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In this study, we examine how tides affect potential storm surge hazards at the Hanbit
Nuclear Power Plant on Korea’s west coast, a macrotidal region characterized by large tidal
ranges. Using 33 synthetic typhoon scenarios generated using the Tropical Cyclone Risk Model,
we performed tide—storm surge interaction (TSSI) simulations with the ADvanced CIRCulation
model to assess nonlinear effects between tides and storm surges. Model performance was
validated against water-level observations during Typhoons Muifa (1109) and Bolaven (1215),
demonstrating high accuracy in reproducing tidal phases and maximum water levels. The results
show that tidal interaction significantly increases total water levels while reducing the intrinsic
storm surge component through nonlinear TSSI associated with the tidal phase, modified sea-
surface slope, velocity-field changes, and bottom-friction effects. On average, the maximum
storm surge height (MSSH) and time-integrated storm surge height (TISSH) from TSSI
simulations were 70.94 and 77.19% of those from storm-surge-only (SSO) simulations,
respectively. In contrast, the average maximum water surface height (MWSH) corresponded to
94.76% of the linear sum of SSO-based MSSH and the peak tidal level, indicating that simple
linear superposition may overestimate extreme water levels. A sensitivity analysis showed that
central pressure and maximum wind speed were the dominant factors for MSSH and TISSH,
respectively, whereas the closest approach distance was consistently the least influential.
Validation using water-level sensor records from tide-gauge stations supports the reliability of
the numerical simulations, and the findings highlight the necessity of a TSSI-based hazard
assessment for coastal nuclear facilities in macrotidal environments.
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1. Introduction

The west coast of the Korean Peninsula is globally recognized as a macrotidal environment.
Yeonggwang, where the Hanbit Nuclear Power Plant (HNPP) is located, exhibits an extreme
tidal range of approximately 769.6 cm, which strongly affects storm-driven water-level dynamics
during typhoon events. Unusually high sea levels can occur when typhoon-induced storm surges
coincide with high tide. In other macrotidal regions, such as Hangzhou Bay in China and
Delaware Bay in the United States, tide—storm surge interaction (TSSI) has been reported to
amplify total water levels by more than 50%.(D Therefore, in environments with extreme tidal
ranges, the potential impacts of storm surges under tidal conditions must be considered when
assessing coastal hazard risks associated with typhoons. This consideration is fundamental for
ensuring the safe and reliable operation of high-risk coastal infrastructure, including nuclear
power plants. Simulations of Hurricane Rita (AL182005) using the Finite Volume Community
Ocean Model (FVCOM) demonstrated that the maximum water level caused by storm surge can
be amplified by up to approximately 70% of the tidal range through the combined effects of tides
and bathymetry.”®) A study of the November 2007 North Sea storm and the March 2008 Atlantic
storm in the English Channel showed that TSSI can increase storm-induced water levels by up to
0.74 m.®® The same study also revealed that maximum water levels can rise by roughly 50% at
several locations, and it was pointed out that treating tides and storm surges independently can
lead to the systematic underestimation of flood hazards. A numerical study of the southern
sector of the West Sea demonstrated that tidal phase plays a significant role in surge prediction.*
The study showed that TSSI is relatively weak over gently sloping shelves, while in coastal
regions with abrupt depth transitions, tidal phase has a strong effect on storm-surge-induced
water levels. When storm surges occur near high tide, an additional amplification of
approximately 0.4 m can develop. These findings indicate that tidal phase is a key factor
governing the spatial and temporal distributions of storm surge heights. In a similar study,
FVCOM-based simulations for Delaware Bay showed that TSSI generally amplifies storm-
induced water levels.®) Analysis of tide-gauge observations from 65 stations across the North
Atlantic further confirmed that TSSI produces pronounced amplitude oscillations.®) A global-
scale assessment also demonstrated that concurrent tides and storm surges during spring tide
can increase maximum water levels by approximately 0.5 to 1.5 m.(”) They also noted that in
regions such as northwestern Australia and La Rochelle in France, the temporal alignment
between tidal phase and peak surge height plays a major role in generating extreme sea levels.
An investigation of Cyclone Aila (0902) in the upper Bay of Bengal revealed a strongly
asymmetric TSSI response.®) When storm surges coincided with the rising limb of the tide,
water levels increased by about 0.5 to 0.9 m. In contrast, during the falling limb, peak surge
heights decreased by approximately 15%. These findings highlight tidal phase as a major source
of uncertainty in storm surge prediction and emphasize the necessity of explicitly resolving TSSI
in coupled hydrodynamic models.
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Sea-level rise (SLR) associated with climate change has recently been identified as an
additional factor that intensifies TSSI. A comparative analysis of storm surge characteristics for
the periods 1979-2014 and 2040-2100 under SLR scenarios showed notable changes in surge
behavior.”) Specifically, the 10-year return level of extreme total water levels was projected to
increase by an average of 0.34 m and by up to 0.5 m in some regions. A similar tendency was
observed in the Pearl River Delta, where deeper water induced by SLR was found to amplify
tidal ranges by up to 0.5 m and consequently increase maximum total water levels.!9 These
studies suggest that interactions among tide, storm surge, and SLR collectively increase local sea
levels and amplify coastal hazard risk.

