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Abstract

Until now, the meteotsunamis reported in the Yellow Sea have been caused by sudden pres-
sure disturbances; however, no suitable monitoring system has been established for these
disturbances. With the maximum available pressure data based on 89 automatic weather
stations (AWS), a real-time pressure disturbance monitoring system was developed for
meteotsunami disaster prevention. When a pressure disturbance calculated from a rate of
pressure change exceeds 1.2 hPa/10 min at a certain AWS, the monitoring system detects
the occurrence of a pressure jump that can generate meteotsunamis in the Yellow Sea.
The real-time monitoring system is operated by sending a short message service to hazard
areas where destructive meteotsunamis are expected to occur by monitoring the intensity
of the pressure disturbance and its propagation direction. During the pilot test from March
to April 2018, the monitoring system detected four pressure jump events in total, two of
which caused meteotsunamis. On the two meteotsunami event dates, the monitored pres-
sure disturbances exceeded the intensity criteria for a common pressure jump and showed
similar propagation patterns with the meteotsunamis. In particular, both meteotsunami
events occurred only when the pressure jump, spatially characterized as a linear or bow
type, propagated at least 12 m/s. Despite the limited number of events during the pilot test,
this study provides an example of a meteotsunami-monitoring system and implications for
additional pressure jump conditions favorable to meteotsunami occurrence.
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SMS #1  Preliminary caution SMS
SMS #2  Propagation warning SMS
TG Tide gauges

1 Introduction

Unexpected meteotsunamis in the Yellow Sea cause coastal hazards (Choi et al. 2008). On
March 31 in 2007, tsunami-like waves with the largest wave height of 2.5 m were observed
at dawn (Kim et al. 2017). Four people died, and it created approximately 2 million US
dollars in damage, which consisted of 158 flooded houses, 150 damaged ships, 20 flooded
vehicles, 45,000 m? of fish farm loss, and flooding at nuclear power plants (Eom et al.
2012). On Sunday noon, May 4, 2008, 24 fishermen near the coast were washed away by
abnormal waves (Choi and Lee 2009) that left nine dead and 15 injured. Although not
quantitatively reported, on April 26, 2011, fishing boats and fish farms were damaged by
resonant waves with a period of less than 20 min (Kim et al. 2019). To date, meteotsunamis,
characterized by their large amplification (Rabinovich 2009), have been widely reported in
the northern Adriatic Sea (éepic’ et al. 2012, 2015a), Balearic islands (Gomis et al. 1993;
Garcies et al. 1996; Rabinovich and Monserrat 1996, 1998; Marcos et al. 2009), northern
Malta (Drago 2009), southwestern Sicily (Candela et al. 1999; Sepi¢ et al. 2018), Naga-
saki Bay (Hibiya and Kajiura 1982), northwestern Black Sea (Sepi¢ et al. 2015b), Gulf of
Finland (Pellikka et al. 2014), Atlantic coast, the Great lakes (Sepic’ and Rabinovich 2014;
Bechle and Wu 2014; Bechle et al. 2015; Linares et al. 2016), western Australia (Pattiar-
atchi and Wijeratne 2014), and the central English channel (Ozsoy et al. 2016).

Hazardous meteotsunamis are the result of amplification of waves by one or more reso-
nance mechanisms during generation, propagation, and inundation (Monserrat et al. 2006;
Pattiaratchi and Wijeratne 2016). Traveling atmospheric disturbances associated with
atmospheric gravity waves, pressure jumps, frontal passages, squall lines, or other types
of atmospheric disturbances (Rabinovich and Monserrat 1998; Monserrat et al. 2006;
Belusic et al. 2007) initially generate ocean waves with amplitudes of several centimeters
in open ocean. In the propagation process, an external resonance such as Proudman reso-
nance (Proudman 1929) or Greenspan resonance (Greenspan 1956) occurs when the speed
of ocean waves propagating toward the shallow areas matches the speed of the atmospheric
disturbance. Then, the sea level oscillations may be significantly amplified by internal reso-
nance between eigen periods that are the resonant periods of the basin (Rabinovich 2009)
and dominant periods of the arriving open-ocean waves. As a result, destructive meteot-
sunamis of up to a few meters can be observed in coastal regions and harbors (Monserrat
et al. 2006).

The possibility of meteotsunami warning systems that detect abrupt atmospheric dis-
turbances has been suggested to monitor potentially increased wave height of the mete-
otsunamis by several tens of centimeters to a few meters. It requires the following: (i) a
proxy-based assessment by quantifying the relationship between favorable synoptic pat-
terns and the observed meteotsunami wave height (gepic’ et al. 2016; Vilibi¢ et al. 2018),
(ii) the real-time meteotsunami detection algorithm considering meteotsunami favorable
conditions of pressure disturbances (éepié et al. 2009; éepié and Vilibi¢ 2011), and (iii)
near-term prediction for tracking spatial and temporal patterns of meteotsunamis using
land-based pressure measurements and radar-measured reflectivity (Wertman et al. 2014).
Despite previous studies, there was not any meteotsunami warning system for the Yellow

@ Springer



Natural Hazards (2021) 106:1703-1728 1705

Sea. Most previous studies in the Yellow Sea have been focused on analyzing the causes of
the reported meteotsunami events.

We have developed a real-time pressure disturbance monitoring system in the Yellow
Sea. This monitoring system aims to detect the arrival time and propagation of pressure dis-
turbance before destructive meteotsunamis reach the coast and to issue a timely warning by
sending a short message service (SMS). Probabilistic meteotsunami warning is possible by
monitoring the pressure disturbance, based on the reports that the meteotsunami events in the
Yellow Sea were related to a sudden change of air pressure in time (Choi et al. 2008; Choi and
Lee 2009; Eom et al. 2012; Kim et al. 2014) and a certain level of pressure disturbance (Kim
et al. 2019). Among automatic weather stations (AWS) currently operated by the Korea Mete-
orological Administration (KMA), 17 AWS located on islands and 72 AWS along the coast-
line of the Yellow Sea (red crosses and green circles in Fig. 1) were selected as an observation
system for the monitoring system. As a detection strategy of the generation and propagation of
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Fig. 1 Location and bathymetry of the Yellow Sea, observation stations for 89 automatic weather stations
(AWS), and 15 tide gauges (TG). Red crosses and green circles indicate 17 AWS in caution zone (AWS
#1) and 72 AWS in warning zone (AWS #2), respectively. Black squares represent TG. List of the stations
(number, full name, and abbreviation) is given in the right column. Station numbers in the map correspond
to the numbers in the column
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meteotsunamis, the prototype of the meteotsunami warning systems in the Yellow Sea can be
established with low cost by utilizing the existing observation system.

In this paper, the results from the pilot test of the real-time pressure disturbance monitor-
ing system will be presented. Considering that the pressure-forced seiches frequently occurred
during the Northern Hemisphere spring season (Kim et al. 2014) and that the reported mete-
otsunami events also occurred in the spring season, the pilot test of the monitoring system was
operated during the spring season, March and April 2018. In particular, we aim to examine the
practicality and accuracy of the real-time pressure disturbance monitoring system and to find
common characteristics of the pressure disturbance favorable for meteotsunami development.
The limitations of and recommendations for the present observation and the monitoring sys-
tems will be discussed in the last section.

