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Abstract 

Tropical cyclones (TC) induce strong winds, heavy rainfalls, and storm surge.  They cause 

fatalities and property damage, especially in coastal regions that are prone to TC hazards.  

TC wind or wave assessments are reported in the literature.  The assessment provides the 

required hazard characterizations for assessing the reliability and risk of structures such as 

onshore and offshore wind turbines (WTs).  The present study considered sites near the 

coastline of mainland China.  It is focused on 1) the assessment of using different historical 

best-track datasets on the development of stochastic TC track models and on the estimated 

TC wind hazard, 2) the establishment of a procedure to assess the joint TC wind and wave 

hazards, to assess their correlation, and the joint probabilistic model, 3) the development of a 

database-driven simulation-based (DDSB) framework to estimate the reliability of offshore 

WTs, and 4) the calibration of the design TC wind and wave loads and companion load 

factors for designing onshore and offshore monopile WTs for selected target reliability 

indices, and to recommend site-dependent and information-sensitive design TC wind and 

wave loads for such WTs. 

For the analysis, both the historical best-track datasets from the China Meteorological 

Administration (CMA) and from the Joint Typhoon Warning Center (JTWC) are considered 

for developing the physical-based beta-advection model.  The impact of using one or other 

track database on the TC wind hazard is quantified.  Based on the stochastic TC track model, 

available TC wind and wave field models, the joint TC wind and wave hazard is assessed.  

The quantified TC hazard indicates that the correlation of the extreme (annual or event-

based) TC wind speed and wave height should not be neglected.  It is proposed that the joint 

TC wind and wave hazards used to assess the reliability of offshore WTs can be carried out 

according to a database-driven simulation-based procedure.  This allows the combined use of 

synthetic tracks database, the prepared wind and wave fields database, and the structural 

response database of WTs subjected to combined wind and wave actions.  The application of 

this procedure is shown for a semi-submersible WT.  Moreover, the procedure is used to 

carry out reliability-based calibration of design TC wind and wave loads by considering 

monopile WTs that are placed in onshore or offshore locations that are near the coastline of 
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mainland China.  Simple empirical equations are developed to evaluate the required return 

periods for evaluating the design TC wind and wave loads.  These equations depend on the 

coefficient of variation of the annual maximum TC wind speed and significant wave height 

and the selected target reliability index.  Also, maps of the required return periods, ranging 

from 50 to 500 years for two considered tolerable failure probability levels, are given for 

calculating the design wind load and wave load.  The calibration analysis results also indicate 

that the companion load factor of 0.9 is to be considered for the wave load if the TC wind 

load is taken as the principal load and the wave force is dominated by the drag force 

component.  This companion load factor becomes 0.85 if the TC wave load is dominated by 

the inertial force component.  Also, the companion load factor of 0.85 for the wind load 

should be considered if the wave load acts as the principal load. 

Keywords 

Tropical cyclone, Stochastic track modeling, Typhoon wind and wave hazard, Probabilistic 

analysis, Wind turbine, Fragility, Reliability, Design code calibration, Simulation 
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Summary for Lay Audience 

Tropical cyclones (TC) induce strong winds, heavy rainfalls, and storm surge, and also cause 

devastating damages to properties and fatalities.  However, this thesis mainly focused on the 

TC hazard assessment and the reliability analysis for wind turbines (WTs).  TC wind and 

wave assessment provides the wind speed and wave height for various return periods for 

offshore sites.  To facilitate and inform the design of structures for civil engineers, structural 

reliability analysis needs to be carried out to examine the safety level implied in the current 

design codes or to recommend the safety factors for design code making.   

The first topic of this thesis is about TC hazard modelling.  In detail, chapter two presented a 

physical-based TC track model using environmental datasets.  Furthermore, two historical 

best-track datasets are accessed and used to establish this track model.  The differences 

between the historical and simulated tracks for statistics of the TC characteristics and T-

return period wind values were compared; chapter three uses a popular wave model to assess 

TC wave hazard.  This model is simple to use with only three input parameters.  The 

marginal and joint probabilistic distributions for wind and wave were assessed, and the load 

combination analysis for offshore wind turbine design was carried out.  Moreover, the 

analysis of identifying TC events contributing to a certain hazard level was performed, which 

is beneficial for TC risk mitigations. 

The remaining topic is about the reliability analysis for wind turbines subjected to TC 

hazards.  Chapter four developed a database-driven simulation-based (DDSB) framework, 

which was mainly based on several synthesized databases.  This procedure was applied to 

evaluate the failure probability of a floating WT located in an offshore region in China; 

chapter five carried out the reliability-based design code calibration for the onshore and 

offshore monopile WT.  The site-specified wind and wave return periods were identified and 

simple to use empirical equations were developed to evaluate such required return periods.  

The companion load combination factors for TC wind and wave loads are calibrated.  