On the other hand, several studies have shown that while tides increase the total water level,
they may reduce the intrinsic storm surge response depending on tidal phase. Numerical
simulations of Typhoon Chan-hom (1509) along the southeastern coast of China showed that
TSSI tends to suppress storm surge heights near high tide while enhancing them near low tide.(!")
A comparative analysis of Typhoons Mangkhut (1826) and Barijat (1827) in the northern South
China Sea showed that both the sign and magnitude of TSSI vary depending on storm track and
tidal range.(!2 It was also shown that nonlinear effects in shallow coastal waters can reduce
maximum storm surge heights (MSSHs) by up to 30%. This result demonstrates that tidal phase
can both amplify and reduce peak storm surges depending on environmental conditions.

Overall, previous studies indicate that TSSI is not a linear superposition but rather a nonlinear
process influenced by tidal phase, typhoon track, bathymetry, and water depth. For critical
coastal assets such as nuclear power plants, hazard assessments must incorporate typhoon-
related meteorological forcing, tidal interaction, and site-specific geomorphology. In a previous
investigation, storm surge heights along the West Sea coast were examined using combinations
of historical typhoons that had affected the Korean Peninsula.('® In another study, 33 synthetic
typhoons generated by the Tropical Cyclone Risk Model (TCRM) were selected to quantify the
potential storm surge hazard at the HNPP site.(!¥ However, despite the macrotidal nature of
Korea’s West Sea, storm-surge-only (SSO) simulations that did not account for tidal effects were
employed in both studies.

Therefore, in the present study, we aim to quantify the effect of tides on storm surge near
HNPP during typhoon passage. Coupled TSSI simulations are performed using the ADvanced
CIRCulation (ADCIRC) model, and a conservative scenario in which a typhoon passes near
HNPP at high tide is considered. In this scenario, the timing of typhoon forcing is adjusted
relative to the astronomical tide to examine the storm surge response under high-water
conditions. Using the results of these simulations, we analyze the effects of typhoon
meteorological parameters (central pressure, maximum wind speed, and radius of maximum
wind speed) and the closest approach distance on water-level rise. With model reliability
supported by validation against water-level sensor records from tide-gauge stations, the potential
storm surge hazard at the HNPP site is subsequently evaluated with explicit consideration of
TSSI.
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2. Methodology
2.1 Numerical model
2.1.1 Governing equations

ADCIRC is a depth-integrated hydrodynamic model that uses an unstructured triangular
finite-element mesh and is suitable for simulating long-period water-level variations such as
tides, storm surges, and tsunamis over large coastal domains.!®) In this study, the two-
dimensional depth-integrated (2DDI) formulation was employed. The governing equations are
expressed as follows:
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where ¢ is time, { is the free-surface elevation relative to mean sea level, R is Earth’s radius, A
and @ denote longitude and latitude, respectively, f'is the Coriolis parameter, g is gravitational
acceleration, a is the Earth’s elasticity factor, # is the equilibrium tidal potential, p, is water
density, P, is atmospheric pressure at the sea surface, H is the total water depth defined as the
geoid depth /4 plus ¢, U and V' are depth-averaged velocity components, UH and VH represent
volume transports per unit width, 7,y and 7, denote wind stresses, 7,5, and 7,4, denote bottom
stresses, M, and My, are gradients of depth-averaged lateral stresses, D, and Dg, are turbulent
diffusion terms, and B, and Bg are baroclinic pressure-gradient terms. In the present
simulations, these forcing, stress, diffusion, and pressure-gradient terms were treated following
the standard ADCIRC numerical implementation.(1>)

2.1.2 Tidal and meteorological forcing
At the open boundary, astronomical tides were generated using the eight principal tidal

constituents (M,, S,, N, K, K;, Oy, Py, Q). Water levels were calculated using the following
harmonic representation:
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n(A,®,t)= Z Jn(’o) (®)cos M+jA+vjn (1) |, )
jn

where C;, is the amplitude of tidal constituent n, f;, (#;) is the nodal correction factor, j (=0, 1, 2)
denotes the spherical harmonic degree with L = 3sin? (@ ( )—1 L= sin(2q)) and L, = cos’ (<D),

{y is the reference time, T}, is the tidal period, and v;, (¢) is the astronomical argument.

