A Statistical Method to Quantify the Tide-surge Interaction Effects
with Application in Probabilistic Prediction of Extreme Storm Tides

along the Northern Coasts of the South China Sea

Abstract

Nonlinear interactions between tides and storm surges, i.e. the tide-surge
interactions (TSI), play a critical role in modulating extreme coastal water levels.
However, the TSI effects are often omitted in probabilistic modeling of extreme water
levels, due to the extensive computational efforts caused by simulating numerous
combinations of storm timings and random tidal phases. In this study, we proposed a
statistical approach for fast estimation of TSI effects with applications in predicting
extreme water levels. Storm tides in the northern expanse of the South China Sea (SCS)
during typhoon events from 1979 to 2020 are simulated, based on which contributions
of TSI to the total water level are extracted and analyzed. The results reveal a
predominant negative influence of TSI on the total storm tide levels. It was found that
for a given coastal location, statistically significant correlations exist between TSI
divided by the peak storm tide and surge divided by the peak storm tide. Based on the
correlations, location-dependent, multiple regression models for predicting TSI effects
on storm tide levels were established using predicted surge and tidal levels as input,
which avoids modeling numerous scenarios of different tidal phases and storm timings.
By comparing with long term history data from a tide gauge, the proposed approach
was shown to be able to reproduce the TSI contributions to extreme storm tides
accurately and efficiently. By superposing the estimated TSI effects with predicted
surge and random tides, a method for calculating the extreme water level with certain
return periods is developed. Finally, an application of the method was demonstrated by
calculating the 50-year return period water levels along the northern coast of the South
China Sea.
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risk assessments

1. Introduction

Storm tide is the water level rise due to the combination of the storm surge and the
astronomical tide during tropical/extratropical cyclones (NOAA, 2019). Storm tides are
among the most disastrous natural events in the coastal zone, which can flood the low-
lying areas, damage coastal and offshore infrastructures and erode the shorelines (Wu
et al., 2018; Zeng et al., 2021). Annually, these events lead to property damage and
casualties reaching billions to hundreds of billions of dollars in countries and regions
worldwide that experience frequent storm surge occurrences (Mas et al., 2015; Muis et
al., 2019; Needham et al., 2015; Yang et al., 2019).

As one of the most important environmental design parameters for coastal and
offshore engineering, return-period sea levels are usually estimated by extrapolation of
observed storm tide extremes (e.g., annual maxima) using extreme value theories,
therefore heavily relies on history data. Nevertheless, the sparse distribution of tide
gauges, along with limited duration of observations, poses limitations on accurately
estimating extreme water levels (Marsooli and Lin, 2018; Muis et al., 2016). Some
researchers use synthetic TC tracks in addition to or instead of historical TC tracks to
overcome the limitation of insufficient storm samples (Dullaart et al., 2021; Khan et al.,
2022; Leijnse et al., 2022; Li et al., 2018; Martin et al., 2023). However, storm tides
usually deviate from the linear superpositions of storm surges and tidal levels, due to
the intricate nonlinear interactions between them. Furthermore, owing to the
independence between the astronomical tides and the storm events, peak surges can
occur at any tidal phases, thus it is necessary to consider all possibilities of combining
surge timings and tidal phases in a probabilistic prediction of extreme sea levels. The
above-mentioned method leads to a substantial increase by several orders of magnitude
in the overall count of numerical experiments, resulting in a noteworthy rise in
computational costs. Some scholars omitted the nonlinear TSI and combined storm

surge driven by stochastic TCs with random astronomical tides in a linear manner to
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obtain peak water levels, thus enabling the estimation of storm tide return periods
(Dullaart et al., 2021; Orton et al., 2016). However, omitting the TSI effects may lead
to potential underestimation or overestimation of extreme sea levels (Lin and Chavas,
2012; Rego and Li, 2010; Wuxi et al., 2018). Recent studies demonstrated that
disregarding the TSI effects can result in up to 30% differences in estimated extreme
sea levels (Arns et al., 2020).

The fundamental physics behind nonlinear TSI lie in the mutual phase alterations
between astronomical tides and storm surges (Flather, 2001; Zhang et al., 2010). In
other words, high and low tides induce changes in storm surges via alterations in water
depth. Conversely, storm surges impact the propagation velocity of tides by modifying
water depth, thereby causing a phase shift in astronomical tides (Bernier and Thompson,
2007; Rossiter, 1961). Due to the presence of TSI, the maximum storm surge
consistently mismatches the moments of high and low tides (Horsburgh and Wilson,
2007), and shows a higher occurrence frequency during rising tides (Idier et al., 2012;
Rossiter, 1961; Zhang et al., 2017). Moreover, this interaction significantly amplifies
negative surge amplitudes while reducing positive surge amplitudes (Prandle and Wolf,
1978; Wankang et al., 2019). Moreover, TSI exhibits pronounced spatial variations,
particularly in areas characterized by shallow water depths, large tidal ranges, gentle
slopes, and concave shorelines (Costa et al., 2023; Idier et al., 2012; Rego and Li, 2010;
Rossiter, 1961; Zhang et al., 2017). TSI is primarily governed by three factors: the
nonlinear bottom friction effect (Davies and Lawrence, 1994; Tang et al., 1996; Yang
et al., 2023; Zhang et al., 2017; Zhang et al., 2010; Zheng et al., 2020), the shallow
water effect (Bernier and Thompson, 2007; Wolf, 1981; Zheng et al., 2020), and the
nonlinear advection effect (Hu et al., 2023; Rego and Li, 2010; Wankang et al., 2019;
Yang et al., 2023; Zheng et al., 2020). The contributions of these factors to TSI exhibit
variability in response to changes in water depths, astronomical tides, and storm surge
dynamics (Zhang et al., 2010).

Previous studies have demonstrated the indispensability of considering TSI when

assessing extreme storm tides (Arns et al., 2020; Costa et al., 2023; Marsooli and Lin,
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2018; Ragno et al., 2023). However, investigations into TSI have predominantly
concentrated on feature analysis, contribution evaluations, and physical mechanism,
while rarely providing a practical method that can be readily applied to estimating
extreme water levels (EWLs). In the present study, firstly, we simulated the typhoon-
induced storm surges, storm tides and the astronomical tides in the northern South
China Sea (SCS) spanning the years 1979 to 2020. Based on the model results, we
analyzed the contributions of TSI to the storm tides. The primary objective is to develop
a statistical approach to quantify the effects of TSI on storm tides, and apply the
quantification method to estimate extreme water levels with certain return periods (RPs),
which are essential environmental parameters for coastal and offshore structure design.

