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Research on the influential
characteristics of asymmetric
wind fields on typhoon waves
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tKey Laboratory of Yellow River Channel and Estuary Regulation of the Ministry of Water Resources,
Yellow River Institute of Hydraulic Research, Zhengzhou, China, ?State Key Laboratory of Estuarine and
Coastal Research, Faculty of Earth Science, East China Normal University, Shanghai, China

The East China Sea is an ocean region with frequent typhoons, typhoons are also
the main reason for inducing typhoon waves. The complexity of typhoon waves is
closely related to the complexity of typhoon wind field. In previous studies,
symmetrical wind field models or superimposed wind field models were usually
used to simulate typhoon waves. However, the actual wind fields are asymmetric,
and the asymmetry is affected by many factors. Therefore, three wind field models
are used to simulate the wind field of Typhoon Muifa that moved through the East
China Sea. Moreover, the abovementioned wind field models are used to drive the
third-generation wave model SWAN to simulate the wave field and wave spectrum
of Typhoon Muifa. Studies show that the values generated by the asymmetric wind
field model are most consistent with the actual measurement data. This is
especially the case if the typhoon center is closer to the station. The accuracy of
the typhoon waves simulated using the asymmetric wind field model is better than
that of the other two wind field models. The asymmetric wind field can reflect the
asymmetric characteristics of the typhoon well. The substantial wave heights on
the right side of typhoon's path are substantially higher than those on the left side
of path. Additionally, the maximum wave spectral density and total energy of waves
as simulated by the asymmetric wind field are both larger than those of the other
two wind field models. Thus, the asymmetric wind field model is more suitable for
the numerical simulation of typhoon waves in the East China Sea.

KEYWORDS

Typhoon Muifa, wind model, typhoon waves, asymmetry, SWAN model, East China Sea

1 Introduction

A typhoon is a severe tropical cyclone that is one of the most destructive weather systems
in geophysical environments (Chen et al., 2019). The threat of typhoons to social interests,
property, and public safety in coastal areas has become more and more prominent due to the
intensification of global climate change and the increase in the coastal population
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(Ambinakudige and Khanal, 2010; Walsh et al., 2016; Cui and
Caracoglia, 2016; Walsh et al., 2019; Pan et al,, 2022). The oceanic
response to typhoons is the strongest air-sea interaction, involving
complex processes from weather to climate timescales, from local to
global spatial scales, and from dynamics and thermodynamics to
multiple environmental variables (Lee and Chen, 2012; Ge et al., 2017;
Dai et al,, 2018; Ma et al., 2019; Wu et al,, 2019; Wu et al., 2020; Li
et al,, 2022).

Using the original equations to calculate the typhoon pressure
field and wind field need to be improved due to a lack of accuracy in
the initial conditions and the boundary conditions (Zhang et al.,
2010). Therefore, efficient and straightforward parametric typhoon
field models have been widely used. Previous studies often use the
circularly symmetrical pressure field model to solve the gradient wind
according to the cyclone constant wind principle (Myers, 1954;
Jelesnianski, 1965; Holland, 1980; Miyamoto et al., 2014) or to
superimpose the circularly symmetrical wind field model and the
traveling wind field model to form a superimposed wind field model
(Miyazaki, 1961; Jelesnianski, 1966; Ueno, 1981). However, the
circular symmetrical wind field model does not consider the
asymmetry of the typhoon, and the superimposed wind field model
only considers the asymmetry of the typhoon caused by the ambient
airflow. Yet, the actual asymmetric features of the typhoon are more
complicated due to the influence of various factors such as the
underlying surface, Coriolis force, and ambient temperature (Xie et
al., 2006). At the same time, the data released by National Oceanic
and Atmospheric Administration show that typhoons are
asymmetric. Yoshizumi (1968) and Bell and Ray (2004) also
propose that the actual structure of the typhoon is asymmetric,
with the maximum wind possibly located in the rear-right quadrant
or the front-right quadrant. Diagnosing an asymmetric system is
helpful for accurately assessing coastal risk (Lin and Chavas, 2012).
Typhoon data reported by the Joint Typhoon Warning Center also
show that typhoons have different scales in each quadrant; especially,
the wind radii in the northeast and southwest quadrants are
very different.

