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Abstract. Storm surges are typically driven by a combination of low atmospheric pressure and strong winds associated with
typhoons, with the maximum surge often occurring near the time of the typhoon’s closest approach. However, during Typhoon
Maysak (2020), delayed flooding was observed along the northern coast of Kyushu Island (NCKI), approximately 10 hours after
the typhoon had passed. By that time, both atmospheric pressure and wind intensity had substantially weakened, indicating that
conventional mechanisms—such as wind setup and the inverted barometer effect—could not fully account for the phenomenon.
This study explores the mechanisms behind delayed storm surges along the NCKI through a combination of observational data
analysis, storm surge simulations, and continuous wavelet transform (CWT) analysis. The results reveal that typhoons passing
through the western channel of the Tsushima Strait (WCTS-type) frequently generate double-peaked storm surge anomaly,
with the second peak being both larger and longer-lasting than the first. Spectral analysis identified dominant oscillations
with periods of approximately 5 and 10 hours, corresponding to the natural modes of the Tsushima Strait. These oscillations,
interpreted as (1,1) and (1,0) mode seiches, are excited by the release of potential energy trapped within the strait once the
external forcing has subsided. Notably, the 5-hour mode appears to be strongly influenced by the Coriolis effect. Our findings
reveal a previously unrecognized storm surge mechanism in which significant surges occur not during, but after, a typhoon’s
passage through a strait. This delayed response arises from resonant amplification caused by modal oscillations within the
strait, particularly in cases where typhoon tracks curve westward. The study underscores the critical roles of strait geometry,
natural oscillation modes, and the timing of external forcing in shaping storm surge behavior. These insights extend beyond the
NCKI and are relevant to other semi-enclosed strait regions worldwide that exhibit similar meteorological and geographical
characteristics, even though the extent of influence from oscillation modes, periods, and amplitudes may vary depending on

the strait’s horizontal scale, water depth, and latitude.
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1 Introduction

Storm surges are events in which sea levels rise significantly due to low atmospheric pressure and strong winds, typically
associated with typhoons. When a storm surge occurs, it can rapidly inundate low-lying coastal areas, causing widespread
flooding. Climate projections that incorporate the effects of global warming indicate that storm surge heights are likely to
increase globally (Balaguru et al. (2016); Yang et al. (2020); Mori et al. (2022)). To reduce the damage caused by storm surges,
it is vital to implement both structural measures, such as storm surge barriers (Miguel Esteban (2014)), and non-structural
measures, such as real-time forecasting systems (Igarashi and and (2021)). A comprehensive understanding of storm surge
dynamics is therefore crucial for developing effective protection strategies.

