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An improved typhoon simulation 
method based on Latin hypercube 
sampling method
Jian‑peng Sun*, Guan‑jun Lv & Xiao‑gang Ma

In order to further improve the prediction accuracy of typhoon simulation method for extreme wind 
speed in typhoon prone areas, an improved typhoon simulation method is proposed by introducing 
the Latin hypercube sampling method into the traditional typhoon simulation method. In this paper, 
the improved typhoon simulation method is first given a detailed introduction. Then, this method 
is applied to the prediction of extreme wind speeds under various return periods in Hong Kong. To 
validate this method, two aspects of analysis is carried out, including correlation analysis among 
typhoon key parameters and prediction of extreme wind speeds under various return periods. The 
results show that the correlation coefficients among typhoon key parameters can be maintained 
satisfactorily with this improved typhoon simulation method. The results show that the improved 
typhoon simulation method can generate the correlations among all typhoon key parameters 
satisfactorily. Compared with the traditional typhoon simulation method, the improved typhoon 
simulation method has higher accuracy in predicting the typhoon extreme wind speed in Hong Kong, 
increasing by about 8% and 11% respectively at 200 m height and gradient height.

Typhoon is the most often extreme weather on earth and gives a massive threat to the safety of wind-sensitive 
structures, such as tall buildings, long-span bridges and other unique buildings1. The southeast coastal region of 
China is the typhoon-prone region of the Northwest Pacific area2. Thus, to ensure the safety of wind -sensitive 
structures in these areas, it is essential to determine extreme wind speeds of structures for a given return period 
which can provide support for the structure design and safety assessment3,4.

In past years, many researchers have carried out a series of studies on the prediction of typhoon extreme 
wind speed. The typhoon simulation method has been developed gradually and widely used to predict typhoon 
extreme wind speed5–10. Within this method, historical typhoon wind data is first used directly or indirectly to 
determine the probability distributions of typhoon key parameters. Then, a series of typhoon key parameters 
are generated by Monte Carlo simulation method, and these typhoon key parameters are substituted into the 
typhoon model for a series of typhoon simulation. Finally, extreme wind speed analysis is used to obtain the 
extreme wind speeds under different return periods in the specific areas. This method was first proposed by 
Russell9 and applied to the prediction of extreme wind speeds in Texas coast. Subsequently, Batt et al.5, Shapiro11 
and Georgiou et al.6 also predicted extreme wind speeds with the typhoon simulation method. But different 
typhoon models developed by themselves were used in these studies. Later, Vickery and Twisdale10 obtained 
typhoon extreme wind speeds under different return periods along the typhoon-prone coastline of the United 
States by incorporating its developed typhoon model and filling model into typhoon simulation method. Ishihara 
and Yamaguchi12 obtained extreme wind speeds over complex terrain with the typhoon simulation method and 
measure-correlate-predict method. Kim and Lee13 developed a typhoon simulation method based on models for 
genesis, intensity, tracks and wind field to estimate the extreme wind speed of future typhoons.

Although the above research improves the application of typhoon simulation method in extreme wind speed 
prediction by developing typhoon model, increasing sample length and other related aspects, continuous efforts 
are still required to establish more accuracy typhoon simulation method. To cater for this need, this paper 
presents an improved typhoon simulation method by incorporating Latin hypercube sampling method into 
the traditional typhoon simulation method. The proposed method is able to reproduce the correlation among 
typhoon key parameters accurately and thus can improve the prediction accuracy of extreme wind speed in the 
typhoon-prone regions. The proposed method is utilized to the prediction of extreme wind speed in different 
periods in Hong Kong. The effectiveness of this method is verified by comparing the historical typhoon wind 
data, the improved typhoon simulation method and the traditional typhoon simulation method.
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Improve typhoon simulation method
The steps for the improved typhoon simulation method are summarized as follows.

Generating the simulated typhoon key parameters with Latin hypercube sampling meth‑
od.  Obtaining historical independent parameters with Cholesky decomposition method.  Typhoon key param-
eters including the central pressure difference ∆p0, the translation velocity c, the moving direction θ, the mini-
mum of closest distance dmin and the radius to maximum winds rm obtained from the historical typhoon wind 
data are expressed by a vector {x}, as follows:

Then, matrix [S] and [R] can be calculated according to Eqs. (2)  and (3). They represent the correlation matrix 
and covariance matrix of typhoon key parameters respectively, and then the upper triangular matrix [T] can be 
obtained from [R] by Cholesky decomposition as shown in Eq. (4).

The independent historical key parameter vector {Z} can be calculated from the lower triangular matrix [T]−1 
(the inverse of the upper triangular matrix [T]) and the typhoon key parameter vector{x}, as shown in Eq. (5).