2 Real-time pressure disturbance monitoring system
2.1 Observation system

Pressure data (reduced to mean sea level) is recorded at 1 min intervals by the AWS operated
by the KMA. For the test run of the real-time pressure disturbance monitoring system in col-
laboration with the KMA, 89 AWS primarily located on an island or along the coastline were
selected. To issue two levels of pressure jump warning, the 89 AWS were divided into caution
zone and warning zone based on their location. Seventeen beacon AWS in the caution zone
(AWS #1, red crosses in Fig. 1) located on the outermost island at each latitude monitored a
pressure jump and sent preliminary caution SMS (SMS #1). Also, 72 AWS in the warning
zone (AWS #2, green circles in Fig. 1) located along the west coast of the Yellow Sea detected
the pressure jump propagated from the prior caution zone and sent propagation warning SMS
(SMS#2). The caution zone and warning zone in the existing observation system were clas-
sified based on proximity to the mainland. It has been reported that the meteotsunamis that
propagated to the mainland were more extensive and fatal than those that propagated locally to
each island (Kim et al. 2019). Therefore, it was necessary to apply SMS #1 as a prior warning
before SMS #2 to secure time for people to evacuate on the mainland.

During the period that the pressure jump lasted in the Yellow Sea, the temporal and spatial
propagation patterns were examined by monitoring an isochrone map derived from a list of
arrival times of the pressure jumps and AWS location. To verify the accuracy of the isochrone
map, the propagation pattern of a rain cluster on radar, provided at 10-min intervals, was ana-
lyzed after the real-time pressure disturbance monitoring. The maximum pressure anomalies,
high-frequency sea-level oscillations, and peak radar reflectivity are highly correlated in terms
of arrival time and intensity (Wertman et al. 2014). To assess the occurrence and propagation
of the meteotsunami once the pressure jump was detected, tide levels sampled at 1-min inter-
vals from 15 tide gauges (TG, black squares in Fig. 1) were analyzed. The TG are operated by
the Korea Hydrographic and Oceanographic Agency (KHOA).

2.2 Pressure jump detection
In 2017, the KMA used a method to detect a pressure disturbance with a range of pressure

changes when establishing an initial pressure disturbance monitoring system. The detection
method of a pressure jump using the range of pressure change is as follows:
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e Reduction of noise in 1 min sampled raw pressure data by ensemble averaging at
10 min intervals.

e Pressure disturbance was defined as the range of ensemble averaged pressure between
the real-time analysis time and the previous 60 min. Similar to the moving average pro-
cess, it was calculated every 10 min with the 60-min moving time window.

e [f the derived pressure disturbance exceeded 3.0 hPa/60 min, the pressure disturbance
was considered as a pressure jump that could generate meteotsunamis in the Yellow
Sea.

However, due to the ensemble averaging process, an abrupt pressure disturbance lasting
fewer than 10 min could not be detected. Moreover, a low- or high-pressure system that
falls or rises over several hours was classified as a pressure jump because the pressure dis-
turbance was calculated from the 60 min range of pressure change.

For the test operation of the real-time pressure disturbance monitoring system in 2018,
the reported problems of the previous method needed to be improved. In particular, a new
method was required to detect rapid changes in raw air pressure over a short period, with-
out classifying the large-scale pressure system as a pressure jump. Therefore, the size of
the moving time window was reduced, and a pressure disturbance measured based on a rate
of pressure change (Sepié et al. 2009; Sepi¢ and Vilibi¢ 2011) rather than a range of pres-
sure change. The improved method for pressure jump detection is as follows:

The raw pressure data sampled at 1-min intervals was used without any preprocessing.
An absolute rate of pressure change over 10 min was defined as a pressure disturbance
(Fig. 2). With the 10-min moving time window, each pressure disturbance was calcu-
lated at 1-min intervals.

e When a pressure disturbance exceeded 1.2 hPa/10 min, it was considered a pressure
jump. The criteria for a pressure jump in the Yellow Sea was derived from the mini-
mum absolute rate of pressure change on the reported meteotsunami events (Kim et al.
2019).

2.3 Preliminary caution SMS

An SMS #1 was sent to residents near the pressure jump detected “beacon” AWS #1. When
sending SMS #1 in real time, the protocol for pressure jump caution is important. Depend-
ing on the protocol, SMS #1 can be sent too frequently or too rarely. SMS #1 was sent
when a pressure jump was detected at a certain AWS #1 and the following time require-
ments (Fig. 2) were satisfied:

e FTP download response time (71, 10 min): When operating the real-time pressure dis-
turbance monitoring system, it was necessary to consider the delayed time for raw pres-
sure data observed at each AWS to be sent to the KMA via the file transfer protocol
(FTP) server. In some cases, although the pressure jump occurred, the pressure jump
caution may have been missed due to the T'1. Therefore, if a pressure jump was detected
at the time between real-time analysis time (R) and 71, SMS #1 was sent.

e Time to prevent duplicate caution (72, 6 h): This is the time interval specified to
avoid duplicate SMS #1 for a previous pressure jump event that was already sent. We
assumed T2 as the maximum time that the pressure jump could stay in the caution
zone.
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e SMS #1 sending condition: An SMS #1 was sent only in case of a pressure jump
was not detected at the time between R—72 and R—T1, and a pressure jump was
detected at the time between R — 71 and R.

2.4 Propagation warning SMS

After an SMS #1 was sent from the first AWS #1, if the propagated pressure jump
was detected from at least one AWS #2; the KMA requested that the hazard-related
organizations send an SMS #2 for meteotsunami disaster prevention near the AWS #2.
As for the time requirements of SMS #1, T2 was also applied to SMS #2 to avoid the
redundant warning SMS at the same AWS. To monitor the overall propagation pattern
of the pressure jumps after sending SMS #2, the arrival time list accumulated over the
previous 6 h from the real-time analysis time (R — 72 ~R) was used. Based on the first
arrival time of a specific AWS #1 where a pressure jump was detected, an isochrone
map was displayed to track the propagation pattern of the pressure jump changing over
time and space. The real-time monitoring system was operated every 10 min consider-
ing T'1 and the computation time of each process.

Additional constraints were applied to reduce excessive warnings of SMS #2. First,
we applied a space constraint that flags a false warning when the distance between
the AWS where the pressure jump was detected in each zone exceeds 150 km. This
distance was selected because the farthest distance between AWS #1 and AWS #2
does not exceed 150 km, and the average distance from AWS #1 and AWS #2 does not
exceed 100 km. It is assumed that a pressure jump likely to generate meteotsunamis in
the Yellow Sea propagates at a speed of at least 5 m/s. Therefore, the time constraint
on pressure jump propagation from AWS #1 to AWS #2 was determined to be approxi-
mately less than 6 h. As with the space constraint, when the time constraint was not
satisfied, the detected pressure jump was considered a false warning, and no SMS #2
was sent.
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3 Results

3.1 Real-time pressure disturbance monitoring: caution, warning SMS,
and propagation

3.1.1 The pressure jump event of 4-5 March 2018

At 18:15 KST on March 4, 2018, the first pressure jump characterized 1.9 hPa changes over
10 min (1.9 hPa/10 min) was detected at HaTaedo (17) AWS in the caution zone (Fig. 3a,
e). After 5 min, an SMS #1 was sent to the area near the AWS by the real-time monitoring
system. A time lag of less than 10 min can occur between the arrival time and the detec-
tion time of the pressure jump in the monitoring system. This is because raw pressure data
was sampled at 1 min intervals, and the real-time monitoring system was executed every
10 min. A series of the maximum pressure jumps were detected following the first pres-
sure jump at HT (17) AWS (red points in Fig. 3e). A rapid increase of the pressure jumps
to 6.8 hPa/10 min was observed with a signal type of pressure break superposed on a low-
pressure system (red line in Fig. 3a).

