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The coastal regions of Southeast China frequently experience unusual positive

storm surges on the left side of landfalling typhoons, a phenomenon historically

overlooked and inadequately explained by conventional circular wind fieldmodels.

In this study, a high resolution, two-dimensional storm surge model based on

ADCIRC along with tide gauge data were used to investigate the spatiotemporal

distribution of these surges and proposes underlying mechanisms, informed by a

comparative analysis of circular and ERA5 reanalysis wind fields during typical

typhoon event 9711Winnie. Analyzing tide gauge data spanning from 1986 to 2016,

the study uncovers a distinct pattern of left-side positive storm surges along the

southeastern coast, notably on the Fujian coast and within the Taiwan Strait, which

are found to be comparable to those on the cyclone’s right side. The research also

documents a significant escalation in both the frequency and intensity of these

left-side surges over the past three decades. Simulation results highlights the

inadequacies of circular wind field models in operational forecasting and

emphasizes the necessity of accounting for topographic influences and the

structural complexity of wind fields in storm surge predictions. This is particularly

pertinent in semi-enclosed seas with intricate hydrodynamics, such as the Taiwan

Strait. The insights gleaned from this study are pivotal for enhancing the real-time

simulation and prediction of storm surges, which are vital for coastal safety and

disaster prevention measures.
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Introduction

Storm surges, associated with the formidable power of

typhoons, stand as one of the most catastrophic coastal hazards.

These surges can precipitate extensive flooding, induce severe

erosion, and inflict substantial damage upon coastal infrastructure

and delicate ecosystems. The southeastern coast of China, alongside

the Taiwan Strait, is characterized by a constricted maritime

expanse with complex topographical and hydrodynamic features,

rendering it particularly vulnerable to typhoon impacts. China

Marine Disaster Bulletin (2022) underscores that typhoon storm

surges accounted for a staggering 99% of the economic losses

attributed to marine hazards in that year, culminating in an

economic toll of 2.38 billion CNY. Research conducted by Feng

et al. (2018) corroborates a marked escalation in storm surge and

wave heights along the coasts of Zhejiang and Fujian over the past

three decades, with a pronounced intensification observed during

the typhoon season.

Observations in tide gauge stations along the left side of the

typhoon track on the southeast coast of China have indicated

significant storm surge during the typhoon landfall (Wang et al.,

2020). This phenomenon was further substantiated by Du et al.

(2020) through simulations of varying typhoon paths within the

Pearl River Estuary. The Typhoon Chanthu of 2010, which made

landfall in the northernmost region of Zhejiang Province, instigated

storm surge levels exceeding one meter on the left side of its path,

affecting multiple locations in Zhejiang and Fujian provinces. This

event resulted in direct economic losses of 1.013 billion CNY and 13

million CNY, respectively, surpassing the 5 million CNY losses

incurred in Shanghai, situated on the right side of the typhoon’s

path, as reported in the China Marine Disaster Bulletin, (2010). In

2013, Typhoon Fitow’s landfall at the juncture of Fujian and

Zhejiang provinces inflicted even more severe economic

repercussions, predominantly in Fujian province, which lies on

the left side of the typhoon’s path, amounting to direct economic

losses of 1.154 billion CNY (China Marine Disaster Bulletin, 2013).

The absence of precise and timely predictions for storm surges on

the left side of typhoon paths could pose a grave threat to coastal

safety and engineering projects in these regions. Consequently, the

need for accurate and real-time simulation and prediction of storm

surges is of paramount importance for the safety and preservation

of these vulnerable coastal areas.

In order to achieve an accurate simulation of storm surges,

various factors need to be considered, such as the configuration of

shoreline and bathymetry, the value of bottom friction coefficient,

and most importantly, the precision of typhoon wind field (Zhou

et al., 2022). For the numerical simulation and prediction of storm

surges, there are many kinds of wind fields that can be used. Some

studies have simulated historical storm surge events driven by

typhoons along the coast of China using the ERA5 wind field

(Hersbach et al., 2020) and validated the results with tide gauge

(Dullaart et al., 2020). The results indicate that ERA5 wind field can

improve the accuracy of storm surge simulation and prediction.