In short, this thesis established novel TC hazard wind and wave assessment approaches, 

developed a simulation-based framework for reliability assessment for offshore structures, 

and carried out the reliability-based design code calibration for WTs.  This study could be 

valuable to enhance our understanding of TC risk for WT.  
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Chapter 1 

1 Introduction 

Tropical cyclones (TCs) are large-scale meteorological phenomena that can cause 

fatalities and tremendous monetary loss.  A TC is known as a typhoon if it occurs in the 

northwestern Pacific Ocean and the Indian Ocean and as a hurricane if it occurs in the 

Atlantic Ocean and the northeastern Pacific Ocean.  The deadly typhoon Bhola that 

occurred in 1970 struck East Pakistan, resulting in a half-million death 

(https://en.wikipedia.org/wiki/1970_Bhola_cyclone).  A typhoon that occurred in August 

1956 with winds up to 243 kph killed 4,900 people in Zhejiang Province, China.  A 

powerful typhoon named Winnie in 1997 struck the east coast of China, killing 250 

people and causing $2.2 billion worth of damage 

(https://factsanddetails.com/china/cat10/sub64/item398.html).  Since 1970, more than 

1942 disasters have been attributed to TCs, which killed more than 779,000 people and 

caused the US $1,408 billion in economic losses (World Meteorological Organization 

2020).  TC-induced wind and waves can cause large responses and damages to the 

onshore and offshore wind turbine (WT) (Ishihara et al. 2005; Chen and Xu 2016).  In 

September 2003, typhoon Maemi struck Miyakojima Island in Okinawa, Japan, with a 

central pressure of 912 hPa and a maximum 3-s gust of 86.6 m/s at 100-m above the sea 

surface.  It caused the collapse of three out of six WTs, and the remaining three WTs 

suffered significant damages, including damage to blades and the nacelle cover.  In 

September 2013, typhoon Usagi affected the wind farm in Shanwei city, China, with the 

observed maximum 3-s gust wind of 57 m/s measured by a nearby meteorological station.  

Usagi resulted in catastrophic damage to the wind farm with economic losses of 

approximate $16 million.  More specifically, eight towers were collapsed; eleven blades 

were fractured, even the towers were still intact; around half of the total blades were 

broken; additionally, the mechanical parts, including the vanes and anemometers of the 

wind turbines, were damaged.  These observed damages are mainly attributed to three 

characteristics of the TC wind: high wind speed, sudden change of direction, and high 

turbulence intensity (Li et al. 2013).  Though these failures were mainly observed for 
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onshore WTs and the direct observations of damages for offshore WTs have rarely been 

reported.  This may be due to that the offshore wind exploitation has a relatively short 

history, and the majority of offshore WTs are employed in non-hurricane-prone regions.  

However, it has been recognized that TCs pose a great challenge for the development of 

offshore wind.  Many studies have been carried out for reliability and risk assessment of 

WTs due to TCs (Rose 2012; Hallowell et al. 2018) and have discussed reliability-based 

design code calibration (Tarp-Johansen and Clausen 2006; Jia et al. 2010).  More 

information on reliability analysis for WTs subjected to the TC will be elaborated on in 

the subsequent sections. 

A TC is a large-scale rotating system with a typical diameter between 100 and 2,000 km.  

It has well-defined inner and outer structures.  It usually has a low-pressure center (i.e., 

eyewall) with a typical 30–65 km radius.  The formation of a TC depends on several 

atmospheric conditions, including warm sea surface temperatures, low vertical wind 

shear, and enough Coriolis force.  TC winds rotate counterclockwise in the Northern 

Hemisphere and clockwise in the Southern Hemisphere because of the Coriolis effect.  

The intensification of TCs depends on the availability of heat source that is primarily 

from the warm ocean waters, and also on the wind shear condition.  Therefore, these 

storms are the strongest over water, resulting in the high winds and strong concurrent 

waves that can damage offshore structures, such as the oil and gas platforms and offshore 

wind turbines.  After a TC makes landfall, its central pressure difference decays, and its 

TC intensity weakens (Vickery 2005).  A landfalling TC also causes damages to 

infrastructure and lifeline networks that are located in the coastal regions. 

Tropical cyclone wind hazard assessment has been investigated for different regions in 

the world (Vickery et al. 2009).  If the multi-year TC wind speed records at the spatially 

distributed locations from the meteorological stations are available, the estimation of the 

extreme TC wind speed can be carried out based on statistical analysis and extreme value 

theory.  However, the available surface wind speed records are often scarce, and the 

meteorological stations are only sparsely spatially distributed.  To overcome this 

problem, simulation-based approaches can be considered.  The simulation-based 

approach consists of using a wind field model and a track model.  For example, Russell 
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(1971), Batts et al. (1980), Georgiou (1986), Ou et al. (2002), Xiao et al. (2011) and 

Hong et al. (2016) considered the use of segments of tracks, while Vickery et al. (2000), 

and Li and Hong (2016) considered stochastic full track models.  In all cases, the segment 

tracks or full tracks are developed based on the historical TC tracks.  The wind field 

model used to assess the TC wind field ranges from a simple gradient wind field model, 

height averaged 2-dimensional slab model, or a linear and nonlinear 3-dimensional model 

(Gu et al. 2020).  More details on the review of the wind field model and track model are 

given in the following sections. 