The maximum intensity of the pressure jump of 6.7 hPa/10 min was detected at the
southernmost SeoguiPo (89) AWS in the warning zone, and an SMS #2 following an SMS
#1 at HT (17) AWS was sent after 50 min (green points in Fig. 3e). Before the event, mul-
tiple pressure jumps up to 6.8 hPa/10 min lasting approximately 3 h (3/4 11:26-14:10)
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Fig.3 Real-time pressure jump monitoring process for the preliminary caution SMS (SMS #1) and the
propagation warning SMS (SMS #2): a—d mean sea level pressure at AWS #1 (red solid line) and AWS
#2 (green solid line); e-h pressure disturbance (red and green points) and the first SMS sending time in
the caution zone (red dashed line) and the warning zone (green dashed line); the intensity of the pressure
disturbance not exceeding the limit of pressure jump (1.2 hPa/10 min) is highlighted in gray-shaded areas
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Fig. 4 Monitoring results of pressure jump propagation for 4-5 March 2018 (KST): a, b isochrone map »
of the pressure jump during each period; red and green grid lines indicate the AWS where the first pres-
sure jump arrived at AWS #1 and AWS #2; gray solid lines (60 min) and gray dashed lines (10 min) indi-
cate isochrones of the pressure jump; crosses and circles indicate AWS #1 and AWS #2 where the pressure
jumps were detected; the maximum intensity of the pressure jump is shown with the color of the crosses
and circles; ¢, d rain rate on radar during pressure jump propagation; red enclosed areas are the clusters
where more than 5 mm/h of rain rate was observed

were detected at the AWS. However, because no pressure jumps at AWS #1 were detected,
SMS #2 was not sent. There is no AWS #1 near Jeju Island in the current observation sys-
tem (Fig. 1); thus, both SMS cannot be sent when a pressure jump propagated to only Jeju
Island.

After sending the first SMS #1 and SMS #2, an isochrone map of the pressure jump
was derived from an arrival time list of the pressure jumps every 6 h to monitor the tem-
poral and spatial propagation of the pressure jump (Figs. 4, 5 and 6). AWS #1 and AWS
#2 where the pressure jump occurred are marked by crosses and circles, respectively. The
maximum intensity of the pressure jump during the analysis period is indicated by the
color of the marker. If the AWS where first pressure jump was detected was located in the
caution zone or the warning zone, it is denoted by red or green dashed lines. The gray solid
lines and gray dashed lines represent the isochrone line at 1 h and 10 min intervals, respec-
tively, based on the location and arrival time of the first pressure jump detected AWS.

Two types of propagation patterns that traveled eastward toward the southern coast and
northeast toward the central coast of Korea had been observed from 18:00 KST on March
4 to 00:00 KST on March 5 (Fig. 4a) after the first detection of the pressure jump at HT
(17) AWS. The spatial pattern of the rain cluster exceeding 5 mm/h was distributed simi-
larly to the propagation pattern derived from the isochrone map of the pressure jump (red
enclosed areas in Fig. 4b, d). After the first pressure jump at HT (17) AWS, pressure dis-
turbances exceeding approximately three times of the intensity criteria for a pressure jump
(3.3-6.8 hPa/10 min) were detected at DaeHeuksando (15), HaUido (16), JaeunDo (13),
and AnJwa (14) AWS, in order. Around 20:00 KST on March 4, from BuAn (52) AWS
to AWS on Jeju Island, multiple pressure jumps were detected with relatively attenuated
intensity predominantly less than 3.0 hPa/10 min. Similar to the intensity of the pressure
jumps, which drastically decreased during the propagation, the spatial scale of the rain
cluster on radar also decreased sharply on land after 20:10 KST on March 4, 2018.

With AWS #1 excluded from 20:00 KST on March 4 to 02:00 KST on March 5, the first
SMS #2 was sent from HaeNam (75) AWS in the warning zone (Fig. 4b). After the HN
(75) AWS, the evolution of the pressure jump propagating eastward along the southern
coast of Korea on land was similar to the propagation pattern of the rain cluster (Fig. 4b,
d). Another pattern that propagated toward the central coast in the isochrone map and radar
disappeared rapidly on land. Because additional AWS, which is located east of AWS #2,
was not used for real-time monitoring, the evolution and dissipation of the pressure jump in
land cannot be tracked.

3.1.2 The pressure jump event of April 5-7,2018
On April 5-7, 2018, two different pressure jump events were successively detected. The

two events had each different propagation pattern, and the spatial scales of both pressure
jump events were smaller than those of the pressure event on March 4, 2018.

@ Springer



Natural Hazards (2021) 106:1703-1728 1711

04 18:00-05 00:00, March 2018 04 20:00-05 02:00, March 2018
38 — T T 38 T T —
Nl (a) ! N (b) :
1st SMS #1: HT (17), 04 18:20' -
1st SMS #2: SP :(89), 04 19:10 1st SMS #2: HN (75), 04 20:10 i
I I
37 ! -4 a7t : g
I 1
I I
I I
I 1
I I
I 1
I [
I I
36 | 1 36} o N i
| ;X
oia 20:00 / / :'h\éz > 55
NV y ol N
| R
I 15/@ 7
| 1 . 1 a5t Ll | QBIit i
% 0419100 ' 69@ s |/ |
i HN (18) | T3
[GARANN AT S I 042004549 o
. \
---------- s ) G A P
[RNY @ \ 418G 781
! W )
34 - ! \ 4 34} {gz ;! N
| | v”’,‘sa
: : \L7
0 40 80 120 160 \ 0 40 80 120 160 : . ,’
S I I—
km | km : .86
33 1 : 33 1 1 : 1
124 125 126 127 °E128 124 125 126 127 °E128
[ R R R R R ]

12 13 14 15 16 17 1.8 1.9 2 21 22 23 24 25 26 27 28 29 3 3.1 32 33 34 35 36
Maximum intensity of pressure jump (hPa/10 min)

04 20:10, March 2018

C L [ [ 1 1
0 0.10.2040608 1152 3 4 5 6 7 8 9 10 12 14 16 18 20 25 30 35 40 50 60 70 80 90 100
Rain rate (mm/h)

From 23:30 KST on April 5 to 00:20 KST on April 6, pressure jumps up to
1.9 hPa/10 min were detected at EoChungdo (10) AWS in the caution zone and propa-
gated to YeomSan (62) AWS in the warning zone (Fig. 3b, f). As pressure jumps up to
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Fig.6 As in Fig. 4, but for April 10-11, 2018 (KST)

1.3 hPa/10 min were detected at SeoCheon (48) AWS after EC (10) AWS, SMS #2 was
sent at 20:40 KST on April 7 (Fig. 3c, g). Both pressure jump events barely exceeded
the intensity criteria for a pressure jump. At EC (10), YS (62), and SC (48) AWS where
the first SMS #1 and the following SMS #2 were sent in each zone, the pressure distur-
bance ranged from 1.2 hPa/10 min to 1.4 hPa/10 min (Fig. 5a, b).

