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 12 

Abstract. Typhoons are one of the most serious natural disasters that occur annually on China’s 13 

southeast coast. This paper describes a technique for analyzing the typhoon wind hazard based on 14 

the empirical track model. Existing simplified and non-simplified typhoon empirical track models 15 

are improved, and the improved tracking models are shown to significantly increase the 16 

correlation in regression analysis. We also investigate quantitatively the sensitivity of the typhoon 17 

wind hazard model. The effects of different typhoon decay models, the simplified and 18 

non-simplified typhoon tracking models, different statistical models for the radius to maximum 19 

winds (Rmax) and Holland pressure profile parameter (B), and different extreme value distributions 20 

on the predicted extreme wind speed of different return periods are all investigated. Comparisons 21 

of estimated typhoon wind speeds for 50-year and 100-year return periods under the influence of 22 

different factors are presented. The different models of Rmax and B are found to have greatest 23 

impact on the prediction of extreme wind speed, followed by the extreme value distributions, 24 

typhoon tracking models, and typhoon decay models. This paper constitutes a useful reference for 25 

predicting extreme wind speed using the empirical track model. 26 

 27 
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 30 

1 Introduction 31 

China’s southeast coast is the region of the world that suffers most from severe typhoon 32 

disasters. Typhoons, known as hurricanes in the eastern Pacific and Atlantic oceans, can create 33 

complex environments of high winds, heavy rainfall, huge wave heights, and huge storm surges 34 

throughout the region. Therefore, it is very important to analyze the typhoon hazard using typhoon 35 

wind hazard modeling and simulation methods.  36 

In the second half of the 20th century, the Monte Carlo simulation was adopted most widely 37 
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for performing typhoon hazard analysis. It uses a mature typhoon model and typhoon history data 38 

to simulate the typhoon wind field and to predict the annual maximum wind speed. Both the 39 

United States of America (ASCE/SEI 7-05) and Australia (SAA, 2002) use the method to compile 40 

design wind speed maps. 41 

The simulation approach was first implemented by Russell (1969, 1971) for the Texas coast 42 

(USA). Since that pioneering study, the modeling technique has been expanded and improved by 43 

Batts et al. (1980), Shapiro (1983), Georgiou et al. (1983), Vickery and Twisdale (1995b), Meng et 44 

al. (1995), Simiu and Scanlan (1996), and Thompson and Cardone (1996). As indicated by 45 

Vickery and Twisdale (1995a), although the approaches used by these investigators are similar, 46 

there are significant differences in the decay models, wind field models, size of the region over 47 

which the typhoon climatology can be considered uniform, and use of a coast segment crossing 48 

approach. 49 

Since 2000, the full-track modeling method has gradually been developed (Vickery et al., 50 

2000, 2009b; Huang et al., 2001; James and Mason 2005; Emanuel, 2006; Emanuel et al., 2006; 51 

Hall and Jewson 2007). Vickery et al. (2000) were pioneers of full-track modeling and they 52 

developed an empirical track model. This model can generate the full track of a typhoon from 53 

generation to extinction. As indicated by Vickery et al. (2000), an improvement of the storm track 54 

modeling approach over a Monte Carlo simulation is that it is not dependent on the hypothesis of 55 

climate uniformity in the subregion. Therefore, even in a large region with considerable change in 56 

typhoon climatology, it remains appropriate for typhoon hazard analysis, which is helpful for 57 

analyzing the hazard of large-scale systems. The empirical track model has been used in many 58 

studies for typhoon hazard analysis (Powell et al., 2005; Lee and Rosowsky, 2007; Legg et al., 59 

2010; Apivatanagul et al., 2011; Pei et al., 2014; Li and Hong, 2015b, 2016). The design wind 60 

speeds recommended by U.S. building codes (ASCE 7-10, 2010) are also based on the empirical 61 

track model (Vickery et al. 2000). 62 

The process of analyzing typhoon hazard using the empirical track model is that first a large 63 

number of virtual typhoons is generated using the typhoon empirical track model and the decay 64 

model. Then, the typhoons that affect a certain research site are extracted from the virtual 65 

typhoons using the simulated circle method. Next, a typhoon wind field model is used to calculate 66 

the wind speed of the extracted typhoons, from which samples of maximum wind speed can be 67 

derived. Finally, the samples of maximum wind speed are fitted by some extreme value 68 

distribution, based on which extreme wind speeds for different return periods can be predicted. 69 

Many factors can influence the prediction of extreme wind speed throughout the entire process. 70 

The empirical track model developed by Vickery et al. (2000) has been simplified by Li and Hong 71 

(2015b) through the adoption of the geographic weighted regression method (Fotheringham et al. 72 
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2002), and they also fully validated the efficiency of the simplified tracking model. Subsequently, 73 

Vickery and Wadhera (2008) and Vickery et al. (2009a) updated the statistical model for the 74 

radius to maximum winds (Rmax) and the Holland pressure profile parameter (B) using pressure 75 

data from hurricane reconnaissance flights and information of hurricane wind fields from the 76 