The wind field, as a driving factor, plays an important role in the
simulation of typhoon waves. With the improvement of the accuracy
requirements for typhoon waves in forecasting and post-forecasting
modes, constructing a more accurate typhoon wind field model has
become an important research topic (Rogers et al., 2007; Wang et al.,
2020). This study introduces the Holland circular symmetric wind
field model, superimposes the Holland wind field model and the
moving wind field model to form a superimposed wind field model,
and introduces an improved four-quadrant asymmetric wind field
model based on the Holland model. Moreover, the three wind field
models are modified by introducing a correction factor to make them
more suitable for the numerical simulation of typhoon in the East
China Sea. Referring to the radial extent of the 34-, 50-, and 64-kt
winds in the four quadrants (northeast, southeast, southwest, and
northwest), this study use the above three wind field models to
simulate the wind field distribution of Typhoon Muifa, and
compare the simulated results of the three wind field. Meanwhile,
some numerical wave models have been adopted to simulate typhoon
waves (Tajima et al., 2016a; Tajima et al., 2016b; Akpinar et al., 2016;
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Mao et al., 2016; Nikishova et al., 2017; Kutupoglu et al., 2018; Vieira
et al,, 2020). In this study, three wind fields were used to drive the
third-generation wave model, SWAN. The numerical simulation of
wave field and wave spectrum of Typhoon Muifa was carried out to
evaluate the effect of typhoon asymmetry on the energy distribution
inside the waves and finally select a wind field model that can more
accurately simulate typhoon waves in the East China Sea.

2 Model description and numerical
experiments

2.1 Wind field model

2.1.1 Key parameter-radius of maximum wind

The radius of maximum wind is an important parameter that
characterizes the scale of the typhoon, and it is also a key parameter to
describe the wind field (Jiang et al., 2008; Fang and Lin, 2013). The
radius of the maximum wind refers to the distance between the
typhoon center and the maximum wind speed zone of the typhoon,
and it directly affects the overall wind speed distribution (Lin and
Fang, 2013). Therefore, an accurate radius of maximum wind is
important for improving the calculation accuracy of the typhoon
wind field and the simulation effect of the wave field.

Previous research efforts have investigated the parameterized
calculation scheme of the radius of maximum wind. Kato (2005)
conducted a statistical analysis of typhoons along the coast of Japan
and pointed out that the radius of maximum wind and the central
pressure of the typhoon are linearly distributed. Willoughby and
Rahn (2004) conducted a statistical analysis of typhoon data from
1977 to 2000 released by the National Oceanic and Atmospheric
Administration and concluded that the radius of maximum wind is
linearly distributed with the central latitude of the typhoon.

Studies have shown that the central pressure of the typhoon
characterizes the intensity of the typhoon. The central latitude of a
typhoon reflects the geographical location of typhoon and the local
temperature. The moving velocity of typhoon’s center is affected to a
large extent by the synoptic-scale and upper-tropospheric height field
that are linked to the large-scale background wind field. These three
factors have a certain influence on the radius of maximum wind. This
study statistically analyzes typhoon data released by the Joint
Typhoon Warning Center (http://www.metoc.navy.mil/jtwc/jtwe.html)
in the Northwest Pacific from 2002 to 2020, and the relationship
between the radii of the 34-, 50-, and 64-kt winds and its influencing
factors are shown in Figure 1.

It can be seen from Figure 1A that the radial extent of the 34-, 50-,
and 64-kt winds in four quadrants decrease with an increased central
pressure difference of typhoon. This is because the central pressure
difference of the typhoon reflects its strength. With the increase of the
central pressure difference, the typhoon intensity increases, the
suction effect and vortex motion increase, each wind circle is closer
to the typhoon center, and the wind speed radii of each wind circle
decreases. Figure 1B shows that the radial extent of the 34-, 50-, and
64-kt winds in the four quadrants increase along with the increasing
latitude of the typhoon center, but when the latitude is greater than
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FIGURE 1

Distribution map of the radii of wind and: (A) the central pressure difference of the typhoon, (B) the central latitude of the typhoon, (C) the central

moving velocity of the typhoon

25° the radial extent of the 34-, 50-, and 64-kt winds in four
quadrants decrease with the increase of the latitude of the typhoon
center. This is because the geographical latitude mainly reflects the
local environmental temperature; as the latitude increases, the
ambient temperature changes, but when the latitude is poleward of
25°N, due to the influence of the subtropical high pressure, the
ambient surface pressure rises and the typhoon central pressure
difference increases, making the central pressure difference the
dominant factor, resulting in a decrease in the radial extent of the
34-, 50-, and 64-kt winds in all four quadrants. At the same time,
Figure 1C shows that the influence of the central moving velocity of
the typhoon on the radial extent of the 34-, 50-, and 64-kt winds in
four quadrants is not prominent and can be ignored.