Several widely accepted mechanisms explain the generation of storm surges. The inverted barometer effect accounts for sea-
level rise caused by low atmospheric pressure (e.g., Wunsch and Stammer (1997)), while wind setup refers to the rise in sea level
due to strong winds forcing seawater shoreward (e.g., Walton and Dean (2009)). This occurs when coastal winds drive surface
water toward the shore, causing accumulation in shallow regions and elevating the local sea level. Wave setup, in contrast,
results from wave breaking and radiation stress (e.g., Wu et al. (2018)). These mechanisms are typically most pronounced
when a typhoon is closest to the target area, as wind speeds and pressure gradients peak during this time. Additional causes of
storm surges include Ekman setup, wherein sustained winds blowing parallel to the coast induce shoreward water transport via
the Coriolis effect (e.g., Kim et al. (2010), Shen and Gong (2009)), and the propagation of shelf waves, which carry elevated
water levels along the coast after the storm (e.g., Kennedy et al. (2011)). Among these mechanisms, wind setup is generally
recognized as the primary contributor to storm surge height. The magnitude of wind setup is directly proportional to the wind
fetch and inversely proportional to water depth. Regions most vulnerable to major storm surges often include ocean-facing bays
with geographical features that amplify wind-driven water accumulation (Bilskie et al. (2016); Bhaskaran et al. (2020); Nakajo
et al. (2015); Ide et al. (2020)). Significantly, even in straits with relatively short fetch lengths, substantial storm surges can still
occur due to wind setup. For instance, in East Asia, the Tsushima Strait is a significant waterway located within the Northwest
Pacific region (Figure 1a). This strait is frequently impacted by typhoons. These typhoons often track northeast through the
strait before either making landfall along the southern coast of the Korean Peninsula (SCKP) (Figure 1b) or continuing into
the Sea of Japan. Typhoon Sanba—the strongest typhoon of 2012—passed through the Tsushima Strait, bringing maximum
instantaneous wind speeds exceeding 20 m/s and storm surge heights over 100 cm at Gwangyang (Figure 1b), near the center
of the SCKP region (Yoon et al. (2014)). Typically, when a typhoon traverses the western channel of the Tsushima Strait
(WCTS), a significant storm surge is observed along the SCKP, primarily driven by wind setup. As illustrated in Figure 2a,
when the typhoon is centered over the strait, the counterclockwise wind circulation characteristic of Northern Hemisphere
typhoons generates strong onshore winds directed toward the SCKP. This results in substantial wind-driven water accumulation.
Additionally, the surge is further enhanced by the inverted barometer effect, which raises sea level under conditions of low
atmospheric pressure.

On the northern coast of Kyushu Island (NCKI) (Figure 1b), which lies across the Tsushima Strait from the SCKP, significant

storm surges are generally considered unlikely during typhoon approaches. When a typhoon is located over the Tsushima
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Strait, southwesterly winds typically prevail over the NCKI (Figure 2a). Because the winds drive seawater away from the
coast, the local sea level tends to drop—opposite to the rise observed along the SCKP. However, during Typhoon Maysak
(2020), widespread inundation occurred along the NCKI, causing flooding and major traffic disruptions (Niimi et al. (2022)).
Although Typhoon Maysak passed through the WCTS, it did not make landfall on the NCKI (see Figure 3). Notably, flooding
occurred approximately 10 hours after the typhoon’s closest approach—by which time the typhoon had already moved more
than 600 km away. Typically, once a typhoon enters the Sea of Japan after passing through the Tsushima Strait, its influence on
the NCKI diminishes: strong winds subside (Figure 2b), and atmospheric pressure returns to near-normal sea level conditions.
Therefore, the storm surge observed in this event cannot be attributed to the typical storm surge mechanisms such as wind
setup, wave setup, or the inverted barometer effect, as the local pressure had risen to around 1,000 hPa and no strong winds
were present at the time of inundation. Previous studies have suggested that delayed storm surges along the NCKI may be
linked to oscillatory responses within the Tsushima Strait (e.g., Hong and Yoon (1992); Niimi et al. (2022)). While storm surge
dynamics have been studied in other straits, such as the Taiwan Strait Zhang et al. (2010), the Strait of Georgia Soontiens et al.
(2016), and the Singapore Strait Tkalich et al. (2013), these investigations do not report delayed surge responses following
typhoon passage. In contrast, the Tsushima Strait appears to exhibit a unique behavior: storm surges can occur several hours
after a typhoon has passed, likely due to natural oscillations within the strait.

Although storm surges along the NCKI have been documented in previous studies, the delayed occurrence of these surges
following typhoon passage through the WCTS remains insufficiently understood. This study offers new insights into the phe-
nomenon by highlighting the role of coastal topography in generating delayed surge responses. To investigate this, we ana-
lyzed multiple typhoon events from the past two decades, aiming to elucidate the mechanisms underlying post-passage surge
increases, using the Tsushima Strait as a representative case study. Our analysis integrates observational records, numerical
storm surge simulations, and spectral analysis via wavelet transforms. Through this approach, we identified dominant oscilla-
tion modes with periods of approximately 10 and 5 hours that were consistently present during delayed storm surge events.