The structure of this paper is as follows. Section 2 provides a description of
numerical models used, including details on parameter configuration, model validation,
and the method employed to isolate TSI. Section 3 elaborates on the statistical
quantification approach for TSI, presents an overview of extreme value statistical
methods, and outlines the methodology for estimating storm tides RPs with a narrower
95% confidence interval. In Section 4, a comprehensive summary is presented
regarding the spatiotemporal distribution characteristics of TSI along the northern coast
of the South China Sea (SCS). The estimated TSI effects on the extreme storm tides is
validated, and the method proposed in this article is utilized to calculate the exceedance
probability curves for several grid points. Section 5 presents the estimation of 50-year
return period (RP50) storm tides in the northern area of the SCS, and engages in a
thorough discussion on the application and limitations of proposed methodology in this

study. Finally, the conclusions of this study are summarized in Section 6.

2. Data and Model

2.1 Model setup
This study focuses on the typhoon-induced storm tides in the coastal regions of
northern SCS. Based on the best track data of Japan Meteorological Agency, TC tracks

from 1979~2020 that have been at least within 200 km from the study area are
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considered and modeled (Figure 1a).

The FVCOM (Chen et al., 2003) model was used to model the storm tides caused
by the 416 TCs affecting the target area (Figure 1a). The model encompasses the entire
SCS with an unstructured mesh, stretching from the Vietnam coasts to the eastern coasts
of the Philippines. The mesh extends from Zhejiang Province in the north and reaches
Malaysia and northern Indonesia in the south. The longitudinal range of the model spans
from 99°E to 128°E, while the latitudinal range covers from 1°N to 29°N (Figure 1b).
Model mesh with grid resolution, and bathymetry are depicted in Figure 1b-c.

The mesh consists of triangular grids with 97,814 nodes and 183,610 elements.
Grid resolution is around 500 m along the Chinese mainland coast, and gradually
decreases to 5 km and 15 km at water depths of 20 m and 50 m, respectively. Resolution
coarsens to 30~50 km in the ocean areas. The bathymetric data are derived from the
combinations of digitized nautical charts and GEBCO (Macnab, 2003), with the depth
reference plane adjusted to the local mean sea level. The model utilizes the global tidal
model FES2014 (Carrere et al., 2015) for the tidal boundary conditions. Eight major
tidal constituents (S2, M2, K1, K2, Ol, N2, P1, and Q1) are used. The average tidal
range (representing the mean values of simulated astronomical tidal ranges over a span
of 18.6 years) are also shown in Figure 1d.

2.2 Meteorological forcing

The ERAS reanalysis wind product (Hersbach et al., 2018) by the European Centre
for Medium-Range Weather Forecasts (ECMWF), which has a temporal resolution of
1 hour and a spatial resolution of 0.25°x0.25°, was used to provide the air pressure and
peripheral wind field beyond 7 times the radius to the maximum wind. The Holland
parametric TC wind model (Holland, 1980) was used to derive the wind field within
twice the radius to the maximum wind speed. In between, the two wind fields are
blended proportionally (Willoughby and Rahn, 2004). The TC track information is
sourced from the Japan Meteorological Agency's Regional Specialized Meteorological
Centers (RMSCs) in Tokyo (https://www.data.jma.go.jp/yoho/typhoon/index.html).

This dataset includes the typhoon's center position, central pressure, and 10-minute
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maximum wind speed, which can be used as input data for the Holland wind model.
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Figure 1. (a) Typhoons that affected the northern SCS from 1979 to 2020. (b) Computational mesh
and resolution. (c) Bathymetry map of the northern SCS. SSB, Sansha Bay; PRE, Pearl River
Estuary; LZB, Leizhou Bay; TSB, Tieshan Bay; QZS, Qiongzhou Strait. (d) Average tidal range

map of the northern SCS.

2.3 Quantitative error metrics

We employ several metrics, including root mean square error (RMSE), average
absolute error (AAE), mean relative error (MRE), and Pearson correlation coefficient
(CC), to assess the model performance. RMSE quantifies the standard deviation
between the true and the estimated values. AAE is the average of the absolute deviation
between the true and the estimated value. MRE measures the absolute difference
between the true and the estimated value, normalized by the absolute true value. The
CC value, ranging from 0 to 1, measures the linear correlation between observed and

simulated values. The formulas for these metrics are as follows:

RMSE =[3 (M, -0,/ n]"* )
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where M, represents the ith estimated value, O, represents the ith true value. The

overbar signifies the averaged value across all data points. A perfect correspondence
between model outcomes and measurements yields RMSE, AAE and MRE values of

zero, accompanied by a CC value of one.2.4 Model validation

Validations of wind, air pressure, tides and storm surges are conducted by
comparing to multiple-sourced data. Data sources include the University of Hawaii Sea
Level Center (UHSLC, https://uhslc.soest.hawaii.edu/), the National Science &
Technology Infrastructure - National Marine Data Center (http://mds.nmdis.org.cn/),
and the "Collection of Storm Surge Disasters Historical Data in China 1949-2009".
Validation results in Appendix A demonstrate the accuracy in simulating the tidal
dynamics and the storm surges under the TC meteorological forcing, making it suitable

for subsequent research on the influence of TSI.
3. Method

3.1 Numerical experiments design

Three numerical experiments were conducted using the method similar to Idier et
al. (2012). These experiments include EXP-PS (pure surges, considering only wind and
air pressure as model forcing), EXP-PT (pure tides, considering only astronomical tidal
forcing), and EXP-ST (storm surge and tides fully coupled, considering both
meteorological and tidal forcing). The nonlinear TSI effects on the water levels (TSIWL)

can be quantified by:

77] = nst _TIS _nt (5)
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where pure storm surge 77, , astronomical tide 7,, and total storm tide 77,,.
3.2 Statistical dependence and multiple regression model

Aiming to seek an effective indicator of the magnitude of the TSI effects, we first
analyze the dependencies between several variables including 7,, 1, =1,/ (1, +1,)
and 7, =1,/ (n,+m,), n,, n,, n,+n, corresponding to the extreme storm tides. The
Spearman’s rank correlation coefficient p was employed to assess the strength of the

correlation between two variables based on the monotonic relationship,
2
po1-S2h ©)
n (n - 1)

where d; represents the disparity between the ranks of each value, n denotes the total
number of values. The Spearman’s rank correlation assumes values ranging from +1 to
-1, where a score of +1 indicates a flawless correspondence of ranks, a score of 0 implies
no association between ranks, and a score of -1 signifies a complete negative
relationship among ranks.