2.1.2 Symmetric wind field model

From the perspective of the construction of the typhoon wind
field, people often use a circular symmetrical pressure field model,
that is, first use a theoretical model, empirical formulas, or semi-
theoretical and semi-empirical model to construct the pressure
distribution in the typhoon area, and then use the gradient wind
equations or geostrophic wind equation to obtain the wind field
distribution in the typhoon area (Fujita, 1952; Myers, 1954;
Jelesnianski, 1965; Holland, 1980). The most commonly used model
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is the Holland circular symmetric pressure wind field model, which is
expressed as

— B
P(") = Pc + (Pn - Pc) exp (Rmax/") (1)

where P, is the surface pressure at a distance of r from the
typhoon center; r the distance from the center of the typhoon; P, the
typhoon central surface pressure; P,, the ambient surface pressure;
Rinax the radius of maximum wind; B a hurricane-shape parameter
(Vickery and Wadhera, 2008). From Eq. (2), the initial value of B can
be determined by using V. Pp, and Pe:

_ Viape

B =
Pn_Pc

2
where V.. is the hurricane’s maximum wind speed; the air
density; e = 2.7183.
The gradient wind is given by the pressure field via the cyclone
wind principle:

B /R B B B 7:]( 2 1/2 7f
_ [B (Ruax _ Ruae/r) (1 i
Vin {p ( . ) (P, —P.)exp +< 2> } 5 3)

where V) is the velocity at a distance r from the hurricane center;
fis the Coriolis parameter.
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The correction for the gradient wind speed of the model to obtain
the gradient wind speed at 10 m on the sea surface is given by:

_sin(9+ﬁ} W

V=V,
' ()[cos(0+ﬁ

where Vis the corrected wind speed; ¢; is a correction factor, and
its value depend on the location of typhoon, by conducting tests of
many typhoon cases in the East China Sea, ¢; in this region is set as
0.9; O the angle between the calculated point and the x-axis; f the
angle between the gradient wind and the sea-surface wind.

2.1.3 Superimposed wind field model

Since actual typhoons are often asymmetrical, various asymmetric
wind field models have been proposed to better describe the actual
wind field (Pan et al, 2016). The previous asymmetric wind field
model considered the impact of a typhoon moving asymmetrically,
that is, superimposing the symmetrical wind field model with the
moving wind field model. This method can involve the asymmetrical
typhoon wind field caused by ambient airflow. Miyazaki (1961)
introduced a moving wind field mod

Vt _ er— nr/Rg (5)

where V; is the moving speed of typhoon; V¢ is the moving speed
of typhoon center; Rg is the environmental scale, set to 500 km in
this article.

Synthesize the gradient wind field with the moving wind field to
obtain a superimposed wind field:

—sin(6+ 3

v, 6
cos(0+f e ©

VM = V(r) |:

where V) is the wind speed of the superimposed wind field; ¢,
and ¢, are the correction factors: ¢; has the same value as Eq. (4) and is
set as 0.9. ¢, is set as 0.5.

2.1.4 Asymmetric wind field

Typhoons are affected by many factors, such as the underlying
surface, Coriolis force, and ambient temperature, making the actual
asymmetry of typhoons more complicated (Olfateh et al, 2017).
Therefore, Xie et al. (2006) incorporated the National Hurricane
Center forecast guidance into the Holland model. R,y is modified to
become a function of the azimuthal angle (6):

Rpax () = P168* + P,6° + P;6° + P, 6 + P; 7)

where R,,x(0) is calculated by Eq. (3), when the value of V(,) and r
are given; Py~ Ps the coefficients of the fourth-order polynomial are
obtained by a polynomial curve fitting of the Ry, value.