The structure of this paper is organized as follows. Section 2 describes the geographical and oceanographic characteristics
of the Tsushima Strait. Section 3 introduces the selected typhoons analyzed in this study. Section 4 presents the analysis of
observed storm surges and meteorological data. Section 5 outlines the numerical simulations conducted to reproduce the storm
surge behavior. Section 6 explains the application of continuous wavelet transform (CWT) for spectral analysis of the simulated
results. Section 7 discusses the physical mechanisms behind the observed phenomena. Finally, Section 8 summarizes the main

findings and implications of this study.
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Figure 1. Bathymetric maps illustrating the geographical context and study regions. (a) Regional map displaying the Northwest Pacific. (b)

Magnified view showing the detailed bathymetry of the Tsushima Strait. (c) Close-up view presenting the bathymetry within Hakata Bay.



/" SeaofJ
Korean o cf ot Japan

- Peninsula

East China
Sea
31°N |
125°E 127.25°E 1295°E 131.75°E 134°E

(a) Typhoon is located over the Tsushima Strait

Sea of Japan

East China
Sea
31°N
125°E 127.25°E 120.5°E 131.75°E

(b) Typhoon is located over the Sea of Japan

‘ typhoon - Wind direction
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over the Tsushima Strait; (b) when the typhoon is located over the Sea of Japan.
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2 Study Area

The Tsushima Strait, located in the Northwest Paci ¢ region as shown in Figure 1a, is situated in East Asia between the Korean
Peninsula to the northwest and Kyushu Island in Japan to the southeast (Figure 1b). This strait is a typical typhoon-prone
region, particularly during the summer months, and frequently experiences strong winds and storm surges associated with
typhoon passages. The average water depth of the strait is approximately 80 m. The strait connects two major bodies of water
the Sea of Japan to the north and the East China Sea to the south. The Sea of Japan is characterized by deep waters, while t
East China Sea is comparatively shallow. This stark depth contrast contributes to the complex oceanographic dynamics within
the strait. Tsushima Island is located in the center of the strait (Figure 1b), dividing it into two distinct channels: the WCTS,
located between Tsushima Island and the SCKP, and the ECTS, located between Tsushima Island and the NCKI. Of the two,
the WCTS is slightly deeper and plays a more signi cant role in water exchange and current dynamics across the strait.

Hakata Bay, located in the central part of the NCKI, is shown in the Figure 1c. The surrounding area includes Fukuoka
City, one of the most densely populated urban centers in the region. The bay extends approximately 20 km east-west anc
10 km north—south, forming a semi-enclosed coastal basin. The Hakata tidal station, situated on the eastern side of the bay, ha
provided continuous sea-level records since 1998. Additionally, the Fukuoka weather station, located on the southern side of
the bay, continuously monitors atmospheric pressure, wind speed, and wind direction.

3 Selected Typhoons

We selected various typhoons for analysis through the following process. The tracks of the selected typhoons are shown in
Figure 3. First, we obtained best track data for 1,898 typhoons recorded from 1951 to 2022 by the Japan Meteorological
Agency (JMA; https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html). The full set of typhoon tracks
is shown in Figure 3a. Next, we identi ed 599 typhoons that occurred between 1998 and 2022, during which tide-level data were
available at the Hakata tidal station (Figure 3b). From this subset, we then selected 67 typhoons whose tracks passed withir
a 300 km radius of the Hakata tidal station for detailed analysis (Figure 3c). To calculate storm surge anomalies associated
with the 67 selected typhoons, we used the following method. First, sea-surface elevation data sampled at 30-second interval
from 1998 to 2022 were obtained from the Hakata tidal station via the Regional Delayed Mode Data Base (RDMDB, https:
/Inear-goosl.jodc.go.jp/vpage/search.html). Second, we performed harmonic analysis on the observed data using the pytide
0.0.4 package (https://github.com/sam-cox/pytides) to extract tidal constituents, including 20, M2, S2, K1, O1, and others—a
total of 39 components. Third, storm surge anomalies were calculated by subtracting the reconstructed astronomical tide from
the observed sea-surface elevation. To remove interannual variability, we computed the average anomaly at the time of typhoor
approach for each year and subtracted this mean value. Finally, we identi ed 16 typhoons that produced maximum storm surge
anomalies of 30 cm or greater at the Hakata tidal station (Figure 3d).