The thermal diagram depicting the Spearman correlation coefficient matrix among
the parameters is presented in Figure 2a. It is apparent that the absolute values of the
rank correlation coefficients for variables 7,, 77, and 7,, 7, +7, are all below 0.4,
indicating a lack of significant correlations. However, noteworthy correlations are

observed between variables 7, , 7, and 7,, 1

., » With coefficients reaching

approximately -0.7, signifying a substantial relationship. It is important to noted that
the rank correlation coefficients, while effective in capturing monotonic relationships
between variables, presents limitations when it comes to discerning non-monotonic
relationships. To identify variables more suited for establishing statistical relationships
with TSI, we take point P6 (Figure Ic) as an example and generate scatter plots
comparing the variables 7, with 77, and 7, with 7, (Figure 2b and 2c). Analysis
of these plots reveals a distinct pattern: during the initial half of the curve, both variables
exhibit a decreasing trend in TSI as the x-axis increases. However, in the latter half, no
clear correlation is evident between 77, and 7., while an increasing trend is observed

between 7,, and 7, . This observation underscores the effectiveness of variable 7,
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as an indicator for quantifying TSI. The correlation between 7, and 7, in Figure 2a
indicates that when astronomical tides dominates in extreme storm tides, TSIWL
increases with the increase of storm surges. However, when storm surges dominate, the
influence of the astronomical tides diminishes, resulting in a weakening of the

corresponding nonlinear effects.
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Figure 2. (a) Spearman correlation coefficient matrix. (b) Scatter plots between 77, and 77, at the

peak storm tide at P6. (c) Scatter plots between 77, and 77, at the peak storm tide at P6.

Owing to the regulatory influence of TSI on extreme water levels, the temporal

occurrences of (77, +7,),, and 7, .. often do not align. After analyzing the model

results, it is found that the time difference between the two peaks mostly falls into a
two-hour window as shown in Figure B.1 in Appendix B. We aim to estimate the

maximum storm tide 7, . based on the known value (77, +17,) Consequently,

max *
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overlooking the errors arising from a minor temporal discrepancy between (77, +7,)

max

and nst,max > we denOte 771 = nst,max - (773 + 77t )max > 771p = 771 /(773 + nt)max >
Ny =1,/ (1, +17,)p, 10 this context. To construct a multiple regression model, we
conduct a sample fitting for each grid point within the nearshore area, establishing a
relationship between 77, and 7, . The model is represented by the following equation:

n, =axn,’+bxn > +cxn, +d (7)

Note that the regression model differs for different location (grid points), i.e., the model
is location-dependent. For each grid point, the sample data used to fit the equation
comprises of only storm tides generated by typhoons travelling within 200 km from the
grid point.
3.3 TSIWL estimation and validation

After establishing the regression statistical relationships for each point, the
estimation of TSIWL can be derived by utilizing the individually calculated 7, and 7,.
The following steps outline the procedure:
a) superimpose the modeled pure surge 7, onto the modeled synchronous

astronomical tide 7, ;

b) determine the peak water level (77, +7,),,. and its corresponding time; calculate

max

n,, basedon 7, and 7, corresponding to the time of (77, +77,)

max *

c) substitute 7., into the statistical relationship equation (7) to obtain an estimate of
Mps

d) employ equation (8) to estimate TSIWL M) est corresponding to the peak storm tide.
Mrese = My X (0, 77, ®)

The method was implemented across all grid points within the nearshore region to
obtain the TSIWL. The estimated TSI are then compared with the modeled results to
assess the performance of the proposed method. Performance metrics such as RMSE,
AAE, and Pearson CC are computed to evaluate the accuracy and reliability. The
computational grid points in the nearshore area are segregated into nine groups (P1-P9):
Sansha Bay, Fujian Coast, Pearl River Estuary, Guangdong Coast, Leizhou Bay, Hainan

Coast, Beibu Gulf, and Guangxi Coast. The estimation of TSIWL in these nine regions
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max

is validated individually. Additionally, the calculated 7, . is added to (77, +7,),,, to
obtain the estimated maximum storm tide. The estimated maximum storm tide is then
compared against observed values to validate its accuracy.

Data from the Hong Kong (HK) tidal station (Figure 1a), which is one of the few
stations that have long-term water level observations covering the 1979~2020, are used
to validate the proposed method. We compared the exceedance probability curves
calculated from observed data and simulated samples (7, ,,, + (77, +17,),.,, ) for validation.
Both simulated and observed storm tides samples are fitted to the Generalized Pareto
Distribution (Hosking and Wallis, 1987) to derive the exceedance probability curve for
typhoon-induced storm tides. It is important for the tidal station records to cover the
same time span as the simulations, encompassing the typhoons between 1979 and 2020.
3.4 Estimating storm tide return periods

The peaks-over-threshold (POT) method is used to sample extreme storm tides
exceeding a certain value (Davison and Smith, 1990; Liang et al., 2019; Walton Jr,
2000). The extreme value samples are then fitted to the Generalized Pareto Distribution
(GPD) to compute the exceedance probability curves. The GPD function is defined as

follows:

1

Fu(x):l—(lwtfx_'u]_g, x>, 1+&(x—p)/ >0 9)
(o2

In this case, € R denotes the location parameter, &€ R represents the shape
parameter, and o >0 signifies the scale parameter. It is generally accepted that in a
specific region, the frequency of typhoon-induced storm tides (4, ) surpassing a
threshold f4 per year follows a Poisson process (Vickery et al., 2000). The 1/p-year
return value, denoted as z, for such events analyzed using the POT/GPD method, is

determined by the following equation:
o 4
zpz,u+g[(/1ﬂp) —1} (10)

When an ample number of samples are available, the calculation of extreme storm

tides can be accomplished without resorting to distribution fitting. Instead, the empirical
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cumulative frequency method can be employed. This method involves arranging the
final extreme storm tide samples in descending order, calculating the cumulative
frequency for each sample, plotting them on a probability coordinate paper, and
ultimately directly determining the storm tide level for the corresponding RP. The

formula for calculating the empirical cumulative frequency is as follows:

Pexc(ﬂ)=nilx% a1
T(n)=1/P,.(n) (12)

exc

In the given formulas, P (77) represents the probability of exceeding a specific

extreme tidal level n atagivenrank i.Here, n denotes the number of samples, m

represents the length of the samples in years, and the return period T (77) is the

reciprocal of the exceedance probability P, (7).

