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Abstract As one of the most serious natural disasters, many typhoons aﬀect southeastern China every year.
Taking Shenzhen, a coastal city in southeast China as an example, we employed a Monte-Carlo simulation
to generate a large number of virtual typhoons for wind hazard analysis. By analyzing 67-year historical
typhoons data from 1949 to 2015 using the Best Track Dataset for Tropical Cyclones over the Western
North Paciﬁc recorded by the Shanghai Typhoon Institute, China Meteorological Administration (CMASTI), typhoon characteristic parameters were extracted and optimal statistical distributions established for
the parameters in relation to Shenzhen. We employed the Monte-Carlo method to sample each distribution to
generate the characteristic parameters of virtual typhoons. In addition, the Yan Meng (YM) wind ﬁeld model
was introduced, and the sensitivity of the YM model to several parameters discussed. Using the YM wind
ﬁeld model, extreme wind speeds were extracted from the virtual typhoons. The extreme wind speeds for
diﬀerent return periods were predicted and compared with the current structural code to provide improved
wind load information for wind-resistant structural design.
Keyword: typhoon hazard analysis; Monte-Carlo simulation; wind ﬁeld model; extreme wind speed

1 INTRODUCTION
Shenzhen City is located in the southeast coast of
China with a highly developed economy and dense
population and is one of the regions most seriously
impacted by typhoons. Typhoon disasters have
resulted in signiﬁcant economic losses and heavy
causalities in the southeast China coastal regions in
history. It has been found that landfall of typhoons
usually occurs in the southeast China coastal regions,
including Shenzhen. In these areas, it is very important
to analyze typhoon hazard risks and predict the design
wind speeds of typhoons for the design of critical
structures and typhoon disaster mitigation.
The design wind speeds and pressures given by
current load code in China are obtained through
statistically analyzing the measured wind data of the
meteorological department. However, in the typhoon-

prone area, the anemometers are vulnerable to damage
and the typhoon wind speed records are often too
short, which all can lead to an inaccurate estimate of
wind load. To solve the problem of lack of wind speed
data, Monte-Carlo simulation as an alternative and
feasible approach for typhoon wind hazard analysis is
the most widely accepted. It uses the mature typhoon
model and the typhoon history data to simulate the
typhoon wind ﬁeld and predict annual maximum
wind speed. The United States (American Society of
Civil Engineers, 2005) and Australia (SAA, 2002) use
the method to compile the design wind speed maps.
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Russell (1969, 1971) ﬁrst described the simulation
approach, and since that pioneering study, the
modeling technique has been expanded and improved
by others. Batts et al. (1980) and Shapiro (1983)
successively developed the Batts hurricane model and
Shapiro hurricane model. Georgiou (1986) proposed
and developed the numerical simulation method
about hurricane based on the Monte-Carlo method by
statistically analyzing the hurricane history data
combining the Georgiou typhoon model. Vickery and
Twisdale (1995b) compared the Shapiro typhoon
model and Batts model and indicated that the Shapiro
model is better than the Batts model. Meng et al.
(1995) investigated the wind ﬁeld in a typhoon
boundary layer known as Yan Meng (YM) typhoon
model. Simiu and Scanlan (1996) reviewed the
problems involved in the description of the wind
climate for structural design purposes and in the
development of criteria for the deﬁnition of design
wind speeds. A procedure based on climatological
and physical models of hurricanes were presented.
Thompson and Cardone (1996) employed the
numerical simulation method to hindcast the wind
ﬁeld of history hurricane cases in the Gulf of Mexico
in order to obtain a series of extreme wind speeds. As
indicated by Vickery and Twisdale (1995a), the
approaches used in the previous studies are similar,
with the major diﬀerences being associated with the
ﬁlling models and wind ﬁeld models. Other diﬀerences
include the size of the region over which the typhoon
climatology can be considered uniform and the use of
a coast segment crossing approach (Russell, 1971;
Batts et al., 1980) or a circular subregion approach
(Georgiou et al., 1983; Georgiou, 1986; Neumann,
1991; Vickery and Twisdale, 1995a).
In 2000, Vickery et al. (2000b) developed a new
simulation approach where the full track of a hurricane
or tropical storm is modeled, which is also a pioneering
study. After that, signiﬁcant improvements have been
made (Vickery et al., 2009). Vickery and Wadhera
(2008) developed an updated statistical model for the
Holland pressure proﬁle parameter (B) and the radius
to maximum winds (Rmax). This model was used by Li
and Hong (2014, 2015, 2016) and Hong et al. (2016).
Xiao et al. (2011) developed the empirical linear
relation for lnRmax and lnB for 11 coastal cities of
China based on the typhoons aﬀecting the China coast
region and some empirical information from other
literature. Li and Hong (2015) indicated that the mean
of B estimated by Xiao et al. (2011) is much greater
than that predicted by Vickery and Wadhera (2008).
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Lin and Fang (2013) also indicated that the model
given by Vickery and Wadhera (2008) is preferred.
Zhao et al. (2013) developed Rmax and B model at sea
level that is applicable for the Northwest Paciﬁc
Ocean. From the updated database, Fang et al. (2018a,
b) updated the models. Vickery (2005) developed a
new decay model for a hurricane. There have been
other derivations of the full track method. Mudd et al.
(2014) used the state-of-the-art hurricane prediction
models to simulate hurricanes under IPCC climate
change scenario RCP 8.5 for year 2100. Cui and
Caracoglia (2016) assessed the lifetime costs of tall
buildings from hurricane-induced damage based on
the empirical track model along the US Atlantic coast
in a warming climate. Lee and Rosowsky (2007)
developed a framework to set up a hurricane wind
speed database for the Northeast US coast under both
the 2005 and future climate states. Rosowsky et al.
(2016) updated the analysis performed by Mudd et al.
(2014), because signiﬁcant improvements have been
made (Vickery et al., 2009).
Over the past several decades in China, there are
many types of research on typhoon climates and
typhoon eﬀects on structures (Li et al., 1998, 2000,
2004). Generally, the super tall buildings or long-span
bridges or nuclear plants require higher standards of
safety, but there are no elaborate design wind speeds
for these structures in the Chinese design code
(Ministry of Housing and Urban-Rural Construction
of the People's Republic of China, 2012). Thus, it is
vital to develop a practical method for typhoon risk
analysis in China coastal region. Chen (1981) and
Sheng and Wu (1993) conducted much research on
the wind ﬁeld model. Chen (1992) obtained a new
wind ﬁeld model by analyzing the Rankine and
Jelesnianski wind ﬁeld models, and they corrected the
defects of the two models. She et al. (1995) improved
the CE (US Army Corps of Engineers) wind ﬁeld
model and established a dynamic boundary layer of
the wind ﬁeld model. Li and Duan (2005) simulated
the typhoon Betty (87) and Weyne (86) by using the
Shapiro wind ﬁeld model and the simulated wind
speeds agree well with the observations. Ou et al.
(2002) did the research about typhoon risk analysis
for key coastal cities in southeast China using the
Batts et al. (1980) model. Zhao et al. (2005) combined
the YM typhoon model and the Monte-Carlo
simulation to optimize the values of typhoon
parameters at Shanghai seashore. Tao et al. (2001)
developed the probability distribution of annual
typhoon maximum wind speed in Shanghai through
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the Monte-Carlo simulation. Xiao et al. (2011)
conducted the typhoon wind hazard analysis for 11
major cities in the southeast China coastal regions
combined the Thompson and Cardone (1996) typhoon
model and the Monte-Carlo simulation. There is also
some other research (Zhao et al., 2007; Xie, 2008;
Wei, 2009; Xie et al., 2015) on the typhoon modeling
and extreme value prediction for the coastlines of
China.
In this study, typhoon hazard analysis was
conducted for the coastal city of Shenzhen in
southeastern China using a Monte-Carlo simulation
that referred to the framework developed in previous
work, e.g., Simiu and Scanlan (1996), Georgiou
(1986), and Vickery and Twisdale (1995a, b). The
primary source of data used for this study is the CMASTI (China Meteorological Administration-Shanghai
Typhoon Institute) Best Track Dataset for Tropical
Cyclones (TC) over the Western North Paciﬁc (during
1949–2015). The data ﬁle contains the information of
typhoon position and intensity in 6-h intervals
including typhoon number and name, the position of
typhoon center (longitude and latitude), central
pressure, and 2-min mean maximum sustained wind
near the TC center.
First, characteristic parameters (annual occurrence
rate, central pressure deﬁcit, translation speed, storm
heading, and the minimum approach distance) of
typhoons were extracted and their statistical
distributions were established for Shenzhen by
processing the data obtained from the China
Meteorological Administration (CMA). Then, the
Monte-Carlo method was employed to sample from
each distribution to generate characteristic parameters
of virtual typhoons. The sample size depends on the
typhoon annual occurrence rate of Shenzhen and the
total number of years for typhoons simulated (1 000year in this paper). Subsequently, the Yan Meng (YM)
wind ﬁeld model and its solution scheme were
introduced and the sensitivities of the wind ﬁeld
model to several parameters were discussed. Finally,
the typhoon wind ﬁelds were calculated using the YM
model and the extreme wind speeds for various return
periods were predicted by extreme value distributions
such as Weibull and Gumbel distributions.
There are some diﬀerences from previous studies
and several aspects, which needs to be explained.
Firstly, in this study, the Monte-Carlo simulation is
adopted rather than the empirical track model
developed by Vickery et al. (2000b) because we focus
on the speciﬁc site rather than an extended region that
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could experience wind hazard due to the same typhoon
events. Secondly, in many previous studies, the
Shapiro (Simiu and Scanlan, 1996), Georgiou (Lee
and Rosowsky, 2007; Mudd et al., 2014; Rosowsky et
al., 2016) and Thompson & Gardone (Xiao et al.,
2011) typhoon models are applied while there is little
use of the YM typhoon model. The typhoon boundary
layer of YM model is more physically meaningful
than applying the empirical discount factor like Batts
et al. (1980) and Georgiou et al. (1983) model.
Besides, the YM model is simpler than the Thompson
and Cardone (1996) model and accurate enough for
typhoon simulation. Xie et al. (2014) compared the
wind speeds calculated by YM model, CE model, and
Shaprio model and found that the wind ﬁeld simulated
by YM model is in good agreement with the measured
values. Li et al. (2009) also validated the eﬃciency of
YM model for the Xiamen city. The YM model has
been applied to the typhoon wind ﬁeld model, such as
Matsui et al. (2002), Xie et al. (2015). Therefore, we
applied the YM wind ﬁeld model in this study. Thirdly,
since Xiao et al. (2011), several major typhoon events
have occurred, which acts as an update to the typhoon
dataset used by Xiao et al. (2011). Finally, while
storm surge and ﬂooding due to typhoons also cause
damage, only the direct typhoon wind hazards
(maximum wind speed) were considered herein. The
Shenzhen City is selected as the case study; however,
the framework can be applied in other typhoonaﬀected regions as well.