From 23:28 KST on April 5 to 02:07 KST on April 6, the pressure jumps propagated
eastward from EC (10) AWS to YS (62) AWS located inland (Fig. 5a). There was an
approximately 4-h arrival time lag of the pressure jump at SP (89) AWS located approx-
imately 220 km south from YS (62) AWS. No pressure jump was detected at any other
AWS between the two AWS. Accordingly, additional patterns of southward propaga-
tion as well as patterns that propagate primarily eastward were shown in the isochrone
map. During the period of the event, two rain clusters propagating to the coast near the
central coast of Korea and propagating to SP (89) AWS were observed on radar (red
enclosed areas in Fig. 5¢). It is problematic that local propagation is considered an over-
all propagation pattern, as the current method for monitoring the propagation direction
through the isochrone map uses an available arrival time list of the pressure jumps at
all AWS. Therefore, it is necessary to consider additional distance and time constraints
when analyzing the propagation of the pressure jumps through the isochrone map.

The pressure jump event on the April 5-6 was characterized as an event propa-
gated with a spatial scale less than 40 km, from EC (10) AWS to KanglJinmyeon (55)
AWS (Fig. 5b). A local spatial scale of the rain cluster was monitored near EC (10)
AWS; it propagated inland similar to the propagation pattern of the pressure jump (red
enclosed areas in Fig. 5d). Unlike other pressure jump events, this was considered the
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most dangerous pattern due to its intensity near the pressure jump criteria and extremely
small spatial scale that made it difficult to detect.

3.1.3 The pressure jump event of 10-11 April 2018

The first SMS #1 was sent from DaeYeongpyung (4) AWS at 18:50 KST on April 10, and
SMS #2 was sent from BolUmdo (20) AWS with a time lag of 40 min (Fig. 3h). From
09:00 KST on April 10 to 18:00 KST on April 10, before the pressure jumps were detected,
the raw mean sea level pressure dropped from 1,013 hPa to 1,003 hPa for 9 h at DY (4)
AWS and BU (20) AWS (Fig. 3d). The previous method for estimating the pressure dis-
turbance by the range of pressure change classified even the pressure fluctuations over sev-
eral hours as a pressure disturbance that can generate high-frequency sea level oscillations.
However, when using the modified pressure jump detection method, these long-period
pressure fluctuations (Fig. 3d) can be classified as insignificant pressure disturbances (gray
shaded areas in Fig. 3h).

For approximately 6 h, from 18:48 KST on April 10 to 01:07 KST on April 11, the
pressure jump propagated over the widest range of areas from the northern to the southern
coast of Korea (Fig. 6a—d). The pressure jump propagated from the northern to the central
coast for 2 h after 22:00 KST on April 10, but the propagation pattern near the central coast
was interpolated (Fig. 6b, c) due to pressure disturbances less than the intensity criteria
for a pressure jump in AWS located near the central coast (9—14 AWS #1 and 40-52 AWS
#2 in Fig. 1). At AWS located near the southern coast, pressure disturbances exceeding
the intensity criteria for a pressure jump were observed again at midnight on April 11 (15
AWS #1 and 53-65 AWS #2 in Fig. 6¢).

Similar to the rapidly changing pressure jump as it propagated to the southern coast
of Korea (Fig. 6a—d), the intensity of the linear rain cluster, which changed over time and
space, propagated with the pressure jump (red enclosed areas in Fig. 6e-h). The tail of the
linear rain cluster propagated southeastward and landed on the central coast after 21:00
KST on April 10, after which the intensity of the linear rain cluster fell below 5 mm/h rain
rate (red enclosed areas in Fig. 6g, h). However, after midnight, the linear rain cluster near
the southern coast was amplified more than the intensity decreased during the landing (red
enclosed areas in Fig. 6h).

Based on the propagation of the pressure jump and the rain cluster, it was found that
the initial intensity of the pressure jumps detected at AWS #1 was not maintained until it
propagated to the terminal point. Therefore, to prevent accidents caused by suddenly evolv-
ing pressure jumps, it is very important to monitor the intensity of the pressure jump while
tracking its propagation path.

3.2 Post-time analysis after pressure disturbance monitoring
3.2.1 Detection and first arrival time of the meteotsunami

The high-frequency sea level oscillations were examined from tide gauge data to check
the occurrence of the meteotsunamis on the dates that the pressure jumps were detected.
In general, meteotsunami-induced sea level oscillations are known to be related to back-
ground oscillations in the tsunami frequency band, which is less than 2 h (Monserrat et al.
2006). It has been reported that the period of pressure jump induced sea level oscillations
in the Yellow Sea was less than 1 h or 2 h (Choi et al. 2008; Choi and Lee 2009; Eom et al.
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2012; Kim et al. 2019). To isolate the sea level oscillations from raw tide data, tide levels
were high-pass filtered with a 2 h wavelet filter (Torrence and Compo 1998), which is use-
ful for extracting specific single events characterized as localized peaks or non-periodic
peaks. The energetic oscillations in tide gauge data due to wind waves were filtered out in
the sampling process.

The absolute criteria for a meteotsunami used have similar characteristics to those of
the pressure jump determined based on the same intensity of the pressure disturbance for
all AWS. Rabinovich and Monserrat (1996) assumed that a meteotsunami occurred when
the wave height of the high-frequency sea level oscillations exceeded 30 cm and 10 cm in
the Ciutadella inlet (Balearic Islands) and the Krabovaya bay (Kuril Islands). Kim et al.
(2020) used amplitude criteria of 10 cm when finding the TG meteotsunami that occurred
on the reported meteotsunami dates in the Yellow Sea. In this study, when the amplitude of
high-frequency sea level oscillations in the meteotsunami frequency band exceeded 15 cm,
it was considered that a meteotsunami occurred at the TG. The arrival time of a meteotsu-
nami was determined as the time when the maximum amplitude at each TG was observed
while exceeding the amplitude criteria for a meteotsunami in consideration of the back-
ground noise at each TG.

Through the pilot test of the monitoring system, meteotsunamis were detected on March
4, 2018, and April 10, 2018 (Fig. 7a, d). On April 5, high-frequency sea level oscillations
with the maximum amplitudes of between 10 and 15 cm were observed at AnHeung (4)
TG, EoChungdo (7) TG, and WiDo (9) TG near AWS where the pressure jumps had been
detected (Fig. 7b). Additionally, on April 7, insignificant sea level oscillations of less than
10 cm were observed at locally limited TG (Fig. 7c).

Based on the events on March 4 and April 10 when both the pressure jumps and the
meteotsunamis were detected at the same time, the real-time pressure disturbance monitor-
ing system was examined to determine whether it is feasible to prevent destructive from
meteotsunamis. In the current monitoring system, the most important point is that the first
SMS #1 sending time should be faster than the arrival time of the first meteotsunami under
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any conditions. This is because people near AWS #1 who may receive SMS #1 need suf-
ficient time to evacuate from the dangerous coast where the pressure jump induced meteot-
sunamis can occur.

At 18:20 KST on March 4, the first SMS #1 was sent from HT (17) AWS, and 8 min
later the meteotsunami arrived at MoSeulpo (15) TG in Jeju Island (red and gray dashed
lines in Fig. 7a). After sending SMS #1, up to 37 min of evacuation time was available
at DaeHeuksando (11) TG when considering only the TG near the Korean Peninsula. At
18:50 KST on April 10, the first SMS #1 was sent from DY (4) AWS and 28 min later the
meteotsunami arrived at GulUpdo (1) TG, located approximately 60 km southeast from the
AWS (red and gray dashed lines in Fig. 7d). Based on the events when the pressure jumps
and meteotsunamis were detected at the same time during the pilot test, it was confirmed
that approximately 30 min of evacuation time could be allowed after sending SMS #1 in
the current observation system and monitoring system.