The Kolmogorov-Smirnov test is used to evaluate the fit goodness for the GPD
model, calculating the probability value (p-value) associated with rejecting the null
hypothesis. When the p-value exceeds 0.05, we consider the goodness of fit to be
significant at a 0.05 confidence level, indicating the reliability of the estimates obtained
through the extreme value distribution.

Procedures for estimating extreme storm tide RPs using simulated storm surges
during typhoons can be outlined in the following five steps.

a. Simulate typhoon-induced pure storm surges. Since this study only considered
historical typhoons from 1979 to 2020, we regard the historical typhoons that
impacted the northern region of the SCS as a short-term stochastic typhoon dataset.

b. Simulate astronomical tides lasting for 18.6 years to encompass the entire tidal cycle.
The simulated astronomical tide in this study encompasses the time period from
April 1, 2002, to December 31, 2020.

c. The storm surges induced by typhoons are combined with randomly generated
astronomical tides through linear superposition. This approach aims to encompass
a wide range of storm surge and astronomical tide combinations that have not been
observed in historical records. To achieve this, each set of storm surge sequences is

paired with 500 sets of randomly generated astronomical tides ("500" here refers to
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the number of astronomical tides samples. The stability analysis of the astronomical
tides sampling quantity will be discussed in Section 5.1). Similar methodologies
have been employed in previous studies, such as Orton et al. (2016) who combined
simulated historical storm surges with 50 random astronomical tides and Dullaart
et al. (2021) who combined simulated storm surges with 1000 random astronomical
tides. During this process, the timing of astronomical tides combined with storm
surge is extracted using the Monte Carlo method, taking into account the seasonal
characteristics of historical typhoon formation. Each selected time series of
astronomical tides matches the length of the storm surge data. Assuming there are
n typhoons, conducting this procedure yields 500xn segments of water level
sequences, corresponding to a time span of 42x500 years.

Estimate the TSIWL (refer to Equation [7]) and incorporate it in the total water level.
From the water level time series obtained in the previous step, we can extract
500xn distinct peaks. For each peak moment, the TSIWL 7, was estimated
based on the surge 7, and tide 7, (specific methods shown in section 3.2).

Subsequently, 7, is combined with (7, +7,),,,, , resultingin 500xn samples of

extreme storm tides.

Determine the threshold and employ GPD to fit the samples surpassing the threshold,
thereby obtaining the exceedance probability curve of storm tide. Subsequently,
calculate the corresponding confidence interval for the exceedance probability. In
scenarios where an ample number of samples are available, the empirical

distribution method can also be utilized to directly determine the storm tides RPs.

We used the aforementioned method to calculate the return periods of extreme

storm tides at the HK station and compare them with the extreme water levels calculated

based on measured data. We selected hourly water level records from the HK station

from 1979 to 2020. To ensure independence, the samples were extracted within a 72-

hour window centered around each peak in the observed tide levels. The POT/GPD

method is then utilized to estimate the RPs of extreme sea levels at the HK station.

The method proposed in this article incorporates TSIWL into the evaluation of
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extreme storm tides, thereby improving the accuracy of the calculations. Additionally,
a larger sample size ensures a narrower confidence interval for the computed results,
ensuring their robustness. The framework employed in this paper to quantify TSIWL
and estimate the RPs of storm tides can be divided into three main sections: numerical

modeling, TSIWL estimation, and extreme value analysis. The flow chart is shown in

Figure 3.
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Figure 3. Method framework. Flowchart showing the hydrodynamic modeling (red box), TSIWL

estimation (blue box) and extreme value analysis (green box).

4. Results

4.1 General characteristics of historical extreme storm tides
For a storm tide event, if the proportion of astronomical tides surpasses 50%, it is

classified a tide-dominated event; otherwise, it is categorized as a surge-dominated
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event. Figure 4a displays the percentage of astronomical tides within the 98th percentile
of extreme storm tides, representing the top 2% of storm tides arranged in descending
order. Notably, for the majority of areas encompassing the Fujian Coast, Guangxi Coast,
Beibu Gulf, and the Taiwan Strait, the contribution of astronomical tides in the 98th
percentile of EWLs exceeds 50%, signifying the dominance of astronomical tides in
storm tides. Conversely, across the majority of grid points adjacent to the Guangdong
Coast, the eastern coast of Hainan, and the Qiongzhou Strait area, the influence of
astronomical tides in the 98th percentile of extreme storm tides is found to be below
50%, suggesting a prevalence of surge-dominated events. Figure 4b illustrates the ratio
of events where the EWLs are primarily influenced by astronomical tides, compared to
the total number of events, at each grid point. In regions such as the Beibu Gulf and
Taiwan Strait, astronomical tides play a dominant role in all extreme water levels, while
in the coastal areas of Guangdong, 10%~30% of extreme water levels are dominated

by surges.
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Figure 4. (a) The percentage of astronomical tides in the 98th percentile of extreme storm tides. (b)
The proportion of events dominated by tides at each grid point, relative to the total number of

events. Only grid points near the northern SCS with a water depth below 200 m are displayed.