> n

The harmonic constafnts were derived from estabhshed formulations'%!?) and computed
using a harmonic analysis package.('®) The external meteorological forcing applied to ADCIRC
consists of the pressure field P (7, #) and the wind field V' (7). Both fields were generated using
the parametric formulation”) with typhoon parameters obtained from TCRM. The pressure and

wind fields are given by

P(r.6) =P, + (P, - P.)exp Lone oyl ()
V(r)= B Rmax_@ B(p -pP )exp—[Rmax(ﬁ)/r]BJ{ijz A (6)
2, ’ s c b B 5

where r is the radial distance from the typhoon center, € denotes the azimuth, P, is the central
pressure, p, denotes air density, and B is the Holland shape parameter, which typically ranges
from 1 to 2.5.

An additional parameter required to define the typhoon structure is the radius of maximum

wind speed (R,,,y). In this study, R,,,, was estimated using the empirical relationship®®

R, =0.0011xexp[ 0.0109P, (1)], (7)

where P, (t) is the time-dependent central pressure.
2.2 Typhoon scenarios
2.2.1 Probabilistic approach

TCRM is a statistical wind-field synthesis model developed to assess extreme wind and
storm surge hazards associated with tropical cyclones. The model generates synthetic typhoon
scenarios by analyzing the historical observations of typhoons. To address the limitation that the
observational record of tropical cyclones is relatively short and that time-series information is
therefore constrained, TCRM employs a first-order autoregressive (AR-1) process.

TCRM consists of five major components: a data-processing module, a track-generation
module, a wind-field module, a statistical module, and a hazard-assessment module. The model
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analyzes the temporal and spatial occurrences of historical typhoons, including their genesis
location, track, central pressure, and maximum wind speed, and synthesizes typhoons by
preserving their statistical characteristics and correlation structure. The synthetic typhoon
generation procedure and its underlying statistical algorithms are described in detail
elsewhere.?D

In TCRM, the translational speed v (#) and the central pressure tendency P, (¢) of a typhoon
are expressed as

v(1) =4 + 0,2, (1), ®
ri(t)=alyl(t-1)+Dle, ©)
P.(1)=P.(t—1)+ p(t)Ar, (10)

p(6)=ty+ 0,1, (1), (1)
1, () =a,x, (t-1)+ D¢, (12)

where ,ui and y; represent the mean translational speed and mean central pressure at grid cell i,
o, and o, denote the corresponding standard deviations, &, and a), are the AR-1 autocorrelation
coefficients, ¢ is a logistic random variable with mean 0 and variance 0.286, and CDi and (D;
denote the variance-scaling parameters for translational speed and central pressure, respectively.

2.2.2 Selection of synthetic typhoons

For this study, the International Best Track Archive for Climate Stewardship (IBTrACS)
database was used.??) The analysis included all typhoons that occurred in the northwestern
Pacific from 1848 to 2020. The spatial domain for synthetic typhoon generation was defined as
0-55°N and 100-170°E.

A total of approximately 3000 synthetic typhoons with a 100-year return period were
generated within this spatial domain. Among these synthetic typhoons, the tracks that
approached north of 30°N and passed within 120—135°E were first screened because they were
considered capable of affecting the west coast of the Korean Peninsula, including the HNPP site.
Through this spatial screening, 33 synthetic typhoons were selected for the storm surge

simulations. The ranges of minimum P, along with the corresponding V;,,,, and R and D,;,

max»
for each selected typhoon are as follows.

e Minimum central pressure (P,): 915-985 hPa

* Maximum wind speed (V,,,): 26.52—68.34 m/s

 Radius of maximum wind speed (R ,,,,): 24.08-50.00 km

* Closest approach distance (D,;,,) to HNPP: 0.458-532.72 km
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Fig. 1. (Color online) Tracks of synthetic and historical typhoons used for TSSI simulations.

The selected synthetic typhoons are shown together with historical typhoons in Fig. 1. The
selected synthetic typhoons were used to investigate TSSI at the HNPP site.

2.3 Computational domain and grid configuration

The computational mesh used in this study consists of an unstructured triangular grid based
on spherical coordinates, and node locations are defined using latitude and longitude referenced
to WGS84. The computational domain covers the Korean Peninsula, most of Japan except
Hokkaido, Taiwan, and the surrounding region of the Ogasawara Islands, representing a portion
of the northwestern Pacific.

Coarse grid resolution was assigned to offshore regions, whereas fine-resolution elements
with a spacing of approximately 10 m were applied near the HNPP coastline to improve
simulation accuracy. The final grid consists of 398909 elements and 216241 nodes.

