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Tide-surge interaction and its
impact on coastal inundation:
a case study of super
typhoon Meranti
Wenyun Guo1*, Fenglin Zhang1, Jianzhong Ge2

and Hongsheng Zhang1

1College of Ocean Science and Engineering, Shanghai Maritime University, Shanghai, China, 2State
Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai, China
Typhoon-induced storm tides can cause severe coastal inundation hazards in

low-lying lands. The extreme water levels can be significantly modified by the

nonlinear tide-surge interactions. To explore the impact of these interactions on

coastal inundation on Xiamen Bay and its adjacent low-lying coastal regions

during Super Typhoon Meranti (1614), a series of numerical experiments utilizing

a high-resolution FVCOM model were conducted. The results show that tide-

surge interaction is extremely strong in Xiamen Bay, with relative intensity of 0.1

to astronomical tides and over 0.3 to the practical surges across most area of the

bay. The nonlinear interaction tends to decrease the peak water levels across the

bay but elevates peak surges inmost parts of it. There are two peaks in the surges.

The former peak occurs around mid-rising tide, and can mainly attribute to the

nonlinear tide-surge interaction, while the latter mid-falling peak is resulted from

the combined action of the strong wind and tide-surge interaction. The

momentum balance analysis revealed that nonlinear transformations in local

acceleration and advection terms are remarkable throughout the bay, and the

nonlinear transformations in surface wind stress and bottom friction are

significant in the shallow Jiulong River Estuary and the waters around Dadeng

Island. During this storm, tide-surge interactions led to a significant reduction in

inundation area, inundation depths, and inundation duration, by about 24%, 16%,

and 10%, respectively. This study highlights the importance of considering tide-

surge interactions in the assessment of coastal inundations risks.
KEYWORDS

tide-surge interaction, Xiamen Bay, coastal inundation, nonlinear terms, FVCOM
1 Introduction

Typhoon-induced coastal inundation is among the most severe natural hazards in coastal

areas. It is expected to be exacerbated with global mean sea level rise, and typhoon

intensifications in the warmer future (Aðalgeirsdóttir et al., 2021). In addition, the

persistent coastal migration and urbanization are enhancing exposure to inundation,
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which will result in higher damage and casualties (Zhang et al., 2018).

The extreme water levels during typhoons are closely related to

nonlinear interactions of surges, astronomical tides, waves, river

discharge and so on (Arns et al., 2020; Gao et al., 2021; Johns et al.,

1985; Xiao et al., 2021). But these interactions were not well captured

in global assessment of extreme water levels and coastal inundation

(Aðalgeirsdóttir et al., 2021; Arns et al., 2020). Therefore, it is of great

significance to understanding the role of nonlinear interactions in

extreme water levels and coastal inundations.

The nonlinear tide-surge interaction has been widely studied in

recent decades (Idier et al., 2019; Proudman, 1955; Zhang et al., 2010).

A positive surge tends to accelerate tidal propagation and advance the

timing of high water, whereas a negative surge slows down tidal

propagation (Prandle and Wolf, 1978; Rossiter, 1961). Thus, surge

levels that coincide with rising tides tend to be higher, and surges near

high tide tend to be lower (Prandle andWolf, 1978; Zhang et al., 2017).

Accordingly, a simple superposition method overestimates peak water

levels, as studied by Johns et al. (1985) in the Bay of Bengal, by Tang

et al. (1996) along the north Queensland coast of Australia, and by

Antony et al. (2020) at the head of the Bay of Bengal.

The residual levels caused by the nonlinear tide-surge

interaction can be significant. For example, during Typhoon

Rammasun (1409), which struck the southern coast of China with

sustained wind speed of nearly 70 m s-1, the nonlinear residual

levels in Tieshan Bay, China, reached over 0.9 m (Yang et al., 2019).

Significant nonlinear tide-surge interactions, which results in

residuals of 0.2 m or greater, have been reported in many regions,

including the North Sea (Horsburgh and Wilson, 2007), the Taiwan

Strait (Liu et al., 2016; Zhang et al., 2010), the Bay of Bengal (As-

salek and Yasuda, 2001), the Gulf of Mexico (Rego and Li, 2010),

and along Australian coasts (Tang et al., 1996).

It has been well documented that tide-surge interaction mainly

arises from three key nonlinear physical processes: (1) the nonlinear

horizontal and vertical advection in the momentum equations, (2)

the nonlinear bottom friction related to quadratic parametrization,

(3) the shallow water effect arising from the tidal modulation of

total water depth in both the continuity and momentum equations

(Idier et al., 2019; Tang et al., 1996; Zhang et al., 2010). Nonlinear

bottom friction always plays a predominant role in tide-surge

interaction in shallow water areas with strong tidal currents (Idier

et al., 2012; Zhang et al., 2017; Zheng et al., 2020). The alignment of

strong tidal and storm-induced currents substantially increases the

bed shear stress, which forces more surge residuals to generate

stronger pressure gradient force (surface slope) to offset it (Idier

et al., 2019). The shallow water effect becomes significant in cases of

small tidal range in waters of less than 10 m deep, as demonstrated

by Wolf (1981). Considering an idealized situation where the

barotropic pressure is in equilibrium with the wind stress, a

simple relationship can be derived whereby surge residuals are

inversely proportional to the total water depth (Pugh, 1987). Strong

winds during typhoons produce more surge in shallow waters,

resulting in greater surge at low tide and reduced surge at high tide.

Nonlinear advection tends to be much larger in the presence of

complex bathymetries and coastlines, as indicated by Li (2006) and

Li et al. (2008). This conclusion is further confirmed by comparing

realistic and idealized simulations of the storm surge during
Frontiers in Marine Science 02
Hurricane Rita along the Louisiana-Texa coast, which showed

that the advection term was in the same order of the friction term

in the realistic simulation, but five times smaller than the friction in

the idealized simulations (Rego and Li, 2010).