4.2 Characteristics of TSIWL

Figure 5a-d depict the maximum negative and positive water level due to TSI, as
well as the maximum negative and positive water level induced by TSI during the peak
storm tide 7, .. . It can be observed that TSI exerts significant influence on storm tides

in bays and estuarine areas. For instance, in the Sansha Bay of Fujian, the maximum

15 / 37



A statistical method to quantify the tide-surge interaction effects with application in probabilistic
prediction of extreme storm tides along the northern coasts of the South China Sea

negative water level induced by TSI exceeds -0.9 m, while the maximum positive water
level induced by TSI exceeds 0.6 m. Near Xiamen Island of Fujian, the maximum
negative water level induced by TSI exceeds -0.8 m, while the maximum positive water
level surpasses 0.6 m. In the Pearl River Estuary, Leizhou Bay, and Tieshan Bay, the
influence of TSI is relatively weaker. However, even in these areas, the maximum
negative water level induced by TSI still reaches -0.7 m, while the maximum positive
water level reaches 0.5 m. Moreover, substantial TSI is observed in most areas of the
Taiwan Strait and Beibu Gulf, where the maximum negative water level induced by TSI
ranges from -0.7 m to -0.3 m, and the maximum positive water level ranges from 0.2 m
to 0.5 m. The spatial distribution characteristics of the nonlinear water levels induced
by TSI bear resemblance to the patterns observed in the distribution of tidal range and
bathymetry (Figure 1a-b). As the water depth decreases and the tidal range increases,
the influence of TSI becomes more pronounced. The amplification of tides within bays
and the enhancing effect of surges contribute to the heightened influence of TSI. During
the extreme storm tide, TSI predominantly exerts a negative influence (Figure Sc-d).
Among all events, approximately 74% exhibit negative contributions from TSI to the
maximum storm tide. However, the magnitude of such negative contributions is
noticeably smaller compared to the maximum positive and negative water levels
induced by TSI throughout the storm tide process (Figure 5a-b). This indicates that
during the peak storm tide 7, ... , nonlinear water levels induced by TSI may not
necessarily reach the highest levels, but they still constitute a significant proportion of

the EWLs.
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Figure 5. (a) Maximum negative water level induced by TSI. (b) Maximum positive water level
induced by TSI. (c) Maximum negative water level induced by TSI at the time of maximum storm

tide 7, .. - (d) Maximum positive water level induced by TSI at the time of maximum storm tide

nst,max .

4.3 Estimation and validation of TSIWL

We establish statistical relationships between 77, and 7, for each of the
nearshore grid points and determine the regression models. Along the significant coastal
bays and estuaries of Northern SCS (including Sansha Bay, Taiwan Strait, Pearl River
Estuary, Leizhou Bay, Qiongzhou Strait, Beibu Gulf, Guangxi Coast, and the western
side of Hainan Island), nine sample points (P1~P9) have been selected (Figure 1).
Figure 6 illustrates the scatter plots of variables 77, and 7, (blue dots) and the fitting
effect of the multiple regression equation (red line) for these nine sample points.
Furthermore, the determination coefficient ( R*) is calculated to quantify the goodness
of fit. Among these selected points, P7 exhibits the shallowest water depth at 5 m, while

P8 has the greatest water depth at 57 m. The determination coefficient ranges from 0 to
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1, with higher values indicating a favorable model fit. Analyzing the graph reveals that
for P1, P2, P3, and P7, the Ny values of all storm tide events are below 0.5, indicating
dominance of astronomical tides, and 77, decreasing as 7, increases, exhibiting
negative monotonic correlation between the two. On the other hand, for the remaining
points, where 77, of certain storm tide events exceeds 0.5, indicating dominance of
storm surge in EWL, and 7,, initially decreases and then increases with the increasing
value of 7, . The determination coefficients of P2-P9 exhibit greater than 0.6,
indicating a good fit, whereas P1 has a determination coefficient of only 0.41,

suggesting a slightly weaker fit.
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Figure 6. The dependency relationship between 7, and 7, at P1-P9, along with the fitting

effect of multiple regression equation.

Upon establishing individual multiple regression models for grid points with water
depths below 200 m along the northern coastal region of the SCS, TSIWL can be
estimated by separately simulating pure surge and tides. By applying the proposed

method to all nearshore grid points, the TSIWL 5, ., at the time of maximum storm
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tides 7, .. isestimated and compared with the original results derived from numerical
modeling. Various error evaluation metrics, including RMSE, AAE, and Pearson CC,
are computed. The nearshore grid points are categorized into nine distinct regions based
on important bays, estuaries, and administrative divisions: P1~P9, Sansha Bay, Fujian
Coast, Pearl River Estuary, Guangdong Coast, Leizhou Bay, Hainan Coast, Beibu Gulf,
and Guangxi Coast. Validation of the estimated TSIWL is conducted individually for
the nine regions mentioned (Figure 7).

The scatter density plot depicted in Figure 7 reveals that, apart from a few scattered
points exhibiting noticeable overestimation or underestimation, the majority of data
points representing the estimated TSI demonstrate a concentrated distribution along the
1:1 diagonal line. Dense clusters of data points are observed within the range of -0.3 to
0 m. The magnitude of errors is influenced by the strength of TSI, whereby areas with
more prominent TSI, such as Sansha Bay, exhibit larger errors, whereas regions with
weaker TSI, such as the coastal areas of Guangdong, exhibit smaller overall errors. The
RMSE of the overall estimation ranges from 4.06 to 5.49 cm, the AAE ranges from 2.88

to 3.95 cm, and the Pearson correlation coefficient fluctuates between 0.81 and 0.84.
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Figure 7. Scatter density map of TSIWL computed by numerical model simulation and multiple

regression model.

4.4 Validation with data at the HK station

To validate the method, a linear superposition of the estimated 7,,, and
(1, +7,) . Was performed, and the superposition results were compared with the
observed data. We selected the observed tidal levels recorded during the typhoon
periods from 1979 to 2020 at the HK station. Using the POT/GPD method, the

exceedance probability curve for typhoon-induced storm tides at the HK station was

calculated. The flood exceedance probability curves based on simulated and measured

samples are compared to verify the estimated TSIWL.

In Figure 8, it is evident that the blue sample (ignoring TSI) exhibits a notably
higher elevation of approximately 5~20 cm compared to the red, orange, and green
samples (include TSI). The resemblance between the red dots (observed data) and the

orange dots (coupled simulated storm tide) indicates an accurate simulation of storm
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tides, demonstrating a satisfactory level of precision. With the exception of a few
samples, the majority of the green and orange dots exhibit close proximity, signifying
a relatively accurate estimation of TSIWL. Naturally, given the intricate physical
mechanisms underlying TSI, some degree of error is inevitable. Upon examining the
exceedance probability curves derived from various samples, we observe that the red,
orange, and green lines are relatively close to each other, exhibiting a noticeable
distinction from the blue line. This suggests that the statistical estimation of TSIWL at
the HK station is relatively accurate, with errors within an acceptable range.