Upon substituting, the Rp,.xe) obtained by Eq. (7) into the
following equation, can obtain the four-quadrant asymmetric wind
field:

V(f,e) =0 [Rmax(e)/Rmax]B/z Vr (8)

cos(6+f

—sin(0+ﬂ]

where V) is the wind speed of the asymmetric wind field; ¢, is
the correction factors, and it has the same value as Eq. (4) and is set as
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0.9; Ry.x is the mean value of the radius of maximum wind.
Because R, is different in each azimuth, the calculated wind field
is asymmetric.

2.2 Wave model

SWAN is a third-generation wave model for obtaining realistic
estimates of wave parameters in coastal areas, lakes, and estuaries
from the given wind, bottom, and current conditions (Booij et al.,
1999; Rogers et al., 2003). However, SWAN can be used on any scale
relevant to wind-generated surface gravity waves. The model is based
on the wave action balance equation with sources and sinks:

oN aC/lN 1

0cyc0OSON  9dczN dcgN S
at "oz ©)

+cos(p ¢ * 00 * 00 o

N(0,0) = E(0,0)/0 (10)

where N is the momentum spectral density; E the energy spectral
density; ¢ the time; A the longitude; ¢ the latitude; o the frequency; 0
the direction of propagation; ¢), ¢ and cg are the propagation speeds
of the dynamic spectral density in the A, o and 0 direction.

2.3 Computational experiments

The simulation results of three different calculation schemes are
used to compare and analyze the simulation effects of varying wind
field models on wind field, wave field, and wave spectrum,
which include:

(1) Run 1(T1): using the symmetrical wind field model to
simulate the wind field and drive SWAN to simulate the
wave field and wave spectrum.

(2) Run 2(T2): using a superimposed wind field model to
simulate the wind field and drive SWAN to simulate the
wave field and wave spectrum.

(3) Run 3(T3): using an asymmetric wind field model to simulate
the wind field and drive SWAN to simulate the wave field and
wave spectrum.

3 Study area and data sources

3.1 Study area

Typhoons frequently occur in the Northwest Pacific (Guo et al.,
2016). Typhoons generated in the Northwest Pacific account for
about 35% of the total number of typhoons worldwide each year.
Most typhoons in the Northwest Pacific will eventually land after
passing through the East China Sea or South China Sea. Many
typhoons passing through the South China Sea will first pass
through the Philippine Islands. Therefore, their strength will be
weakened and their internal structure will change before they land
due to the effect of the underlying surface. However, the East China
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Sea is relatively wide, and typhoons passing through this area are less
affected by underlying surface. Therefore, typhoons passing through
the East China Sea were selected for this study.

3.2 Typhoon path data

Because the asymmetry of the typhoon will increase due to the
influence of the underlying surface and other factors when it makes
landfall, this study chose to use Typhoon Muifa, which passed
through the East China Sea before making landfall. Super Typhoon
Muifa was generated in the Northwest Pacific Ocean on 24 July 2011.
It assembled in the eastern Philippines on 29 July and moved slowly
to the west and then turned to the north and continued to move
through the East China Sea, making landfall on the Korean Peninsula
before dying out in Jilin Province. The path data of Muifa was sourced
from the Joint Typhoon Warning Center and contains the date, time,
latitude, longitude, maximum sustained wind speed (Vy,.x), typhoon
central pressure (P.), wind circle speed (V), wind speed radius of the
four quadrants under the wind circle speed (Rne» Rser Rews Ruw)s
ambient surface pressure (P,), and the radius of maximum wind
(Rimax)- The time resolution of the typhoon-path data from Joint
Typhoon Warning Center is six hours.

3.3 Buoy data

To validate the model forecast of the wind and wave time change
processes, the wind and wave fields computed with the asymmetric
wind field model (T3) were compared with those produced using the
superimposed wind field model (T2), symmetrical wind field model
(T1), and buoy observations. The buoy data was from the QF207 buoy
station (124.1°E, 29.05°N). The QF207 buoy station is located in the
East China Sea, close to the path of Super Typhoon Muifa, and
records the wind and wave data during the typhoon. The location of

45
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FIGURE 2

The location of the QF207 buoy station, satellite orbit and the typhoon
path.
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the QF207 buoy station and the typhoon’s path are shown in Figure 2.

3.4 Satellite data

To validate the model forecast of the wind and wave space change
process, the wind field and wave field computed with the asymmetric
wind field model (T3) were compared with those produced using the
superimposed wind field model (T2), symmetrical wind field model
(T1) and satellite observations. The satellite data came from the
C353P127 orbit of the Jason-1 satellite.