Recent studies indicated that waves also can modulate the

nonlinear tide-surge interactions. It can modulate surges through

wave setup, wave-current interactions, and triggering resonance in

local scales (Dong et al., 2023; Elahi et al., 2023; Gao et al., 2021; He

et al., 2020). Li et al. (2022) indicated that wave can contribute 5% to

the total surges in the macrotidal Hangzhou Bay. Whereas, in the

Taiwan Strait, wave setup during typhoon Morakot contribute up to

24% of the total storm surges (Yu et al., 2017). Song et al. (2020)

regarded that wave played an important role in the quarter-diurnal

surges of the southwestern Bohai Bay, mainly through wave-current

interactions. Wave may cause more significant influence to the

surges in local waters. In the Yangshan Harbor, it contributed over

14% to peak surges (He et al., 2020). Waves also can cause

resonance in harbors, resulting in significant modulations in

surges (Dong et al., 2023; Gao et al., 2024).

Although the comprehensive understanding of characteristics

and mechanisms of tide-surge interaction, knowledge of its role in

coastal inundations are limited. Pinheiro et al. (2020) demonstrated

that inundation patterns are sensitive to the tide-surge interaction

through a model study in Ria de Aveiro lagoon. Lyddon et al. (2018)

assessed the flood hazard in the Severn Estuary, and emphasized

that the concurrence of tide and surge increased flood hazard

throughout the estuary. Xiao et al. (2021) simulated coastal storm

surges and inundations in the Delaware Bay Estuary during four

historical hurricanes, and highlighted that the tide-surge

interactions mainly influenced diurnal tides and increased the

water level downstream.

The initial objective of this study is to synthetically explore the

impact of tide-surge interaction on coastal inundation. We depict in

detail the characteristics of tide-surge interaction and coastal

inundation during a typical typhoon event in Xiamen Bay, a

semi-enclosed bay in China. A high-resolution numerical model,

which accounts for the complex dynamics of low-lying tidal flats, is

established and applied to facilitate this study. The contributions of

tide-surge interaction to inundation depth, inundation area, and

inundation duration are estimated quantitatively.
2 Materials and methods

2.1 The Xiamen Bay and super typhoon
Meranti (1614)

The macrotidal semi-enclosed Xiamen Bay is located on the

southeastern coast of mainland China (Figure 1), connecting the

Jiulong River Estuary with the Taiwan Strait. The many islands in

the bay, including Xiamen Island, Dajinmen Island and Xiaojinmen

Island, lead to extreme complexity in the coastlines and topography.

The tidal range at the Xiamen gauge station (Figure 1) ranges from

1.0 m to over 6.4 m, with an average value of 4.0 m. Tidal range

tends to increase roughly from the mouth towards the head of the

bay spatially.
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The excellent navigation conditions promote Xiamen as an

important sub-provincial city for China. Statistics show that

Xiamen had 5.16 million permanent residents and produced CNY

634.8 billion in Gross Domestic Product in 2020. The dense

population and high economic output highlight the significance

of understanding the storm surges and their impact on coastal

flooding in this region.

The Xiamen Bay is seriously affected by typhoons. According to

the statistical analysis of surges from 1959 to 2012, there were 145

typhoons that had significant impacts (surge level > 0.5 m) on this

region, averaging 2.7 typhoons per year (Miao et al., 2022). Though

it is well protected by high-level coastal defenses, extensive coastal

flooding can still be brought about by typhoons. For example,

typhoon Dujuan (1521) inundated several coastal low-lying areas

and wharfs on Xiamen Island (Yuan et al., 2022). According to

long-term observed water levels, the Xiamen is among one of the

regions with extremely significant tide-surge interactions along the

coast of China (Feng et al., 2019). However, to the best of our

knowledge, detail studies of the tide-surge interaction in Xiamen

Bay have not been reported, and its impact on local inundation.

Super Typhoon Meranti (1614) was the strongest typhoon to

strike Fujian Province, China since 1949. It formed in the western

North Pacific Ocean on 10 September 2016, then traveled northwest

and passed through the Luzon Strait, coming close to Taiwan Island

at 05:00 a.m. on 13 September. It made landfall in Xiamen, China at

about 03:05 a.m. on 15 September (Figure 1). At the time of landfall,

the sustained maximum wind speed was about 48 m s-1 and the

minimum central pressure was about 945 hPa, classifying it as a

severe typhoon. Meranti caused economic losses of over CNY 280

million and destroyed 106 ships and 650,000 trees in Xiamen. The

observed maximum surges in Xiamen Bay were over 1.0 m.
2.2 Model configuration

The Finite-Volume Community Ocean Model (FVCOM,

version 4.1) (Chen et al., 2003; 2013) is employed to investigate
Frontiers in Marine Science 03
the tide-surge interaction during Typhoon Meranti in Xiamen Bay.

FVCOM is a prognostic, free-surface, three-dimensional model

based on primitive equations for coastal oceans. The non-

overlapped triangular mesh that FVCOM adopts in the horizontal

plane can accurately fit the irregular coastlines. The triangular mesh

also offers convenience of refining the mesh in areas of interest.

FVCOM offers multiple vertical coordinate systems, including the

traditional z and sigma coordinates, as well as the generalized

terrain-following sigma coordinate (s-coordinate).

The surface wind stress and bottom friction stress are

parameterized by a quadratic drag law:

(tsx , tsy) = raCs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
10 + V2

10

q
(U10,V10) (1)

(tbx , tby) = raCd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 + v2

p
(u, v) (2)

In Equations 1 and 2, ra is the air density, Cs and Cd are the

wind drag coefficient and the bottom drag coefficient, respectively;

(U10, V10) represent the wind speed components at 10 m height

above the sea surface. (u, v) are the water current components at the

bottom layer in the east and north directions, respectively.