3.2.2 Propagation of meteotsunamis

As an “early advisory” around AWS #1 where a pressure jump is detected, SMS #1 is sent
to announce the source location of the first meteotsunami. After SMS #1, SMS #2 is sent
for a “safety warning” of the possible human and property damage due to meteotsunamis
by monitoring the pressure jump that propagates in a specific direction from the caution
zone to the warning zone. Therefore, the evolution of the pressure jump monitored in real-
time and the propagation patterns of the meteotsunamis analyzed after the pilot test of the
monitoring system were compared from the following perspectives:

1. Was SMS #2 sent ahead of the time when a meteotsunami arrived at nearby TG?
2. Did the direction of the pressure jump derived from the monitoring system represent
the direction of the meteotsunami?

In the case of SMS #1, because most AWS #1 (red crosses in Fig. 1) are located far
outside the Yellow Sea relative to TG (black squares in Fig. 1), it was able to ensure suf-
ficient evacuation time. However, most AWS #2 are located further inland or located near
TG (green circles in Fig. 1). If the pressure jump does not propagate ahead of the meteot-
sunami, the meteotsunami will arrive at the warning zone and SMS #2 will be sent late.
Therefore, it was necessary to check the difference between the arrival time of the pressure
jump and the arrival time of the meteotsunamis at AWS #2 in terms of meteotsunami disas-
ter prevention. The arrival time difference was compared based on the time when the mete-
otsunami arrived at a certain TG and the time when SMS #2 was sent from AWS #2 near
the TG. If no AWS #2 was detected near the TG where a meteotsunami arrived, the arrival
time of meteotsunamis at a certain TG and the arrival time of pressure jumps calculated
from the isochrone map corresponding to the position of the TG were compared.

The arrival time difference was primarily within 10 min, except where the pressure
jump propagated to regions with a depth of less than 10 m near the coast. In the event of
March 4, the pressure jump was detected from ImHoe (79) AWS at 19:52 KST follow-
ing SP (89) AWS (Fig. 4a), and SMS #2 was sent at 20:00 KST, and then after 7 min,
the resultant meteotsunami was observed at JinDo (12) TG (Fig. 8a). Despite WD (9)
TG, GunSan (8) TG, and YoungGwang (10) TG, which are distributed inside the 10.2 m
depth contour line, are located relatively more east than AWS #2, the arrival time of the
pressure jump was approximately 1-2 h earlier than the time when the meteotsunami
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arrived. In the event of April 10, there was almost no time lag between the arrival time
of the meteotsunamis from the first GU (1) TG to the WD (9) TG (Fig. 8b) and the
arrival time on the isochrone map of the pressure jump (Fig. 6b).

We assumed that a meteotsunami generally do not arrive before a pressure jump.
Accordingly, if the propagated pressure jump is detected in succession at AWS #2 after
the first pressure jump occurs at AWS # 1, SMS #2 can be sent before the arrival of the
meteotsunami. However, when the pressure jumps and meteotsunamis are propagated
with no time lag and the location of AWS #2 is more coastal than TG relative to the
direction of their propagation, SMS #2 will be sent later than the actual meteotsunami
arrival. This late SMS #2 can be resolved temporarily by adding a new SMS #2 trans-
port protocol. In case that a subsequent pressure jump is detected in another AWS #1
after the first pressure jump at AWS #1, SMS #2 needs to be sent to not only AWS
where the pressure jump was detected but also to AWS located along the propagation
direction.
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The real-time monitoring of the pressure jump propagation is performed to estimate
the propagation direction of the meteotsunami in advance. The propagation direction of
the pressure jumps and meteotsunamis were compared to determine if the pressure jump
direction represented the actual propagation of the meteotsunami on March 4-5 and April
10-11. However, since the number of the TG (15) is much smaller than the number of
the AWS (89), the isochrone map cannot be used in the same way as the pressure jump
propagation method when analyzing the meteotsunami propagation. Therefore, based on
the method for tracking the meteotsunami propagation even with the limited number of TG
(Kim et al. 2020), the meteotsunami propagation was estimated during the same period of
the pressure jump propagation.

The meteotsunami propagated from MS (15) TG to EC (7) TG (Fig. 8a) from the same
source location of the pressure jump and with a similar propagation pattern of the pres-
sure jump between 18:28 KST and 20:49 KST on March 4 (Fig. 4a). The pressure jump
propagated at an average speed of 20.3 m/s from 18:00 KST to 19:00 KST on March 4,
and the meteotsunami initially propagated 23.0 m/s near MS (15) TG, but as the water
depth became shallower, it decelerated to 15.8 m/s near the EC (7) TG (Fig. 8a). Thus, the
resonantly coupled pressure jump-meteotsunami near HT (17) AWS propagated with an
approximate 0.9 Froude number (Fr), which is favorable for the occurrence of Proudman
resonance. The Fr (Fr=U/c) is a ratio between pressure jump speed (U) and shallow water
wave speed (c). Unlike the propagation pattern of the pressure jumps (Fig. 4a, b), which are
concentrated on the southern coast of Korea, the meteotsunamis concentrated on the cen-
tral coast (red solid lines in Fig. 8a) propagated perpendicular to the depth contour lines.
As the intensity of the pressure jump on the central coast rapidly decreased to less than
the intensity criteria for a pressure jump in the Yellow Sea, we were unable to trace where
the pressure jump propagated after 21:00 KST on March 4 in the isochrone map (Fig. 4a).
Instead, through the intensity and the movement of rain cluster (Fig. 4d), it was assumed
that the attenuated pressure jump propagated to the southern coast and central coast like
the propagation of the meteotsunami (Fig. 8a).

From 20:18 KST to 23:21 KST on April 10, the meteotsunami, which was trapped in a
certain depth range, propagated to the southern coast of Korea in a direction parallel to the
shoreline from GU (1) TG to the WD (9) TG (red solid lines in Fig. 8b). When comparing
the arrival time of meteotsunami arrived at each TG (Fig. 8b) and the pressure jump on
the isochrone map (Fig. 6a—d), there was little time difference. At this time, the pressure
jump propagated from the northern coast at an average speed of 13.8 m/s from 20:00 KST
to 21:00 KST on April 10 (Fig. 6a), and the meteotsunami propagated at a constant speed
of 15.2-15.7 m/s (Fig. 8b). From GU (1) AWS, the pressure jump and the meteotsunami
were coupled with almost no time lag and propagated with 0.9 Fr, similar to the ranges
of the Fr on March 4. On March 4, the coupled pressure jump-meteotsunami propagated
perpendicular to the depth contour lines and were separated near the water depth of 10.2 m
(Figs. 4, 8a). However, on April 10, the coupling continued in a depth range from 23.0 to
40.8 m until the pressure jump disappeared (Figs. 6, 8b).