2
TYPHOON
CHARACTERISTIC
PARAMETER
AND
PROBABILITY
DISTRIBUTION
A typhoon model is often parameterized by a set of
parameters known as typhoon characteristic
parameters: the annual occurrence rate, λ; central
pressure deﬁcit, Δp; radius to maximum winds, Rmax;
translational speed, VT; storm heading, θ; and the
minimum approach distance, Dmin. They are the
variables that characterize the structure and intensity
of a storm. The parameters are quantiﬁed by their
probabilistic distributions, which can be determined
based on publicly available records of historical
typhoons. One sampling method used widely to
establish the probabilistic distributions of typhoon
characteristic parameters is to extract records of
typhoon tracks that intersect and are within a
simulation circle (given speciﬁed radius) centered at
the site of interest. In this study, the simulation circle
radius over which typhoon climatology could be
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Table 1 Goodness-of-ﬁt test for the typhoon characteristic parameters and the optimal probability distributions at Shenzhen
City
Characteristic Alternative probability
Test
Critical
Critical
P-value
parameter
distribution
statistic value (5%) value (1%)

λ

Δp

VT

-

-

Markov

-

-

-

-

Binomial

0.001 9

-

-

-

Negative binomial

0.549 0

-

-

-

Lognormal

~0

0.038 5

Gamma

~0

0.056 3

0.025 6

0.030 6

Lognormal

μ=3.293
σ=0.560

Weibull

~0

0.038 6

Lognormal

~0

0.056 7
0.026 4

0.031 6

Normal

μ=17.852
σ=8.313

0.026 4

0.031 6

Bimodal

ρ=0.612 7, μ1=-68.650 4, σ1=17.478 2,
μ2=-28.826 0, σ2=64.231 5

0.034 8

0.041 7

Trapezoid

a=3.8×10-6
b=0.002 1

Normal

0.000 4 0.039 1

Gamma

0.000 1 0.041 0

Bimodal

~0

0.071 3

0.051 9 0.019 4
~0

0.065 7

Uniform

0.004 3 0.044 9

Trapezoid

0.479 3 0.021 5

diﬀerent from the Atlantic region. The results of the
goodness-of-ﬁt test for the typhoon characteristic
parameters are presented in Table 1.

Measured
Poisson
Markov
Binomial
N-Binomial

2.1 Annual occurrence rate

PMF

0.3

0.2

0.1

0

0

λ=2.268 7

-

0.5

0.4

Negative binomial

0.539 3

Von Mises
Dmin

Distribution parameter

Poisson

Normal
θ

Optimal probability
distribution

1
2
3
4
5
Typhoon annual occurrence numbers in Shenzhen

6

Fig.1 Modeled and observed statistical distributions of
annual occurrence rate
PMF (Probability Mass Function) is the probability of a discrete
random variable.

considered uniform was set at 250 km. Alternative
statistical probability distributions of typhoon
characteristic parameters have been described by
Vickery and Twisdale (1995a), Yasui et al. (2002),
and Simiu and Scanlan (1996). In the current study,
we used two nonparametric tests, i.e., the Chi-square
test and the Kolmogorov-Smirnov test (KS test) to
examine the goodness-of-ﬁt of the statistical
properties of the typhoon characteristic parameters.
Finally, we derived the optimal probability model for
each parameter for Shenzhen, which might be