The wind drag coefficient Cs is a function of the sea surface

roughness. It increases monotonously with wind speed during calm

weather. However, complexity emerges during high-wind

conditions, and the specific relationship remains unfixed (Peng

and Li, 2015). Thus, a simple linear function that levels off at high

wind speed, as originated by Large and Pond (1981), is adopted in

this study:

Cs =

0:0012,                                               V10j j < 11

10−3(0:49 + 0:065 V10j j),                   11 ≤ V10j j ≤ 25

10−3(0:49 + 0:065� 25),                               25 < V10j j

8>><
>>:

(3)

In Equation 3, V10j j =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
10 + V2

10

p
is the magnitude of

wind speed.

The bottom drag coefficient Cd is determined by matching a

logarithmic bottom layer to themodel at height of zab above the seabed:
FIGURE 1

(a) The 6-hourly track and intensity of Super Typhoon Meranti (1614), which make landfall at Xiamen Bay in September 2016. The blue box indicates
the zoomed-in area shown in (b). (b) Map of Xiamen Bay and locations of tidal gauges (red bullets). The four black squares indicate the
representative stations for result analysis.
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Cd = max
k2

ln(zab=z0)
2 , 0:0025

� �
(4)

where k = 0.4 is the von Karman constant, zab is the distance

from the seabed to the position of u and v, and z0 in Equation 4 is

the bottom roughness parameter, and is set a constant value of

0.0002 in this study.

The model domain for Xiamen Bay encompasses the entire

Taiwan Strait and extends 1000 km seaward into the Pacific Ocean

(Figure 2). The large-scale coverage helps to account for possible

far-field effects resulting from typhoon formation and its

approaching (Huang et al., 2022; Thomas et al., 2022). In Xiamen

Bay, the model domain extends landward, covering all low-lying

lands lower than 20 m. Seawalls in Xiamen Bay have also been

incorporated into our model. The model features a resolution of 200

m within Xiamen Bay and approximately 80 km at the open

boundary. The model utilizes 4 vertical sigma layers.

The topography used in the model integrates 1 arc-minute

ETOPO1 data (Amante and Eakins, 2009) for offshore region, a

large number of high-resolution (100 – 2000 m) naval electronic

nautical charts in coastal areas, and a 10-m-resolution DEM

dataset of Xiamen Bay for low-lying lands. The model is driven

by tidal forcing in the open boundary and wind forcing at the sea

surface. Eight tidal constituents (M2, S2, N2, K2, K1, O1, P1, and

Q1) derived from the latest released satellite-assimilated tidal

model TPXO9-atlas (Egbert and Erofeeva, 2002) are used to

generate tidal water levels at the open boundary. Daily river

discharge summated from stations Punan and Zhengdian is

assigned at the Jiulong River boundary. The surface wind

forcing is a combination of a reanalysis background wind

product, namely, the hourly ERA5 dataset (Hersbach et al.,

2020) from the European Centre for Medium-Range Weather

Forecasts, with an asymmetric parametric typhoon field. This field

is a superposition of a circular symmetric typhoon wind field, as

proposed by Fujita (1952), and a moving wind field, as
Frontiers in Marine Science 04
recommended by Miyazaki (1962). A detailed description of the

blended typhoon wind can be found in Guo et al. (2023).
2.3 Numerical experiments

Three numerical experiments have been conducted to

investigate the nonlinear tide-surge interaction in the Xiamen Bay

and explore its impact on coastal inundation:
1. Full run (Run-F), which is the realistic simulation driven by

both tidal forcing at the open boundary and the blended

typhoon wind field at the sea surface. The resultant water

level from this experiment is the storm tide (zTS).
2. Tide-only run (Run-T), which is driven solely by tidal

forcing at the open boundary. The resultant water level is

the pure astronomical tide (zT).
3. Storm-only run (Run-S), which is driven solely by the

blended typhoon wind field at the sea surface. The

resultant water level is the pure storm surge (zS).
Thus, the water level due to tide-surge interaction (zI) can be

calculated as zI = zTS − zT − zS. Furthermore, the summation of the

pure astronomical tide and pure storm surge (zT + zS) is referred to

as the virtual storm tide in this study. In practice, storm surges are

typically evaluated by subtracting the astronomical tides from the

observed tidal levels (Horsburgh and Wilson, 2007; Zhang et al.,

2010). This surge level is termed the practical surge (zSI) in this

study, such that zSI = zTS − zT .
All the experiments started on 5 September 2016, and ended at

20 September. The experiments were initialized from a state of rest

(i.e., zero water levels and velocities) and spun up for the first 7 days.

A widely-used split-mode technique is applied in these experiments,

with a 1-second internal time step and a 0.2-second external time
FIGURE 2

(a) Unstructured triangular mesh for Xiamen Bay used in this study. (b) zoomed-in view in Xiamen Bay. Colors denote the topography. Note that the
mesh covers the low-lying land in Xiamen Bay.
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step. To capture finer details of the storm tides and storm surges, the

results are output at 10-minute intervals.
2.4 Quantifying relative intensity of tide-
surge interaction to storm tides

The absolute intensity of tide-surge interaction can be

represented by the maximum value of residual zI. Following the

studies by Rego and Li (2010) and Zheng et al. (2020), the relative

intensity of tide-surge interaction compared to the pure

astronomical tide can be defined as

IT =
RMS(zI)
RMS(zT )

(5)

where the RMS( z*) =
1
T

Z T

0
z 2
∗ (t)dt

� �1
2

is the root-mean-

square (RMS) of z*. Similarly, the relative intensity of tide-surge

interaction compared to the practical surge can be defined as

ISI =
RMS(zI)
RMS(zSI)