Generating the simulated independent parameters with Latin hypercube sampling method.  In vector {z}, the 
independent typhoon key parameters represented by each column of data correspond to vector {x}. The central 
pressure difference ∆p0 and t the radius to maximum winds rm can be fitted by lognormal distribution, and the 
translation velocity c, moving direction θ and the minimum of closest distance dmin can be fitted by normal 
distribution. Based on theory of Latin hypercube sampling method, each curve of probability function corre-
sponding with typhoon key parameters are divided into n equaling intervals (n is the typhoon simulation num-
bers) and n random values for n equaling intervals can be generated14. Then, the vector 

{

z′
}

 for the simulated 
independent parameter can be generated with inverse transformation of all probability functions for historical 
independent parameters.

Generating the simulated typhoon key parameters.  In order to obtain the simulated typhoon key parameter 
vector 

{

x′
}

 , the upper triangular matrix [T] can be multiplied by the above vector 
{

z′
}

 , expressed as follows:

Unlike the Monte Carlo simulation method7, by using Latin hypercube sampling method, the correlations 
among typhoon key parameters can be maintained satisfactorily in generating the simulated typhoon key 
parameters.

Generating typhoons with typhoon model.  In order to obtain an initial typhoon position, we bring 
the simulated typhoon key parameters into the typhoon wind field model. Then, it is assumed that the typhoon 
moves in a straight path, and the moving speed c is always maintained until it disappears. The model proposed 
by Vickery and Twisdale10 was used to calculate the central differential pressure ∆p0, and the central differential 
pressure ∆p0 remains unchanged. This study adopts the empirical typhoon model proposed by Ishihara et al.15, 
which is described in detail in Huang et al.16, but I will not elaborate on it here.

Performing extreme wind speed analysis.  This paper uses the typhoon extreme wind speed theory17 to 
calculate the typhoon extreme wind speed.

Assuming that the probability that the wind speed of a typhoon is less than a specific wind speed v is Fv, if the 
maximum score of a typhoon is U, the probability that the U in n typhoons is less than v is recorded as

In order to calculate the probability that U < v in τ years, Eq. (7) can be transformed into:

It is generally considered that p(n, τ) satisfies the Poisson distribution, and the Eq. (8) is transformed into:

(1){x}T =
{

ln
(

�p0
)

ln(rmax) c θ dmin

}

(2)[S − �kE]{ϕk} = 0 k = 1 . . . 5
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{
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[
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(

xj
)]} (
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(4)[R] = [T][T]
′

(5){z} = [T]−1{x}

(6)
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∞
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n=0

F(U < v|n)p(n, τ)
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where λ is the annual incidence of typhoons within 250 km of the research site. If τ = 1, Eq. (9) becomes:

It expresses the probability that U < v in one year.
Record the maximum wind speed of m typhoons obtained by simulation from small to large as v1, v2,…vm. 

Then the probability of U < vi is

Combine Eq. (10) to get the probability of U < vi in a year

Extreme wind speeds in typhoons are usually fitted with one of the family of the generalized Extreme Value 
Distributions. The Type I Extreme Value (Gumbel) Distribution is used in this study and can be written in the 
form:

where v is the annual maximum wind speed; α and μ represent the dispersion and mode respectively, which can 
be calculated by Eq. (12).

Case study
Hong Kong is used as the concerned area for the prediction of extreme wind speeds in this study.

Historical typhoon wind data.  This article uses the typhoon historical data from 1949 to 2019 observed 
by the Shanghai Typhoon Research Institute of the China Meteorological Administration to select the typhoon 
data 250 km away from Hong Kong to obtain the key parameters of the typhoon.

Correlation coefficients among typhoon key parameters.  Xiao et al.4 found that there is a certain 
correlation between the different typhoon key parameters. Therefore, this study conducted a correlation analysis 
on the key parameters of historical typhoons observed in Hong Kong, and the results are shown in Table 1. Maxi-
mum correlation lies between central pressure difference ∆p0 and radius to maximum wind rmax with correlation 
coefficient − 0.52. Therefore, It is important to simulate a better typhoon key parameter correlation to simulate 
a better typhoon wind field.