However, ERA5 wind field is a post-processed product and not
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available in real time and cannot be used for operational storm

surge forecasting.

Currently, the circular wind field model is predominantly

utilized for operational storm surge forecasting in mainland

China (Feng et al., 2016) for the sake of timeliness, and has been

extensively applied in operational storm surge forecasts in many

other regions, such as the Bay of Bengal (Liu et al., 2023). Typhoon

circular wind field is a simplified model that describes the

distribution of wind speed and direction around the center of a

typhoon and has been applied to many storm surge models in

different regions, such as the Gulf of Mexico (Houston et al., 1999),

the North Atlantic (Wang et al., 2022), and the South China Sea (Li

et al., 2020).

The use of the circular wind field also has some limitations and

challenges. One of them is that the traditional circular wind field

generally forms a positive surge on the right side of the typhoon

path and a negative surge on the left side of the typhoon path in the

northern hemisphere (Son et al., 2022), which makes it difficult to

capture the storm surge on the left side of the typhoon path before

and after landfall. At present, there is still a research gap on the

storm surge on the left side of the typhoon landfall along the coast

of mainland China, and the possible regions and mechanisms are

not clear.

Therefore, this study aims to address these research gaps by

conducting a comprehensive analysis of the typhoon storm surges

in mainland China to understand the spatiotemporal distribution

and severity of the storm surge on the left side of the typhoon path

and to briefly analyze its causes. We use the tide gauge data during

the typhoon landfall period in the southeast coast of mainland

China from 1986 to 2016 to obtain the distribution pattern of

the storm surge on the left side of the typhoon path, and compare

the typical typhoon processes during the landfall period using the

circular wind field model and the reanalysis wind field to analyze

the causes of the surge. The paper is structured as follows: Section 2

describes the data and methods used in this study; Section 3

presents the results on the spatiotemporal variability of storm

surge on the left side of typhoon path and possible reasons;

Section 4 summarizes and discusses the main findings and

implications of this study.
Methodology

Datasets

The typhoon best tracks observation datasets were obtained

from the China Meteorological Administration (CMA). It

contained data for 913 typhoon events with center location (the

latitude and longitude), time, center maximum sustained wind

speed, and center pressure from 1986 to 2016 at 6-hourly

intervals (Lu et al., 2021). In this study, we focused on landfall

typhoons with Landfall location and time were obtained from the

intersection of typhoon tracks across the coastline, which is the

basic time requirement of surge tide data selection.
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The storm surge analysis used data from 17 tide gauge stations

located on the southern coast of mainland China, which were

collected from the National Marine Data and Information Service

(NMDIS), as shown in Figure 1. The tide gauge stations contained

3154 storm surge processes in total during 1986 to 2016.
Wind field model

The model wind field used in this study is calculated by the

circular typhoon model developed by Jelesnianski (1965), which is

widely used for storm surge simulation and prediction in the coastal

areas of China (Feng et al., 2012; Wang et al., 2019; Tian and Zhang,

2021). This model is a simple and efficient way to represent the wind

speed and direction distribution around the center of a typhoon.

The calculation formulas are as Equation 1:

Vst =

r
Rmax+r

(Voxi + Voyj) + Vmax(
r

Rmax
)
3
2 1
r (Ai + Bj) (r ≤ Rmax)

Rmax
Rmax+r

(Voxi + Voyj) + Vmax(
Rmax
Rmax

)
1
2 1
r (Ai + Bj) (r ≤ Rmax)

8<
: (1)

where A = −½(x − xc)sinq + (y − yc)cosq� and B = ½(x − xc)sinq
−(y − yc)cosq�.

In these equations, (x,y) and (xc,yc) represent the positions of

the calculated point and the typhoon center, respectively; q is the

flow angle. In the present study, according to Feng et al. (2012), we

set q = 20° if r ≤ Rmax , and q = 15° if r > Rmax . (Vox,Voy) is the

translation speed of the typhoon in the x and y directions; Vmax

is the maximum wind speed of the typhoon; Rmax is the distance

from the location where the maximum wind speed occurs to the

center of the typhoon; r is the distance from the calculation point to

the center of the typhoon; Vst is the wind velocity at the calculation

point; i and j represent the unit vectors in the x and y

directions, respectively.