(6)
3 Results

3.1 Model Validation

Three error skills, namely, root-mean-square error (RMSE),

relative error (RE) related to the varying range, and model skill

(MS) metrics are utilized to quantify the model’s performance on

storm tides and surges. The RMSE denotes the average deviation of

the model results from the observations and is calculated as
Frontiers in Marine Science 05
RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1(X
i
m − Xi

o)
2=N

q
, (7)

where Xi
m   and Xi

o are the model simulation and observed data

at time i, respectively; N is the number of observed records used for

the comparison. The RE evaluates the relative error of model

results, and is given by

RE = o
N
1 Xi

m − Xi
o

�� ��=N
TRo

� 100%, (8)

where XRo is the varying range of observations. The MS is a

dimensionless quantity proposed by Willmott (1981), which is

widely-used in quantifying the consistency between two

oscillatory data sets, and is calculated as

MS = 1 − oN
i=1(X

i
m − Xi

o)
2

oN
i=1 Xi

o − Xo

�� ��2+ Xi
m − Xm

�� ��2� 	
0 (9)

where the overbar represents the mean values. The result is

considered highly reliable when MS > 0.5.

Astronomical tidal data from the tidal tables at Xiamen and

Shijing tidal gauges (Figure 1) were collected for the validation of

astronomical tides. Figure 3 represents the comparison for the

period of 10-31 August 2020. The error skills calculated by

Equations 7–9 are also labelled in Figure 3. The RMSE values at

the two stations are 0.22 and 0.16 m, respectively. The REs and MSs

are less than 3.0% and greater than 0.98, respectively. These high

skills suggest that the model can provide highly reliable predictions

of astronomical tides.

The storm tides and surges recorded by the two tidal gauges

during Typhoon Meranti were collected for further validation of the

model. The results are presented in Figure 4. Typhoon Meranti

significantly elevated tidal levels in Xiamen Bay. The observed
FIGURE 3

Comparison of astronomical tides between model results (red lines) and tidal tables (black dots) at tidal gauges Xiamen and Shijing. The RMSE, RE,
and MS values are labeled.
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surges at the Xiamen and Shijing tidal gauges reached their

maximum (1.13m and 1.54m, respectively) at 05:00 and 02:00

AM on 15 September, respectively, coinciding closely with the

time of landfall. Interestingly, the surge at Xiamen exhibited a

double-peak pattern, reaching an initial peak (1.08m) at 02:00, then

drop rapidly, and subsequently rising quickly to its maximum at

05:00. Similar phenomenon is observed at the Guangchong and

Xipaotai tidal gauges in the Pearl River Estuary during Typhoon

Hato (1713) (Zheng et al., 2020). They attributed this phenomenon

to the rapid change in wind direction associated with the proximity

of the station locations to the typhoon center. However, our

research indicates that tide-surge interaction plays an important

role in the occurrence of the double peaks in the observed surge.

As shown in Figure 4, although the skill of the model in

reproducing storm tides during Typhoon Meranti is somewhat

lower than that for astronomical tides, our model still reproduces

the storm tides and surges in high credibility. The REs for the storm

tides are less than 6.0% and the MSs are greater than 0.96. As for the

surges, the RMSEs are less than 0.25 m, and the MSs are higher than

0.59. Additionally, our model successfully captures the double-peak

pattern of the storm surge observed at the Xiamen tidal gauge.
3.2 Tide-surge Interaction

The modelled maxima of storm tides (zTS) from Run-F in Xiamen

Bay during Typhoon Meranti (1614) are displayed in Figure 5a. It is

evident that the maximal storm tides are small (about 3.0 m) in the

Taiwan Strait, but significantly high in Xiamen Bay. Especially in

Jiulong River Estuary, east of Dajinmen Island, and north of Dadeng

Island, the storm tides can nearly reach 5.0 m. The summation of pure

astronomical tides (zT) from Run-T and pure storm surges (zS) from
Run-S can be regarded as virtual storm tides without tide-surge

interactions. The maxima of the virtual storm tides are shown in
Frontiers in Marine Science 06
Figure 5b. Its spatial pattern is very similar to Figure 5a, but with

apparent higher values. The maximal virtual storm tides can reach 4.5

m to the west of Xiamen Island and in the Houjiang Bay. Their

differences presented in Figure 5c show that the virtual storm tides are

higher than storm tides in the whole Xiamen Bay, except for some

extremely shallow positions, where they can be easily flooded by storm

tide but hardly to be affected by pure astronomical tide or pure storm

surge. The differences represent the influence of the tide-surge

interactions on peak water levels. Figure 5c shows that these

influences are nearly spatially uniform. Nonlinear tide-surge

interactions can reduce peak water levels in Xiamen Bay by an

average of ~0.31 m. The reduced levels are relatively higher in the

Jiulong River Estuary (~0.40 m), the Houjiang Bay (~0.40 m), and in

the head of Weitou Bay (~0.33 m). This result demonstrates that

nonlinear tide-surge interactions play a significant role in mitigating

peak water levels across Xiamen Bay during Typhoon Meranti (1614).

The practical surge zSI is calculated by subtracting the pure

astronomical tide (zT from Run-T) from the total storm tide (zTS
from Run-F). Figure 5d illustrates the spatial distribution of

maximal practical surges. Maximal practical surges are relatively

low to the southeast of Xiamen Island, and high in the Jiulong River

Estuary, to the west of Xiamen Island, and in Weitou Bay. The

spatial distribution of maximal pure storm surges (Figure 5e) also

exhibits a similar spatial pattern with the maximal practical surges.