By performing procedures for generating the simulated typhoon key parameters with Latin hypercube sam-
pling method as shown in section 2.1, thousands of simulated typhoon key parameters for Hong Kong can be 
generated and they can be used in the correlation analysis. Through the correlation analysis of the key parameters 
of the typhoon obtained by the simulation, the correlation coefficients are obtained, as shown in Table 2. The 
maximum difference of correlation coefficient for typhoon key parameters between improved typhoon simulation 
method and historical typhoon wind data is only 0.03. The corresponding relative error of correlation coefficient 
is only about 2%. Simultaneously, by using the traditional typhoon simulation method, thousands of simulated 
typhoon key parameters for traditional typhoon simulation method are also be obtained and analyzed. The results 
are shown in Table 3. The maximum difference of correlation coefficient for typhoon key parameters obtained 
from the traditional typhoon simulation method and historical typhoon wind data is 1.33. The corresponding 
relative error of the correlation coefficient is about 102%. Therefore, the above analysis results show that cor-
relations among typhoon key parameters can be maintained satisfactorily with an improved typhoon simulation 
method, and the same result cannot be obtained with the traditional typhoon simulation method.
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∞
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Table 1.   Correlation coefficients among typhoon key parameters for historical typhoon wind data.

ln (∆p0) ln (rmax) c θ dmin

ln (∆p0) 1.00 − 0.52 0.22 − 0.13 0.07

ln (rmax) − 0.52 1.00 − 0.10 0.11 − 0.11

c 0.22 − 0.10 1.00 − 0.22 − 0.09

θ − 0.13 0.11 − 0.22 1.00 − 0.38

dmin 0.07 − 0.11 − 0.09 − 0.38 1.00
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Prediction of extreme wind speeds.  The maximum annual wind speed sequence of the typhoon at 
200 m height and gradient height are important for the simulation of typhoon wind field. This paper uses the 
key parameters of the simulated typhoon in the previous section, combined with the typhoon model and the 
typhoon annual incidence λ to simulate the maximum annual wind speed sequence and show in Fig. 1. Simulta-
neously, the maximum annual wind speed sequence at 200 m and gradient heights for improved typhoon simu-
lation method and traditional typhoon simulation method are also be obtained and shown in Fig. 1. Obviously, 
when the wind speed is less than 32 m/s, the simulation result of the improved typhoon simulation method is 
greater than that of the traditional typhoon simulation method. On the contrary, in the high wind speed range 
(> 32 m/s), the simulation result of the improved typhoon simulation method is smaller than that of the tradi-
tional typhoon simulation method. In addition, compared with t the simulation result of the traditional simula-

Table 2.   Correlation coefficients among typhoon key parameters for improved typhoon simulation method.

ln (∆p0) ln (rmax) c θ dmin

ln (∆p0) 1.00 − 0.53 0.22 − 0.11 0.05

ln (rmax) − 0.53 1.00 − 0.12 0.10 − 0.10

c 0.22 − 0.12 1.00 − 0.19 − 0.10

θ − 0.11 0.10 − 0.19 1.00 − 0.38

dmin 0.05 − 0.10 − 0.10 − 0.38 1.00

Table 3.   Correlation coefficients among typhoon key parameters for traditional typhoon simulation method.

ln (∆p0) ln (rmax) c θ dmin

ln (∆p0) 1.00 0.01 0.03 − 0.13 − 0.30

ln (rmax) 0.01 1.00 − 0.01 − 0.01 0.00

c 0.03 − 0.01 1.00 − 0.00 − 0.01

θ − 0.13 − 0.01 − 0.00 1.00 0.95

dmin − 0.30 0.00 − 0.01 0.95 1.00

Figure 1.   Comparison of probability distribution of annual maximum wind speed.
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tion method, the simulation result of the improved typhoon simulation method is closer to the simulation result 
of historical typhoon wind data. The simulation results of the improved typhoon simulation method are similar 
to the historical typhoon score data, and the probability of occurrence in the range of wind speed 25–35 m/s is 
larger, and the probability of occurrence in other wind speed ranges is smaller, but the traditional typhoon simu-
lation method has a higher probability of occurrence in the range of wind speed of 40–45 m/s. It is not difficult 
to infer that when traditional typhoon simulation methods simulate wind fields, many typhoon wind fields will 
be seriously overestimated and this will reduce the reliability of typhoon extreme wind speed prediction.