Hurricane Research Division’s H*Wind snapshots. Vickery (2005) also developed a new model 77 

for hurricane decay after landfall. It was found that the hurricane decay rate is correlated 78 

positively (negatively) with the central pressure difference and translation speed at the time of 79 

landing (Rmax) along the coasts of the Gulf of Mexico and the Florida Peninsula. However, along 80 

the Atlantic coast, it was found that Rmax has minimal importance in the hurricane decay rate. 81 

This paper investigates the typhoon wind hazard model from two perspectives. The first is 82 

the improvement of the typhoon tracking models consisting of the simplified and non-simplified 83 

models. We find the improved tracking models can significantly increase the correlation in 84 

regression analysis. The second aspect is the sensitivity of the typhoon wind hazard model to 85 

different influencing factors including different typhoon decay models, the simplified and 86 

non-simplified typhoon tracking models, different statistical models for Rmax and B, and different 87 

extreme value distributions. The effects of these factors on predicted extreme wind speed for 88 

50-year and 100-year return periods in the southeast coastal region of China are investigated 89 

quantitatively. This work constitutes a useful reference for predicting extreme wind speed using an 90 

empirical track model. 91 

 92 

2 Empirical track models 93 

Vickery et al. (2000) developed the typhoon empirical track model, which models the 94 

typhoon translation speed, storm heading, and relative intensity. The model is expressed as: 95 

1 2 3 4 5ln ln i i cc a a a a c a          ,                              (1a) 96 

1 2 3 4 5 6 1i i ib b b b c b b              ,                             (1b) 97 

1 1 2 3 1 4 2 5 6 1ln( )= ln( ) ln( ) ln( ) ( )i i i i i i i II d d I d I d I d Ts d Ts Ts           ,      (1c) 98 

where coefficients ai, bi, and di are developed on a 5° × 5° grid over the entire Northwest Pacific 99 

Basin, based on regression analysis of historical typhoon data; ψ and λ represent the storm latitude 100 

(°) and longitude (°), respectively; ci, θi, and Ii are the typhoon translation speed, storm heading, 101 

and relative intensity, respectively, at time step of i; Δlnc = lnci+1 − lnci; Δθ = θi+1 − θi; Tsi is 102 

monthly mean sea surface temperature (K); and εc, εθ, and εI are random error terms. The historical 103 

typhoon dataset used here is the China Meteorological Administration–Shanghai Typhoon 104 

Institute Best Track Dataset for Tropical Cyclones over the Western North Pacific (1949–2017, 105 

from www.typhoon.gov.cn).  106 
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The relative intensity I is defined as (Darling, 1991): 107 

( )da dcI p p p   ,              (2) 108 

where pda and pdc are the ambient and minimum sustainable central dry partial pressures, 109 

respectively, and Δp is the central pressure difference. For details on the specific method for the 110 

calculation of relative intensity, the reader is referred to Darling (1991). We distinguish easterly 111 

and westerly headed storms, and we obtain two set of coefficients (ai, bi, and di) for both types. 112 

When a grid cell has few or no historical typhoons, the coefficients are replaced with those of the 113 

nearest grid cell.  114 

In the tracking model of Vickery et al. (2000), many coefficients have to be determined for 115 

each grid cell. Li and Hong (2015b) eliminated some secondary explanatory variables in the 116 

regression model and they simplified the tracking model of Vickery et al. (2000) using the 117 

geographic weighted regression method (Fotheringham et al. 2002). The simplified tracking 118 

model can be expressed as follows: 119 

    1 2 3l n l ni i cc a a c a      ,             (3a) 120 

    1 2 3i ib b c b        ,                 (3b) 121 

1 1 2 3 4 1ln( )= ln( ) ( )i i i i i II d d I d Ts d Ts Ts       .  (3c)
 122 

Li and Hong (2015b) compared the standard deviations of the residuals in the regression analysis 123 

for Eqs. (1) and (3) and they indicated that the fit obtained by Eq. (3) is comparable with Eq. (1). 124 

To further validate the simplified tracking model, they also compared the statistics of typhoons 125 

simulated using the simplified model with observed data and they found the simplified model 126 

efficient. 127 

 128 

2.1 Improvement of the empirical track model 129 

When applying the simplified and non-simplified tracking models, we find they can be 130 

improved slightly. After improvement, the correlation in regression analysis can be increased 131 

significantly. We change Eqs. (1a) and (1b) to: 132 

1 1 2 3 4 5ln lni i i cc a a a a c a          ,         (4a) 133 

1 1 2 3 4 5 6 1i i i ib b b b c b b              ,        (4b) 134 

while the intensity model of Eq. (1c) remains unchanged. Accordingly, Eqs. (3a) and (3b) are 135 

changed to:  136 

1 1 2 3ln lni i i cc a a c a       ,             (5a) 137 
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1 1 2 3i i ib b c b        ,                 (5b) 138 

while the intensity model of Eq. (3c) remains unchanged. Equations (1), (3), (4), and (5) are 139 

named Model 1, Model 2, Model 3, and Model 4, respectively. Models 1 and 2 provide the 140 

changes in c and θ between times i + 1 and i, whereas in Models 3 and 4, we directly specify the 141 

relationships between times i + 1 and i. That is, we directly calculate c and θ at time-step i + 1 142 

from time-step i, rather than calculate the changes between time steps i + 1 and i. 143 