Tides were generated along the offshore boundary, which is shown by the blue outline in Fig.
2. The tidal simulation was first run for approximately three days to allow tidal motion to reach
dynamic equilibrium around the Korean Peninsula. After tidal stabilization, the typhoon fields
were applied to conduct the TSSI simulations. To construct the conservative high-tide scenario
at the HNPP site, the timing of the meteorological forcing fields was shifted with respect to the
astronomical tide so that the MSSH occurred at the high-water phase. The typhoon track and



4944 Sensors and Materials, Vol. 38, No. 8 (2026)

—— Open boundary
@ HNPP

Russia

Fig. 2. (Color online) Grid configuration used for TSSI simulations.

intensity parameters were not modified; only the reference time of the wind and pressure fields
was adjusted.

2.4 Model validation

To evaluate the validity and reproducibility of ADCIRC in simulating TSSI, model-computed
water levels were compared with tide-gauge observations recorded during the passages of
Typhoons Muifa (1109) and Bolaven (1215). The locations of the tide-gauge stations used for
validation are shown in Fig. 3. A total of 19 stations were considered, including eight along the
West Sea coast, five along the south coast, three along the east coast, two around Jeju Island, and
one at Ulleungdo.

Before the typhoons affected the Korean Peninsula, observed tidal elevations at the
Yeonggwang and Mokpo tide-gauge stations were compared with the corresponding ADCIRC
simulations. These results are presented in Fig. 4, and Fig. 5 shows the observed and simulated
water-surface heights during the periods affected by the two typhoons. In addition, Fig. 6
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Fig. 3. (Color online) Locations of tide-gauge stations around the Korean Peninsula used for model validation.
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Fig. 5. (Color online) Time series of observed and simulated water-surface heights during Typhoons Muifa (upper)
and Bolaven (lower).
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Bolaven.

presents scatter plots of the maximum water surface height (MWSH) observed and simulated
during each typhoon. During Typhoon Muifa, data gaps occurred at the Wido and Yeosu tide-
gauge stations.
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As shown in Fig. 4, ADCIRC successfully reproduces tidal variations at the two stations near
HNPP under non-typhoon conditions. The coefficient of determination (R2) supports the
statistical reliability of the model performance. Before Typhoon Muifa, the R? values at
Yeonggwang and Mokpo were 0.92 and 0.86, respectively. Before Typhoon Bolaven, the values
were 0.96 and 0.89, respectively, demonstrating similarly strong reproducibility.

As illustrated in Fig. 5, the model also reproduced water-surface variations with high fidelity
during the typhoon periods. During Typhoon Muifa, the R? values for Yeonggwang and Mokpo
were 0.95 and 0.94, respectively. During Typhoon Bolaven, the values were 0.96 and 0.95,
respectively, demonstrating consistently strong model performance.

Regarding MWSH estimation, which is essential for coastal hazard assessment, the RZ values
were 0.82 for Muifa and 0.86 for Bolaven. These values indicate statistically meaningful
correlations and represent a clear improvement compared with the SSO simulations® in which
the R? values of 0.742 and 0.755 were obtained. This improvement shows that including tidal
effects enhances the reproducibility of ADCIRC simulations for storm surge hazard assessment.
Overall, these validation results confirm the reliability of ADCIRC when tidal processes are
included, thereby supporting its suitability for the TSSI simulations conducted in this study.

3. TSSI Simulation Results
3.1 Spatial distribution of MWSH

Figure 7 presents the spatial distributions of MWSH obtained from the TSSI simulations for
synthetic typhoons Nos. 2 and 28. Although the D,;, values of the two typhoons are comparable
at 120.17 and 148.11 km, respectively, their meteorological characteristics differ considerably.
Typhoon No. 2 exhibits weaker intensity, higher P,, lower V., and larger R ... In contrast,
and smaller R

typhoon No. 28 has lower P,, higher V, representing a structurally stronger

axo max»

typhoon.

These differences result in clearly distinguishable spatial patterns of water-level response.
Because of its stronger intensity (lower P, and higher V,,,,) and smaller R, ., typhoon No. 28
produces higher MWSH values over a broader area along the western coast of the Korean
Peninsula. On the other hand, typhoon No. 2, characterized by weaker intensity and larger R, .,
passes more than 120 km away from the HNPP site during its northward movement, thereby
exerting a relatively limited influence on water-level rise along the West Sea coast.

This trend is consistent with previously reported SSO simulation results.(!¥) However,
because we incorporate tidal processes in the present study, the contribution of storm surge is
partially moderated. The nonlinear interaction between tide and surge leads to a spatial storm
surge response that is somewhat reduced compared with that of the SSO simulations.

3.2 Water-level response under TSSI conditions

Figure 8 presents the time-domain water-level variations at the HNPP site for synthetic
typhoons Nos. 8, 10, and 19. These results clearly illustrate how tidal processes interact with
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Fig. 7. (Color online) Spatial distributions of MWSH for synthetic typhoons (a) No. 2 and (b) No. 28.

storm surges under TSSI conditions. For comparison, the tidal variability included in the TSSI
simulations is also shown. For analytical consistency, the time of peak MWSH for each typhoon
is defined as the reference time #,, and all time series are aligned accordingly.