The selected typhoons can be categorized into two types based on their tracks around the Tsushima Strait: WCTS-type anc
ECTS-type typhoons. WCTS-type typhoons follow a path from the SCKP through the WCTS, approaching the Hakata area
from the northwest. This category includes Typhoons Rusa (2002), Maemi (2003), Megi (2004), Sanba (2012), Chaba (2016),



Kong-rey (2018), Maysak (2020), Haishen (2020), and Hinnamnor (2022). ECTS-type typhoons, on the other hand, move

from the ECTS toward the NCKI, generally approaching from the northeast. This group includes Typhoons Bart (1999), Chaba

(2004), Songda (2004), Shanshan (2006), Danas (2013), Goni (2015), and Tapah (2019). These two classi cations are usec
120 throughout the following analysis.

Figure 3. Tracks of selected typhoons in this study. (a) Tracks of 1,898 typhoons recorded by JMA from 1951 to 2022. (b) Tracks of 599
typhoons that occurred between 1998 and 2022, during which tide-level observations were available at the Hakata tidal station. (c) Tracks
of 67 typhoons that passed within a 300 km radius of the Hakata tidal station. (d) Tracks of 16 typhoons that caused storm surge anomalies
of 30 cm or more at the Hakata tidal station between 1999 and 2022. In panels (a)—(c), black curves represent typhoon tracks, the red do
indicates the location of the Hakata tidal station, and the red circle marks the 300 km radius around the station. In panel (d), red and blue
lines show the tracks of the 16 typhoons that generated signi cant storm surge anomalies. Red lines correspond to ECTS-type typhoons,
while blue lines correspond to WCTS-type typhoons. The remaining typhoons are shown in black lines. For WCTS-type typhoons, green
dots indicate the timing of the rst surge peak at the Hakata tidal station, and blue dots indicate the second peak. For ECTS-type typhoons,

red dots indicate the timing of the maximum storm surge anomaly (as referenced by arrows in Figure 4).
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4 Observed Storm Surge and weather data Characteristics

We examined the observed data, such as storm surge anomalies, wind, and atmospheric pressure, and categorized them acco
ing to the typhoon tracks. The black lines in Figure 4 shows the time series of storm surge anomalies acquired at the Hakata
tidal station for both WCTS and ECTS-type typhoons.

storm surge anomalies during ECTS-type typhoons tend to rise sharply over a short period (indicated by purple arrows in
Figure 4a). Typhoons Chaba (2004) and Bart (1999) exhibit a single peak in the storm surge anomaly, while Songda (2004),
Shanshan (2006), Goni (2015), and Tapah (2019) display a second peak occurring within approximately two hours before
or after the initial maximum. These double peaks are the result of a two-hour oscillation of the bay water in Hakata Bay, as
previously reported by Yamashiro et al. (2016). Similar oscillatory responses may have occurred during Chaba (2004) and Bart
(1999), although these were not clearly observed in tide-gauge records—possibly due to differences in typhoon translation
speed or the timing of pressure variations. Among these cases, Typhoon Danas (2013) generated a relatively small maximun
tidal anomaly and showed a more gradual temporal variation. Although Danas tracked directly over Tsushima Island, the
presence of only one prominent peak in its time series of storm surge anomaly led to its classi cation as an ECTS-type event
in this study. Similarly, Typhoon Holly (1984), which passed through the central Tsushima Strait, produced a modest peak
and gentle uctuation at the Hakata tidal station (Hong and Yoon (1992)). A detailed investigation into the surge-generation
mechanisms of these two typhoons is left for future work.