Using the method outlined in section 3.5, we compute the storm tide RPs utilizing
the recorded and simulated tidal levels at the HK station, and compare the two. Figure
9 serves as a visual representation of the outcomes achieved when estimating the storm
tide RPs at the HK station. Notably, the green dots and line depict the observed instances
of EWL, alongside the corresponding exceedance probability curve derived through
GPD fitting. The green shaded area represents the 95% confidence interval and the 95%
confidence interval length for RP50 is 0.44 m. The maximum recorded extreme samples
were 2.12 m (during typhoon “Mangkhut” in 2018), 1.8 m (during typhoon “Hagibis”
in 2008), and 1.7 m (during typhoon “Hato” in 2017), correlating with respective return
periods of 180 years, 37 years, and 20 years, respectively. The blue dots, denoted as
(17, +17,) e » Tepresents the peak value derived from the linear superposition of the
modeled surge and 500 randomly generated astronomical tides, without accounting for
TSI. The blue line represents the exceedance probability curve obtained by fitting the
blue dots based on GPD. Similarly, the blue shaded area visually represents the 95%
confidence interval, with a confidence interval length of 0.07 m for RP50 storm tide.
The red dot represents (77, +7,),..« +7, ., » and the red line represents the exceedance
probability curve obtained through GPD fitting. The red shaded area represents the 95%
confidence interval, which, for RP50, has a confidence interval length of 0.07 m.

A comparison between the red and green lines reveals that employing the new
method yields a larger sample size, resulting in narrower confidence intervals and more

stable computed outcomes. Conversely, the original observed data, with its limited
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sample size, leads to wide confidence intervals and significant uncertainty in the
calculated results. Within the range of 20-year to 50-year return periods, we observe a
closer overlap between the red and green lines, indicating the consistency between the
results obtained from the new method and those based on observational data. However,
for storm tides with a return period of less than 20 years, the green line shows a gradual
decline from an exceedance probability of 0.05 to 1, while the red line exhibits a more
pronounced decrease. This discrepancy arises from the fact that the measured data
samples rely on a continuous long-time series of water levels, and the samples coverage
time range is wider. In contrast, the green line considers only samples from typhoon
events, disregarding a portion of the extreme storm tides caused by non-TCs.
Consequently, for extreme storm tides falling within the range of lower return periods
(below 20 years), the estimations derived from observed samples (green dots) surpass
the results obtained from numerical simulation estimates (red dots). Furthermore, when
considering the exceedance probability curve (green line) calculated based on
observation data, it is important to note that the absence of sufficient samples to fit a
distribution leads to an accelerated rise rate for storm surges with a return period
exceeding 200 years. Consequently, we regard this specific segment of the calculated
results as unreliable. Based on this analysis, it can be concluded that when estimating
extreme sea levels with a return period exceeding 20 years at the HK station, it is
adequate to rely exclusively on storm tide data during typhoons. The difference between
the blue and red lines primarily arises from the consideration or exclusion of TSI. When
TSI is not taken into account, the RP50 storm tide amounts to 2 m. However,
considering TSI reduces it to 1.87 m, resulting in a difference of 0.13 m. As the return
period increases, this difference progressively amplifies due to the growing influence

of surge on peak storm tides.
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Figure 8. The flood exceedance probability curve for the HK station is calculated using the

POT/GPD method based on typhoon-induced storm tides from 1979 to 2020. The red dots

represent the observed tidal levels, the orange dots denote the coupled simulation of storm tide

Ny .max » the blue dots represent (7, +7,)

max

(the linearly superposition of modeled pure surge and

astronomical tide), and the green dots indicate (17, +77,),,., +7,., (the linearly superposition of

surge, astronomical tide, and estimated TSIWL). The exceedance probability curves for storm tide

are estimated using the POT/GPD method with the aforementioned sample data, visually

represented by the red, orange, blue, and green lines. "Emp" denotes the empirical cumulative

frequency method, while "GPD" represents the fitting method based on the generalized Pareto

distribution.
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Figure 9. The return period for storm tide level. The green dots signify the observed extreme tidal
levels recorded at the HK station between 1979 and 2020. The blue and red dots represent the
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(7, +1,),... during the typhoon periods from 1979 to 2020 at the HK station. The red dots, which
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samples. The shaded area represents the 95% confidence interval.

4.5 Estimation of extreme storm tide RPs

Using the methodology outlined in Section 3.5, the exceedance probability curves
for storm tides at P1, P4, P5, P6, P7, and P9 were calculated (Figure 10), similar to the
HK station. Examining the graph reveals that neglecting TSI results in overestimation
(P1, P6, P7, P9) or underestimation (P4, P5) extreme storm tides. Moreover, as the
return period increases, the magnitude of overestimation or underestimation becomes
more pronounced. This phenomenon arises from the influence of TSI. Higher extreme
storm tides indicate larger storm surges and astronomical tides, consequently leading to
greater values for the nonlinear water level due to TSI. Notably, an intriguing

observation emerges: only at P4 and P5 does the red line surpass the blue line,
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signifying a positive contribution of TSI to extreme storm tides. This occurrence can be
attributed to the intense typhoons making landfall in the Pearl River Estuary and
Leizhou Bay, which result in significant storm surges. When combined with
astronomical tides to calculate 7, , the larger proportion of the storm surge leads to a
positive value for 7, (Figure 6d-e). Upon sorting the final samples in descending
order and plotting them on a logarithmic scale, the red dots are positioned above the
blue dots. The RP50 storm tide at these six stations are 3.60, 2.91, 4.04, 2.27, 1.75, and
3.01 m, respectively. The corresponding contribution of TSI for the RP50 storm tides
are -0.24, 0.1, 0.08, -0.13, -0.1, and -0.08 m, accounting for -6.8%, 3.1%, 1.8%, -5.3%,

-5.7%, and -2.1% of the total water level, respectively.
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Figure 10. The exceedance probability curve for storm tides at P1, P4, P5, P6, P7, P9. The
meanings of blue dots, red dots, blue lines, red lines, blue shaded area and red shaded area are the

same as those in Figure 9.

5. Discussion

5.1 Stability analysis of astronomical tides sampling quantity
In the previously proposed method for estimating storm tide with a 2% exceedance

probability, the typhoon-induced storm surge is linearly superimposed with 500
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randomly generated astronomical tides. This is then combined with the estimated
TSIWL to obtain samples for calculating extreme storm tides. The superposition with
random astronomical tides is necessary to account for combinations of storm events and
tides that have not occurred within the limited historical records (Dullaart et al., 2021;
Orton et al., 2016). Along the northern coast of SCS, astronomical tides manifest as
both diurnal and semidiurnal occurrences. Despite the presence of at least one high tide
and one low tide daily, there are variations in the height between successive high tides.
A complete cycle of astronomical tides occurs every 18.6 years. Therefore, a larger
astronomical tides sampling quantity ensures a more comprehensive capture of
potential storm surge and tide combinations.