Typhoon No. 19 generates the highest MWSH because it approaches extremely close to the
HNPP site (D,,;, = 4.52 km) and exhibits strong meteorological characteristics (P, = 951.15 hPa,
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Fig. 8.  (Color online) Time series of water-surface heights and tide levels at the HNPP site for synthetic typhoons
Nos. 8, 10, and 19.

Vinax = 47.13 m/s, and R, = 35.61 km). These conditions produce a rapid rise in water level over
a short period.

In contrast, typhoons Nos. 8 and 10 exhibit meteorological similarities, with P, values of 983
and 982.04 hPa and V,,, values of 28.29 and 28.79 m/s, respectively. However, their D,,;, values
differ significantly: 188.2 km for No. 8 and 84.39 km for No. 10. As a result, both typhoons
produce smaller MWSH values than typhoon No. 19. Their water-level responses show broader
and more gradual temporal distributions dominated by tidal fluctuations. For typhoon No. 10,
the smaller D,;, leads to a slightly higher MWSH than typhoon No. §, yet the rise phase remains
relatively narrow. This behavior is consistent with a previous finding that the numerous islands
located to the south—southwest of HNPP function as natural breakwaters, mitigating storm surge
amplification along this sector of the coast.(1

Owing to the macrotidal nature of the West Sea, tidal periods are considerably longer than
the effective forcing duration of storm surges. As a result, clear storm surge signatures such as
those typically distinguishable under SSO conditions are less apparent in TSSI simulations.

Results of previous studies have emphasized that not only the peak water level but also the
temporal volume (or area) of the water-level curve is a critical indicator for storm surge hazard
assessment.(1423) Following the approach established in previous studies,>*2%) the time-
integrated water surface height (TIWSH) was computed as

Hmm:fgmw. (13)

TIWSH simultaneously incorporates both the duration and magnitude of storm-surge-induced
water-level variations, providing a more quantitative indicator for assessing potential overtopping
and inundation risks.
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3.3 Effects of meteorological factors and closest approach distance

Figures 9 and 10 present scatter plots of MWSH and TIWSH, respectively, computed at the
HNPP site for the 33 synthetic typhoons. Panels (a)—(d) in each figure show the relationships of
MWSH (or TIWSH) with P, V.., Riax and D, ;,, respectively.

The MWSH scatter patterns in Fig. 9 show a clear tendency consistent with the SSO results:
typhoons with lower P. and higher V,,,, produce higher MWSH. This occurs because low
atmospheric pressure drives SLR while wind-driven stress directly amplifies the storm surge. In
addition, since stronger typhoons generally exhibit smaller R ,,,,% the increasing MWSH with
decreasing R,,,, shown in Fig. 9(c) reflects this inverse relationship. Figure 9(d) also shows a
general increase in MWSH as the typhoon approaches the HNPP site (smaller D,;,,), although

the island-shielding effect described above weakens this trend.
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Fig. 9.  Scatter plots showing MWSH at the HNPP site as functions of (a) P, (b) Vpax> (€) Riax> and (d) Dy
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Fig. 10. Scatter plots showing TIWSH at the HNPP site as functions of (a) P,, (b) Viax> (€) Riax, and (d) Dy

The TIWSH results in Fig. 10 exhibit overall characteristics similar to those of MWSH.
Larger and stronger typhoons produce greater TIWSH because both the duration and magnitude
of the water-level response increase. However, TIWSH is more sensitive than MWSH to the
combined effects of meteorological parameters and closest approach distance, resulting in a
broader spread of data points. This is because TIWSH reflects not only the peak water level but
also the temporal evolution and integrated volume of the entire water-level curve.

In contrast, the SSO analysis showed a nonlinear pattern in which TIWSH initially increased
and then decreased as D,,;, increased.!¥ The increase was attributed to a longer surge
propagation time for more distant typhoons, followed by a decrease once the surge amplitude
became too small. Under TSSI conditions, however, this nonlinear response is not evident
because tidal processes dominate over the surge signal in the macrotidal environment of the

West Sea.
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Overall, both MWSH and TIWSH increase with higher typhoon intensity, but the effect of
meteorological parameters is moderated under TSSI conditions owing to the dominant effect of
tides. This indicates that, in macrotidal regions such as the West Sea, the tidal phase at the time
of landfall is as important as typhoon intensity and track characteristics when assessing storm
surge hazards.