We compare the ERA5 wind field with the circular model wind

field. The ERA5 reanalysis dataset has a high temporal and spatial
Frontiers in Marine Science 03
resolution (Hersbach et al., 2023), which can effectively capture the

wind field structure in the coastline of China during the passage of

typhoons. Several studies have evaluated the performance of ERA5

wind field in reproducing the climatology and long-term trend of

near-surface wind speed over China and found that it is highly

consistent with in situ station observations and satellite-based wind

field observations (Liu et al., 2021; Chen et al., 2023). Although

some studies have suggested that ERA5 underestimates the outer

size of typhoons (Bian et al., 2021) it still depicts the circulation

structure and outer core typhoon winds better than other reanalysis

datasets (Zarzycki et al., 2021; Zhang and Chan, 2023). In this study,

the hourly u and v wind components at 10-m height (0.25° × 0.25°,

from 1986 to 2016) provided by ERA5 datasets are used to analyze

the typhoon-induced wind fields in the study area. To compare the

ERA5 wind field with the circular wind field model, we use the

typhoon track information provided by CMA to apply the circular

wind field to the same spatial resolution and boundary grid as the

ERA5 wind field, and generate the circular wind field model and

ERA5 wind field for each landfalling typhoon process before and

after 24 hours for subsequent comparison analysis.
Storm surge model

In this study, we use a refined unstructured-grid storm surge

model developed by previous work (Feng et al., 2016, 2018) to

simulate storm surges. It is based on the ADCIRC model (Luettich

et al., 1992), and has a resolution varying from 50km in the open

boundary to 100 m in coastal areas, with 274,415 vertices in total.

The model domain ranges from 113.2°E to 134°E and from 13.8°N

to 31.9°N, covering all tide gauge stations in the study area, as

shown in Figure 2.
Results

Is storm surge on the left side of landfall
typhoons a threat?

In this study, in order to investigate the abnormal storm surge

on the left side of the typhoon path, we selected 160 typhoons that

made landfall in the study area and had valid tide gauge water level

data during the typhoon period. Based on this, we extracted 1779

water level processes corresponding to the typhoon time periods for

analysis. During some typhoon processes, the maximum surge

occurred at some stations when the typhoon was far away from

the station, which was obviously unrelated to the typhoon. To filter

out the storm surge under the influence of the typhoon, we defined

the storm surge at each station before and after 24 hours of each

typhoon landfall in this study as the typhoon storm surge.

Following Feng et al. (2021b), we set the storm surge exceeding

50cm as significant surge. Then we performed statistics on the

storm surge at the stations on the left and right sides of each

landfalling typhoon, as shown in Figure 3.

Figure 3A illustrates that, over the past three decades, 88

landfalling typhoons have induced storm surges exceeding 50 cm
FIGURE 1

Location of the tide gauge stations used in this study.
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at one or more tide gauge stations within the study area,

representing 55% of the total events. Conversely, the remaining

45% of typhoons did not produce notable storm surge increases on

either side of their paths. Of the typhoons generating significant

surges, 54 were associated with surges surpassing 50 cm on the left

side of their paths, with 9% of these typhoons exclusively causing

significant surges on the left side during landfall. Out of 160

landfalling typhoons, storm surge data was available for 102

events on the left side and for 155 events on the right side of

their paths. To analyze the distribution of maximum surges from

typhoons impacting the southern mainland China coastline, we

computed the peak surge levels at all stations flanking each

typhoon’s path, as depicted in Figure 3B. Notably, the maximum

surge distributions on both sides of the paths were remarkably

similar, with medians marginally above 50 cm. The left-side surges
Frontiers in Marine Science 04
were modestly lower than those on the right, peaking at 1.8 m and

1.39 m, respectively. This finding indicates that the storm surges on

the left side of the typhoon paths, before and after making landfall

on the southeast coast of mainland China, were generally on par

with those on the right side, warranting attention for effective

disaster prevention.
Spatial-temporal features of storm surge
on the left side of landfall typhoons