However, exceeding a certain threshold of superimpositions introduces a notable
degree of redundancy in the samples, leading to the wastage of samples and an
excessive computational burden. Consequently, a stability analysis was conducted on
the superposition number (Figure 11), confirming that employing 500 astronomical
tides for superimposition ensures stable estimation results. Figure 11 displays the RP50
storm tide at P1, P4, and PS5 calculated by superimposing storm surges with 10, 50, 100,
200, 500, 1000, 2000, and 5000 randomly generated astronomical tides (blue solid line).
The red dashed line represents the 95% confidence interval length corresponding to
each scenario. For P1, P4, and P35, a superposition of 100, 100, and 200 random
astronomical tides, respectively, can be considered stable for calculating the RP50
storm tide. The 95% confidence interval length at P1 and P4 begins to be less than 10
cm when the superposition number is 50, while for P53, it becomes less than 10 cm when
the superposition number reaches 200. Therefore, for these three points, a superposition
number of 200 with random astronomical tides already provides sufficient accuracy for
estimating RP50. To account for possible variations at specific points, we have relaxed

this critical threshold to 500 to ensure a fully stable computation of the results.
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5.2 TSI contributions to the RP50 storm tide

When calculating storm tide RPs, the samples are usually selected from continuous
water level sequences. The extreme value of the samples often comes from a
combination of powerful TC-induced significant storm surges and astronomical high
tides. Solely relying on extreme samples during typhoons can only provide estimate for
storm tides with longer RPs. When estimating storm tides with shorter return periods,
employing samples induced by typhoons would underestimate the results. For instance,
in Figure 9, the tidal level corresponding to RPs of less than 20 years at the HK station
exhibits a relatively gradual decline (from RP20 to RP1) in the fitted distribution curve
based on measured data, while the extreme storm tide calculated using samples during
typhoons shows a rapid decline, with the former being higher than the latter. This

indicates that using tidal data during typhoons is only appropriate for estimating

27 / 37



A statistical method to quantify the tide-surge interaction effects with application in probabilistic
prediction of extreme storm tides along the northern coasts of the South China Sea

extreme sea levels with higher RPs, and estimating extreme sea levels with lower RPs
necessitates a comprehensive consideration of both non-TC-induced and TC-induced
storm surges.

We introduce the notion of a critical RP this context, which refers to the return
period corresponding to the intersection point between the exceedance probability
curves calculated from long-term continuous water level sequences and extreme tidal
levels during TCs. The point of intersection between the green and red lines depicted in
Figure 9 (corresponding to a RP of 20 years) signifies the critical RP at the HK station.
The critical RP of storm tide, calculated based on two distinct datasets, exhibits
variation across different coastal locations. Stations that are less affected by TCs or have
larger tidal ranges tend to have higher critical RP. Conversely, stations that are more
influenced by TC-induced storm surges or have smaller tidal ranges tend to have smaller
critical RP. As an illustration, the critical RP calculated for the HK station in this study
is approximately 20 years, while Dullaart et al. (2021) computed a critical RP of 30
years for the Quanzhou station along the Fujian Coast. The HK station is situated in the
Pearl River Estuary area, with a relatively small tidal range, and is vulnerable to the
direct impact of powerful typhoons. The Quanzhou station, with a larger tidal range,
experiences weaker typhoon impacts in terms of frequency and intensity compared to
the HK station, so the critical RP of the station is relatively greater. Although each
station along the northern SCS coast exhibits its own distinct characteristics,
considering the relatively high frequency of typhoon impacts, we posit that using tidal
level data during typhoons is adequate for calculating the RP50 storm tides.

Figure 12a and 12c¢ depict the RP50 storm tides calculated using sample
(1, + 7, )nax and sample (77, +77,) .0 +77; ., » T€SPeCtively, and Figure 12b presents the
contribution of TSI effects to the RP50 storm tides. The figures clearly indicate that the
highest RP50 storm tides are observed along the coastline from the Pearl River Estuary
to the Leizhou Bay in Guangdong, as well as the coastal areas of Fujian (Figure 12c).
At the top of the Pearl River Estuary and Leizhou Bay, the maximum values exceed 5

m, while the largest extreme storm tide for RP50 along the Fujian Coast occurs within
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the Sansha Bay, with a maximum value of 4.5 m. In Guangdong Province's coastal areas,
the larger extreme sea levels are primarily attributed to the direct impacts of strong
typhoons, whereas in the coastal areas of Fujian, the influence is mainly due to the
larger tidal range. Excluding the Qiongzhou Strait, in most of the northern coastline of
the SCS, neglecting TSI would result in an overestimation of the RP50 extreme sea
levels. The most significant overestimation is observed along the southern coast of
Fujian, with an overestimation magnitude of 40 cm. In the northern region of the Fujian
coastal area, TSI contributes to a decrease of approximately 30 cm in the RP50 extreme
storm tides. Along the coastal areas of Guangdong Province, TSI contributes between -
30 cm to 0 cm to the RP50 extreme storm tides, while in the coastal areas of Guangxi,
the contribution ranges from -30 cm to -10 cm. The western region of Hainan Island
has a TSI contribution of approximately -10 cm, while the eastern region of Hainan
Island exhibits a smaller TSI contribution, within -10 cm.
5.3 Application and prospect

Given the pronounced regional attributes inherent to TSI-induced nonlinear water
levels, their manifestation is heavily contingent not only on surge magnitudes but also
on a host of influential factors encompassing local bathymetry, tidal ranges, coastal
geometry, and bottom friction. The proposed statistical method for quantifying the TSI
effects only needs to calculate the storm surge and one cycle of astronomical tides in
advance, avoiding the multiple-scenario tide-surge coupled simulations. While
providing a simple and efficient method for evaluating extreme water levels in a
probabilistic framework, the specific formulations in the study are site-dependent, thus

requires modifications for applications in other coastal areas.
6. Summary and conclusions

This article establishes multiple regression models for nearshore areas 7, and
n,, by simulating storm surges and tide-surge interaction (TSI) during typhoons in the
northern SCS from 1979 to 2020, and estimates the TSIWL during extreme storm events.