3.4 Effects of tidal interaction on storm surge response
3.4.1 Spatial distribution of water levels

To further examine the role of tidal interaction, Fig. 11 shows the spatial distributions of
maximum water levels generated by synthetic typhoon No. 28 (P, =952.99 hPa, V., =46.31 m/s,
Riax =35.19 km, and D,;,, = 148.11 km) under SSO and TSSI conditions. Figure 11(a) shows the
MSSH obtained from the SSO simulation,(® which excludes tidal effects, whereas Fig. 11(b)
presents the MWSH that results from the nonlinear superposition of tides and storm surge under
TSSI conditions.

In the SSO simulation [Fig. 11(a)], storm surge heights of approximately 1.0-1.5 m appear
along the Yeonggwang—Boryeong coastline, including the HNPP site. The surge forms a narrow
band concentrated along the coastline aligned with the typhoon’s forward path. Because the
typhoon remains relatively distant from the coast, the spatial extent of surge influence is limited.
In contrast, the TSSI simulation [Fig. 11(b)] shows a substantially amplified and expanded water-
level response as tidal variations are superimposed on the surge. Wide coastal regions exceed 3
m in total water level, and water levels of 3.0-3.5 m or higher are evident between Boryeong and
Yeonggwang. Compared with the SSO condition, the TSSI results reveal not only a significant
increase in absolute water levels but also a pronounced expansion of the spatial impact area. This
behavior is closely associated with the complex coastline and the macrotidal characteristics of
the western coast of Korea.

3.4.2 Time-series comparison at the HNPP site

Figure 12 shows the time-series water-level variations at the HNPP site obtained from both
SSO and TSSI simulations. Under SSO conditions, the MSSH reaches 1.23 m, and the storm
surge hydrograph exhibits a relatively broad temporal spread. Under TSSI conditions, however,
nonlinear interactions between tide and surge increase the MWSH to 3.48 m. The rising and
falling limbs of the hydrograph also become steeper than those of the tide alone. This
amplification occurs because the peak storm surge coincides with the tidal high-water phase,
resulting in constructive superposition and a substantial elevation of the peak water level.

3.4.3 Extracted storm surge components under TSSI conditions

To quantitatively isolate the inherent storm surge characteristics under TSSI conditions, the
tidal components associated with the eight major constituents (M,, S,, N, K5, K, Oy, P;, Q)
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Fig. 11. (Color online) Spatial distribution of (a) SSO-based MSSH and (b) TSSI-based MWSH generated by
synthetic typhoon No. 28.

were removed by the harmonic decomposition of the simulated water-level time series. The
resulting residual storm surge hydrographs were used to compute MSSH and time-integrated
storm surge height (TISSH). Their relationships with typhoon parameters (P, Viax> Rmax> and
D), together with comparisons with SSO results, are shown in Figs. 13 and 14.
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Fig. 12. (Color online) Time series of SSO-based and TSSI-based water-surface heights at the HNPP site.

The MSSH and TISSH values derived from the TSSI simulations are consistently lower than
those from the SSO analysis. On average, the TSSI-based MSSH and TISSH correspond to 70.94
and 77.19% of the SSO values, respectively. This reduction indicates that nonlinear TSSI
suppresses the development and amplification of the storm surge component. In a macrotidal
environment, tidal forcing modifies the sea-surface slope, velocity field, and bottom-friction
conditions. These changes cause the hydrodynamic response of the storm surge component
superimposed on the astronomical tide to differ from that obtained under SSO conditions,
thereby attenuating the extracted storm surge component.

The effect of typhoon parameters on MSSH differs substantially between the SSO and TSSI
simulations. As shown in Fig. 13, the fundamental trend remains the same, with lower P,., higher
Viax> smaller R,., and shorter D,;, leading to larger MSSH. However, the regression slopes
from the TSSI analysis are smaller than those from the SSO analysis, indicating that the direct
effect of typhoon intensity weakens in the presence of tides. The difference between the two
analyses becomes more pronounced for stronger typhoons with low P,, high V.., and small
Rax as well as for those that pass closer to HNPP. This indicates that nonlinear attenuation
becomes stronger when storm forcing increases. A similar pattern is observed for TISSH in Fig.
14, although the effect of D,,;, is comparatively limited. This limited sensitivity reflects the
same island-sheltered coastal geometry near HNPP, which reduces the dependence of surge
volume on typhoon proximity.