The annual occurrence rate for typhoons was
derived from the frequency of typhoons within or
passing through a circular sub-region centered on the
site of interest. This is required to determine the size
of sampling in the Monte-Carlo simulation. A
probabilistic model of recurrence is usually described
by a homogeneous (uniform) Poisson distribution,
Markov chain model, binomial distribution, or
negative binomial distribution. We examined all four
probabilistic distributions for typhoon recurrence in
Shenzhen and the results of the Chi-square test are
displayed in Table 1. Figure 1 presents the modeled
and observed statistical distributions of occurrence
rate. Although the Markov chain model has better
agreement with the observations, the probability of
moving from one state to another is associated with
the sample; therefore, if the sample lacks a
corresponding occurrence number of typhoons, it will
be neglected by the model, i.e., the model cannot
predict a frequency that does not appear in the
observation. It can be seen from the data in Table 1
that the binomial distribution does not pass the
goodness-of-ﬁt test and that the P-value of the
negative binomial distribution is larger than that of
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1

0.035

0.9

Measured
Lognorm
Gamma
Weibull

0.03

0.8
0.7
0.6
CDF

PDF

0.025
0.02

0.5
Measured
Lognorm
Gamma
Weibull

0.4

0.015

0.3

0.01

0.2

0.005
0
0
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Fig.2 Modeled and observed statistical distributions of central pressure deﬁcit
Table 2 The distance corresponding to the latitude
Item

Value

Latitude (N)

5–16

16–22

23–29

30–34

35–40

41–43

Distance (km)

110.6

110.7

110.8

110.9

111.0

111.1

the Poisson distribution. In China, the Poisson model
is widely accepted as the simplest and robust model to
describe the annual occurrence rate of typhoon events
and the negative binomial distribution is nearly not
examined. However, here we think the negative
binomial distribution is superior to the Poisson
distribution besides Vickery et al. (2000b) and Cui
and Caracoglia (2015) suggested that a negative
binomial distribution might be more appropriate.
Therefore, this study adopted the negative binomial
distribution to describe the annual occurrence rate of
typhoon events.
2.2 Central pressure deﬁcit
The central pressure deﬁcit Δp is the diﬀerence
between the central pressure and the periphery
pressure (1 010.0 hpa for Northwest Paciﬁc by
Holland (1980)). It is an important parameter to
describe the typhoon intensity and can be modeled
using the lognormal, Gamma, or three-parameter
Weibull distributions. Figure 2 shows the modeled
and observed statistical distributions of central
pressure deﬁcit. The KS test was used to examine
the goodness-of-ﬁt of the three probabilistic
distributions shown in Table 1. It can be seen that
none of the three probabilistic distributions passed
the KS test but the test statistic of the lognormal
distribution was closest to the critical value,
especially at the 1% signiﬁcance level. Ou et al.
(2002) indicated that when a test statistic is very

close to the critical value, the distribution could be
considered to have approximately passed the test.
Therefore, we considered the lognormal distribution
adequate for describing Δp.
2.3 Translation speed
The translation speed VT was derived from the
6-hourly position data of the typhoon center from the
CMA dataset. The translation speed is calculated in
the following form:
VT 

 Lat 2  Lon 2
6

,

(1)

where ΔLat is the latitude diﬀerences measured
between two consecutive time instants (6 h), ΔLon is
the longitude diﬀerence, and β is distance parameter
related to the latitude, the values are given in Table 2.
The translation speed VT can be modeled using the
lognormal, normal, or Gamma distributions. Figure 3
shows the modeled and observed statistical
distributions of translation speed. The KS test was
used to examine the goodness-of-ﬁt of the three
probabilistic distributions shown in Table 1. It can be
seen that none of the three probabilistic distributions
passed the KS test but the test statistic of normal
distribution was closest to the critical value, especially
at the 1% signiﬁcance level. Therefore, we considered
the normal distribution appropriate for describing the
translation speed in this study.
2.4 Storm heading
The storm heading θ represents the angle between
the direction of translation and the true north and is
positive for a clockwise angle. We examined the
applicability of the normal, bimodal, and Von Mises
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Fig.3 Modeled and observed statistical distributions of translation speed
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Fig.4 Modeled and observed statistical distributions of storm heading
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Fig.5 Modeled and observed statistical distributions of minimum approach distance

distributions to represent the statistical characteristics
of storm heading based on the KS test (Table 1). The
bimodal distribution passed the KS test, even at the
5% signiﬁcance level. Figure 4 shows the modeled
and observed statistical distributions of storm heading.
It is obvious that the bimodal distribution ﬁts better
than the other two probabilistic distributions.
Therefore, the bimodal distribution was employed in
this study.

2.5 Minimum approach distance
The minimum approach distance Dmin was the
shortest distance from the typhoon track to the interest
site and was deﬁned as positive if the site of interest
was located on the right side of the typhoon’s
translation direction. The minimum approach distance
can be modeled using either a uniform or trapezoid
distribution. Figure 5 shows the modeled and observed
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Co
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R (250 km)

LP

SP
Dmin

T

Fig.6 A schematic graph for simulation of the virtual
typhoon
SP: simulation point; LP: landing point; Dmin: minimum approach
distance; R: radius of circular subregion; θ: storm heading.

statistical distributions of minimum approach
distance. Based on the goodness-of-ﬁt test, the
trapezoid distribution passed the KS test at the 5%
signiﬁcance level (Table 1). Therefore, the trapezoid
distribution was used in this study to describe Dmin.

Jiang et al. (2008) compared these two methods and
obtained satisfactory results when calculating the
wind ﬁeld and wave ﬁeld using Eq.2. They concluded
the empirical equation was superior to the method
proposed by Li et al. (1995). In this study, Eq.2 was
adopted to describe the Rmax; however, we did not
consider the eﬀect of latitude on Rmax for three reasons.
First, Eq.2 has been veriﬁed suﬃciently accurate to
describe Rmax by Jiang et al. (2008). Second, only a
limited region of the southeast China coast (Shenzhen)
was examined in this study. Third, referring to previous
studies (Vickery and Twisdale, 1995a; Vickery and
Wadhera, 2008), many models used to calculate Rmax
are divided into two parts (i.e., south of 30N and
north of 30N), and for storms located south of 30N,
latitude is not considered. Here, the area of focus of
this study was the region located south of 30N.

3 THE MONTE-CARLO SIMULATION
For an analysis of typhoon wind risk, Monte-Carlo
simulation is the most widely accepted as referred to
Xiao et al. (2011). Reliability of the wind ﬁeld model
and the accuracy of the statistics for the typhoon
characteristic parameters is the key to the success of
the simulation.
3.1 Generating virtual typhoon series

2.6 Radius to maximum winds
The radius to maximum winds Rmax is deﬁned as
the distance from the typhoon center to the region of
maximum wind speed (Vickery et al., 2000b). In
Vickery and Twisdale (1995a), two models were
given for the radius to maximum winds as functions
of latitude and central pressure. Later with the updated
database, these models were also updated. For use in
the storm track modeling approach, three new
candidate global models for Rmax were developed by
Vickery et al. (2000b). As an update, Vickery and
Wadhera (2008) gave other two Rmax models, one for
the Gulf of Mexico and one for all Atlantic Ocean. In
China, given the absence of information on the Rmax in
the historical records of the CMA, Rmax is usually
derived using one of two methods. The ﬁrst uses the
radius to the wind speed of 10.8 m/s, i.e., the lower
speed of Beaufort scale 6, referring to Li et al. (1995),
while the other uses an empirical equation obtained
following the approach of Vickery et al. (1995a,
2000b). The empirical equation, given by Jiang et al.
(2008) based on the Tropical Cyclones Year Books of
1949–2002, is expressed as:
Rmax=1.119×103×Δp-0.805.
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(2)