The storm surge on the left side of the typhoon path deserves

attention in terms of both the event frequency and the overall surge

magnitude, and we investigate its spatiotemporal distribution. We

separately calculated the annual time series and long-term trends of
BA

FIGURE 3

Sunburst chart of typhoon categories for landfalling typhoons with storm surge observation records in the study area during 1986-2016 based on
surge levels (A). Comparison of maximum storm surge elevation on the left and right sides of the landfalling typhoon tracks (B). The notches in the
boxes indicate the 95% confidence interval for the median.
FIGURE 2

Unstructured grid of the computational domain (A). Bathymetry of the study area (B).
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the extreme surge on the left side of the landfalling typhoons, the

number of landfalling typhoons that caused significant surge on the

left side, and their proportion among all the landfalling typhoons

that affected the study area from 1986 to 2016, as shown in Figure 4.

Figure 4 reveals distinct long-term trends in the frequency and

magnitude of storm surges on the left side of typhoon paths. From

1986 to 2016, there was a significant annual increase of 0.06 in the

number of landfalling typhoons causing notable storm surges on the

left side, whereas the overall count of landfalling typhoons showed

no discernible trend. Figure 4C presents the ratio of the former to

the latter, indicating a marked annual rise of 1.15% in the likelihood

of significant storm surges on the left side when typhoons made

landfall on the southeast coast of mainland China. Post-2005, over

50% of typhoons annually generated storm surges exceeding 50 cm

on the left side. Moreover, the severity of these surges has escalated,

with an average annual increase of 1.61 cm. Since 2004, at least half

of the years recorded maximum storm surges above 1 m. The spatial

distribution of storm surges from landfalling typhoons at each tide

gauge station within the study area is detailed in Figure 5.

Figure 5 shows the number and maximum of surges exceeding

50cm observed at the tide gauge stations on the left and right sides

of the landfalling typhoon path. It can be seen that the distribution

of typhoon storm surges has strong regional characteristics. Most of

the stations have much more significant storm surge events on the

right side of the typhoon path than on the left side, especially the

stations in Zhejiang and Guangdong provinces, where the number

of storm surge events on the right side is more than twice that on

the left side (Figure 5A). However, the situation is reversed for the

Fujian coast. The tide gauge stations on the Fujian coast have much

more significant storm surge events on the left side of the typhoon

path than on the right side. Pingtan, Xiamen and Dongshan stations

experienced more than 20 significant storm surges on the left side of
Frontiers in Marine Science 05
the landfalling typhoons during 1986-2016. It is worth noting that

the Fujian coast is also the area with the most significant storm

surge events, especially Xiamen and Dongshan stations, which

experienced more than 40 significant storm surges exceeding

50cm, much higher than the regional average of about 22

significant storm surge processes.

Subsequent analysis of the peak storm surge levels during the

same period, as illustrated in Figure 5B, indicates that the

distribution of maximum surge levels diverges from surge

frequency patterns. The most intense surges predominantly

occurred in Zhejiang province, with Tanhu, Zhenhai, and

Kanmen stations reporting maximum surges over 150 cm.

Conversely, the Fujian coast, despite its high frequency of

significant surge events, contributed minimally to the peak surge

levels. Historical data from 1986 to 2016 reveal that the extreme

storm surges on the right side of the path at Zhejiang and

Guangdong stations were substantially larger than those on the

left. However, for the Fujian coast’s tide gauge stations, the extreme

surges on the left side marginally surpassed those on the right.

To elucidate the factors influencing this distribution, we

analyzed the landfall characteristics of typhoons that generated

significant left-side storm surges during the study period, as

illustrated in Figure 6.

The data from 1986 to 2016 indicate that the landfall sites of

typhoons causing storm surges were fairly distributed across the

study area, predominantly along the Guangdong and Fujian coasts.