Nevertheless, slight differences exist between them. These

differences are notable to the east of Dajinmen Island and in the

Jiulong River Estuary, where maximal pure surges are significantly

higher. Figure 5f displays their differences, revealing that storm

surge modulation by nonlinear tide-surge interaction is highly

localized and varying spatially. The peak surges in Weitou Bay,

around Dadeng Island, and in Tong’an Bay are elevated due to

nonlinear tide-surge interaction. However, peak surges in the

Jiulong River Estuary and south of Xiamen Island are reduced by

the nonlinear tide-surge interaction. Similar results that peak surge
FIGURE 4

Comparison of storm tides and surges between model results (red lines) and observations (black lines) at tidal gauges Xiamen and Shijing. The RMSE,
RE, and MS values are labeled.
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levels can be either elevated or reduced by tide-surge interaction are

also found in the Solent tidal regime (Quinn et al., 2012), and in

Pearl River Estuary (Zheng et al., 2020). Changes in peak surges

induced by tide-surge interaction are significantly smaller than

those in peak water levels induced by the same mechanism. The

average change in peak surge levels is approximately 0.15 m around

Dadeng Island, where exhibits a strongest change in peak surges.

Four representative stations (Figure 1b) in Tong’an Bay (P1),

Jiulong River Estuary (P2), Houjiang Bay (P3) and Weitou Bay (P4)

are selected to analyze the temporal characteristics of residual water

levels resulting from tide-surge interactions. As shown in Figure 6,

significant practical surges, pure surges and residuals due to tide-

surge interactions occur within the 24-hour period centered on

00:00 a.m. on 15 September, and are negligible before and after

Typhoon Meranti (1614) passes. There are more temporal

variabilities in practical surges than pure surges during the storm.

The pure surges increase and then decrease monotonically.

However, practical surges experience a significant drop during

high tide. Thus, a double-peak phenomenon emerges in the

practical surge time series. Similar results have been reported in

other regions, such as the Louisiana-Texas coast (Rego and Li,

2010), the east coast of Leizhou Peninsula, China (Zhang et al.,

2017), and the Pearl River Estuary (Zheng et al., 2020).
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The surge drop in high tide reflects the modulatory effect of the

tidal forces, resulting in a trough in the tide-surge interaction

residuals (zI). Figure 6 also indicates two peaks in zIduring mid-

rising tide and mid-falling tide, especially at P1 of Tong’an Bay and

P2 of Jiulong River Estuary. This suggests the presence of a two-peaks

feature in the nonlinear residuals zIduring the storm. The intensities

of the oscillations in the residuals zIvary significantly among the

different locations. The zI oscillations manifest with greater strength

in Tong’an Bay (P1) and Jiulong River Estuary (P2), and with less

strength in Houjiang Bay (P3) and Weitou Bay (P4).

Given the concerns regarding the maximum water levels and

surges during a storm, examining the maximum values of zI is
particularly important (Horsburgh and Wilson, 2007; Zhang et al.,

2017). As demonstrated by Figure 7a, the maximum values of zI
exhibit a spatial pattern with larger magnitudes on the inland side

and smaller ones at the bay entrance. They exceed 0.5 m at locations

such as the Jiulong River Estuary, the western side of Xiamen Island,

most of Tong’an Bay, and the head of Weitou Bay. The remarkable

periodicity in zI, as suggested by Figure 6, further underscores the

value of calculating the root-mean-square (RMS) values to assess

the average intensity of zI during storms. Figure 7b shows that the

RMS values of zI mainly range from 0.1 to 0.3 m in Xiamen Bay,

with higher values in the Jiulong River Estuary and Tong’an Bay.
FIGURE 5

Spatial distribution of (a) maximum of zTS, (b) maximum of zT+ zS and (c) the difference between the maximum of zTS and zT+ zS(i.e., MAX(zTS) - MAX
(zT+ zS)); (d) maximum of zSI, (e) maximum of zS and (f) the difference between the maximum of zSI and zS(i.e., MAX(zSI) - MAX(zS)).
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Equations 5, 6 can assess the relative intensity of tide-surge

interactions compared to astronomical tides and practical surges,

respectively. The results of these assessments are displayed in

Figures 7c, d. Due to the large tidal ranges in Xiamen Bay, the

relative intensities of zI compared to tides are small, approximately
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0.10. In contrast, these intensities are relatively large, approximately

0.13, in Tong’an Bay and Jiulong River Estuary. However, the

relative intensities of zI compared to surges are significantly

higher. These values exceed 0.2 across most of Xiamen Bay, and

can reach up to 0.4 in Tong’an Bay, and to both the western and
FIGURE 7

Spatial distribution of (a) maximum of residual water levels (unit: m) due to the tide-surge interaction (zI), (b) RMS of zI (unit: m), (c) the relative
intensity of zIto zT(IT), and (d) the relative intensity of zItozSI(ISI). Note different scales of colorbars apply.
FIGURE 6

Time series of storm tides (zTS, black solid lines), pure astronomical tides (zT, black dashed lines), practical surges (zSI, blue lines), pure surges (zS,
green line), and residual water levels due to the tide-surge interaction (zI, red lines) at (a) P1, (b) P2, (c) P3 and (d) P4, which positions are indicated
in Figure 1a.
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eastern sides of Xiamen Island. These results demonstrate the

significant importance of tide-surge interaction in the surges

observed in Xiamen Bay.
3.3 Coastal inundation and influence of
tide-surge interaction

Coastal inundation during storms, such as Typhoon Meranti

(1614), can lead to significant losses and even casualties due to

extensive flooding. Our model results indicate that Typhoon

Meranti (1614) can result in a considerable inundation in Xiamen

Bay, with the maximum extent reaching approximately 210 km2 (as

shown in Figure 8a). A significant portion of this inundation,

accounting for 61% of the affected area, occurred along the

coastline of Weitou Bay and around Dadeng Island. Furthermore,

the inundation depths were notably severe, with the maximum

depth reaching about 4.8 meters and an average depth of

~3.1 meters.