The positions of the ECTS-type typhoons at the times indicated by the purple arrows in Figure 4a are marked with red
dots along their tracks in Figure 3d. The peak storm surge anomaly is observed just after the typhoon passes over Hakate
Bay. As a representative ECTS typhoon, Figure 5a shows the time series of the wind and air pressure at the Fukuoka weathe
station (see Figure 1¢) during Goni (2015). At 08:00 on August 25, 2015, when the storm surge anomaly reaches its maximum,
the air pressure also drops to its minimum value of 970 hPa, and a northerly wind is observed (purple arrows in Figure 5a).
These observations indicate that the rapid rise in storm surge anomalies during ECTS-type typhoons can be attributed to &
combination of the inverted barometer effect and wind setup. As these typhoons pass close to Hakata Bay, the sharp drop ir
atmospheric pressure causes a corresponding rise in sea level via the inverted barometer effect. Additionally, once the typhoot
moves slightly beyond the bay, northerly onshore winds develop, inducing wind setup that further elevates the sea level.

In contrast, storm surge anomalies associated with WCTS-type typhoons exhibit unusual temporal patterns. Typically, the
surge anomaly increases as the typhoon approaches Hakata Bay, reaching an initial peak (green dot in Figure 3; red arrow ir
Figures 4b). This is followed by a rapid decrease (blue arrow in Figures 4b), and then a second increase resulting in another
peak (purple arrow in Figures 4b). The location of the typhoon at the time of the second peak is indicated by a blue dot in
Figure 3, showing that the typhoon had already entered the Sea of Japan. Typhoon Sanba (2012) is a notable exception, as
did not exhibit this two-peaked pattern at the Hakata tidal station. Figure 5b presents the time series of wind and atmospheric
pressure at the Fukuoka weather station during Typhoon Hinnamnor (2022). The rst storm surge anomaly peak coincides
with the typhoon's closest approach to the NCKI, when the minimum pressure of 991.4 hPa is recorded—consistent with the
inverted barometer effect (red arrows in Figures 4b and 5b). However, the second peak occurs after the typhoon has moved intc



155 the Sea of Japan, at which time local pressure at the NCKI rises to around 1,000 hPa, and wind speeds drop below 5 m/s (purpls
arrows in Figures 4b and 5b). Thus, this second surge peak cannot be explained by the inverted barometer effect or wind setuj

alone. Accordingly, this study aims to clarify the physical mechanisms responsible for the second surge peak observed during
WCTS-type typhoons.

Figure 4. Time series of storm surge anomalies at the Hakata tidal station for (a) ECTS-type and (b) WCTS-type typhoons. The black curve
represents the observed storm surge anomaly, while the red curve shows the simulated anomaly. Red, blue, and purple arrows indicate th
timing of the rst peak, local minimum, and second peak (or maximum), respectively.



Figure 5. Time series of air pressure and winds at Fukuoka weather station for (a) ECTS (Goni, 2015) and (b) WCTS (Hinnamnor, 2022)
typhoons.
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5 Numerical Simulation
160 5.1 Model Setup

An unstructured grid Finite-Volume Community Ocean Model (FVCOM, Chen et al. (2003)) was used to calculate storm surges
associated with the input meteorological data for air pressure and wind. The FVCOM employs the nite-volume method, using
a triangular grid system in the horizontal plane and generalized terrain-following coordinates in the vertical direction (Yoon
and Shim (2013)). The model incorporates the modi ed level 2.5 (Mellor and Yamada (1982), Smagorinsky (1963)) turbulent

165 closure schemes for vertical and horizontal mixing. Its governing equations include the following equations of motion and
continuity equations:

g‘: u%“+ v%;+ W%g fv = %7@'0”@2"6‘) @Z Ko g“ +Fyi @)
g g gl 0
170 gi %; gvzv 0; (4)

wherex, y, andz are horizontal and vertical positions,v, andw are the velocities in thr, y, andz directions, respectively,

t represents timey, is the air pressure on the sea surfgge,is the hydrostatic pressurk,is the Coriolis parameteg is the

acceleration due to graviti{ o, is the vertical eddy viscosity, arf,, F,, andF,, are the horizontal and vertical momentum

diffusion terms, respectively. The FVCOM utilizes the nite-volume method for discretization and can be applied using either
175 CartesianXy) or geographic (latitude and longitude) coordinates. A detailed description of the discretization procedures is

available in (Chen et al. (2003)).