However, the landfalls of typhoons responsible for significant surges

exceeding 50 cm on the left side were notably concentrated in the

northern region, particularly north of the Taiwan Strait and along

the Zhejiang and northern Fujian coasts. Despite Fujian and

Guangdong experiencing the highest number of landfalls, they

recorded a lower incidence of substantial left-side surges.
B

C

D

A

FIGURE 4

Annual time series from 1986 to 2016 of: (A) the number of landfall typhoons affecting the study area and causing significant (>50cm) storm surge
on the left side of their paths; (B) the total number of landfall typhoons affecting the study area; (C) the proportion of landfall typhoons that caused
significant storm surge on the left side of their paths relative to the total number of typhoons; (D) the maximum storm surge height (cm) caused on
the left side of the paths by the landfall typhoons affecting the study area. Linear trends and the corresponding 95% confidence intervals are
also presented.
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Analysis of left-side storm surges on
typical typhoon paths

The traditional circular wind field model, known for its

efficiency, is extensively utilized for prompt storm surge
Frontiers in Marine Science 06
forecasting along China’s southeast coast. However, its accuracy

in simulating surges on the left side of a typhoon’s path pre-landfall

and post-landfall remains suboptimal.

Typhoon Winnie in 1997 was considered one of the most

devastating natural disasters in China’s history. The typhoon

originated from a tropical disturbance in the western Pacific on

August 8, 1997, and moved steadily northwestward after formation,

gradually intensifying. When it made landfall in Wenling city,

Zhejiang province, China, on the evening of August 18, the

central pressure was about 960 hPa, and the maximum surface

wind speed reached 40 m/s.

Given that Typhoon 9711 Winnie landed in regions vulnerable

to left-side storm surges (northern Fujian and coastal Zhejiang

Province) and induced surges exceeding 1 meter, this case is

selected for an in-depth analysis of surge genesis on the typhoon’s

left side and the wind field model’s limitations in this context.

Two numerical simulations were conducted to model the storm

surge distribution during Winnie’s impact. The pressure and wind

fields used to drive the storm surge model during the two

experiments are provided by the ERA5 reanalysis data (marked as

Run1) and the Jelesnianski circular typhoon model (marked as

Run2) mentioned above respectively. The simulation spanned from

48 hours before to 24 hours after landfall, covering approximately

three days from August 16, 1997, 12:00 UTC to August 19, 1997,

12:00 UTC. The time step is set to 5 seconds, and effects of other

factors such as astronomical tides were not considered. The model’s

predictive efficacy for storm surges is elaborated in (Feng et al.,

2016, 2018).
FIGURE 6

Typhoon landfall location distribution. Red hotspots represent the
main area where the typhoon made landfall that caused surge
greater than 50cm on the left side of the path.
B

A

FIGURE 5

The number of times each tide gauge station experienced a storm surge increase of over 50cm when located on the left (orange) and right (green)
sides of the typhoon path (A), and their maximum surge during all storm surges from 1986-2016 at that station (B).
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The distribution of storm surge elevation from 18 hours before

landfall to landfall period for the two experiments is illustrated

in Figure 7.

Figures 7A–D illustrate the storm surge elevation outcomes

from Run1, revealing positive surges on both sides of the typhoon’s

path when its center was northeast of Taiwan, 18 hours before

landfall. Initially, the left side experienced higher surges. As the

typhoon progressed northwestward, the right-side surges began to

dominate, although significant surges over 0.5 meters persisted in
Frontiers in Marine Science 07
the Taiwan Strait. In the final stages, 6 hours before and during

landfall, with the typhoon’s center northwest of Taiwan, the storm

surge within the Taiwan Strait diminished significantly in extent

and intensity. Nonetheless, the Zhejiang and Fujian coastal regions

on the left side continued to register storm surge activity.

Figures 7E–H present the storm surge elevation results for

Run2. At 18 and 12 hours before landfall, Run2’s water level

distributions on the left side were comparable to those of Run1,

with the typhoon center still outside the Taiwan Strait. The primary
B

C

D

E

F

G

H

A

FIGURE 7

Storm surge distribution for Run1 (A–D) and Run2 (E–H) for Typhoon 9711 (Winnie) at different phases: 18 hours before landfall (A, E), 12 hours
before landfall (B, F), 6 hours before landfall (C, G), and landfall phase (D, H). The typhoon track and current position of the typhoon with its
maximum sustained wind speed (m/s) are shown.
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discrepancies between the runs materialized 6 hours before landfall,

marked by a reduction in surge levels within the Taiwan Strait and

the emergence of a negative surge in its northeastern sea area. At

landfall, substantial surges exceeding 1 meter were noted on the left

side of the path.