The Monte-Carlo method was used to sample from
each distribution of λ, θ, Dmin, VT, and Δp, as mentioned
in Section 2, to generate the characteristic parameters
of virtual typhoon genesis. This study simulated
virtual typhoons for 1 000 years and the number of
typhoons was determined by the annual occurrence
rate distribution. By sampling 1 000 times from the
distribution of annual occurrence rate, there are 2 199
virtual typhoons need to be generated. The samples of
each characteristic parameter sampled from the
optimal distribution are ﬁtted by the optimal
distribution again, and all of them pass the goodnessof-ﬁt test at 95% conﬁdence level. The steps adopted
for the generation of the virtual typhoon series were
as follows.
1) The characteristic parameters sampled from
their probability distributions were constrained to the
ranges of [0, 7] for λ, [0, 135] hpa for Δp, [2, 65] km/h
for VT, [-180°, 180°] for θ, and ≤R (the radius of the
simulation circle) for Dmin.
2) Using θ, Dmin, R, and the location of the
simulation site to determine the genesis of the virtual
typhoon, which is the intersection point of the typhoon
track and simulation circle, as shown in Fig.6.
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30°

Table 3 Estimate of coeﬃcients for the ﬁlling model in Eq.4

Ningbo

N
Wenzhou

28°

Fuzhou

26°

Xiamen
24°

Taiwan,
China

Shantou
Guangzhou
Shenzhen
Hongkong

22°
110°

Zhanjiang
112°

114°

116°

118°

120°

E 122°

Fig.7 The ﬁtting coastline

3) The track of the virtual typhoon was assumed a
straight line in its evolution, and the values of θ and
VT were used to obtain the typhoon center locations
for each hour.
4) As a virtual typhoon moved ahead and made
landfall on the coastline, a ﬁlling model was used to
determine Δp.
5) The typhoon was assumed to move away from
the simulation site when it passed beyond the
simulation circle. A diagram of this procedure is
shown in Fig.6.
3.1.1 Fitting the coastline
In the procedure of generating virtual typhoon, a
coastline is needed to judge the typhoon’s landfall
place. The latitudes and longitudes of several cities
along the southeast China coastal region were used to
ﬁt the coastline equation. Because the central locations
of coastal cities are not near the sea, they were moved
seaward by about 15–30 km to mark the intersection
of the land and sea. The coastline was ﬁtted using the
polynomial shown in Eq.3 and as illustrated in Fig.7:
γ=0.0296ψ3–2.4354ψ2+67.2014ψ–501.7560,

2001

(3)

where γ is the coastline longitude in degrees and ψ is
the coastline latitude in degrees.
3.1.2 The ﬁlling model
When a typhoon makes landfall, its strength starts
to decrease. Both the central pressure diﬀerence and
the wind speed decrease according to some ﬁlling
model. Batts et al. (1980), Georgiou (1986) and
Vickery and Twisdale (1995b) deﬁne the rate of ﬁlling
overland using the decay of the central pressure
deﬁcit, which is usually modeled as a function of

City

a0

a1

σε

μb

σb

Shenzhen

0.005 6

0.001 2

0.022 2

0.001 2

0.061 6

either the time that has elapsed since the storm made
landfall or the distance inland that the storm has
traveled from the point at which it caused landfall. An
exponential decay function developed by Vickery and
Twisdale (1995b) is the most widely used. He
developed three diﬀerent ﬁlling model using central
pressure and position data given in HURDAT
(Hurricane Databases) for three geographical regions
of the USA. This study employed a similar exponential
model to describe typhoon decay for Shenzhen based
on the CMA dataset.
The ﬁlling rate was modeled in the following form:
Δp(t)=Δp0exp(-at+b);
a=a0+a1Δp0+ε;

(4)

where Δp(t) is the central pressure diﬀerence (hPa) at
time t after landfall, Δp0 is the central pressure
diﬀerence (hPa) at landfall, a is the decay constant, b
is an error term assumed normally distributed with
mean μb and standard deviation σb, and ε is a normally
distributed error term with mean zero and standard
deviation σε.
Eighty-four observed storms were used to develop
a ﬁlling model for Shenzhen. The ﬁtting curve of the
exponential decay of the central pressure deﬁcit for
12 storm cases is shown in Fig.8. Figure 9 shows the
ﬁtted values of the decay constant (a) plotted versus
the central pressure deﬁcit at the time of landfall.
Estimates of the coeﬃcients for the ﬁlling model are
given in Table 3.

4 WIND FIELD MODEL
4.1 Yan Meng (YM) wind ﬁeld model
The wind ﬁeld model is the key to the successful
numerical simulation of a typhoon. The YM wind
ﬁeld model, proposed by Meng et al. (1995), was
employed in this study. In order to evaluate the terrain
roughness and topographical eﬀect, the model
involves the concept of the so-called “equivalent
roughness length”. The typhoon boundary layer of
YM model is more physically meaningful than
applying the empirical discount factor like Batts et al.
(1980) and Georgiou et al. (1983) model. The
complete analytical solution is derived through an
intuitive solution of the gradient wind equation.
The Holland (1980) pressure model is used in this study:

2002

J. OCEANOL. LIMNOL., 37(6), 2019

0.6
0.3
5

10 15 20 25 30
Time after landfall (h)

35

5

10 15 20 25 30
Time after landfall (h)

35

0.3
5

10 15 20 25 30
Time after landfall (h)

35

0.3
5

10 15 20 25 30
Time after landfall (h)

35

0.9
∆p(t)/∆p0

0.3
2

4

6 8 10 12 14 16 18 20
Time after landfall (h)

0.3
5

10 15 20 25 30
Time after landfall (h)

35

35

40

5

10 15 20 25 30
Time after landfall (h)

35

40

5

10 15 20 25 30
Time after landfall (h)

35

40

0.3

0.6
0.3
0
0

40

0.9

0.6
0.3
0
0

10 15 20 25 30
Time after landfall (h)

0.9

0.9

0.6

5

0.6

0
0

40

0.6

0
0

40

0.3

0.9

∆p(t)/∆p0

0.6

0.6

0
0

40

0.9
∆p(t)/∆p0

∆p(t)/∆p0

35

0.6

0
0

40

0.9

∆p(t)/∆p0

10 15 20 25 30
Time after landfall (h)

∆p(t)/∆p0

∆p(t)/∆p0

∆p(t)/∆p0

0.3

0
0

5

0.9

0.6

0
0

0.3
0
0

40

0.9

0
0

0.6

∆p(t)/∆p0

0
0

0.9
∆p(t)/∆p0

0.9
∆p(t)/∆p0

∆p(t)/∆p0

0.9

Vol. 37

2

4

6 8 10 12 14 16 18 20
Time after landfall (h)

0.6
0.3
0
0

2

4

6 8 10 12 14 16 18 20
Time after landfall (h)

