuroshio-Oyashio extension region, exhibited a southward shift from the TD of all the ETCs.

To elucidate the drivers of the decadal increasing trend of swell-like wave events,
we analyzed atmospheric synoptic eddy activity. The correlation coefficients between the
swell-like wave index and the 2-8 and 9-21 day wind activity indices were 0.43 and 0.53,
respectively. The correlation with the 2-8 days wind activity index was mainly driven
by inter-annual variability, while the decadal trend exerted a stronger influence on the
9-21 day index. Therefore, the increasing trend of swell-like waves is related to increasing
medium range (9-21 days) wind activity. This activity is associated with the reversed
meridional gradient of surface temperature and the consequent negative vertical wind
shear anomaly to the east of Korea.
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