A comparison of the SSO-based MSSH added linearly to the peak tidal level of 2.86 m and
the TSSI-derived MWSH shows that the latter corresponds to 94.76% of the linear sum. In other
words, the TSSI-derived peak water level is 5.24% lower than the level obtained through linear



Sensors and Materials, Vol. 38, No. 8 (2026)

2
(a) o SSO
o TSSI
1.6
g 1.2 2
%
N A
s 038 =
N\OO
O o
0.4 e e
Y R o
0 Y N
940 960 980 1000
Central pressure (hPa)
2
(©) o 8SO
s TSSI
1.6
E 1.2 <
T
3 ~\\\g
= 08 =
VAN
\g\ ol
Q.
0.4 ex 5
XA o
A OA ©
0 A | AR
30 40 50 60 70

Radius of maximum wind speed (km)

MSSH (m)

MSSH (m)

4955

2
s TSSI
1.6
1.2 OO
A
0.8 x
o
o O%/
0_4 éd Q /O/
8 /Z&K%
o Py
0 /ﬁ/ S8 A -
10 20 30 40 50
Maximum wind speed (m/s)
2
A TSSI
1.6
1.2 5 Q
h
0.8F
o | ©
o °lo y
0.4 Q@i
‘m—%@ %—ﬁ—iﬁbb_
A A % A gm A —
0 AQQ % I
0 100 200 300 400 500 600

Closest approach distance (km)
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superposition. This difference indicates that the peak total water level under TSSI conditions is
governed by nonlinear tide—surge interaction rather than by simple linear addition. In the
macrotidal West Sea, the astronomical tide modifies the hydrodynamic conditions under which
the storm surge component develops, including tidal phase, sea-surface slope, velocity field, and
bottom-friction response. Therefore, the TSSI-derived MWSH can be lower than the linearly
superimposed value even when the total water level is substantially elevated by the tide. Overall,
the results indicate that TSSI-based analysis is essential for accurately assessing typhoon-

induced coastal hazards in this macrotidal setting.
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3.5 Sensitivity analysis
3.5.1 Analytical methods

To quantify the sensitivity of storm surge responses (MSSH and TISSH) to typhoon
parameters, Pearson correlation coefficients (y) and standardized ridge regression coefficients
(Bridge) Were jointly applied. y was used to examine the linear bivariate relationships between
each explanatory variable and the response variables, whereas [0, Was used to assess the
conditional contribution of each parameter while accounting for inter-variable dependence. The
latter approach allows stable estimation even when substantial collinearity exists among typhoon
parameters.
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The linear bivariate relationship between each explanatory variable X; (P, Viyaxs Rimaxs and,
D,,ip) and the response variable Y (MSSH or TISSH) was evaluated using y, given by

Z?:l(Xij _X_J‘)(Yi _}7)

ST s -

This metric indicates the overall linear tendency and direction between each typhoon parameter

and the storm surge response. However, because meteorological characteristics and track-related
factors are often strongly interrelated, the individual effects of each parameter cannot be clearly
distinguished using simple correlations alone. To address this limitation, all explanatory
variables and response variables were standardized to zero mean and unit variance, and the
following standardized regression model was applied:

4
Zy=Po+ 2 BiZx, e (15)
=

where £ is the standardized intercept, f; is the standardized regression coefficient, and ¢ denotes
the error term. The standardized variables are defined as

Zy =0 "I 7 =" (16)

where s X, and sy are the standard deviations of X; and Y, respectively. The coefficients (/)
represent the conditional contributions of each variable after accounting for the effects of the
remaining parameters, allowing direct comparison across variables with differing physical units.

Because typhoon parameters often exhibit strong meteorological and track-related
interdependence, multicollinearity may arise and result in unstable or misleading regression
coefficients. To mitigate this issue, ridge regularization with an L, penalty was applied. B4y 18
obtained by solving

Buw = argy" 12,2, B[; + 2| B[L}. (17)

where Zy is the standardized design matrix, Zy is the standardized response vector, and 4 is the
regularization parameter.

In this study, the optimal value of A for each analysis was determined by minimizing the
mean squared error (MSE) through fivefold cross-validation. Ridge regression thereby provides
stable estimates of the conditional contributions of the typhoon parameters in the presence of
multicollinearity.
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3.5.2 Sensitivity of typhoon parameters

The sensitivity analysis results presented in Table 1 quantify how the typhoon parameters
affect the storm surge responses under both SSO and TSSI conditions. y represents the bivariate
linear association between each variable and the response variable, whereas fqo. indicates the
conditional contribution of each parameter after controlling for the effects of all remaining
variables.

According to the data in Table 1, the meteorological parameters (P, V.., and R,,,) exert
substantially stronger effects on both MSSH and TISSH than D, ;,. The Pearson correlation
results show consistent relationships under both SSO and TSSI conditions, with lower P,, higher
Viax» and smaller R, ,,, associated with greater MSSH and TISSH, whereas D,;, consistently
shows the weakest association. These results indicate that storm surge characteristics at the
HNPP site are governed primarily by typhoon intensity and structure, while the typhoon’s
proximity plays a secondary role.

For MSSH, the ridge regression results indicate that P, and R,,,, make greater conditional
contributions than V,,,, and D,,;,. Although the relative importance of P, and R,,,, differs
between SSO and TSSI, both parameters consistently exhibit substantial contributions, whereas
Viax Shows a secondary contribution. This indicates that MSSH is strongly affected by both
typhoon intensity and the spatial structure of the wind field when inter-variable dependence is
considered. The lowest sensitivity of D,,;, arises from the island-shielded shallow-water
environment near HNPP, which modulates storm surge propagation and reduces proximity-
related effects.