The inundation area without tide-surge interactions is retrieved

by applying a bathtub method to the virtual storm tides (zT+ zS).
This method identifies inundation by checking if a grid node and at
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least one of its geometrically adjacent nodes are both inundated and

hydraulically connected. Our findings, depicted in Figure 8b, reveal

that in the absence of tide-surge interactions, the inundation area

will significantly increase to ~260 km2, i.e., an increase of about 50

km2 or 24%. Notably, seawater will invade Xinglin Bay and Maluan

Bay, areas not typically inundated when tide-surge interactions are

considered, resulting deeper inundation levels (as a comparison

between Figures 8a, b). This effect is particularly pronounced at

the head of Weitou Bay, where the average inundation depth rises

to ~3.6 m, marking an increase of 0.5 m (16%).

Whereas, their difference (Figure 8c) exhibits variabilities in

space. Changes of inundation depth induced by tide-surge

interaction do not decrease in the whole Xiamen Bay, but express

a trend of magnification in some shallow corner zones, such as at

east of Dadeng Island, and at head of Tong’an Bay.

Inundation duration is also among the key factors in assessing

flood damage. The longer an area remains flooded, the greater the

potential economic losses, particularly relating to the disruption of

vital services such as electricity, transportation, and water treatment

(Cruse, 2020; Feng et al., 2017; Pyatkova et al., 2019; Wagnaar,

2012). As depicted in Figure 8d, prolonged periods of inundation

are notable around Dadeng Island, in Tong’an Bay, as well as at the
FIGURE 8

Spatial distribution of maximal inundation depths (unit: m) of (a) Run-F, (b) that deducted from the summation of Run-T and Run-S, and (c) their
difference. Spatial distribution of inundation duration (unit: h) of (d) Run-F, (e) that deducted the summation of Run-T and Run-S, and (f) their
difference. Inundation areas with height > 0.0 m are drawn.
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head of Weitou Bay. When tide-surge interactions are not present,

the inundation durations tend to lengthen in most affected areas, as

shown in Figure 8e.

However, as we can see from the differences presented in

Figure 8f, the impact of tide-surge interactions on the inundation

durations is not uniform across all regions. In some coastal corners,

the interaction may substantially decrease the inundation durations.

On average, the inundation lasts for 15.1 hours when tide-surge

interaction is considered and increases to 16.6 hours in its absence,

suggesting that tide-surge interactions have the potential to reduce

inundation duration by about 10%. These findings reveal a complex

and spatially diverse relationship between tide-surge interactions

and coastal inundation duration, emphasizing the need for detailed

local analyses in flood risk management strategies.

The large tidal range in the Xiamen Bay implies that most of the

low-lying lands with elevations below 3.0 m are routinely subjected

to inundation due to astronomical tides. This periodic flooding

reduces the urgency of focusing on these areas when planning flood

defense efforts. Consequently, our analysis prioritizes land above

this elevation, as shown in Figure 9. The timeseries data highlights

that the interaction between tides and storm surges can have a

profound effect on reducing the extent of flooding, particularly

between 21:00 on the 14th and 01:00 on the 15th. At these times, the

inundation area can be halved, offering significant protection and

potentially lowering the impact of flood damage. Notably, during

the peak of the inundation, this effect is even more pronounced,

which is a key insight for flood mitigation strategies. However, the

analysis also indicates that even after the storm has passed, some
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areas (as seen in Run-F) remain underwater. This residual flooding

is attributed to the overtopping of seawalls, which act as barriers

preventing the seawater from receding. This insight points to a need

for reconsideration of coastal defenses, such as seawalls, to ensure

they facilitate the effective drainage of floodwaters post-storm.

By taking into account the inundation depth in addition to the

inundation area, we can calculate the time series of inundation

volume, as illustrated in Figure 9b. The interaction between tides

and storm surges—referred to as tide-surge interaction—has a

significant effect on the inundation volume. The peak inundation

volume can be reduced from approximately 3.56 × 107 m3 to around

1.23 × 107 m3. About 2/3 inundation volume during the peak

inundation moment are reduced by the tide-surge interaction.
4 Discussion

4.1 Understanding the characteristics of
tide-surge interaction

The most remarkable feature of a typhoon is the high winds.

Consider a simple situation of a 1-D flow with constant wind field

described by (Pugh, 1987), where the barotropic force is in

equilibrium with the surface wind force. We can derive a

simplified expression

∂ z
∂ x

=
CdraU2

grD
(10)
FIGURE 9

Time series of (A) inundation area, and (B) inundation volumes in Xiamen Bay. Only positions with height > 3.0 m are included. The solid blue lines
represent results from Run-F and the dashed green lines indicate the results deduced from the summation of Run-T and Run-S.
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where Cd is the surface drag coefficient, ra and r are the

densities of air and water, respectively, U is the surface wind

speed, and D is the total water depth.

This formula provides a clear interpretation of the tidal

modulation effects on surges. Wind-driven surges tend to be

smaller during periods of deeper water depth at high tide, but

significantly larger at low tide. This effect is particularly pronounced

in shallow waters, where the total water depth can undergo

significant changes between high tide and low tide (Idier et al.,

2019; Zhang et al., 2017). During Typhoon Meranti, observations

from the Xiamen tidal gauge (Figure 4) and results from our model

both indicate a non-negligible reduction in the practical surge

height during high tide (Figure 6), which can be readily explained

by Equation 10.