The boundary conditions on the sea surface are de ned as

@u@v _ 1

m @Z@Z = 70( SX» sy); (%)
_@ @ @
Y= et Yax Vay ©)

180 where is the height of the free surface is the density of seawater, ang and s, are thex- andy-axis components of the
sea surface shear stress, respectively:

( sx: sy): aCsU(U1o; Vio); (7)
q_ —
U= UL+ V3 (8)
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with U;g andVig being thex- andy-axis components of the wind speed 10 m above the sea surface, respectibaing the

density of the atmosphere, a@id being the wind drag coef cient, which is calculated as follows (Large and Pond (1981)):
8
< 120 103 if 0 U< 1lm/s
Cs=. _ 9)
© (0:49+0:065J) 10 3 if 1im/s U
We adopted this formulation to be consistent with the wind stress setting used in Niimi et al. (2022), which provided a validated
reference framework for storm surge simulations in this region.

The boundary conditions on the sea oor are de ned as

@uev _ 1,
Km @Z’@Z - 70( bx s by). (10)
__@h @h
"= Yex Vay N

whereh is the water depth, andy and yy are thex- andy-axis components of the sea oor shear stress, respectively:
P 2 2
(bxs by)= 0Cp U2+ v3(U;v): (12)

The bottom drag coef cient is determined by matching a logarithmic bottom layer to the model at hefghn the bottom:

!
2

Cp= max 2dn ii :0:0025 (13)
0

wherek = 0.4 is the von Karman constant arglis the bottom roughness parameter, which is 0.001 m in the ocean.

The model domain is depicted in Figure 6. This domain spans an extensive area from 125° to 135° E in longitude and
from 27° to 36° N in latitude (Figure 6a). For the FVCOM input, we proviaeg coordinates corresponding to the longi-
tude and latitude, respectively. Coastal lines were sourced from the Ministry of Land, Infrastructure, Transport, and Tourism
of Japan (https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-C23.html). Water depth data were obtained from the Japan Hy-
drographic Association (https://www.jha.or.jp/jp/shop/products/btdd/) and Japan Oceanographic Data Center (https://www.
jodc.go.jp/jodcweb/IDOSS/infoJEGG_j.html), and they were interpolated into the mesh using an inverse distance weighting
method. A large unstructured grid with a resolution of 50 km was used for the open sea, whereas very small triangular meshes
with a resolution of 300 m were employed along Kyushu Island and Hakata Bay. The model used three sigma levels in the
vertical direction. The triangular grid comprised 254,335 nodes and 483,582 elements. Winds at a height of 10 m above the see
surface and air pressure at the sea surface were obtained from Meso-Scale Model (MSM, https://www.data.jma.go.jp/suishin/
cgi-bin/catalogue/make_product_page.cgi?id=MesModel), which provided grid point values from an hourly weather forecast
for Japan and its surrounding ocean area calculated at a ner grid spacing (5 km) than the global model. In addition, we con-
ducted three simulation cases: (1) both atmospheric pressure and wind forcing, (2) pressure-only forcing, and (3) wind-only
forcing. For each typhoon, the computation period was 8 days with a timestep of 1.0 s. The initial water level was set at mean
sea level, and tides and wind waves were not considered. For typhoon Bart (1999), no calculated values are available due tc
the absence of MSM.
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Figure 6. Overview of model domain: (a) grid composition and (b) enlarged grid view of Hakata Bay.
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