A comparative analysis of the simulated maximum storm surge

at various stations on the left side of the typhoon’s path in Run1 and

Run2 against the actual recorded maximum surge at tide gauge

stations is detailed in Table 1.

The simulation results, driven by the ERA5 wind field,

successfully replicated the storm surge increase at most locations

on the left side of the typhoon’s path. The maximum relative bias

remained below 30%, and the mean absolute error was recorded at

0.2 meters. Conversely, Run2 exhibited substantial bias across most

stations, particularly in contrast to Run1’s outcomes. Notably, Run2

was ineffective in simulating the storm surge phenomenon on the

left side.

To investigate the factors influencing the elevated water levels

on the left side and the variances between the two wind field

simulations, a comparative analysis of the ERA5 and model wind

fields was performed 18 hours before the typhoon’s landfall, as

depicted in Figures 8A–H respectively.

As can be seen from Figure 8A, 18 hours before Winnie’s

landfall, its position was in the northeast of Taiwan Island. The

wind direction in the sea area north of Taiwan Island changed

counter-clockwise due to the influence of the typhoon, and strong

northerly winds appeared along the coast of Zhejiang province,

China, while the Taiwan Strait was offshore westerly wind. Since the

distance between the typhoon center and the coastline and Taiwan

Island was relatively far at this time, its typhoon structure was

relatively intact and was not significantly affected by the terrain. The

typhoon wind speed in the sea area north of Taiwan Island was not

affected. Taiwan Island blocked the offshore westerly wind from a

distance, causing the wind speed in the sea areas on both sides of

Taiwan Island to decrease sharply. Affected by the northerly wind

along the coast of Zhejiang province, the stations on the left side of

the typhoon path began to show a surge of more than 50cm. 12

hours before Winnie’s landfall, as the typhoon center moved

towards the land, the northerly wind along the coast of Zhejiang

province gradually increased, and the storm surge at each station
Frontiers in Marine Science 08
also continued to increase. The wind direction in the Taiwan Strait

began to change, gradually turning from westerly to southwesterly,

and after the typhoon passed through the north of Taiwan Island

6 hours before landfall, the wind direction in the area

became completely southerly, and showed some degree of

enhancement, until the typhoon landed on the northern coast of

Zhejiang province.

Figure 9 shows the storm surge time series of the tide gauge

stations with the maximum surge exceeding 50cm on the left side of

the typhoon path 24 hours before and after the landfall of typhoon

9711 Winnie.

From the storm surge time series, it can be seen that Kanmen

and Sansha stations were relatively close to the typhoon landfall

location, and both had maximum surges exceeding 100cm. The

maximum surge on the left side of the typhoon path occurred at

Kanmen station, reaching 139cm. Pingtan, Xiamen, Dongshan and

Yunao stations were located in the Taiwan Strait, and were far away

from the typhoon path, but still had surges exceeding 50cm. The

overall surge curves were relatively smooth, and the maximum

surge at each station occurred at different times, ranging from 6

hours before to the moment of the typhoon landfall, showing a clear

time difference.
Discussion

This research examined the effects of landfalling typhoons on

storm surges along China’s southeastern coast, revealing significant

surges not only on the right but also on the left side of the typhoon

tracks. Spatial analysis indicated that the frequency and peak values

of storm surges were notably higher along central Fujian’s coast

compared to northern Zhejiang and southern Guangdong. Further

investigation into the origins of these left-side surges identified that

they predominantly resulted from typhoons making landfall in the

northern sector. Remarkably, stations on the Taiwan Strait’s

western side, such as Pingtan, Chongwu, and Xiamen, recorded

maximum surges on the left side that slightly exceeded those on the

right. Xue et al. (2015) studied TyphoonMeranti’s wind field, which

traversed Taiwan’s southern region before making landfall in

Fujian. They discovered that as the typhoon neared Taiwan’s
TABLE 1 Storm surge validation on the left side of typhoon track.