The propagation direction of the pressure jump derived from the real-time pressure
jump monitoring system was very similar to the propagation direction of the meteotsunami
calculated from the postprocessing. Therefore, it was confirmed that the approximate prop-
agation of the meteotsunami can be detected in the pressure-based warning system. Also,
except for trapped waves, which were trapped in a certain depth range and propagated at
a constant speed, the speed of the meteotsunami decreased as it traveled. The decrease in
propagation speed over the shallow shelf regions could have been caused by not only shal-
low water wave speed (Monserrat et al. 2006) but also wave interferences due to wind gusts
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accompanied by the pressure disturbance (éepic’ et al. 2015a), strong currents in harbors
(Rabinovich 2009), and wave and tidal current interaction (Choi et al. 2014).

3.2.3 Intensity of the pressure disturbance and high-frequency sea level oscillations

Since the strength of the atmospheric disturbance (a pressure jump or a train of waves)
influences the amplitude of the meteotsunamis (éepic’ and Rabinovich 2014), the possi-
bility of meteotsunami occurrence was determined by the intensity of the pressure distur-
bance in the current monitoring system. However, when the intensity of the pressure dis-
turbance exceeds the pressure jump criteria, the amplitude of the high-frequency sea level
oscillations does not always exceed the meteotsunami criteria (Fig. 7b, ¢). During the pres-
sure jump event, the maximum amplitude of the meteotsunami relative to the maximum
intensity of the pressure disturbance was compared to analyze the correlation between the
intensity of the pressure disturbance and the amplitude of the sea level oscillations. The
correlation was analyzed by classifying AWS-TG as five bands according to each latitude
(Fig. 9) because the number of AWS-TG is different and the location where the observation
position matches do not exist in the current observation system (Fig. 1).

Although it is a fairly small number of events, on each of the four pressure jump events,
the maximum amplitudes of the high-frequency sea level oscillations of at least 8 cm were
observed in common at the TG near the AWS where pressure jump passed (Fig. 9). On
March 4, pressure disturbances exceeding the intensity criteria for a pressure jump and
sea level oscillations exceeding 2-3 times the amplitude criteria for a meteotsunami were
observed together in the B-E (33-36°N) latitude band (Fig. 9a, ). From 21:00 KST on
April 5 and 03:00 KST on April 6, especially in B-C (35-37°N) latitude band, the pres-
sure jumps were detected and the resultant sea level oscillations of 10-14 cm amplitude,
was observed (Fig. 9b, f). On April 7, a low intensity pressure disturbance less than
0.3 hPa/10 min, was observed in the overall latitude band, and the pressure jump was con-
centrated only along the 36°N latitude, which is the B-C (35-37°N) latitude band bound-
ary (Fig. 9¢). At the time, the maximum amplitude of the sea level oscillations was only
approximately 8 cm at EC (7) TG and GS (8) TG where the pressure jump passed (Fig. 9g).
On April 10, the maximum amplitudes either exceeding or near the amplitude criteria for a
meteotsunami were observed in the A-D (34-38°N) latitude band where the pressure jump
propagated (Fig. 9d, h).

The amplitude of the high-frequency sea level oscillations was qualitatively correlated
with the intensity of the pressure disturbance, but the degree of the amplification was sig-
nificantly different depending on the event and space. The amplification of the sea level
oscillations was needed to be confirmed quantitatively when the same intensity of the pres-
sure disturbance occurs. Thus, the “generation coefficient (R)” was used (gepié and Rabi-
novich 2014):

Rivax = Amax/ P M
which is parameterized by normalizing the maximum amplitude of the meteotsunami (A)
by the maximum intensity of the pressure disturbance (P) in each latitude band (i). The
generation coefficient makes it easier to identify the discrepancy, which indicates that the
intensity of the pressure disturbance and the amplitude of the sea level oscillations are
not always proportional. As a result, we were able to compare the degree of the amplified
meteotsunami due to factors other than the intensity of the pressure disturbance for each
event and latitude band.
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a—d the maximum intensity of the pressure disturbance at AWS; crosses and circles indicate AWS #1 and
AWS #2, respectively; black crosses and circles mark AWS where the intensity criteria for a pressure jump
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The event on March 4 of the four pressure jump events had the largest amplifica-
tion of the meteotsunami amplitude versus the intensity of pressure disturbance, with
the maximum generation coefficient of 18.9 and the mean generation coefficient of 11.2
(Table 1). The pressure jumps and meteotsunamis occurred most frequently in the B—C
(35-37°N) latitude band regardless of the event (Fig. 9), but the mean generation coef-
ficient for latitude band was the largest in A (37-38°N) latitude band (Table 1). Based
on the rain rate, which is a proxy for the intensity of the pressure disturbance (Wertman
et al. 2014), it can be inferred that the intensity of the pressure disturbance decreased
sharply after passing through the land (Fig. 4). The B—C latitude band around a large
bay will be relatively free from terrain effects independent of the direction from which
the pressure jump propagated. Accordingly, it is presumed that during the pilot test,
pressure disturbances exceeding the intensity criteria for a pressure jump were fre-
quently detected in the B—C latitude band. In particular, except for the A (37-38°N)
latitude band, the generation coefficient of the latitude band where the initial pressure
jumps were detected was smaller than that of the other latitude band (Fig. 4, 5 and 6,
Table 1). This was because the pressure disturbance that had relatively high intensity
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Tgble 1 Generation coefficient 04 05 07 10 Mean
(Sepic and Rabinovich 2014) 18:00-05 21:00-06 18:00-08 18:00-11
according to the pressure jump 00:00 03:00 00:00 06:00
events and latitude bands March April April April
2018 2018 2018 2018
A (37-38°N) 12.1 6.6 12.0 15.3 11.5
B (36-37°N) 18.1 103 5.7 9.4 10.9
C (35-36°N) 18.9 7.9 6.2 8.4 104
D (34-35°N) 4.2 12.1 12.2 7.8 9.1
E (33-34°N) 29 43 7.2 5.8 5.1
Mean 11.2 8.2 8.7 9.3 -

tended to be detected in the latitude band where the initial pressure jump arrived before
the pressure disturbance was attenuated in the propagation process.

Overall, there was a qualitative correlation between the intensity of the pressure distur-
bance and the sea level oscillations up to a certain intensity of the pressure disturbance. At
higher intensities, the increase in the intensity of pressure disturbances did not necessarily
lead to quantitative amplification of sea level oscillations. The A latitude band (37-38°N)
can be considered a latitude band with a relatively large level of amplification caused by
factors other than the intensity of the pressure disturbance.

4 Discussion

A real-time pressure disturbance monitoring system was operated in March and April 2018
by utilizing the existing observation system in the Yellow Sea. As a result, four pressure
jump events were detected, and two of them exceed the criteria for a meteotsunami. Two
questions about the practicality and accuracy of the observation system and monitoring
system follow:

1. In the present observation system, was it possible to detect a pressure jump in advance
and send a timely SMS before the resultant meteotsunami arrived?

2. When the pressure jump was detected in the monitoring system, was the meteotsunamis
also generated?

For a timely meteotsunami warning by sending SMS #1 and SMS #2, the current obser-
vation system needs to address two problems: (i) It is difficult to have enough lead time
more than 10 min for SMS #2. (ii) AWS #1 does not exist near Jeju Island in the E latitude
band (33-34°N).