For TISSH, V.« exhibits the greatest conditional contribution, followed by P. and R,,,,
under both SSO and TSSI conditions. This consistent ordering indicates that V,, plays a
particularly important role in the integrated storm surge response. The effect of D,,;, remains
the smallest, demonstrating again that storm surge responses at HNPP are dominated by
typhoon intensity and structure rather than proximity.

Comparison of the SSO and TSSI results shows that tidal interaction does not uniformly
reduce the sensitivity of storm surge responses to the typhoon parameters. Instead, TSSI
modifies their relative contributions, particularly for MSSH, indicating that nonlinear tide—surge
interaction alters the response to individual typhoon parameters.

Table 1
Pearson correlation coefficients and standardized ridge regression coefficients for each typhoon parameter.
Analysis Result Coefficient P, Vinax Rinax Din
y —0.822 0.823 —0.804 —0.242
MSSH
SO S8 Pridge —1.137 0.469 0.802 —0.191
TISSH y —0.648 0.651 —0.643 —-0.075
Pridge —0.197 0.206 —0.184 —0.028
y —0.572 0.573 —0.551 —0.187
MSSH
TSSI Pridge -1.016 0.572 1.034 —0.150
TISSH y —0.528 0.531 —0.513 —0.135

Pridge —0.172 0.182 —-0.123 —0.082
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Overall, typhoon intensity and structure are the principal drivers of storm surge hazards at
the HNPP site, while D,,;, plays a comparatively minor role. Considering the sensitivity results
collectively, with the ridge regression results used to assess conditional contributions under
inter-variable dependence, the sensitivity hierarchy is summarized as follows.

* MSSH: Pc = Rmax = Vmax = Dmin
e TISSH: Vx> P.> Rypax > D

max min

4. Conclusions

In this study, we quantitatively examined the nonlinear interactions between tides and storm
surge at the HNPP, located along Korea’s macrotidal west coast. Using 33 synthetic typhoons
generated by the TCRM, we conducted TSSI simulations with the ADCIRC model. Model
performance was validated against continuous water-level records from tide-gauge sensor
networks at 19 coastal stations during Typhoons Muifa (1109) and Bolaven (1215), confirming
the reliability of both tidal-phase representation and maximum water-level reproduction. These
results demonstrate that the spatial coverage and measurement fidelity of water-level sensing
networks are essential for validating coupled hydrodynamic simulations and for ensuring the
reliability of storm surge hazard assessments at coastal nuclear facilities.

The numerical results show that nonlinear TSSI substantially increases both the spatial extent
and absolute magnitude of total water levels. However, the intrinsic storm surge components
extracted through harmonic decomposition (MSSH and TISSH) are reduced to 70.94 and 77.19%
of the SSO results, respectively. This reduction reflects nonlinear attenuation associated with
changes in tidal phase, tidal current strength, sea-surface slope, and bottom-friction response,
which suppress the development of the surge component. Furthermore, the average TSSI-based
MWSH corresponds to 94.76% of the linear sum of SSO-based MSSH and the peak tidal level
(2.86 m), indicating that linear superposition may overestimate the peak total water level in this
macrotidal setting.

The sensitivity analysis identified distinct parameter hierarchies for the two storm surge
responses: P.> R ax > Vinax = Dmin for MSSH and V. > P, > Ripax > Din for TISSH. In both
cases, D,,;, was the least influential, while tidal interaction altered the relative contributions of
the typhoon parameters rather than uniformly reducing their sensitivities. These findings
demonstrate that the tidal phase at landfall is as important as typhoon intensity in determining
extreme water-level hazards in this macrotidal environment.

The results of this study emphasize the necessity of incorporating TSSI into hazard
assessments for coastal nuclear power plant sites along the West Sea coast and highlight the
limitations of linear-superposition-based approaches. As this study was focused on a single site
along the West Sea coast, future research should extend the analysis to the East Sea, where most
Korean nuclear power plants are located and where tidal ranges are smaller and water depths are
greater. Comparisons between TSSI and existing SSO analyses®”) will provide further insight
into the distinct interaction mechanisms governing storm surge in deep and microtidal
environments. Because the present simulations did not include wave-model coupling, wave-
induced setup and runup were not resolved. Accordingly, the estimated MWSH should be
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interpreted as the tide- and surge-induced water level and may be locally underestimated where
wave effects are significant. Future research will also involve assessing storm wave hazards,*®)
evaluating future extreme water levels under SLR scenarios, and developing an integrated
multihazard risk assessment framework that encompasses tsunami-induced inundation®®) and
drifting—collision®%3D) hazards posed by large waterborne debris.
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