Station Run1
Extrema

(m)

Run2
Extrema

(m)

Observed
Extrema

(m)

Run1
Bias
(m)

Run1
Relative Bias

(%)

Run2
Bias
(m)

Run2
Relative Bias

(%)

Kanmen 0.99 1.1 1.35 -0.36 -26.73 -0.25 -18.52

Sansha 1.13 0.68 1.1 0.03 2.73 -0.42 -38.18

Pingtan 1.12 0.26 1.15 -0.03 -2.61 -0.89 -77.39

Xiamen 0.88 0.22 1.07 -0.19 -17.76 -0.85 -79.44

Dongshan 0.57 0.03 0.81 -0.24 -29.63 -0.78 -96.30

Yunao 0.61 0.14 0.67 -0.06 -8.96 -0.53 -79.10
Run1 represents the ERA5 reanalysis wind field run, Run2 represents the circular model wind field run.
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southern waters, the Central Mountain Range deflected the low-

level airflow, transforming the southeast onshore winds into weaker

southwest alongshore winds, potentially diminishing the storm

surge response from southern tracks.

To ascertain the causes behind the left-side storm surges, a

representative typhoon event known for frequent left-side surges in

southeastern China was analyzed. The typhoon’s trajectory passed
Frontiers in Marine Science 09
north of Taiwan Island before reaching the coasts of Zhejiang and

Fujian provinces.

From the perspective of the arrival time of the maximum storm

surge, during the landfall of the two typhoons, the stations in the

Taiwan Strait had obvious lag in the arrival time of their maximum

storm surge. Figure 7 shows that during Typhoon 9711 Winnie,

Pingtan, Xiamen, Dongshan and Yunao stations reached the
B
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FIGURE 8

ERA5 wind field (A–D) and circular model wind field (E–H) for Typhoon 9711 (Winnie) at different phases: 18 hours before landfall (A, E), 12 hours
before landfall (B, F), 6 hours before landfall (C, G), and landfall phase (D, H). The typhoon track and current position of the typhoon with its
maximum sustained wind speed (m/s) are shown. The instantaneous storm surge height at the tide stations with valid water level data during the
typhoon are also given.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1401110
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wan et al. 10.3389/fmars.2024.1401110
maximum storm surge 4 hours, 2 hours, 1 hour and at the time of

typhoon landfall, respectively. The maximum storm surge of several

stations showed a trend of decreasing from north to south in space.

When the typhoon moved in the deep sea area of the Pacific

Ocean or the South China Sea, the low pressure of the typhoon and

the convergence of the deep sea water caused the abnormal rise of

the sea surface, forming a kind of solitary wave that propagated with

the typhoon movement (Cai et al., 2012). When the typhoon was

outside the Taiwan Strait, the northern part of the Taiwan Strait was

mainly northeast wind or north wind, and the wind drove the sea

water from the northern part of the strait into the strait. From the

water level curve, it can be seen that due to the existence of the

narrow channel topography of the Taiwan Strait, there was a

significant north-to-south propagation of shelf waves driven by

the alongshore wind from the north of the Taiwan Strait. Before the

typhoon landfall at 18 hours, when the typhoon had not

approached Taiwan Island, there was already a storm surge

phenomenon caused by the shelf wave, which was consistent with

the study of Slørdal et al. (1994). In the propagation process of the

shelf wave, the storm surge water level decreased continuously from

Pingtan station in the northern part of the Taiwan Strait to Yunao

station. We used the propagation distance between Pingtan station

and Yunao station to reach the maximum storm surge before the

typhoon landfall and the propagation speed of the shelf wave to

estimate the propagation speed of the shelf wave, and found that the

propagation speed of the shelf wave was about 90 km/h (Wang

et al., 2020). studied the storm surge and wave propagation caused

by typical typhoon processes in this region, and found that this kind

of shelf wave conformed to the characteristics of Kelvin wave.

We analyzed the similarities and differences between the ERA5

reanalysis wind field and the circular wind field model in the two
Frontiers in Marine Science 10
typical typhoon storm surge processes, to explore the possible

defects of the circular wind field model in the storm surge

simulation of the left side of the typhoon track in the

southeastern coastal region of China.