The fitting coefficient ai in Model 4 is illustrated in Fig. 1 from which we can observe its 144 

spatial variation. Those for the other coefficients in Model 4 and the coefficients in Models 1–3 145 

are not shown because of space limitations. 146 

 147 

Fig.1. Illustration of regression coefficients a in Model 4 for (left) easterly and (right) westerly headed storms. 148 

 149 

We calculate the proportion of grid cells with correlation coefficient (R
2
) >0.5 or >0.8 in all 150 
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grid cells for each coefficient’s regression analysis in Models 1–4, and the results are shown in 151 

Table 1. Comparison of Model 1 (Model 2) with Model 3 (Model 4) reveals that in the improved 152 

tracking model, the proportions of grid cells with an R
2
 value >0.5 and >0.8 are increased 153 

significantly, which indicates the improved tracking model can improve the correlation in 154 

regression analysis. The correlation coefficient (R
2
) of each grid cell for fitting of the easterly and 155 

westerly coefficient a in Models 1 and 3 is shown in Figs. 2 and 3. It can be seen that the R
2
 value 156 

of each grid cell in Model 3 is significantly higher than in Model 1. Those for coefficient b in 157 

Models 1 and 3 and coefficients a and b in Models 2 and 4 are not shown because of space 158 

limitations. It can also be seen that the R
2
 value of each grid cell in Model 4 is significantly higher 159 

than in Model 2. Comparison of Model 1 with Model 2 (Table 1) reveals that the R
2
 values in both 160 

models are reasonably low, and that the R
2
 values of the simplified tracking model are slightly 161 

lower than the non-simplified tracking model. 162 

 163 

Table 1. Proportion of grid cells with correlation coefficient (R2) greater than 0.5 or 0.8 in all grid cells for each 164 

coefficient’s regression analysis in Models 1–4. Largest value of R2 for each coefficient is shown in bold. 165 

Model Coefficient Correlation coefficient 
Proportion of grid cells 

Easterly (%) Westerly (%) 

Model 1 

a 
R2 ≥ 0.5 15.97 9.72 

R2 ≥ 0.8 7.64 0 

b 
R2 ≥ 0.5 27.08 15.97 

R2 ≥ 0.8 18.75 3.47 

Model 3 

a 
R2 ≥ 0.5 97.22 99.31 

R2 ≥ 0.8 47.22 27.78 

b 
R2 ≥ 0.5 84.72 100 

R2 ≥ 0.8 33.33 31.94 

Model 2 

a 
R2 ≥ 0.5 6.25 2.08 

R2 ≥ 0.8 0 0 

b 
R2 ≥ 0.5 12.50 11.11 

R2 ≥ 0.8 9.72 0 

Model 4 

a 
R2 ≥ 0.5 88.89 97.92 

R2 ≥ 0.8 40.28 26.39 

b 
R2 ≥ 0.5 72.22 93.06 

R2 ≥ 0.8 20.14 23.61 

 166 
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 167 

Fig.2. Correlation coefficient (R2) of each grid cell for fitting of the easterly coefficient a in Model 1 (left) and 168 

Model 3 (right). 169 

 170 

  Fig.3. Correlation coefficient (R2) of each grid cell for fitting of the westerly coefficient a in Model 1 (left) and 171 

Model 3 (right). 172 

 173 

We also calculate the R
2
 value when fitting coefficient d in Models 1 and 2. Figure 4 shows 174 

the R
2
 value of each grid cell for fitting of the easterly and westerly coefficient d in Model 1, 175 

which shows the R
2
 values of all grid cells are >0.8. Figure 5 shows the R

2
 value of each grid cell 176 

for fitting of the easterly and westerly coefficient d in Model 2. The R
2
 value of 98.61% (97.92%) 177 

of grid cells is >0.8 for easterly (westerly) headed typhoons. From the above analysis, we find that 178 

the correlation for fitting of coefficient d in Models 1 and 2 is generally better than for coefficients 179 

a and b. This might be because the intensity model gives the statistical relationship between times 180 

i + 1 and i, which is similar to the improved tracking model, rather than the statistical relationship 181 

of changes between times i + 1 and i. 182 

 183 

  
Fig.4. R2 value of each grid cell for fitting of the easterly (left) and westerly (right) coefficient d in Model 1. 184 
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 185 

Fig.5. R2 value of each grid cell for fitting of the easterly (left) and westerly (right) coefficient d in Model 2. 186 

 187 

2.2 Validation of empirical track model 188 

Before using the empirical track model, we need to validate its efficiency. Section 2.1 showed 189 

the correlation in regression analysis for Models 3 and 4 is better than for Models 1 and 2. 190 

Therefore, we believe the improved models (Models 3 and 4) are superior to the original models 191 

(Models 1 and 2). In the following, we consider only Models 3 and 4; therefore, only Models 3 192 

and 4 are validated here. 193 

Virtual typhoon events over 1000 years in the Northwest Pacific Ocean are simulated using 194 

Models 3 and 4. The historical typhoon data used for verification were obtained from the China 195 

Meteorological Administration dataset. Overall, 46 coastal stations are selected along the coast of 196 