Fig.8 Exponential decay of central pressure deﬁcit for 12 storms

(5)

where p(r) is the surface pressure at a distance r from
the typhoon center, p0 is the central pressure, Δp is the
central pressure deﬁcit, B is the pressure proﬁle
constant, the range is estimated to be 0.5–2.5.
Considering that the strong wind ﬁeld in a lower
typhoon boundary layer is in a neutral condition
(Meng et al., 1993), the equation of motion can be
written as
V
1
 V   V  -  p  fk  V  F ,
t


(6)

where ρ is the air density, k is the vertical unit vector,
f is the Coriolis parameter, V is the typhoon-induced
wind velocity.
In the YM model, V is decomposed into the
gradient wind Vg in the free atmosphere and the
friction wind V′.
Since the pressure isobars in the domain of a
moving typhoon are axisymmetric with respect to the
center of the typhoon, the cylindrical coordinate
system is used. The radial velocity Vrg can be obtained
from the equation of continuity as follows,
1 r V g
dr .
Vrg  - 
r 0 

(7)

0.15
Exponential dacay constant (a)

p(r)=p0+Δpexp[-(Rmax/r)B],

Mean+2SD

0.1
Mean
0.05
Mean-2SD
0
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20
40
60
Central pressure difference at landfall (∆p0)

80

Fig.9 Decay constant a versus the central pressure deﬁcit
at landfall
SD: standard deviation.

Considering approximate accuracy, Vrg is set at 0 in
the study of Meng et al. (1995).
Iterated computation is used to solve the YM wind
ﬁeld model. More details about the wind ﬁeld model
can be found in Meng et al. (1995).
4.2 Validation and sensitivity of the YM model
Among the storms that have aﬀected Guangdong
Province in China, typhoon Hagupit (2008) was the
most destructive, and it was used to validate the

No.6

GUO et al.: Typhoon wind hazard analysis for Shenzhen City

24°

2003

50
vt1
vt2
vt3

N
Translation speed (km/h)

18:00
24/9/2008
22°

YJ
SCD
DB

20°

12:00
23/9/2008

18°
108°

110°

112°

114°

116°

E

B=0.9

20:00

0:00
4:00
Time (UTC)

8:00

12:00

16:00

150

25

Direction (°)

Speed (m/s)

16:00

200
Measured
Vrg 
Vrgz

z0=0.2 m

20
15

100

50

0

10
5
12:00

20

Fig.12 The translation speeds calculated by three methods

35
30

30

10
12:00

118°

Fig.10 Track of Typhoon Hagupit and geographical locations
of three marine meteorological stations of Shangchuandao (SCD), Yangjiang (YJ), and Dianbai (DB)

40

16:00

20:00

0:00
4:00
Time (UTC)

8:00

12:00

16:00

-50
12:00

16:00

20:00

0:00
4:00
Time (UTC)

8:00

12:00

16:00

Fig.11 Inﬂuence of Vrg on simulated wind speed and direction at station SCD

applicability of the YM model. Figure 10 shows the
path of Typhoon Hagupit and the geographical
locations of three marine meteorological stations:
Shangchuandao (SCD), Yangjiang (YJ), and Dianbai
(DB). The sensitivities of the YM wind ﬁeld model to
radial velocity Vrg, typhoon translation speed VT,
radius to maximum winds Rmax, pressure proﬁle
constant B, and roughness length z0 are examined
based on the measured data of Hagupit.
4.2.1 Validation and sensitivity at station SCD
1) The sensitivity of radial velocity
Figure 11 shows the inﬂuence of Vrg=0 and
1 r V g
dr on the simulated wind speed and
Vrg  - 
r 0 
direction when the values of other typhoon parameters
remain ﬁxed. The Rmax is calculated by Eq.2. z0 is set
to 0.2m according to the topography. By taking
diﬀerent values of B, we ﬁnd that when B is set to 0.9,
the simulated wind speed and direction of typhoon
Hagupit by YM model can be in good agreement with
the observation. From Fig.11, we can see that the
simulated wind speed and direction from Vrg=0 and

Vrg  -

1 r V g
dr , respectively, have almost no
r 0 

diﬀerence. We can conclude that consideration of the
radial velocity (Vrg) has almost no eﬀect on the
simulated wind speed and direction derived from the
YM model. Moreover, it is clear from Fig.11 that the
simulated wind speeds are slightly higher than the
observations, whereas the simulated wind directions
are in reasonable agreement.
2) The sensitivity of typhoon translation speed
Three methods were employed to determine the
translation speed (VT) of Typhoon Hagupit to obtain
diﬀerent values of VT. Based on the measured location
data of Typhoon Hagupit obtained from the
Guangdong Meteorology Agency of China, Eq.1 or
the toolbox of MATLAB (Matrix Laboratory, the
‘distance’ function in the map toolbox) can be used to
calculate the translation speed, while the third method
involves downloading the translation speeds directly
from the Typhoon Network of China (2002). The
calculated results of translation speed using method
1–3 are compared in Fig.12 as vt1, vt2, and vt3,
respectively. The translation speeds derived using the
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Fig.13 Inﬂuences of VT on simulated wind speed and direction at station SCD

lnRmax=2.63–0.00508Δp2+0.0394ψ;
(b) In Vickery and Wadhera (2008), two models
were given for the Rmax, one for all hurricanes in
Atlantic and one for Gulf of Mexico hurricanes, in
which the Rmax was found to be independent of
latitude. The model for the Gulf of Mexico is used in
this study because we do not care much about the
inﬂuence of latitude. The model is
lnRmax=3.859–7.7×10-5Δp2;
(c) The model ﬁtted by Jiang et al. (2008) based on
the data from Tropical Cyclones Year Books (1949–
2002) is
Rmax=1.119×103×Δp-0.805;
(d) The model ﬁtted by Li (2007) for Guangdong
province in China based on the least-square method is
lnRmax=-0.1239Δp0.6003+5.1034;
(e) The model proposed by Fang et al. (2018a) is

140
Radius to maximum winds (km)

ﬁrst two methods are similar and larger than that
derived using the third method for most of the times.
The eﬀects of translation speed on the simulated wind
speed and direction of Typhoon Hagupit at station
SCD are illustrated in Fig.13. It can be seen that the
simulated wind speed increases slightly with
increasing VT at every moment of the typhoon and VT
has little inﬂuence on the simulated wind direction.
3) The sensitivity of radius to maximum winds
In Section 2.6, several methods were introduced
for the calculation of the radius to maximum winds
(Rmax) and reasons for the adoption of the empirical
equation derived by Jiang et al. (2008) were explained.
Here, we examined the sensitivity of Rmax to the YM
wind ﬁeld model. Referring to previous studies, we
adopted ﬁve diﬀerent models to determine the radius
to maximum winds:
(a) Single equation for Rmax was given by Vickery
et al. (2000b):
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Fig.14 The radius to maximum winds calculated by ﬁve
diﬀerent models

lnRmax=-38.36Δp0.025+46.75.
The Rmax values of Typhoon Hagupit calculated
using the ﬁve models are diﬀerent, as shown in Fig.14.
The eﬀects of Rmax on the simulated wind speeds and
directions of Typhoon Hagupit at station SCD are
shown in Fig.15. As can be seen in Fig.15, changing
Rmax has little eﬀect on the maximum wind speed and it
has virtually no eﬀect on the wind direction for the
example of station SCD located within about Rmax from
the center of Hagupit. Vickery et al. (2000a) indicated
that the eﬀect of a change in Rmax varies depending on
the position of the station relative to the center of the
storm. For stations well beyond Rmax, increasing Rmax
results in an increase in the simulated wind speed.
4) The sensitivity of pressure proﬁle constant
The shape parameter of Holland pressure proﬁle B
is an important input parameter for the wind ﬁeld
model. At present, there is no uniformly accepted
model for the calculation of B for typhoons aﬀecting
the coast of China. Referring to previous studies, this
study considered nine diﬀerent approaches for the
calculation of B including eight models and a set of
ﬁxed values:
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Fig.15 Inﬂuences of Rmax on simulated wind speed and direction at station SCD