It is widely believed that a positive surge will accelerate the

propagation of tides, and vice versa (Prandle and Wolf, 1978;

Rossiter, 1961). In conjunction with changes in bottom friction,

tidal amplitudes during storms are considered to differ from those

of astronomical tides, as analyzed by Feng et al. (2016). Thus, the

surge levels can be expressed as:

R = TS − T = Bcos(wt + j) − Acos(wt) = Âcos(wt + q) (11)

where B is the observed tidal amplitude during a storm, A is the

astronomical tidal amplitude, j is the phase shift of the tide caused

by the storm, j > 0 indicates that the tide is advanced by the storm.

Equation 11 clearly reveals that a tidal period will be present in the

surges, which corresponds with the two-peaks feature depicted

in Figure 6.

If we define a to be the scale of tidal amplitude reduction/

amplification, that is, B = (1 - a) A, the amplitude and phase of

surge amplitude can then be expressed as:

Â =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(A − B cosj)2 + (B sinj)2

p
= A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2(1 − a) cosj + (1 − a)2

p
= A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2(1 − a)(1 − cosj) + a2

p

= A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½a − (1 − cosj)�2 + 1 − cos2j

q
(12)

q = arctan
B sinj

B cosj − A
= arctan

(1 − a) sinj
(1 − a) cosj − 1

(13)

For a given a, a phase advance or delay will lead to the same surge

amplitude, since cosj is an even function. According to Equation 12,

for a given j, the surge amplitude reaches its minimum A|sinj| when
a = 1 – cosj. For a small a and a relatively significant phase shift j,
we can have a quick assessment of the surge amplitude with Â ≈

2
ffiffiffiffiffiffiffiffiffiffiffi
1 − a

p
sin j

2

�� ��A. Thus, if we ignore the amplitude modulation in

tide, i.e., a = 0, the surge amplitude can be estimated as:

Â = 2 sin
j
2

��� ���A (14)

and the surge phase can be assessed through set a=0 in

Equation 13:

q = arctan
sinj

cosj − 1
= arctan

cos j
2

− sin j
2

=
j
2
+
p
2
+ kp (15)
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According to Equations 14 and 15, if the phase shift is also small,

this means the phase of surge is nearly in quadrature with the tidal

phase. This implies that a peak of surge tends to occur around mid-

rising tide or mid-falling tide due to tide-surge interaction, which

coincides with the practical surges (zSI) displayed in Figure 6. And the

latter peaks occurring around mid-falling tide in Figure 6 are the

combined effect of the strong winds induced pure surges and tide-surge

interactions, which are demonstrated by the pure surges (zS). This
highlights the important role of tide-surge interaction in the double-

peak feature of the practical surges.
4.2 Contribution of nonlinear interactions

Tide-surge interaction primarily arises from three nonlinear terms:

advection, bottom friction, and shallowwater effect, which is due toD =

H + z. The most widely-used method to determine the contribution of

these three nonlinear physical processes is to conduct numerical

experiments, in which each nonlinear process is either linearized or

removed (Bernier and Thompson, 2007; Zhang et al., 2017). Idier et al.

(2012) and Zheng et al. (2020) proposed an inverse approach by

comparing a baseline experiment, which excludes all three nonlinear

processes, with experiments that include only one nonlinear effect at a

time. Yang et al. (2019) suggested a method to establish a direct

relationship between the nonlinear tide-surge interaction and each

term in the momentum equation (Appendix A).

Following the method proposed by Yang et al. (2019), the

residual momentum terms resulting from tide-surge interaction,

including the nonlinear local acceleration term ∂UI
∂ t and ∂VI

∂ t (ACC),

the nonlinear advection term yx and yy (ADV), the nonlinear

Coriolis force term -fVI and fUI (COR), and nonlinear surface wind

and bottom friction term t Ix , t Iy (FSB) at the four representative

stations shown in Figure 1b are displayed in Figure 10. The results

indicate that the ACC and ADV terms are significant at all four

stations, suggesting that these terms play dominant roles in

controlling the nonlinear interaction throughout Xiamen Bay.

The residual magnitudes, particularly around Dadeng Island (P3),

are notably high (exceeding 1 × 103 m/s2), indicating an

exceptionally strong nonlinear tide-surge interaction in this area.

However, the zI at P3 are not the most significant among the four

stations (refer to Figure 6). This result implies that zI is not a

consequence of local tide-surge interaction, but rather relates to the

cumulative nonlinear interaction from a wider area.

Nevertheless, in the Jiulong River Estuary (P2) and around

Dadeng Island (P3), where the waters are shallow, the FSB terms are

also prominent in both x and y-directions. This characteristic is

consistent with the numerical results found in Tieshan Bay, China

(Yang et al., 2019), and in macro-tidal Hangzhou Bay (Li et al.,

2022). It can be attributed to the intensification of tidal current,

which in turn strengthens the advection and bottom friction terms.
5 Conclusions

In this study, a high-resolution numerical model based on

FVCOM has been established to cover the coastal low-lying land
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in Xiamen Bay, China. Super Typhoon Meranti (1614) is used as a

case study to investigate the tide-surge interaction and its impact on

coastal inundation. According to the numerical results, we obtain

conclusions as follows:
Fron
1. Nonlinear tide-surge interaction modulates extreme sea

levels and surges in different patterns.

Our numerical results indicate that the tide-surge

interaction is extremely strong in Xiamen Bay. It’s

relative intensity to the practical surges can be larger than

0.3 across most area of the bay. Tide-surge interaction tends

to lower extreme sea levels throughout Xiamen Bay during

Meranti. However, the nonlinear interaction elevates peak

surges in Weitou Bay, around Dadeng Island and in
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Tong’an Bay, but reduce surges in the Jiulong Estuary

and around the Xiaojinmen Island.

2. Double-peak pattern in storm tides can mainly attributed

to the strong tide-surge interaction.