Based on annual maximum wind speed, the Gumbel distribution in conjunction with the extreme wind speed 
analysis method shown in Sect. 1.3 is used to obtained typhoon extreme wind speed. By using three different 
typhoon simulation methods (improved typhoon simulation method, traditional typhoon simulation method 
and historical typhoon wind data), the typhoon extreme wind speeds under different return periods are calcu-
lated and shown in Table 4. Comparisons of typhoon extreme wind speeds under different return periods are 
shown in Fig. 2. It can be known from Table 4 and Fig. 2 that the maximum difference of typhoon extreme wind 
speeds for all return periods between improved typhoon simulation method and historical typhoon wind data 
at 200 m height and gradient height are 0.9 m/s and 0.7 m/s, respectively. The maximum difference of typhoon 
extreme wind speeds for all return periods between the traditional typhoon simulation method and historical 
typhoon wind data at 200 m height and gradient height are 4.9 m/s and 7.0 m/s, respectively. Compared with 
traditional typhoon simulation method, the prediction accuracy of typhoon extreme wind speeds obtained 
with the improved typhoon simulation method can increase about 8%. In general, the simulation results of 
the improved typhoon simulation method are close to the historical typhoon wind speed data, while the tradi-
tional typhoon simulation method and the historical typhoon wind speed data are compared with the historical 
typhoon wind speed data, and the overall trend is that the maximum extreme wind speed difference is greater 
in the reproduction period. Therefore, the improved typhoon simulation method will show greater advantages 
in addition to ensuring the simulation accuracy under the low reproduction period. Therefore, the improved 
typhoon simulation method used in extreme wind speed analysis can improve the prediction accuracy of typhoon 
extreme wind speed.

Conclusion
An improved typhoon simulation method was proposed by introducing Latin hypercube sampling method into 
traditional typhoon simulation method. This method includes generating the simulated typhoon key parameters 
with Latin hypercube sampling method, generating typhoon wind field with typhoon model and performing 

Table 4.   Typhoon extreme wind speeds under different return periods in Hong Kong (m/s).

Type Height (3)

Return period (year)

20 50 100 200 500 1000

Historical typhoon wind data
500 46.0 52.1 56.7 61.3 67.4 71.9

200 44.3 50.0 54.3 58.6 64.3 68.5

Improved typhoon simulation method
500 46.7 52.5 56.8 61.2 66.9 71.2

200 45.2 50.7 54.8 58.8 64.2 68.3

Traditional typhoon simulation method
500 52.4 58.7 63.4 68.1 74.3 78.9

200 49.2 54.9 59.2 63.5 69.2 73.4

Figure 2.   Comparison of typhoon extreme wind speeds under different return periods.
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extreme wind speed analysis. Then, this method was validated through correlation analysis among typhoon key 
parameters and prediction of typhoon extreme wind speed in Hong Kong. The results show that the improved 
typhoon simulation method can generate the correlations among all typhoon key parameters satisfactorily. The 
maximum difference of correlation coefficient for typhoon key parameters obtained from the traditional typhoon 
simulation method and historical typhoon wind data is 1.33. The corresponding relative error of the correlation 
coefficient is about 102%. Compared with the traditional typhoon simulation method, the improved typhoon 
simulation method has higher accuracy in predicting height and gradient height. Thus, the improved typhoon 
simulation method has better simulation results for the extreme wind speed of the typhoon.

Received: 1 December 2021; Accepted: 20 May 2022

References
	 1.	 Wang, R., Jiang, T., King, L., Gemmer, M. & Holl, A. Review on global natural catastrophes in the 20th century. J. Nat. Disasters. 

9(4), 9–15. https://​doi.​org/​10.​13577/j.​jnd.​2000.​0402 (2000).
	 2.	 Li, S. H. & Hong, H. P. Use of historical best track data to estimate typhoon wind hazard at selected sites in China. Nat. Hazards. 

76(2), 1395–1414. https://​doi.​org/​10.​1007/​s11069-​014-​1555-z (2015).
	 3.	 Liu, Y., Chen, D., Li, S., Chan, P. W. & Zhang, Q. A three-dimensional numerical simulation approach to assess typhoon hazards 

in China coastal regions. Nat. Hazards 96, 809–835. https://​doi.​org/​10.​1007/​s11069-​019-​03570-y (2019).
	 4.	 Xiao, Y. F. et al. Typhoon wind hazard analysis for southeast China coastal regions. Struct. Saf. 33(4–5), 286–295. https://​doi.​org/​

10.​1016/j.​strus​afe.​2011.​04.​003 (2011).
	 5.	 Batts, M. E., Simiu, E. & Russell, L. R. Hurricane wind speeds in the United States. Struct. Division 106(10), 2001–2016 (1980).
	 6.	 Georgiou, P. N., Davenport, A. G. & Vickery, B. J. Design wind speeds in regions dominated by tropical cyclones. J. Wind Eng. Ind 

Aerod. 13, 139–152. https://​doi.​org/​10.​1016/​0167-​6105(83)​90136-8 (1983).
	 7.	 Huang, W. F., Xu, Y. L., Li, C. W. & Liu, H. J. Prediction of design typhoon wind speeds and profiles using refined typhoon wind 

field model. Adv. Steel Constr. 7(4), 387–402 (2011).
	 8.	 Huang, W. F. & Xu, Y. L. Prediction of typhoon design wind speed and profile over complex terrain. Struct. Eng. Mech. 45(1), 1–18. 