The Jason-1 satellite data is released by the AVISO website. The
satellite is a marine terrain satellite developed by the French National
Space Research Center (CNES) and the National Aeronautics and
Space Administration (NASA). It is mainly used to measure the
topography and sea level of the ocean surface. Each satellite is
equipped with a radar altimeter and a microwave radiometer,
which can observe the average sea level, sea-surface wind speed,
sea-surface significant wave height, and other data. Its sea-level height
observation accuracy is 4.2 cm, the spherical observation accuracy can
reach 25 cm. The orbit of the Jason1 satellite is in a circular orbit with
an operating altitude of 1336 km, which can effectively reduce the
influence of the Earth’s gravitational field and atmospheric drag on
the observation. The satellite’s orbital inclination is 66° and the orbital
scanning spatial coverage is 66.03°S~66.03°N, which can cover 90% of
the global ocean area. The time needed to complete one earth orbit in
9.9156 days, fully considering the impact of temporal and spatial
resolution and tidal aliasing. The satellite orbit and typhoon path are
shown in Figure 2.

4 Results and discussion

4.1 Wind field

To show the difference between the three wind field models in
simulating wind speed, the T1~T3 scheme was applied to the East
China Sea. The wind speed simulation results of Muifa and the
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FIGURE 3

The modeled and buoy station observed wind speed.
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measured results of the QF207 buoy station are shown in Figure 3,
and the comparison results of the simulated wind field value of
Typhoon Muifa and the actual measured value of the buoy station are
shown in Table 1.

It can be seen from Figure 3 that the variation trend of the
simulated wind speed time change process of each scheme is in good
agreement with that measured by the buoy station. However, the
simulation effect of the asymmetric wind field T3 on the wind speed is
closer to the actual measured wind speed than the superimposed wind
field T2 and the circular symmetric wind field T1. This is because the
typhoon has asymmetric characteristics, and the asymmetric wind
field can better reflect the actual typhoon. The simulation results of
the superimposed wind field T2 and the circular symmetrical wind
field T1 are not much different. This is because the asymmetric
characteristics of the typhoon are not only affected by the movement
of the typhoon but also affected by various factors such as
environment, topography, and underlying surfaces (Olfateh
et al., 2017).

The resultant simulated wind speed of Typhoon Muifa, given in
Table 1, shows that the average wind speed error and the root mean
square error of wind speed in the T3 scheme are reduced compared
with the T1 and T2 schemes. Among them, the root mean square
error of wind speed is reduced by 45.70% and 46.08% compared with
T1 and T2, corresponding to a root mean square error of only 5.37 m/
s. At the same time, during the developmental stage of Typhoon
Muifa, the correlation between the simulated wind speed value of the
T3 scheme and the actual wind speed value at the buoy station was the
best, and the correlation coefficient reached 0.96, which was
significantly higher than the other two schemes.

To show the spatial distribution characteristics of the typhoon
wind field constructed by the above three wind field models, the wind
speed and wind direction simulation results of Muifa and the
measured results of the C353P127 orbit of Jason-1 satellite are
shown in Figure 4 and the comparison results of the simulated
wind field value of Typhoon Muifa and the actual measured value
of the satellite are shown in Table 2.

The results in Figure 4 show that because the satellite scanning
zone crosses the typhoon center area, the satellite-measured wind
field presents prominent asymmetrical characteristics, that is, the
typhoon center wind speed is very low, and the wind speed on the
right side of the typhoon wind field is significantly higher than that on
the left side. At this time, the asymmetric wind field T3 can well reflect
the asymmetric characteristics of the typhoon, in contrast, the
superimposed wind field T2 does not show the asymmetric

TABLE 1 Wind speed simulation and buoy station measured values.

10.3389/fmars.2023.1113494

characteristics of the typhoon clearly, the circular symmetric wind
field T1 does not show the asymmetric characteristics of the typhoon.

In the simulation of the wind direction process of Typhoon
Muifa, the three wind field models that simulated the wind
direction process line almost the same, which is in good agreement
with the actual wind direction as measured by the satellite at the
center of the typhoon, and gradually changes with the change of
latitude. However, in the peripheral area of the typhoon, there are
differences between the simulated wind direction values of the three
wind field models and the actual measured value of the satellite. This
is because the typhoon’s periphery is mainly affected by the
environmental wind, so a single typhoon wind field model cannot
simulate the wind process well (Shen et al., 2016).