B=4.1025×10-5×Δp2+0.0293×Δp+
0.7959×ln(Rmax)–4.6010;
(i) A set of ﬁxed values: B=0.4, 0.6, 0.8, 1.0, 1.2, 1.4.
The B values of Typhoon Hagupit calculated using
the eight models (a–h) show the considerable
diﬀerence (Fig.16). The eﬀects of B calculated using
the eight models on the simulated wind speed and
direction at station SCD are shown in Fig.17. Figure

2

Pressure profile constant (B)

(a) The parameter B for typhoon Hagupit calculated
by Xiao (2011);
(b) The Powell05 model (Powell et al., 2005):
B=1.881–0.00557Rmax–0.01295ψ+ε;
(c) The Vickery08 model (Vickery and Wadhera,
Rmax  f
B  1.76  1.21 A , A 
,
2008):
p
2 RTs  ln(1 
)
p0 e
-4
where R(=2.867×10 (N·m/kg·K)) is gas constant for
dry air, Ts(=27C) is the sea surface temperature, p0 is
the pressure at the storm center, e is the base of a
natural logarithm;
(d) The H&H99 model (Harper and Holland,
1999): B=2–(p0–900)/160;
(e) The Hubbert91 model (Hubbert et al., 1991):
B=1.5+(980–p0)/120;
(f) The Jacboson model (Jakobsen and Madsen,
2
A   1 
e
 
2004): B  2
   K p (p )  , where γ2
 2 [100]p   3.6 

(=1.05) is the parameter under the inﬂuence of
Coriolis force, ρA is the air density, Kp and β are the
regression coeﬃcients, their values refer to the
research results of Li (2007);
(g) The HAZUS-MH and HAZUS-MH MR1
Hurricane Model User Manual (National Institute of
Building Science, 2009) (Federal Emergency
Management Agency, FEMA): B=1.38+0.00184Δp–
0.00309Rmax;
(h) The Fang model (Fang et al., 2018a):
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Fig.16 The pressure proﬁle parameter calculated by the
ﬁrst eight models

18 is the same as Fig.17, except B is set to ﬁxed
values. The simulated wind speed is very sensitive to
changes in B, as can be seen in Figs.17 & 18. An
increase in B results in an increase in the maximum
storm wind speed. Vickery et al. (2000a) indicated
that changing B has an eﬀect on the simulated
maximum wind speed at each station and that the
impact varies depending on the position of the station
relative to the storm center. The B values calculated
using the ﬁrst seven models are generally larger than
1.2 and for the Typhoon Hagupit, these B values may
be too large. Thus, the simulated maximum wind
speeds are also overestimated as shown in Fig.17 and
the maximum relative diﬀerence between the
simulated and observed maximum wind speed is up to
50%. The simulated wind speeds calculated by the
eighth model are in the best agreement with the
measured values among the eight models. For the
ﬁxed values of B, when the B value is about 0.8, the
simulated wind speed can agree well with the observed
winds. Xie (2008) also found that when the value of B
is around 0.9, the simulated wind speed agrees well
with the measured values for the YM model.
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Fig.17 Inﬂuences of B calculated by the ﬁrst eight models on the simulated wind speed and direction at station SCD
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Fig.18 Inﬂuences of ﬁxed values of B on the simulated wind speed and direction at station SCD

5) The sensitivity of the roughness length
The YM wind ﬁeld model introduces the concept
of “equivalent roughness length” to simulate the
boundary layer proﬁle. The roughness length (z0) is
also very important for the typhoon wind ﬁeld model.
Generally, the roughness length is small for ﬂat open
terrain and large for rough areas. The eﬀects of
diﬀerent roughness length values (z0=0.005 m, 0.01 m,
0.02 m, 0.05 m, 0.1 m, 0.2 m, and 0.5 m) on simulated
wind speed and direction were investigated in this
study, as shown in Fig.19. The simulated wind speed
decreases substantially with increasing roughness
length, and the simulated wind direction also varies
with z0. Therefore, the simulated wind speed is very
sensitive to changes in z0. As long as the value of z0 is
reasonable, the simulated wind speed and direction
can match the measured values reasonably well.

4.2.2 Validation of the YM model at stations YJ and DB
The eﬀects of the pressure proﬁle constant B and
roughness length z0 on the simulated wind speed and
direction were also examined for stations YJ and DB.
The adoption of reasonable values of B and z0 resulted
in a reasonable agreement between the simulated
results and the observations, as shown in Figs.20 &
21, validating the applicability of the YM wind ﬁeld
model to the region of the southeast coast of China.

5 THE TYPHOON WIND
ANALYSIS

HAZARD

Based on the probability models of typhoon
characteristic parameters in Section 2, virtual typhoon
series obtained by Monte-Carlo simulation in Section
3, and the YM wind ﬁeld model in Section 4, the
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Fig.19 Inﬂuences of z0 on the simulated wind speed and direction at station SCD
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Fig.20 Measured and simulated wind speed and direction of Typhoon Hagupit at station YJ
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Fig.21 Measured and simulated wind speed and direction of Typhoon Hagupit at station DB

extreme wind speed series was calculated. For
Shenzhen City, we generated 2 199 virtual typhoons
by Monte-Carlo simulation. In addition, the YM
model was used to calculate the wind speed of each
virtual typhoon. We extracted the maximum wind
speed of each typhoon to form the extreme wind
speed series. Theoretical probabilistic distributions

are often used to model the extreme wind speed series.
The widely used Gumbel and Weibull distributions
were employed in this study and tested through the
goodness-of-ﬁt KS test. We predicted wind speeds
with diﬀerent return periods for Shenzhen to provide
references for the design wind speed, wind resistance,
and disaster mitigation.
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Table 4 The design wind pressures given by the code
City
Shenzhen

Design wind pressure (KN/m2)
Altitude
(m)
10 years 30 years 50 years 100 years 200 years
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Fig.22 Deviation of the simulated maximum wind speed
under diﬀerent combinations of values of B and z0
from the measured maximum wind speed

The sensitivity analyses of the wind ﬁeld parameters
described earlier indicated that B and z0 are both very
important to the wind ﬁeld model. The smaller the B
value is, the lower the simulated wind speed is, and the
smaller z0 is, the higher the simulated wind speed is.
For improved simulation of the actual wind ﬁeld in
diﬀerent regions, the values of B and z0 were determined
by minimizing the deviation between the simulated
maximum wind speed and the measured maximum
wind speed. Here, we considered the ranges of z0 and B
as 0.05–2.0 and 0.6–2.0, respectively. The 1 000-year
simulated typhoons were substituted into the YM
model under diﬀerent combinations of B and z0 to
calculate their respective maximum wind speed at the
national basic meteorological station of Shenzhen.
Then, the simulated respective maximum wind speed
under diﬀerent combinations of B and z0 was compared
with the measured maximum wind speed in Shenzhen
over the past 60 years. The deviation of the simulated
maximum wind speed under the diﬀerent combinations
of B and z0 from the measured maximum wind speed is
shown in Fig.22. It is clear from Fig.22 that when B
increases linearly with z0, the deviation of the simulated
maximum speed from the measured maximum wind is
smallest. This is because increasing B makes the
simulated maximum speed larger than the measured
value, whereas increasing z0 makes the simulated
maximum speed smaller than the measured value.
Therefore, when B and z0 increase simultaneously, the
simulated maximum wind speed can agree well with
the measured value. Consequently, the smallest
deviations of the simulated maximum wind speed from
the measured maximum wind speed are distributed
along the diagonal line in Fig.22.