Not only is the distance from AWS #1 to AWS #2 large, but AWS #2 is primarily
located near the coastline of the mainland, unlike the TG, making it difficult to provide
enough evacuation time after sending SMS #2. Therefore, the installation of at least one
sea-based pressure measurement (such as oceanographic buoys placed with pressure sen-
sor) for each latitude, which will perform the role of AWS #1 by placing the buoys farther
west from AWS #1, is necessary. Until the buoys are deployed, temporary modification of
the criteria for sending SMS #2 is suggested because installing additional measurements
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is time-consuming and expensive. Currently, a pressure jump is pre-detected at AWS #1,
and then, SMS # 2 is sent when detecting the propagated pressure jump at AWS #2. As
a temporary solution, the protocol of SMS #2 needs to be modified to send SMS #2 to
the second detected AWS, no matter where the pressure jump is detected after AWS #1.
The exceptional protocol of the monitoring system is not as fundamental as a solution as
deploying the additional buoys, but it will provide some lead time for SMS #2.

Since there is no AWS #1 near Jeju Island, it is impossible to send any SMS to residents
on the island when the pressure jump propagates toward Jeju Island intensively. It is neces-
sary not only to install the buoys in the caution zone but also to apply an exceptional pro-
tocol of SMS #2 to Jeju Island. This is because the average depth of western Jeju island is
approximately 90 m (Fig. 8), which may have faster shallow water wave speed than propa-
gation speeds of pressure jumps (Fr>1.0). Therefore, when the pressure jump arrives at
the new buoys in the caution zone, SMS #2 should be sent directly to the residents in west-
ern Jeju Island to provide sufficient evacuation time.

Although it was a limited period, the accuracy of the monitoring system was deter-
mined by four cases detected by the test operation for two months from March to April
2018. When the accuracy is evaluated based on whether the detection of pressure jump-
meteotsunami occurrences is matched for each case, the accuracy of the monitoring sys-
tem is 50% (2/4). Also, it is possible to analyze the accuracy of the monitoring system in
terms of whether the detection of pressure jump-meteotsunami occurrence was matched for
each latitude band. In the monitoring system, the latitude band where the pressure jumps
were detected and the latitude band where the maximum amplitude of the observed sea
level oscillations exceeded the amplitude criteria for a meteotsunami are shown as red
highlighted text in Fig. 9. As a result, the coincidence between the occurrence of pressure
jumps and meteotsunamis in each latitude band is calculated as 70% (14/20).

During the pilot test of the monitoring system, the amplitude of the high-frequency sea
level oscillations did not always exceed the criteria for a meteotsunami when the pressure
jump was detected. To identify the exceptional cases, the maximum amplitude of the sea
level oscillation was compared relative to the maximum intensity of the pressure distur-
bance for each latitude band, as shown in Fig. 10. According to the criteria for a pressure
jump and a meteotsunami, the cases are divided into Group 1 (pressure jumps were not
detected but meteotsunamis occurred), Group 2 (pressure jumps were detected and mete-
otsunamis also occurred), Group 3 (pressure jumps were not detected and meteotsunamis
also did not occur), and Group 4 (pressure jumps were detected but meteotsunamis did
not occur). Of the 20 cases, there were no false-negative cases in Group 1 and there were
14 cases in Group 2 and Group 3. This means that the intensity of the pressure distur-
bance must exceed the criteria for a pressure jump to generate meteotsunamis in the Yellow
Sea. Therefore, the pressure jump criteria are considered to be reasonable. However, the
remaining six false-positive cases were distributed in Group 4, in which pressure jumps
were detected but meteotsunamis were not detected. The false-positive cases were mostly
located near pressure disturbances with 1.2—1.4 hPa/10 min intensity. There are no false-
negative cases in Group 1, even when the intensity criteria for a pressure jump are raised
from 1.2 to 1.5 hPa/10 min. Accordingly, we plan to reduce the false-positive cases in the
future by raising the intensity criteria for a pressure jump to 1.5 hPa/10 min. If the false-
positive case is detected again after these modifications, it suggests that there can be other
factors that dissipate the amplitude of the meteotsunamis.

In contrast, outlier cases in Group 2 appear to be cases where the meteotsunami ampli-
tude was nonlinearly amplified by other factors as well as the intensity of the pressure
disturbance. Since most TG are located in harbors or breakwaters, the amplitude of the
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Fig. 10 Scatter diagram between the maximum intensity of the pressure disturbance and the maxi-
mum amplitude of the high-frequency sea level oscillations according to the pressure jump events and
the latitude bands. The maximum value of each latitude band was determined as the representative value
(the maximum) of the latitude band. Red dashed lines indicate the intensity criteria for a pressure jump
(1.2 hPa/10 min) and a meteotsunami (15 cm) in the Yellow Sea, respectively. Red solid line shows a
sir;lple linear regression between the magnitude of the pressure disturbance and the sea level oscillations
(R°=0.24)

high-frequency sea level oscillations is inevitably affected by various amplification and
attenuation as they propagate from the open ocean to the coast. The amplified amplitude
observed inside a harbor may be produced by internal resonance (harbor resonance) after
external resonance (Proudman, Greenspan, or shelf resonance) between pressure distur-
bance and the resultant sea level oscillations (Monseratt et al. 2006; Pattiaratchi and Wijer-
atne 2016). Strong wind disturbance exceeding 13 m/s at shallow water depth may increase
high-frequency sea level oscillations (Linares et al. 2016). Vilibi¢ et al. (2005) quantita-
tively suggested that a rise in wind speed by 30% could generate doubled maximum sea
level oscillations through scenario modeling. The maximum height of meteotsunamis can
also be affected by total water depth variation (Williams et al. 2020) and wave—tidal cur-
rent interaction in shallow water in the Yellow Sea (Choi et al. 2014), which is a macrotidal
region (tidal range is approximately 4 m between the neap and spring tide).
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It is hard to consider additional amplification and attenuation factors in the current real-
time monitoring system. Therefore, adjustments of the monitoring system were needed to
reduce the false-positive cases in Group 4 as much as possible. We found the common char-
acteristics of the pressure jump that are favorable to a meteotsunami other than the intensity
of the pressure disturbance by comparing the events when pressure jumps were detected
and meteotsunamis also occurred and the events when pressure jumps were detected but
meteotsunamis did not occur. This approach was considered reasonable because the dis-
tribution of the exceptional cases in Group 2 and Group 4 was event-dependent, except for
the D latitude band (34-35°N) case on April 10, 2018 (green square in Fig. 10).

In addition to the intensity of the pressure jump, another favorable condition for the
generation of destructive meteotsunamis is the speed range of the pressure jump. The mete-
otsunami warning matrix can be determined to take into account that meteotsunami favora-
ble conditions depend on the specific characteristics of the pressure jump such as inten-
sity, direction, and speed range (éepié and Vilibi¢ 2011; Vilibi¢ et al. 2016). Because there
were only two cases in which pressure jumps were detected and meteotsunamis occurred,
and the direction of the pressure jump events when meteotsunamis occurred were respec-
tively different, we cannot find common points between the directions (Table 2). However,
meteotsunamis were observed only above a certain minimum speed of the pressure jump,
regardless of their propagation direction. The exceptional events where the pressure jumps
were detected but meteotsunamis did not occur showed a pressure jump speed range of
less than 10 m/s, while the meteotsunami events showed a pressure jump speed range of
12-36 m/s.