It can be seen from Table 2 that when the satellite scanning zone
C353P127 passes through the center of Typhoon Muifa, the
asymmetric wind field in T3 is significantly correlated with the
measured wind field compared to the circular symmetric wind field
in T1 and the superimposed wind field in T2. The root mean square
error of wind speed in T3 is reduced by 45.99% and 45.38% compared
with T1 and T2. It can be seen that the asymmetric wind field can
better depict the characteristics of wind speed distribution in the
typhoon center area.

4.2 Wave field

4.2.1 Typhoon wave calculation effect

Using the above three wind field models to drive the third-
generation wave model SWAN to simulate the spatiotemporal
changes of the significant wave heights of the typhoon in the East
China Sea, we used the measured data from the buoy stations and
satellites to compare the effects of different wind field models on the
calculation results of the space and time distributions of the waves.
For the verification of the calculated typhoon waves within the time
range, the results of the typhoon wave-time-change process, as
simulated using the wind field model and the measured results of
the QF207 buoy station are shown in Figure 5A. For the verification of
the calculated effect of the typhoon waves within space, the results of
the typhoon wave-space change process, as simulated using the wind
field model, and the measured results of the C353P127 orbit of Jason-
1 satellite are shown in Figure 5B.

It can be seen from Figure 5A that the three wind field models can
all reflect the wave change trend. In the simulation of the time change
process of the wave heights of Typhoon Muifa, T1 and T2 both

Wind Vmax(m/s) V(m/s) RMSE

Buoy Correlation of wind

REL station field coefficient speed

model Measured Calculated Measured Calculated p

(WS
Tl 3338 31.81 18.94 12.74 ‘ 1.57 620 0.71 9.89
Muifa QF207 T2 33.38 3173 18.94 12.81 ‘ -1.65 -6.13 0.70 9.96
T3 3338 30.26 18.94 14.25 ‘ 312 -4.68 0.96 5.37
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underestimated the significant wave heights. In the simulation of the
maximum wave height near the buoy station, the simulated value of
the asymmetric wind field T3 is more consistent with the measured
value, and it can more accurately simulate the significant wave height
in the central area of the typhoon.

Figure 5B shows that the change trend of the simulated value of
the significant wave height of each wind field model is basically the
same as the measured value on the satellite orbit. The deviation
between the simulated value of the average wave height of each wind
field model and the measured value on the satellite orbit is small, and
the three wind field models can show the average level of the
significant wave height distribution on the satellite scanning zone.
However, the asymmetric wind field of T3 is more accurate in the
simulation of the change trend of significant wave heights, especially
the simulation of the maximum value of the significant wave height of
the typhoon waves, which can more accurately describe the extreme
value distribution of the typhoon waves within the satellite
scanning zone.

4.2.2 Wave field simulation effect

To further demonstrate the influence of three different wind field
models on the distribution characteristics of the wave fields, the wave
fields simulated using the three wind field models at 1200 UTC 3
August 2011, 1800 UTC 4 August 2011, 0000 UTC 6 August 2011, as
Typhoon Muifa passed through the East China Sea are shown in
Figures 6-8.

The simulation results in Figures 6-8 show that the wave field
exhibits prominent asymmetric characteristics during the typhoon’s
movement. At 1200 UTC 3 August and 1800 UTC 4 August, the wave
fields simulated using the three wind fields show asymmetric
characteristics of the maximum significant wave height in the

TABLE 2 Wind speed simulation and Jason-1 satellite measured value.

northwest quadrant and the minimum significant wave height in
the southeast quadrant. At 0000 UTC 6 August, the wave fields
simulated using the three wind fields show the asymmetric
characteristics of the maximum significant wave height in the
northeast quadrant and the minimum significant wave height in
the southeast quadrant. The three typical time points all show that the
wave height on the right side of the typhoon’s path is significantly
higher than the wave height on the left side, forming a crescent-
shaped wave height contour distribution on the right side. Meanwhile,
the significant wave height of the typhoon simulated using the
asymmetric wind field at three typical time points is the largest,
reaching above 11 m at 1200 UTC 3 August and 1800 UTC 4 August,
above 10 m at 0000 UTC 6 August, which are about 2 m higher than
the significant wave height simulated using the circular symmetrical
wind field and the superimposed wind field. At the same time, the
distribution range of the large wave area simulated using the
asymmetric wind field is more extensive than that of the other two
wind fields.