5.1 Probabilistic distributions of extreme wind
speed
Based on Monte-Carlo simulation, the sample of
extreme wind speed with a capacity of m is obtained.
The typhoon hazard is deﬁned as the probability P
that the wind speed V caused by typhoon exceeds the
threshold vi, within a given time t.
For the empirical distribution (or sample
distribution), the derived wind speed of return period T is

 ln(1  1 T )  
vi  i   m  1 1 
(8)
 .




The formula in curly braces is the calculation for
subscript i. When the sample of wind speed is arranged
from small to large, i is the rank of the extreme wind
speed for a return period of T.
For the Weibull distribution, the derived wind
speed of return period T is
vi     -ln  -ln(1  1 T )   ,
1

(9)

where β is the shape parameter; η is the scale
parameter; and γ is the location parameter.
For the Gumbel distribution, the derived wind
speed of return period T is





(10)
vi    ln -ln 1  ln 1  1 T     ,
where μ is the location parameter and α is the scale
parameter.
The Chinese design code (Ministry of Housing and
Urban-Rural Construction of the People's Republic of
China, 2012) speciﬁes the design wind pressures of
diﬀerent return periods (10, 50 and 100 years) in B
terrain for the Guangzhou, Hong Kong, Shenzhen,
and Xiamen, etc. That is shown in Table 4. The code
also gives the transformation formula of design wind
pressure for other return periods:
 ln T

 1 ,
X T  X 10   X 100  X 10  
(11)
 ln10 
where XT is the design wind pressure of T years return
period. The relation between design wind speed v0
and the design wind pressure ω0 given by the code is
v0  20  ,

(12)

where ρ is the air density, ρ=0.001 25e-0.001Z, and Z is
the altitude of Shenzhen City.
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Table 5 The estimated parameters of extreme value distributions
The estimated parameter
City

Shenzhen

Diﬀerent combination

Weibull

Gumbel

γ

η

β

μ

α

B=0.8, z0=0.2 m

6.251 5

10.736 6

2.131 6

13.633 4

0.271 4

B=1.0, z0=0.5 m

6.136 1

10.010 4

2.119 3

13.006 5

0.289 3

B=1.2, z0=0.8 m

6.084 3

9.701 7

2.120 2

12.741 5

0.298 3

B=1.4, z0=1.0 m

6.144 6

9.775 5

2.135 4

12.862 4

0.297 6

B=1.6, z0=1.2 m

6.161 1

9.875 9

2.154 9

12.961 7

0.296 7

B: Powell05, z0=1.0 m

6.142 2

9.389 5

1.906 0

12.404 8

0.279 0

B: Vickery08, z0=1.0 m

5.468 0

9.742 7

1.969 8

12.025 3

0.277 6

B: Powell05, z0=1.2 m

5.902 6

8.988 5

1.904 2

11.896 0

0.291 2

B: Vickery08, z0=1.2 m

5.263 5

9.324 9

1.966 8

11.536 8

0.289 5

Table 6 KS test results of extreme value distributions
City

Shenzhen

Diﬀerent combination

Weibull

Gumbel

P-value

Test statistic

P-value

Test statistic

B=0.8, z0=0.2 m

0.372 0

0.019 4

Critical value (5%)

0.018 8

0.032 5

B=1.0, z0=0.5 m

0.354 2

0.019 7

0.015 5

0.033 2

B=1.2, z0=0.8 m

0.568 3

0.016 7

0.020 7

0.032 2

B=1.4, z0=1.0 m

0.617 5

0.016 0

0.015 4

0.033 2

B=1.6, z0=1.2 m

0.497 8

0.017 6

0.017 6

0.032 7

B: Powell05, z0=1.0 m

0.275 3

0.021 1

0.233 3

0.022 0

0.028 9

B: Vickery08, z0=1.0 m

0.366 0

0.019 5

0.059 9

0.028 2

B: Powell05, z0=1.2 m

0.301 9

0.020 6

0.196 5

0.022 9

B: Vickery08, z0=1.2 m

0.368 3

0.019 5

0.057 1

0.028 4

5.2 Extreme wind speed estimation for diﬀerent
return periods
The Chinese design code (Ministry of Housing and
Urban-Rural Construction of the People’s Republic of
China, 2012) gives the recommended 10-min average
wind speed at the 10-m level for B terrain. Therefore,
this study predicted wind speed under the same
conditions. A conversion factor of 1.06 was employed
to convert the simulated 1-h average wind speeds to
10-min average wind speeds.
The estimated parameters of extreme value
distributions under the diﬀerent combinations of B
and z0, corresponding to the small deviations in
Fig.22, are presented in Table 5. The KS test at the 5%
signiﬁcance level was used to examine the goodnessof-ﬁt of the Weibull and Gumbel distributions, as
shown in Table 6. It can be seen that under the diﬀerent
combinations of B and z0 Weibull distribution pass the
signiﬁcance test. As determined by the P-values, the
Weibull distribution is better suited than the Gumbel

Critical value (5%)

0.028 9

distribution to describe extreme wind speed. The
Chinese design code (Ministry of Housing and UrbanRural Construction of the People’s Republic of China,
2012) recommends the Gumbel distribution for
extreme wind speed estimation; however, we suggest
the extreme value distribution should be chosen
according to the actual situation.
The empirical, Weibull, and Gumbel distributions
were used to predict extreme wind speeds for diﬀerent
return periods. Table 7 shows the 10-min average
extreme wind speeds for diﬀerent return periods at the
10-m level under diﬀerent combinations of values of
B and z0.
Taking the results of the 100-year return period as
an example, the predicted extreme wind speeds using
diﬀerent extreme value distributions under diﬀerent
combinations of values of B and z0 are compared in
Fig.23.
It can be seen from Table 7 and Fig.23 that the
predicted extreme wind speeds based on the Weibull
distribution are generally lower than from the
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Table 7 Predicted 10-min average wind speeds (m/s) at 10
m-level as a function of the return period for
Shenzhen
Extreme value
Diﬀerent
distribution
10
combination
The code
26.86

B=1.0;
z0=0.5 m

B=1.2;
z0=0.8 m

B=1.4;
z0=1.0 m

B=1.6;
z0=1.2 m

B:
Powell05;
z0=1.0 m
B:
Vickery08;
z0=1.0 m
B:
Powell05;
z0=1.2 m
B:
Vickery08;
z0=1.2 m