China, as shown in Fig. 6 (blue squares). Then, the typhoon events affecting each station (i.e., 197 

typhoons that pass within 250 km) are extracted from the virtual and historical typhoons datasets. 198 

The use of a 250 km subregion has been suggested by Li and Hong (2015b, 2016) and by Vickery 199 

et al. (2009a) following parametric investigation. Next, statistics such as mean annual occurrence 200 

rate, the mean and standard central pressure difference, minimum approach distance, translation 201 

speed, and storm heading are obtained for the simulated and historical tracks. All the values of 202 

these key parameters (except the central pressure difference) are obtained when they are closest to 203 

the coastal station. The central pressure difference is estimated using the minimum values within 204 

the 250 km subregion. When a typhoon passes to the right (left) of a site, the minimum approach 205 

distance is considered positive (negative). 206 
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 207 

Fig.6. Locations of coastal stations (blue squares) along China’s coastline, research points (black asterisks), and 208 

coastal cities (red dots). Note: red text shows province names. 209 

 210 

Figure 7 compares key parameters of typhoons simulated by Model 3 and observed typhoons 211 

along China’s coastline. The figure shows that the characteristics of simulated typhoons are in 212 

good agreement with those from the observational dataset, which indicates that Model 3 can 213 

reproduce the characteristics of typhoons along China’s coastline. 214 
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 215 

Fig.7. Comparison of key parameters of Model 3 simulated (Sim) and observed (Obs) typhoons at 46 coastal 216 

stations along China’s coastline. 217 

 218 

Figure 8 compares key parameters of typhoons simulated by Model 4 and observed typhoons 219 

along China’s coastline. The figure shows that the characteristics of simulated typhoons also 220 

match well with those from the observational dataset, which indicates the performance of 221 

simplified Model 4 is comparable with non-simplified Model 3. 222 
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 223 

Fig.8. Comparison of key parameters of Model 4 simulated (Sim) and observed (Obs) typhoons at 46 coastal 224 

stations along China’s coastline. 225 

 226 

3 Sensitivity of typhoon wind hazard model 227 

The empirical track model is mainly used to generate large numbers of virtual typhoons to 228 

analyze the typhoon hazard. First, large numbers of virtual typhoons are obtained using the 229 

empirical track model and the decay model. Then, a research site is selected and the typhoon 230 

events that affect that site (i.e., those typhoons that pass within 250 km) are extracted from the 231 

virtual typhoons. Next, the wind field model is applied to calculate the wind speed (representing 232 

10 min mean wind speed at 10 m height above the surface) of the extracted typhoons, from which 233 

samples of maximum wind speed are obtained. Finally, the samples are fitted by some extreme 234 

value distribution and the extreme wind speeds for different return periods are predicted. Many 235 

factors can influence the prediction of extreme wind speed throughout the entire process, e.g., 236 

different typhoon tracking models, different typhoon decay models, different statistical models for 237 

Rmax and B, and different extreme value distributions. 238 

To explore the sensitivity of the typhoon wind hazard model to the above four factors, we 239 
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calculate the extreme wind speeds for different return periods under the influence of different 240 

factors and make a comparison. To map the typhoon wind hazard, we select 579 grid points as 241 

research sites in the southeast coastal region of China, as shown in Fig. 6 (black asterisks). The 242 

grid resolution is set to 0.25°, and for each research site, the extreme wind speeds at 50- and 243 

100-year return periods are predicted under the influence of the different factors. 244 

The Yan Meng (YM) wind field model, developed by Meng et al. (1995), is applied in this 245 

study to calculate the wind speed. As indicated by Meng et al. (1995), the model involves moving 246 

wind field model of typhoons and introduces the concept of the “equivalent roughness length” to 247 

consider topographical effects. The YM model is sufficiently accurate for typhoon simulation and 248 

it has been applied by Matsui et al. (2002), Okazaki et al. (2005), and Xie et al. (2015). For 249 

additional details regarding the wind field model, the reader is referred to Meng et al. (1995). The 250 

wind speed calculated by the YM model is an hourly mean and the ratio of the maximum 10 min 251 

mean wind speed to the hourly mean is equal to 1.06. 252 

 253 

3.1 Influence of different decay models on extreme wind speeds 254 

When a typhoon makes landfall, its intensity will weaken because of the loss of energy from 255 

the sea and because of increased ground friction. Modeling the decay of typhoons after landfall 256 

plays an important role in typhoon hazard analysis at coastal stations. We first investigate the 257 

influence of the typhoon decay model on predicted wind speed. Model 3 is used to generate virtual 258 

typhoon events in the Northwest Pacific Ocean, and in this process, we apply two different decay 259 

models. One is the model developed by Vickery and Twisdale (1995b): 260 

0 0 1 0( ) exp( );    p t p at a a a p          ,              (6)