A pronounced double-peak feature is evident in the

nonlinear surges, with peaks occurring at mid-rising and

mid-falling tide. We demonstrate that the mid-rising peak

in storm tides can mainly attribute to the nonlinear tide-

surge interaction, and the mid-falling peak is the result

combining the direct effect of strong wind and tide-

surge interaction.

3. The nonlinear tide-surge interaction primarily results from

the nonlinear transformations in local acceleration term

and advection term.
FIGURE 10

Time series of nonlinear components for representative stations. (A–C), and (D) are the nonlinear components of x direction at P1, P2, P3 and P4,
respectively; and (E–H) are those at y direction. The positions of the four stations are indicated in Figure 1b.
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Fron
The momentum balance analysis indicates that local

acceleration term and advection term are significant across

the whole Xiamen Bay. Whereas, in the Jiulong River

Estuary and around Dadeng Island where the waters are

shallow, the nonlinear surface wind and bottom frictions

are also prominent, showing the contribution of

intensification of tidal current in shallow waters, which

can in turn enhances the advection and bottom frictions.

4. Tide-surge interaction can significantly weaken coastal

inundation hazards.
As a result of tide-surge interaction, which induces lower

extreme sea levels, the inundation areas, inundation depths, and

inundation durations in Xiamen Bay are also reduced, by

approximately 24%, 16%, and 10%, respectively. In some coastal

corner zones, the impacts may differ, reflecting the effects of

complex coastlines. These variations should be carefully

considered when implementing coastal management strategies.

On the context of global warming, the extreme sea levels are

expected to be raised-up along with global sea level rise, exacerbating

coastal inundation. Many studies demonstrated the important role of

nonlinear tide-surge interaction on coastal inundation (Lyddon et al.,

2018; Xiao et al., 2021). However, many large-scale assessment of

coastal inundation ignored the nonlinear tide-surge interaction (e.g.,

Hauer et al., 2021). This study offers a reference that how much errors

may lie in those assessment. In addition, the progress in the

understanding of tide-surge interaction in this study may motivate

methodological development in quantifying tide-surge interaction

across regions, which was regarded as one important factor hampers

the estimation of tide-surge interactions (Arns et al., 2020).
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Appendix A

In this section, we analyze the momentum balance in Run-F,

Run-T and Run-S. To streamline the discussion, diffusion terms are

excluded. In Run-F, which considers both tides and surface wind

stresses, the momentum equations can be formulated as follows:

∂UTS

∂ t
+ UTS

∂

∂ x
UTS + VTS

∂

∂ y
UTS − fVTS

= −g
∂ zTS
∂ x

+
∂ PS
rO ∂ x

+
tsx − tTSbx

(h + zTS)r0
, (A1)

∂VTS

∂ t
+ UTS

∂

∂ x
VTS + VTS

∂

∂ y
VTS + fUTS

= −g
∂ zTS
∂ y

+
∂ PS
rO ∂ y

+
tsy − tTSby

(h + zTS)r0
, (A2)

For Run-T, which only considers astronomical tidal forcing, the

momentum equations are expressed as:

∂UT

∂ t
+UT

∂

∂ x
UT +VT

∂

∂ y
UT − fVT = −g

∂ zT
∂ x

−
tTbx

(h + zT )r0
, (A3)

∂VT

∂ t
+UT

∂

∂ x
VT +VT

∂

∂ y
VT + fUT = −g

∂ zT
∂ y

−
tTby

(h + zT )r0
, (A4)

In Run-S, which only considers the surface wind stress, the

momentum equations are:

∂US

∂ t
+ US

∂

∂ x
US + VS

∂

∂ y
US − fVS

= −g
∂ zS
∂ x

+
∂ PS
rO ∂ x

+
tsx − tSbx
(h + zS)r0

, (A5)

∂VS

∂ t
+ US

∂

∂ x
VS + VS

∂

∂ y
VS + fUS

= −g
∂ zS
∂ y

+
∂ PS
rO ∂ y

+
tsy − tSby
(h + zS)r0

, (A6)

Hence, the momentum equations for tide-surge interaction can

be derived by combining Equation A1 – Equation A3 – Equation A5

in the x direction, and Equation A2 – Equation A4 – Equation A6 in

the y direction. The results are:

∂UI

∂ t
+ yx(UI ,VI) − fVI − t Ix = −g

∂ zI
∂ x

, (A7)

∂VI

∂ t
+ yy(UI ,VI) + fUI − t Iy = −g

∂ zI
∂ y

(A8)

where

UI = UTS − UT − US, (A9)

VI = VTS − VT − VS, (A10)
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yx(UI ,VI) = UTS
∂

∂ x
UTS + VTS

∂

∂ y
UTS − UT

∂

∂ x
UT

− VT
∂

∂ y
UT − US

∂

∂ x
US − VS

∂

∂ y
US, (A11)

yy(UI ,VI) = UTS
∂

∂ x
VTS + VTS

∂

∂ y
VTS − UT

∂

∂ x
VT

− VT
∂

∂ y
VT − US

∂

∂ x
VS − VS

∂

∂ y
VS, (A12)

t Ix =
tsx − tTSbx

(h + zTS)r0
+

tTbx
(h + zT )r0

−
tsx − t Sbx
(h + zS)r0

, (A13)

t Iy =
tsy − tTSby

(h + zTS)r0
+

tTby
(h + zT )r0

−
tsy − t Sby
(h + zS)r0

, (A14)

In Equations A7–A14, (UI, VI) represents the residual current

components in the x and y directions due to tide-surge interaction,

the terms yx(UI ,VI) and yy(UI ,VI) denote the residual advection

terms associated with tide-surge interaction, (-fVI, fUI) represents

the residual Coriolis force related to tide-surge interaction, and (t Ix ,
t Iy ) defines the residual of wind stress and bottom friction terms due

to tide-surge interaction.
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