50

100

200

32.64

34.67

37.98

40.74

Empirical

24.26

27.74

28.92

31.48

32.86

Weibull

24.42

27.31

28.49

29.98

31.36

Gumbel

24.86

29.09

31.01

33.59

36.16

Empirical

23.11

26.45

27.29

30.18

31.21

Weibull

23.13

25.85

26.96

28.36

29.66

Gumbel

23.54

27.51

29.31

31.73

34.14

B model

Extreme value z0 Return period (a)
distribution (m)
50
100

The code

0.05

Vickery08
This paper
Fang et al.
(2018a)

34.67

37.98

Empirical

0.05

36.81

40.47

Weibull

0.05

36.53

38.49

Gumbel

0.05

39.45

42.73

Empirical

0.05

35.27

38.62

Weibull

0.05

34.21

36.21

Gumbel

0.05

37.70

41.14

Empirical

22.59

25.93

26.73

29.26

30.63

Xiao et al. (2011)

Weibull

0.05

36

40

Weibull

22.55

25.18

26.26

27.61

28.87

Li and Hong (2015)

Empirical

0.05

37

41

Gumbel

22.95

26.81

28.55

30.90

33.24

Empirical

22.65

26.23

27.13

29.18

30.91

Weibull

22.67

25.30

26.37

27.71

28.97

Gumbel

23.10

26.96

28.71

31.07

33.41

Empirical

22.83

26.41

27.34

29.41

31.23

Weibull

22.78

25.39

26.46

27.80

29.04

Gumbel

23.23

27.11

28.86

31.22

33.57

Empirical

23.06

26.74

28.90

30.78

33.43

Weibull

23.05

26.09

27.34

28.93

30.42

Gumbel

23.32

27.44

29.31

31.82

34.32

Empirical

22.60

26.46

27.80

29.97

32.05

Weibull

22.68

25.66

26.89

28.44

29.90

Gumbel

23.00

27.14

29.02

31.54

34.05

Empirical

22.12

25.66

27.72

29.52

32.08

Weibull

22.10

25.01

26.21

27.74

29.17

Gumbel

22.36

26.31

28.09

30.50

32.89

Empirical

21.67

25.38

26.68

28.74

30.74

Weibull

21.76

24.62

25.79

27.28

28.68

Gumbel

22.06

26.03

27.83

30.25

32.65

empirical distribution. Moreover, the predicted
extreme wind speeds based on the Gumbel distribution
are generally higher than from the empirical
distribution. The simulated extreme wind speeds for
diﬀerent return periods are smaller than recommended
in the structural code under the listed combinations of
values of B and z0. As determined in Fig.23, when
B=0.8 and z0=0.2 m, the predicted extreme wind
speed is highest. With further increases in the values
of B and z0, the predicted extreme wind speed ﬁrst
decreases and then increases slightly for all three
extreme value distributions. This is because when B is
small, z0 plays a leading role in decreasing the

40
Extreme wind speed (m/s)

B=0.8;
z0=0.2 m

Table 8 Predicted 10-min average wind speeds (m/s) at 10
m-level for a return period of 50- and 100-year for
Shenzhen

Return period (a)
30

Vol. 37

35

The code
B=0.8
z0=0.2 m
B=1.0
z0=0.5 m

B=1.2
z0=0.8 m
B=1.4
z0=1.0 m
B=1.6
z0=1.2 m

30

25

Empirical

Weilbull

Gumbel

Fig.23 The predicted extreme wind speed of the 100-year
return period

predicted extreme wind speed. Conversely, when B is
large, B plays a leading role in increasing the predicted
extreme wind speed.
For comparison purpose, we list the predicted
extreme wind speeds of 50-year and 100-year return
periods for Shenzhen City from Xiao et al. (2011) and
Li and Hong (2015) by using Monte-Carlo simulation,
as shown in Table 8. As indicated by Li and Hong
(2015) the Chinese code (Ministry of Housing and
Urban-Rural Construction of the People’s Republic of
China, 2012) suggests z0=0.05 m for the standard site
condition B. Thus they set z0 to 0.05 m and they
converted the values of Xiao et al. (2011) to those for
z0=0.05 m. The values of Li and Hong (2015) in Table
8 are obtained using the Lognormal distribution for
Δp and in this paper, the Δp is also ﬁtted by Lognormal
distribution. For consistency, we also predict the wind
speeds of 50-year and 100-year return periods for
Shenzhen City when z0 is set to 0.05 m and B is
calculated by Vickery08 and Fang model (Fang et al.,
2018a) and the results are shown in Table 8. It can be
seen from Table 8 that the results predicted by
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empirical distribution in this paper are similar to those
of Xiao et al. (2011) and Li and Hong (2015), and all
the predicted results are about 5% larger than those
from the design code. The predicted wind speeds by
Fang model are generally smaller than those from the
Vickery08 model because the B values calculated by
Fang model are smaller than those from the Vickery08
model seen from Fig.16.
It can be seen from the above analysis that the
prediction of extreme wind speed is very sensitive to
z0 and B. z0 can be obtained according to the actual
topography. The diﬃculty of prediction lies in the
determination of B value. Due to the lack of
observational typhoon data, there is no more accurate
scheme to calculate B in China currently. Therefore,
we can only use the diﬀerent calculation schemes of B
to predict the extreme wind speed for reference.

6 CONCLUSION
The typhoon wind hazard risk for Shenzhen was
analyzed using a Monte-Carlo simulation and the YM
wind ﬁeld model. Based on historical typhoon records
and optimal statistical distributions for the typhoon
characteristic parameters, the Monte-Carlo simulation
generated 2199 virtual typhoon events for a 1 000year period. The wind ﬁelds of these virtual typhoons
were simulated using the YM wind ﬁeld model.
Extreme wind speeds for various return periods were
predicted using the structural code and the empirical,
Weibull, and Gumbel distributions. Based on the
ﬁndings, we suggested the extreme value distribution
should be chosen according to the actual situation.
Sensitivities of the YM model to radial velocity,
typhoon translation speed, and radius to maximum
winds, pressure proﬁle constant, and the roughness
length were discussed in detail. While consideration
of the radial velocity has almost no eﬀect on the
simulated wind speed, the simulated wind speed
increases slightly with increasing translation speed at
every moment of the typhoon. Changing the radius to
maximum winds has little eﬀect on the maximum
wind speed and it has virtually no eﬀect on the wind
direction in cases where the site of interest is located
within about Rmax from the center of the typhoon. An
increase in B results in an increase in the maximum
storm wind speed. Simulated maximum wind speeds
are overestimated when adopting the value of B
calculated using any of the ﬁrst seven models
considered in this study. In addition, the wind speeds
from Fang model agree best with the measured results.
The simulated wind speed decreases signiﬁcantly

2011

with increasing roughness length. It is concluded that
the YM model is very sensitive to changes in the
values of B and z0. Parameters B and z0 have opposite
eﬀects on the simulated wind speeds; when B
increases with increasing z0, the deviation of the
simulated from the measured maximum wind speed is
smallest.
This study considered the coastal city of Shenzhen
as a point. Substituting a point for an area in an
analysis of the typhoon wind hazard will unavoidably
miss some signiﬁcant extreme wind speeds. On
occasion, this error might be substantial; therefore,
the regional typhoon risk should be studied in the
future.

7 DATA AVAILABILITY STATEMENT
The observed typhoon data that support the ﬁndings
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