 261 

where Δp(t) is the central pressure difference (hPa) at time t after landfall, Δp0 is the central 262 

pressure difference (hPa) at landfall, a is the decay constant, and ε is a normally distributed error 263 

term. The other model is the model developed by Vickery (2005): 264 

0 0 1 0 max( ) exp( );   /p t p at a a a p c R         ,         (7) 265 

where c is the typhoon translation speed at landfall (km h
−1

), and Rmax is the radius to maximum 266 

winds at landfall (km). Vickery (2005) indicated that Eq. (7) can increase the correlation 267 

coefficient R
2
 in regression analysis (coefficients a0 and a1 are determined by regression analysis) 268 

on the Gulf Coast, Florida Peninsula, and Atlantic Coast of the USA. 269 

The typhoon landing area in the Northwest Pacific Ocean is divided into five subregions: the 270 

region north of 30°N (extratropical cyclone area, Zone1), region between 25°N and 30°N (area 271 

north of Taiwan, Zone2), region between 20°N and 25°N (area including Taiwan, Zone3), region 272 

of The Philippine Islands (Zone5), and region of the remaining areas (Zone4). The fitting 273 
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coefficients of Eqs. (6) and (7) are summarized in Table 2, where N is the number of data points 274 

used for the regression analysis, R
2
 is the correlation coefficient, and σε is the standard deviation 275 

of the errors. In Table 2, the largest value of R
2
 is shown in bold for each region examined. It can 276 

be seen that the correlation in the decay model of Vickery and Twisdale (1995b) is better than that 277 

of Vickery (2005) for most regions. 278 

 279 

Table 2. Decay constant a in Eqs. (6) and (7). Numbers in bold type are the largest R2 value for each region.  280 

Region N 
0 1 0a a a p      

0 1 0 max/a a a p c R      

a0 a1 R2 σε a0 a1 R2 σε 

Zone1 36 
0.0078 0.00075 0.0928 0.0198 0.0293 0.00004 0.00018 0.0194 

Zone2 66 
0.0161 0.00055 0.0946 0.0203 0.0244 0.00049 0.0589 0.0207 

Zone3 159 
0.0137 0.0012 0.2139 0.0247 0.0291 0.0011 0.2157 0.0242 

Zone4 82 
-0.0035 0.0019 0.4768 0.0216 0.0101 0.0020 0.4565 0.0220 

Zone5 40 
-0.0026 0.00052 0.5321 0.0116 -0.00006 0.00078 0.4374 0.0127 

 281 

In Sect. 2, we described the use of Model 3 and the decay model of Vickery and Twisdale 282 

(1995b) to generate virtual typhoons and to validate their statistical characteristics. Here, we use 283 

Model 3 in combination with the new decay model of Vickery (2005) to generate virtual typhoons 284 

for the Northwest Pacific Ocean and to validate its efficiency. Because of space limitations, the 285 

results of the verification are not given here. The numerical experiment using Model 3 and Eq. (6) 286 

to predict the wind speed is referred to as Test 1, and that using Model 3 and Eq. (7) is referred to 287 

as Test 2. In Tests 1 and 2, Rmax and B are calculated based on the models given in Vickery and 288 

Wadhera (2008):  289 

5 2

max ln maxln 3.015 6.291 10 0.0337 RR p        , 
max1.833 0.326 1000 c BB f R     ,  (8)

 290 

where Δp is in hPa; the standard deviation of εlnRmax, σlnRmax = 0.448 for Δp ≤ 87 hPa, 1.137 − 291 

0.00792Δp for 87 hPa < Δp ≤ 120 hPa, and 0.186 for Δp > 120 hPa; ψ is latitude (°); fc is the 292 

Coriolis parameter; and σB = 0.221. 293 

The empirical distribution is used as the extreme value distribution in both Test 1 and Test 2. 294 

Table 3 shows the settings for Tests 1 and 2 as well as other tests described in the following 295 

section of this paper.  296 

 297 

Table 3. Settings for different tests (those in the same color represent a set of controlled trials).  298 

Test Decay model Track model Rmax and B model Extreme value distribution 

Test 1 Eq.(6) Model 3 Eq. (8) Empirical  

Test 2 Eq.(7) Model 3 Eq. (8) Empirical  
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Test 3 Eq.(6) Model 4 Eq. (8) Empirical  

Test 4 Eq.(6) Model 3 Eq. (9) Empirical  

Test 5 Eq.(6) Model 3 Eq. (10) Empirical  

Test 6 Eq.(6) Model 3 Eq. (8) Weibull  

Test 7 Eq.(6) Model 3 Eq. (8) Gumbel  

Test 8 Eq.(6) Model 3 Eq. (8) GPD  

 299 

The predicted extreme wind speeds for a 50-year return period (V50) for 579 stations in the 300 

southeast coastal region of China are used to map the typhoon hazard, as shown in Fig. 9. The 301 

results predicted by Tests 1 and 2 are shown in Fig. 9(a) and (b), respectively. It can be seen from 302 

Fig. 9 that the different decay models, i.e., Eqs. (6) and (7), have little impact on the predicted 303 

wind speed, and that the maximum difference (MD) of wind speed is only about 0.5 m s
−1

. We 304 

also compare the predicted wind speeds for a 100-year return period (V100) for Tests 1 and 2 (not 305 

shown because of space limitations). The MD is also about 0.5 m s
−1

 and the maximum relative 306 

difference (MRD) is only about 1%. 307 

 308 

Fig.9. Maps of extreme wind speeds (m/s) for 50-year return period in (a) Test 1 and (b) Test 2. 309 