We proposed a novel method that incorporates the TSI effects on storm tides and
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estimates the RPs of storm tides. This method represents a significant improvement
over previous methodologies, offering enhanced accuracy and efficiency in computing
extreme storm tides.

Moreover, the study estimates the RP50 storm tides along the northern coast of the
SCS, while also assessing the contribution of TSI. The results reveal that the maximum
values exceeding 5 m are observed at the Pearl River Estuary and Leizhou Bay, whereas
the highest RP50 storm tide along the Fujian Coast occurs within Sansha Bay, reaching
4.5 m. Excluding the Qiongzhou Strait, neglecting TSI leads to an overestimation of

the RP50 storm tides in most of the northern coastline of the SCS.
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Appendix A

The appendix materials A provide the validation results of the simulated wind
speed and air pressure in the blended wind field, as well as the verification results of
the numerical model for astronomical tides and storm surges. The anemometers and
tide gauges are represented by squares, circles, and asterisks in the Figure A.1a and
A.1b, respectively. Specifically, the astronomical tide constituents were derived from
the tide gauges labeled with a red asterisk in Figure A.la, while extreme wind speeds
and minimum atmospheric pressures were extracted from the anemometers marked
with blue and red squares in A.1a. The recorded data for extreme storm tides and storm
surges were obtained from the tide gauges identified by blue and red circles in Figure
A.1b.

Figure A.1c and A.1d illustrate the validation of the amplitudes and phases of the
four primary astronomical tidal constituents (M2, K1, S2, O1) at multiple tide gauge

stations. The validation data for each of the four tidal components is represented by
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blue squares, red triangles, magenta circles, and green diamonds, respectively. It is
observed that the model tends to overestimate the amplitude of the K1 constituent.
However, the scatter plots for the remaining three constituents (M2, S2, O1) cluster
closely along the 1:1 diagonal line, demonstrating a total amplitude RMSE of merely 7
cm and a CC of 0.98. The scatter plots for the phase of the four constituents also exhibit
a concentration near the 1:1 diagonal line, with only a few points slightly deviating and
mostly falling within the £30° error range. The overall RMSE for the phase is merely
18.56°, accomplished by a Pearson CC of 0.98. Upon analyzing the overall RMSE,
AAE, MRE, and Pearson CC, it is evident that the simulated values align well with the
observed values. This indicates that the hydrodynamic model based on FVCOM
accurately captures the behavior of astronomical tides.

The validation of blended wind fields, air pressure, storm surge, and storm tide
primarily focuses on extreme values. Figure A.2a and A.2b illustrate the comparison
between observed and simulated data for maximum wind speeds and minimum central
atmospheric pressures. The comparison is visualized using red circles, with varying
grayscale representing different typhoons. The dataset for wind speed comprises 50
typhoons, while the observed atmospheric pressure covers 31 typhoons. Due to space
limitations, specific typhoon IDs are not explicitly provided in the text. By integrating
the comparison of simulated extreme wind with observed data, along with statistical
metrics such as RMSE, AAE, MRE, and Pearson CC, it can be concluded that within
an acceptable margin of error, the blended wind fields demonstrate the capability to
accurately simulate wind speeds and air pressures.

Figure A.2¢ and A.2d displays scatter plots comparing the observed and simulated
data for extreme storm surges and storm tides. In Figure A.2c¢, the observed storm surge
is represented by the residual water level obtained by subtracting the modeled
astronomical tide and the nonlinear water level resulting from TSI from the total water
level. The simulated storm surge, denoted by red squares, represents the pure storm
surge (EXP-PS) without considering the influence of TSI. The shades of the circles and

squares indicate different typhoons, with data points from 44 typhoon events included
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in Figure A.2c. From the graph, it is evident that the RMSE, AAE, MRE, and CC for
the simulated pure surge compared to the observed surge are 0.22 m, 0.19 m, 0.18, and
0.98, respectively. The majority of scattered data points cluster along the 1:1 diagonal,
exhibiting minimal errors and high correlation coefficients, with no points exceeding
the error range of £0.5 m. In Figure A.2d, the vertical axis represents the coupled
simulation results of storm tides, incorporating the effects of TSI. The grayscale shading
within the circles and squares represents different typhoons, encompassing a dataset of
50 typhoons. The RMSE, AAE, MRE, and CC of the two sets of data were 0.25 m, 0.21
m, 0.12, and 0.93, respectively. The majority of scattered data points fall within an error
range of £0.5 m and are evenly distributed along a 1:1 diagonal. In conclusion, the
model effectively reproduces extreme storm surges and storm tides, with errors falling

within an acceptable range.
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Figure A.1. (a) The red asterisks represent tide gauge stations used to validate astronomical tide

constituents, while the blue and red squares denote anemometers employed to validate wind speed
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and air pressure. (b) The blue and red circles denote tide gauge stations used to validate storm

surge. (c) and (d) show scatter plots comparing simulated and observed values for the amplitude

and phase of astronomical tide constituents. In these plots, the blue squares represent the M2

constituent, the red triangles represent K1, the magenta circles represent S2, and the green

diamonds represent O1.
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pressure. The observed data is sourced from the anemometers in Figure A.1a. (c) Observed and

modeled values of peak surge. (d) Observed and modeled values of peak storm tides. The

observed data of tidal levels is from the tidal stations in Figure A.1b.The different grayscales

inside the circles and squares symbolize different typhoons.

Appendix B

Appendix materials B consist of a bar chart illustrating the distribution of event

proportions based on different time differences between (7, +7,),... and 7 The

max st,max °
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statistical data includes simulated storm tide events occurring at grid points near the
shoreline. It is evident that over 80% of the events exhibit no significant impact of TSI

on the timing of (77, +7,),,,, and 7, . (falling within the 0-hour interval). Only 16.5%

max

and 1.3% of the events demonstrate a deviation of 1 to 2 hours in the occurrence of the
peak value due to TSI (falling within the £1 and +2-hour range, respectively). The slight

time difference between (77, +7,),,,, and 7, . will not exert a substantial influence

max

on TSIWL. Therefore, we denote 7, =7, .. — (17, +77,),0x -
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Figure B.1. Bar chart representing the proportion of events corresponding to different time

differences between (17, +7,),0 and 7, . -
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