https://​doi.​org/​10.​12989/​sem.​2013.​45.1.​001 (2013).
	 9.	 Russell, L.R. (1968) Probability distributions for Texas gulf coast hurricane effects of engineering interest. PhD thesis, Stanford 

University, Stanford, California.
	10.	 Vickery, P. J. & Twisdale, L. A. Prediction of Hurricane wind speeds in the United States. J. Struct. Eng. 121(11), 1691–1699. https://​

doi.​org/​10.​1061/​(ASCE)​0733-​9445(1995)​121:​11(1691) (1995).
	11.	 Shapiro, L. J. The asymmetric boundary layer flow under a translating hurricane. J. Atmos. Sci. 40(8), 1984–1998. https://​doi.​org/​

10.​1175/​1520-​0469(1983)​040%​3c1984:​TABLFU%​3e2.0.​CO;2 (1983).
	12.	 Ishihara, T. & Yamaguchi, A. Prediction of the extreme wind speed in the mixed climate region by using Monte Carlo simulation 

and measure-correlate-predict method. Wind Energy 18(1), 171–186. https://​doi.​org/​10.​1002/​we.​1693 (2015).
	13.	 Kim, G. Y. & Lee, S. Prediction of extreme wind by stochastic typhoon model considering climate change. J. Wind Eng. Ind. Aerod. 

192, 17–30. https://​doi.​org/​10.​1016/j.​jweia.​2019.​05.​003 (2019).
	14.	 Najaran, M. & Tootounchi, M. Probabilistic optimization algorithms for real-coded problems and its application in latin hypercube 

problem. Expert Syst. Appl. 160, 113589 (2020).
	15.	 Ishihara, T., Siang, K.K., Leong, C.C., Fujino, Y. (2005) Wind field model and mixed probability distribution function for typhoon 

simulation. in The Sixth Asia-Pacific Conference on Wind Engineering, Seoul, Korea, 412–426.
	16.	 Huang, W., F., Sun, & J., P. (2018). Prediction of typhoon design wind speed with cholesky decomposition method. The structural 

design of tall and special buildings.
	17.	 Simiu, E. & Scanlan, R. H. Wind Effects on Structures (Wiley, 1996).

Acknowledgements
The work described in this paper was financially funded by National Natural Science Foundation of China 
(51408174), Basic research program of Natural Science in Shaanxi Province (2020JM-475) and Xi’an Science 
and technology innovation talent service enterprise project (2020KJRC0047). Any opinions and conclusions 
presented in this paper are entirely those of the authors.

Author contributions
J.S. and W.H. were responsible for innovation, G.L. completed all research results and main manuscript text, 
R.W. prepared all figures, X.M. prepared all tables. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.13577/j.jnd.2000.0402
https://doi.org/10.1007/s11069-014-1555-z
https://doi.org/10.1007/s11069-019-03570-y
https://doi.org/10.1016/j.strusafe.2011.04.003
https://doi.org/10.1016/j.strusafe.2011.04.003
https://doi.org/10.1016/0167-6105(83)90136-8
https://doi.org/10.12989/sem.2013.45.1.001
https://doi.org/10.1061/(ASCE)0733-9445(1995)121:11(1691)
https://doi.org/10.1061/(ASCE)0733-9445(1995)121:11(1691)
https://doi.org/10.1175/1520-0469(1983)040%3c1984:TABLFU%3e2.0.CO;2
https://doi.org/10.1175/1520-0469(1983)040%3c1984:TABLFU%3e2.0.CO;2
https://doi.org/10.1002/we.1693
https://doi.org/10.1016/j.jweia.2019.05.003
www.nature.com/reprints


7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9313  | https://doi.org/10.1038/s41598-022-13151-y

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	An improved typhoon simulation method based on Latin hypercube sampling method
	Improve typhoon simulation method
	Generating the simulated typhoon key parameters with Latin hypercube sampling method. 
	Obtaining historical independent parameters with Cholesky decomposition method. 
	Generating the simulated independent parameters with Latin hypercube sampling method. 
	Generating the simulated typhoon key parameters. 

	Generating typhoons with typhoon model. 
	Performing extreme wind speed analysis. 

	Case study
	Historical typhoon wind data. 
	Correlation coefficients among typhoon key parameters. 
	Prediction of extreme wind speeds. 

	Conclusion
	References
	Acknowledgements