 310 

3.2 Influence of different track models on extreme wind speeds 311 

In Sect. 2, the non-simplified and simplified track models (Models 1 and 2) are improved to 312 

produce Models 3 and 4, and we validate the virtual typhoons generated using Models 3 and 4. To 313 

investigate the influence of the non-simplified and simplified track models on predicted extreme 314 

wind speeds, we estimate V50 and V100 for China’s southeast coast based on the virtual typhoons 315 

generated using Models 3 and 4. In this process, the decay model of Eq. (6), Rmax and B model of 316 
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Eq. (8), and the empirical distribution are adopted. The numerical experiments are referred to as 317 

Tests 1 and 3, as shown in Table 3. The predicted V50 in Test 1 is shown in Fig. 9(a). The 318 

estimated V50 in Test 3 is shown in Fig. 10(a) and the wind speed difference between Tests 1 and 3 319 

is shown in Fig. 10(b). It can be seen from Fig. 10(b) that the wind speeds predicted by the 320 

non-simplified track model (Test 1) are larger than predicted by the simplified track model (Test 3) 321 

on most of the southeast coast of China, especially in the coastal regions of Zhejiang and Fujian 322 

provinces. The MD of predicted wind speed is about 3.5 m s
−1

 and the MRD is about 10%. For the 323 

estimated V100, there is a similar spatial trend; the MD is about 4.5 m s
−1

 and the MRD is about 324 

12%. 325 

 326 

Fig.10. Maps of extreme wind speeds (m/s) for 50-year return period in (a) Test 3 and (b) the wind speed 327 

difference (m/s) between Tests 1 and 3. 328 

 329 

3.3 Influence of different Rmax and B models on extreme wind speeds 330 

In the typhoon wind field model, Rmax and B are important parameters. Their calculation 331 

formulas influence the wind speed calculated by the wind field model, which subsequently 332 

influences the prediction of extreme wind speed. We select three different models to investigate 333 

the influence of Rmax and B on the predicted wind speed. One is the model developed by Vickery 334 

and Wadhera (2008), as mentioned in Sect. 3.1. This model has been used by Li and Hong (2015a, 335 

2015b, and 2016) and by Hong et al. (2016). The second model was developed by Vickery et al. 336 

(2000) and it has been used by Pei et al. (2014). The model can be expressed as follows: 337 

2

maxln 2.636-0.0000508 +0.0394R p   ; max1.38 0.00184 0.00309B p R    .   (9) 
338 

The third model was developed by Xiao et al. (2011) based on the typhoons that affect China’s 339 

coast region and some empirical information from other literature. The model can be expressed as 340 
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follows: 341 

max 0 1 1ln +R c c p    ;
 

0 1 max 2ln ln +B d d R    ,          (10) 
342 

where c0, c1, d0, and d1 are model coefficients and ε1 and ε2 are normally distributed error terms 343 

with mean zero. For values of these parameters and the standard deviations of ε1 and ε2, the reader 344 

is referred to Xiao et al. (2011). 345 

We compare Rmax and B calculated by the three models with latitude ψ set to 25°N. The 346 

comparison results are shown in Fig. 11. It can be seen that when Δp is <60 hpa, the mean of Rmax 347 

calculated by Eq. (10) is larger than calculated by Eqs. (8) and (9), and when Δp is >60 hpa, the 348 

mean of Rmax calculated by Eq. (10) is slightly smaller than calculated by Eqs. (8) and (9). The 349 

mean of B estimated by Eq. (10) is much greater than predicted by Eqs. (8) and (9), although the B 350 

value is within the range suggested by Willoughby and Rahn (2004), Vickery et al. (2000), and 351 

Holland (1980). Both Rmax and B calculated by Eqs. (8) and (9) have little difference. The mean of 352 

Rmax calculated by Eq. (8) is slightly greater than calculated by Eq. (9), while the mean of B 353 

calculated by Eq. (8) is slightly smaller than calculated by Eq. (9). 354 

 355 

Fig.11. Comparison of estimated (a) Rmax and (b) B using Eqs. (8), (9), and (10). 356 

 357 

In Test 1, Model 3 combined with the decay model of Eq. (6), the Rmax and B model of Eq. (8) 358 

and the empirical distribution are used to predict the wind speed for different return periods. Here, 359 

we use the different Rmax and B models (Eqs. (9) and (10)) to predict the wind speed, named as 360 

Test 4 and Test 5. The specific settings for Tests 1, 4, and 5 are shown in Table 3. Figure 12 361 

shows the estimated V50 in Test 4 (Fig. 12(a)) and the wind speed difference between Tests 4 and 1 362 

(Fig. 12(b)). It can be seen from Fig. 12(b) that Test 1 underestimates wind speed in comparison 363 

with Test 4 in coastal regions of Jiangsu, Zhejiang, and Fujian provinces. The MD of the predicted 364 

wind speed is about 2 m s
−1

 and the MRD is about 5%. This should be because the B value 365 

calculated by Eq. (9) is slightly larger than calculated by Eq. (8). In coastal regions of Guangdong 366 

Province, the estimated V50 in Test 4 is slightly larger but it has little difference from that in Test 1. 367 