4.2.3 Influence range of typhoon waves

The typhoon wind field is the primary energy source of typhoon
waves, so there is a clear correlation between the two (Ou et al., 2002).
To explore the distribution characteristics and influence range of the
extreme value of wind field and wave field simulated using each wind
field model, the maximum wind speed field and maximum wave
height field during the period of Typhoon Muifa passing through the
East China Sea are shown in Figure 9.

Figures 9A, C, E show the simulation of the maximum wind speed
field. During the typhoon transit, the maximum wind speed contour
simulated using the circular symmetric wind field model shows a
symmetrical belt-like distribution centered on the typhoon’s path and

. . Vinax(M/s V(m/s RMSE of
The orbit Wind max(M/s) (my/s) Vimax ! ;

Correlation wind
Typhoon  of Jason- field error coefficient speed
1 satellite model Measured = Calculated Measured Calculated = (m/s) (ﬁw/s)

Tl 29.66 31.82 13.93 6.61 2.16 -7.32 0.46 11.72

Muifa QF207 T2 29.66 32.14 13.93 6.50 2.48 743 0.47 11.59

T3 29.66 32.02 13.93 9.23 2.36 -4.70 0.89 6.33
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spreads from the symmetrical center area to both sides and gradually
decreases (Figure 9A). The maximum wind speed contours simulated
using the superimposed wind field model shows an asymmetrical
belt-like distribution centered on the typhoon’s path, but the
asymmetry is weak (Figure 9C). In contrast, the maximum wind
speed contour simulated using the asymmetric wind field model
shows an asymmetrical belt-like distribution centered on the
typhoon’s path, and the asymmetric features are prominent. The
maximum wind speed on the right side of path is higher than that on
the left side. At the same time, the typhoon’s high wind area, as
simulated using the asymmetric wind field model, has a wide
distribution range (Figure 9E).

EE YR
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140 (°E)

FIGURE 6

wind field.

Distribution map of the wave field of Typhoon Muifa at 1200 UTC 3 August 2011: (A) symmetrical wind field, (B) superimposed wind field, (C) asymmetric

For the simulation of the maximum wave height field,
Figures 9B, D, F show that the maximum wave height fields
simulated using the three typhoon wind field models all show an
asymmetrical belt-like distribution centered on the typhoon’s path.
Among them, the wave field simulated using the asymmetric wind
field model has the strongest asymmetry, that is, the maximum wave
height on the right side of typhoon moving path is about 2 m higher
than that on the left side of movement path (Figure 9F). However,
the maximum wave height simulated using the circular symmetric
wind field model (Figure 9B) and superimposed wind field model
(Figure 9D) on the right side of typhoon moving path is only about
1 m higher than that on the left side of movement path. Therefore,
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asymmetric wind field, (F) wave height of asymmetric wind field.

the asymmetric characteristics of the maximum wave height field
simulated using the asymmetric wind field model are substantially
higher than the other two wind field models. The asymmetric wind
field model can more accurately describe the actual wave field
characteristics in typhoons.

The maximum wind speed and wave height fields also have a
certain correlation. Since the maximum wind speed field simulated
using the circular symmetric wind field model is symmetrically
distributed, the maximum wave height field simulated using this
model has the weakest asymmetry; the maximum wind speed field
simulated using the asymmetric wind field model is asymmetrically
distributed, so the maximum wave height field simulated using this
model has the strongest asymmetry. At the same time, the 10 m/s
wind speed affected area in the maximum wind speed contour map
basically corresponds to the 5-m wave effect area in the maximum
wave height contour map, and the distribution trends of wind speed
and wave height are basically the same within the two affected areas.
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4.3 Wave spectrum

Wave spectrum analysis is based on the composition waves
analysis method, which determines the distribution of wave energy
concerning the composition waves of each frequency (Wan et al,
2020). The wave spectrum reflects the distribution characteristics of
each frequency component wave, which contains comprehensive
information on the wave motions. Analysis of the wave spectrum of
Typhoon Muifa, as simulated using the three wind field models,
shows the influence of the asymmetric wind field on the energy
distribution inside the waves. The simulated value of the wave
spectrum of each wind field model during the period of Typhoon
Muifa passing the QF207 buoy station is shown in Figure 10. The
comparison results of the wave spectral density peak of each wind
field model are shown in Table 3.