Through the common speed characteristics of four pressure jump events detected during
the pilot test, the lower limit of the pressure jump speed favorable for meteotsunami devel-
opment was 12 m/s. However, the upper limit could not be determined as a fixed speed
because the speed range of the pressure disturbances was very broad and varied according
to each propagation direction. Therefore, the upper limit of the pressure jump speed was
assumed to be the maximum shallow water wave speed derived from the maximum depth

Table 2 Spatial characteristics and propagation pattern derived from the pilot test of the pressure jump
monitoring system from March to April 2018

Pressure jump Spatial characteristics (rain Propagation pattern (pres- Propagation pattern (mete-
event rate, pressure jump) sure jump) otsunami)
Spatial pat- Latitude Direction* (°) Speed (m/s) Direction* (°) Speed (m/s)
tern bands

04 18:00-05 Linearorbow B,C,D,E 241.9-279.6  20.3-36.3 234.1-283.4 9.8-23.0
00:00
March 2018

0521:00-06  Cluster B,C.E 260.3-276.8 5.3-9.8 - -
03:00

April 2018

07 18:00-08  Local B,C 319.0-320.1 8.7-104 - -
00:00

April 2018

10 18:00-11  Linear A,B,C,D 277.0-328.9 11.7-284  317.6-355.6  15.2-15.7
06:00

April 2018

*Direction of the pressure jump and the meteotsunami is measured clockwise from the northward direction
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between AWS #1 where the first pressure jump was detected and AWS #2 where the pres-
sure jJump was subsequently detected. The amplification of meteotsunami amplitude due to
the Proudman resonance (Fr=1) depends on the shallow water wave speed (c) in the area
where the pressure jumps propagated (Monserrat et al. 2006). To reduce the false alarms
reported from the monitoring system, it is necessary to modify not only the intensity crite-
ria for a pressure jump but also the meteotsunami-prone pressure jump speed.

Currently, the monitoring system determines as a pressure jump that can generate a
meteotsunami when the pressure jump propagated to a certain AWS #2 at a speed of at
least 5 m/s after sending SMS #1. Since the pressure jump speed is calculated based on the
maximum distance approximately 100 km between AWS #1 and AWS #2, the accuracy of
the speed estimation is significantly reduced. Therefore, it is also required to modify the
speed calculation method when determining the occurrence of a pressure jump.

Other than the common characteristics of the pressure jump, a specific spatial character-
istic of rain clusters was also monitored during the pressure jumps detected on March 4-5
and April 10-11, 2018. Based on the storm structure classification associated with meteot-
sunamis generation (Bechle et al. 2015), the spatial patterns of the rain rate on the pressure
jump events were categorized (Table 2). As a result, linear and bow type storm structures
could create favorable conditions for the generation of pressure jumps and meteotsunamis
in the Yellow Sea (Figs. 4c, d, 6e-h). This type of storm structure showed a more continu-
ous and organized spatial pattern over the wide range of latitude bands than other types.
Conversely, the unorganized distribution of the rain rate in two narrow latitude bands
(35-37°N) was observed on April 5-6 and April 7-8, 2018, when the pressure jumps were
detected (Fig. 5c, d). Since the event on April 7, 2018 did not correspond to any type of the
storm structure classification, it was classified as a local type, featuring an extremely small
spatial scale. Thus far, radar has been used to verify the propagation of pressure jumps, but
radar and the pressure disturbance monitoring system will be operated simultaneously to
monitor real-time spatial characteristics of pressure jump favorable to meteotsunami gen-
eration. It is expected that other characteristics of the rain rate such as intensity and spatial
scale can also be collected later.

5 Summary and conclusions

As aresult of the pilot test of the real-time pressure disturbance monitoring system from
March to April 2018, we found that the accuracy of the current monitoring system was
50% due to two false-positive cases in which pressure jumps were detected and meteot-
sunamis did not occur. The monitoring system based on the air pressure measurements
in the Yellow Sea was developed to prevent unexpected meteotsunami hazards through
early detection of arrival time and propagation pattern of the pressure disturbance. Two
levels of meteotsunami alerts (preliminary caution SMS and propagation warning SMS)
were sent to mobile phones near AWS where pressure jumps arrived, and there were
not any reported human casualties or economic damages during the pilot phase. Also,
the monitoring system was useful for estimating the propagation of meteotsunamis by
tracking the propagation pattern of the pressure disturbance that changes with time
and space. Despite a limited number of events in a short period, of the four pressure
jump events, the two pressure jump events in which meteotsunamis occurred have three
common characteristics: (1) In all meteotsunami events including the reported events,
the intensity of the pressure disturbance exceeds the minimum criteria for a pressure
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jump (1.2 hPa/10 min). (2) The pressure jump speed exceeded at least 12 m/s when the
pressure-forced sea level oscillations exceed the amplitude criteria for a meteotsunami
(15 cm). Finally, (3) the linear and bow type of rain clusters, which are characterized as
continuous and organized spatial distributions, appear to be favorable to meteotsunami
generation.

The KMA is operating a different real-time monitoring system by focusing on fre-
quent natural hazards in each season (e.g., rip current during summer season). Among
the various systems, a potential meteotsunami monitoring system, which is operated
temporarily in the spring season (March to April) when the frequent meteotsunami acci-
dent cases have been reported, has been suggested based on the meteotsunami favorable
pressure disturbance conditions (§epic’ et al. 2009; Sepic’ and Vilibi¢ 2011; Vilibi¢ et al.
2016). Thus far, there has been no real-time meteotsunami monitoring system operat-
ing with as many observation points (89 AWS). In this paper, this is not intended to
claim that the current monitoring system is accurate, but to suggest the possibility of the
pressure-based warning system by using the existing observation system. However, for
faster and more accurate detection of meteotsunami, it is necessary to expand the obser-
vation system and to improve the monitoring system.

The reported problems of the observation and monitoring system during the pilot test
are being corrected, and it is planned to be operated again in the spring of 2021. During
the pilot test, the problems of the observation system were as follows: (1) limited SMS
lead time, (2) absence of AWS #1 near Jeju Island, and (3) inability to track the temporal
and spatial variability of the pressure disturbances in the open ocean. As a solution to
these problems, we plan to utilize 11 additional mooring buoys that can cover the blank
area of AWS and the open ocean. The buoys can monitor not only the pressure distur-
bances but also other meteorological variables such as winds, temperature, and wave
height when meteotsunamis occur. Currently, five pre-installed buoys located near the
west of AWS #1 can help to secure sufficient SMS lead time. The remaining six buoys
are planned to be installed in the open ocean and west of Jeju Island by 2020. Further-
more, it is expected that the false-positive cases in the monitoring system can be reduced
by (1) raising the intensity criteria for a pressure jump from 1.2 to 1.5 hPa/10 min, and
(2) limiting the specific speed ranges of the pressure jump favorable to meteotsunami
generation. The lower limit of the pressure jump speed was determined to be 12 m/s
based on the common speed characteristics of the pressure jump events. The upper limit
is assumed to be the maximum shallow water wave speed calculated from the maximum
depth between the two AWS that could generate Proudman resonance.

Other than the adjustment of the monitoring system, it will be necessary to monitor
real-time spatial patterns of the pressure jumps that are favorable for the generation of
destructive meteotsunamis. Recently, the intensity of the pressure disturbance is corre-
lated with the intensity of rain rate on radar (Wertman et al. 2014; Bechle et al. 2015);
thus, it could be possible to track the evolution of pressure jump through radar in blank
areas of AWS and mooring buoys. Based on the improvements in the observation and
monitoring system in the Yellow Sea, it is possible to issue a more timely and reliable
meteotsunami warning.
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