This might be because the Δp along the coast of Guangdong Province increases significantly (see 368 

Figs. 7 and 8) and the difference of Rmax calculated by Eqs. (8) and (9) decreases according to Fig. 369 
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11(a), leading to the smaller difference of the predicted wind speed. For the estimated V100, there 370 

is a similar spatial trend; the MD is about 2.8 m s
−1

 and the MRD is about 7%. 371 

 372 

Fig.12. Maps of extreme wind speed (m/s) for 50-year return period in (a) Test 4 and (b) the wind speed difference 373 

(m/s) between Tests 4 and 1. 374 

 375 

Figure 13 shows the estimated V50 in Test 5 (Fig. 13(a)) and the wind speed difference 376 

between Tests 5 and 1 (Fig. 13(b)). It can be seen from Fig. 13(b) that the wind speed predicted by 377 

Test 5 is significantly higher than predicted by Test 1 throughout the entire southeast coastal 378 

region of China. The MD of the predicted wind speed is up to 15 m s
−1

 and the MRD is about 37%. 379 

This is because the B value calculated by Eq. (10) is significantly greater than calculated by Eq. 380 

(8). For the estimated V100, the MD increases to 21 m s
−1

 and the MRD is about 50%. 381 

 382 
Fig.13. Maps of extreme wind speed (m/s) for 50-year return period in (a) Test 5 and (b) the wind speed difference 383 
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(m/s) between Tests 5 and 1. 384 

 385 

3.4 Influence of different extreme value models on extreme wind speeds 386 

The samples of maximum wind speed obtained through numerical simulation need to be 387 

fitted by some extreme value distribution to predict the extreme wind speed of different return 388 

periods. In typhoon hazard analysis, the commonly used extreme value distributions include 389 

Extreme-I distribution (i.e., the Gumbel distribution), Extreme-II distribution (i.e., the Frechet 390 

distribution), and Extreme-III distribution (i.e., the Weibull distribution). If the sample size is 391 

sufficiently large, the empirical distribution should be preferred because there is no assumption 392 

about the tail shape of the wind speed distribution. The sample of maximum wind speed is initially 393 

considered to obey the Extreme-II distribution (Thom, 1960). However, more studies have shown 394 

that the Extreme-I distribution is more suitable (Simiu et al. 1980; Simiu and Filliben, 1976). In 395 

recent years, some studies have found that the peaks-over-threshold method with the generalized 396 

Pareto distribution (GPD) can provide satisfactory wind speed estimation (Simiu and Heckert, 397 

1995). Different extreme value distributions will have impact on the predicted extreme wind speed. 398 

In this study, we apply the empirical distribution, Weibull distribution, Gumbel distribution, and 399 

GPD to explore the influence of these four different distributions on the prediction of extreme 400 

wind speed. 401 

The Weibull distribution takes the form 402 

  1 expW

x
F x






  
    

   

.        (11)        

 403 

The Gumbel distribution takes the form  404 

  exp expG

x
F x





    
     

    
.      (12)

       
 405 

The GPD function is as follows 406 

1

( ) 1 (1 )
x u

G x 



    .      (13) 407 

where x is the corresponding variable; γ, η, β is the position parameter, scale parameter and shape 408 

parameter, respectively; u is the threshold value.  409 

In Test 1, the empirical distribution is adopted. Taking Test 1 as the controlled trial, the 410 

numerical experiments adopting the Weibull distribution, Gumbel distribution, and GPD are 411 

defined as Test 6, Test 7, and Test 8, respectively. The specific settings for Tests 1 and 6–8 are 412 

listed in Table 3. 413 

Figure 14 shows the estimated V50 in Test 6 (Fig. 14(a)) and the wind speed difference 414 

between Tests 6 and 1 (Fig. 14(b)). It can be seen from Fig. 14(b) that in most areas of China’s 415 
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southeast coasts, the wind speed predicted by the Weibull distribution is lower than predicted by 416 

the empirical distribution, especially in Fujian Province. The MD of the predicted wind speed is 417 

about −3 m s
−1

 and the MRD is about 7%. For the estimated V100, the MD is about −4 m s
−1

 and 418 

the MRD is about 10%. 419 

 420 
Fig.14. Maps of extreme wind speed (m/s) for 50-year return period in (a) Test 6 and (b) the wind speed difference 421 

(m/s) between Tests 6 and 1. 422 
 423 

Figure 15 shows the estimated V50 in Test 7 (Fig. 15(a)) and the wind speed difference 424 

between Tests 7 and 1 (Fig. 15(b)). Figure 15(b) indicates that over the entire southeast coastal 425 

region of China, the wind speed predicted by the Gumbel distribution is higher than predicted by 426 

the empirical distribution, especially in Guangdong Province. The MD of the predicted wind 427 

speed is about 8 m s
−1

 and the MRD is about 20%. For the estimated V100, the MD increases to 10 428 

m s
−1

 and the MRD is about 25%. 429 

  430 
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Fig.15. Maps of extreme wind speed (m/s) for 50-year return period in (a) Test 7 and (b) the wind speed difference 431 
(m/s) between Tests 7 and 1. 432 