It can be seen from Figure 10 and Table 3 that during the typhoon
passage through the buoy station, the wave spectral density simulated
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Wave spectrum during Typhoon Muifa passing QF207 buoy station: (A) 0200 UTC 6 August 2011, (B) 0400 UTC 6 August 2011, (C) 0600 UTC 6 August 2011.

TABLE 3 Comparison of wave spectral density of various wind fields
during Typhoon Muifa passing by the buoy station.

Wave spectral
density peak (m?/

Hz)

T T2 T3

0200 UTC 6 August
2606 2907 7733
2011
0400 UTC 6 August
Muifa QF207 ugus 3519 4046 = 8820
2011
0600 UTC 6 August
oLl 4501 60.13  80.08

by each scheme shows a trend of first increasing and then decreasing
with the increase of wave spectral frequency. The wave spectral
density is close to zero when the frequency is less than 0.05 Hz and
more than 0.25 Hz. At the same time, the simulation results of the
three wind field models show that the wave spectral density
simulation effect of the asymmetric wind field model at the QF207
buoy station is significantly different from the other two wind field
models. The wave spectral density peak simulated using the
asymmetric wind field model is the largest, and the area enclosed
by the wave spectral density curve and the abscissa is also the largest.
This shows that the total energy of the waves simulated using the
asymmetric wind field model is larger than that of the other two wind
field models, and the intensity of the generated typhoon waves is
also greater.

4.4 Potential applications

The asymmetric wind field model can improve the accuracy of
post-forecasting of typhoon that moved through the East China Sea
and more accurately estimate the typhoon waves and wave fields
caused by it. At the same time, simulation of accurate typhoon waves
will help to obtain a wealth of ocean wave databases and provide a
reference for the construction of ocean engineering and the
development of coastal resources.
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In addition, the actual typhoon wind field is also affected by the
peripheral environmental factors. In the future, methods for
integrating the background wind and asymmetric wind field model
can be considered to discuss and analyze the typhoon wind field and
the wave field caused by it.

5 Conclusions

Through the statistical analysis of the wind radii issued by the
Joint Typhoon Warning Center, this study investigated the
asymmetric characteristics of a typhoon. Based on the third-
generation ocean wave model SWAN, this study constructs three
numerical calculation models for typhoon waves in the East China Sea
based on three wind field models, the circular symmetric wind field
model, the superimposed wind field model, and the asymmetric wind
field model. These three models are applied to Typhoon Muifa to
explore the difference in the simulation effects of each model and the
accuracy of wave simulation, as well as the influence of asymmetric
wind fields on the distribution characteristics of typhoon waves.

The asymmetric wind field model predicts the wind speed and
wave change processes in time and space more reasonably, as the
simulation results are more consistent with the measured results. This
is especially the case regarding the simulation of wind speed near the
typhoon’s center, where the simulation results of the asymmetric
wind field model are significantly better than the circular symmetrical
wind field model and the superimposed wind field model.
Furthermore, the asymmetric field model has a higher calculation
accuracy for peak wave heights and presents a more accurate
simulation of asymmetric features at the typhoon’s center. It is
evident that the asymmetric wind field model most accurately
reflects the actual wind speed and wave characteristics.

The influence of the asymmetric wind field model on the wave
field is mainly reflected by the following findings. 1) The asymmetry
of the wave field simulated using the asymmetric wind field model is
obviously more potent than that of the other two wind field models; 2)
its asymmetric characteristics are mainly reflected in wave heights on
the right side of the typhoon’s path that are significantly higher than
that on the left side of the movement path; 3) at the same time, the
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peak value of the wave spectrum density simulated using the
asymmetric wind field model is the largest, and the total energy and
intensity of the simulated waves are obviously larger than the other
two wind field models. The asymmetric wind field can effectively
simulate the asymmetric characteristics of the energy distribution
within the waves.

This study makes the case that the actual wind fields have typical
asymmetric characteristics, and the asymmetric wind field model can
more accurately simulate the asymmetric characteristics of typhoons
that moved through the East China Sea.
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