Under the influence of Typhoon 9711 Winnie, the ERA5

reanalysis wind field and the circular wind field model had some

similarity in the wind field structure near the typhoon center, but

there were larger differences on both sides of Taiwan Island far from

the typhoon center. The circular wind field model did not consider

the topographic effect of the Taiwan Mountain Range, so its

circulation could cross the mountain range, resulting in west

wind in the Taiwan Strait and the east of Taiwan Island.

However, the ERA5 reanalysis wind field reflected the blocking

effect of the Taiwan Island topography on the atmospheric

circulation, which prevented the atmospheric circulation from

crossing the Taiwan Mountain Range directly, but forced it to

deflect, thus reducing the wind speed in the Taiwan Strait and

forming a counter-clockwise wind around the island, enhancing the

wind speed on the east side of Taiwan Island. In addition, the

maximum wind speed of the ERA5 wind field along the typhoon

track decayed more obviously than that of the circular wind field

model, and the wind direction in the Taiwan Strait also changed

from north wind to south wind as the typhoon center passed

through the sea area north of Taiwan Island. Before the typhoon

landfall at 6 hours, when the typhoon center moved to the west of

Taiwan Island, the circular wind field model still showed offshore

west wind on the west side of the Taiwan Strait, while the ERA5

reanalysis wind field showed that due to the blocking of the Taiwan

Mountain Range, the offshore west wind could only deflect

northward, becoming alongshore south wind with weaker

wind speed.
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FIGURE 9

Storm surge time series of tide gauge stations(Kanmen (A), Sansha (B), Pingtan (C), Xiamen (D), Dongshan (E), and Yunao (F)) on the left side of the
typhoon track that experienced storm surge exceeding 50 cm during Typhoon 9711 (Winnie). The dashed lines in the x axis and y axis indicate the
50cm surge level and the typhoon landfall time respectively.
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Finally, we analyzed the long-term changes and trends of the

typhoons and their storm surge in the southeastern coastal region of

China during 1986-2016. The results showed that during this

period, the frequency and intensity of the typhoons that caused

significant storm surge in the left side of the region had a significant

upward trend, which might be related to various factors. On the one

hand, climate change increased the average intensity of the

typhoons that landed on the mainland of China (Walsh et al.,

2015; Feng et al., 2021a). According to statistics, in the past 37 years,

the intensity of the typhoons affecting East Asia and Southeast Asia

increased by 12-15% (Mei and Xie, 2016), which had an important

impact on the magnitude of the storm surge. On the other hand, the

average landing position of the typhoons in the western Pacific also

shifted northward (Chen et al., 2022), which made more strong

typhoons pass through the Taiwan Strait or the sea area north of

Taiwan Island, and then land along the coast of northern Fujian

province and Zhejiang province, making a significant contribution

to the storm surge in the Taiwan Strait. Therefore, the storm surge

disaster risk in these areas also increased.
Conclusion

This comprehensive investigation has illuminated the

spatiotemporal patterns and causative factors of substantial storm

surges on the left side of landfalling cyclones in China. Our analyses

demonstrate that these surges are widespread and represent a

considerable hazard to coastal regions and infrastructure.

Utilizing tide gauge records spanning from 1986 to 2016, we have

conducted an in-depth examination, revealing that left-side surges

are typically on par with those on the right, thereby contesting

established perceptions.

The prevalent circular wind field model, a staple in operational

storm surge forecasting, exhibits notable deficiencies, especially in

simulating left-side surges. The juxtaposition of this model with the

ERA5 wind field underscores the imperative to integrate

topographical influences and actual wind data to refine storm

surge forecasts.

Observed long-term tendencies suggest an escalation in both

the occurrence and severity of significant left-side storm surges,

likely linked to climatic variations and a northward migration of

typhoon landfalls. These findings highlight an escalating threat of

storm surge calamities in the area, necessitating enhanced

predictive models and strategies for disaster readiness.

In summation, our research enhances the comprehension of

storm surge mechanisms on the left side of landfalling cyclones in

mainland China. The results emphasize the profound impacts of

these surges, which have traditionally been eclipsed by the focus

on right-side surges in the Northern Hemisphere. This

necessitates a fundamental shift in the operational forecasting of

storm surges within China, advocating for the adoption of high-

resolution reanalysis wind fields and the acknowledgment of

topographical impacts.
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