 433 

Figure 16 shows the estimated V50 in Test 8 (Fig. 16(a)) and the wind speed difference between 434 

Tests 8 and 1 (Fig. 16(b)). Figure 16(b) shows that over the entire southeast coastal region of 435 

China, the wind speed predicted by the GPD is lower than predicted by the empirical distribution, 436 

especially in Fujian and Guangdong provinces. The MD of the predicted wind speed is about −7 m 437 

s
−1

 and the MRD is about 17%. For the estimated V100, the MD is about −8 m s
−1

 and the MRD is 438 

about 20%. 439 

 440 

Fig.16. Maps of extreme wind speed (m/s) for 50-year return period in (a) Test 8 and (b) the wind speed difference 441 
(m/s) between Tests 8 and 1. 442 

 443 

3.5 Estimation of typhoon wind hazard for eight cities 444 

In addition to the typhoon hazard analysis conducted for the southeast coastal region of China, 445 

we also estimate the typhoon wind hazard for eight key coastal cities of China under the influence 446 

of different factors and we compare the results with the Chinese design code (GB 50009, 2012). 447 

For details of the design code values of 50-year and 100-year return periods for these cities, the 448 

reader is referred to Li and Hong (2016). Figure 17 shows the V50 (Fig. 17(a)) and V100 (Fig. 17(b)) 449 

of the eight cities predicted by Tests 1–8 and the values from the code. For most cities, it can be 450 

seen that the wind speed predicted by Test 1 is consistent with the code except for Wenzhou, 451 

which indirectly proves the reliability of the method used in this paper to predict the extreme wind 452 

speed. For Wenzhou, Test 1 overestimates wind speed by about 15% in comparison with the code. 453 

The extreme wind speed predicted by Tests 1–4 and Test 6 have little difference, i.e., the relative 454 

difference is within 10%. 455 
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 456 

 457 
Fig.17. (a) V50 and (b) V100 of the eight cities predicted using Tests 1–8 and the code. Shanghai (Sh), Ningbo (Nb), 458 

Wenzhou (Wz), Fuzhou (Fz), Xiamen (Xm), Guangzhou (Fz), Shenzhen (Sz), and Zhanjiang (Zj). 459 

 460 

4 Conclusions 461 

In this paper, we describe a technique for analyzing typhoon hazard based on the empirical 462 

track model. The existing simplified and non-simplified typhoon empirical track models are 463 

improved. In the improved tracking models, the correlation in regression analysis is increased 464 

significantly. We also quantitatively investigate the sensitivity of the typhoon wind hazard model 465 

to different typhoon decay models, the simplified and non-simplified typhoon tracking models, 466 

different statistical model for Rmax and B, and different extreme value distributions. We found the 467 

different typhoon decay models have least influence on the predicted extreme wind speed, and the 468 

MRD from the control group is only about 1%. Over most of the southeast coast of China, the 469 

predicted wind speed by the non-simplified typhoon tracking model is larger than from the 470 

simplified tracking model, especially in Zhejiang and Fujian provinces. The MRD of predicted 471 

wind speed for a 50-year return period (V50) is about 10%. The use of different models of Rmax and 472 

B has considerable impact on the predicted wind speed, and the MRD of V50 can reach up to 37%. 473 

This depends mainly on the difference of the B value calculated by the different models. 474 

Throughout the southeast coast of China, the predicted wind speed from the Weibull distribution is 475 

lower than from the empirical distribution, especially in Fujian Province. The MRD of the V50 is 476 

about 7%. The predicted wind speed from the Gumbel distribution is higher than from the 477 

empirical distribution, especially in Guangdong Province, and the MRD for V50 is up to 20%. The 478 

predicted wind speed from the GPD is lower than from the empirical distribution, especially in 479 

Fujian and Guangdong provinces, and the MRD for V50 is up to 17%. For several coastal cities of 480 

China, the predicted wind speeds in this paper are consistent with those from the design code. This 481 

paper constitutes a useful reference for predicting extreme wind speed when using the empirical 482 

track model. 483 

In this paper we improve the empirical track model and use it to analyze the typhoon hazard 484 

for southeast coastal region of China. This hazard model can overcome the problem that one can’t 485 

estimate the typhoon wind speeds as a function of return period using the traditional methods, 486 
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because the lack of the measured wind-speed data. Besides we investigate the influence of 487 

different factors on the predicted wind speeds. This study’s results could be valuable to 1) urban 488 

planners and emergency managers responsible for typhoon disaster preparedness, response, and 489 

recovery planning; 2) policy-makers to evaluate the adequacy of structural design codes, and 3) 490 

insurance companies to assess real properties and adjust typhoon hazard insurance rates. 491 

The study of typhoon hazard risk includes the prediction of typhoon intensity and frequency 492 

and the study of typhoon wind speed for different return periods. Combining typhoon accurate 493 

forecast, typhoon speed estimation of different return periods with hazard loss assessment from 494 

natural, social, economic, policy, cultural and engineering perspectives, a comprehensive risk 495 

assessment framework and index system for typhoon hazard can be established. A comprehensive 496 

study on the tolerance and response mechanism of coastal cities to typhoon hazard will be the 497 

focus of our next work. 498 

 499 
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