TCs induce not only strong winds but also large waves.  TC-induced wave hazard was 

investigated by Ross (1976), King and Shemdin (1978), Young (1998), and Hwang 

(2016).  Early studies provided a simple model to predict the TC-induced maximum wave 

height as a function of TC wind speed (Bretschneider 1959).  Subsequent studies 

attempted to incorporate observations as well as physics in developing TC-induced wave 

field models (King and Shemdin 1978; Bowyer and MacAfee 2005; Young and Vinoth 

2013).  A well-recognized wave field model that can be directly applied for the TC wave 

hazard assessment was developed by Young (1988) and Young and Vinoth (2013), which 

will be discussed further in the subsequent sections in this chapter. 

1.1 Review of TC track modelling 

For some of the earlier hurricane wind hazard modelling assessments, the circle sub-

region method (CSM) was developed (Russell 1971; Batts et al. 1980; Georgiou 1986; 

Vickery and Twisdale 1995).  The idea of this approach is to extract the statistical 

characteristics of the historical tracks within a circle centered at the site of interest.  The 

parameters defining the segment of track within the circle include the annual occurrence 

rate, TC translation direction and velocity, central pressure difference, and the minimum 

approaching distance.  Each parameter is characterized by a probability distribution that 

is assigned based on samples of the historical track segments within the considered circle. 

The drawbacks to using CSM include the samples within the circle may be insufficient 

for assigning the probability distribution of each parameter with confidence.  Since the 
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probability distribution of each parameter may be site-dependent, the set of distributions 

developed for a site may not be applicable to another site of interest.  These mentioned 

drawbacks may be overcome by using a stochastic model for the (full) TC track from 

genesis to lysis.  There are several approaches for developing the stochastic model.  For 

example, a model was developed by Vickery et al. (2000) based on the autoregressive 

type of approach.  The model could be written in general as: 

( )1 2, ,...,− − −= +t t t t q ts AR p p p   (1.1) 

where 
ts  is the vector of variables defining TC track at instance t, which is a function of 

the values of the variables at earlier instances 1t −p , …, t q−p ; AR  denotes the 

autoregressive model, and 
t  represents independent zero-mean normally distributed 

residual.  

The full track model in Vickery et al. (2000) considered that the number of TC 

occurrences per year is randomly generated using the negative binomial distribution; the 

location, date, heading, and translation of each genesis is randomly drawn from the 

historical best-track datasets.  The track is simulated using the stochastic model 

schematically represented by Eq. (1), in which the change of TC translation speed and 

translation direction are the dependent variables, and location parameters, translation 

speed, and translation direction in previous steps are used as the independent variables.  

The intensity is modelled as a function of the sea surface temperature using the approach 

given in Darling (1991).  The coefficients in the models are estimated considering a 

5°×5° grid system over the whole basin of interest, and the refined coefficients, especially 

for the intensity model, can be established depending on the data availability.  Once the 

track makes landfalling, the geographical-dependent filling rate model is used to evaluate 

the decay of central pressure difference.  The lysis of the track is determined based on the 

thresholds of the central pressure difference.  Li and Hong (2015) noted that the number 

of model parameters for the model given in Vickery et al. (2000) could be reduced 

because of the collinearity problem observed by applying the geographically weighted 

regression.  Subsequently, they simplified the regression model (Li and Hong 2015; Li 
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and Hong 2016).  Cui and Caracoglia (2019) considered the use of the geographical-

dependent Brownian motion models for hurricane track simulation.  However, the 

obtained statistics of simulated tracks deviate noticeably from the statistics of those 

obtained from the historical best-track datasets. 

Rather than using TC translation direction and velocity as the independent variables, 

James and Mason (2005) established an autoregressive model using the TC latitude and 

longitude increments directly.  In this study, the rates of change of latitude, longitude, and 

pressure from the previous step are used.  Additionally, the inversed latitude is added in 

the latitude prediction equation, and the central pressure difference and maximum 

potential intensity are incorporated in the pressure prediction equation.  The examinations 

of model residuals using autocorrelation functions and empirical distribution functions of 

simulated and historical cyclone parameters were used to examine the goodness-of-fit of 

the simulated results.  Similarly, Hall and Jewson (2007) presented a statistical track 

model using latitudinal and longitudinal increments as the dependent variables. 

As a variate of autoregressive approaches, the random sampling technique has also been 

developed.  Casson and Coles (2000) generated the tracks by randomly perturbing 

historical tracks, and the corresponding intensity is randomly drawn from the historical 

observations.  Instead of directly using the historical TC track data, Powell et al. (2005) 

obtained the temporal and geographical varying probability density functions (PDFs) for 

TC parameters, including genesis, movement, and intensity change from the historical 

records; then sampled the values from the pre-calculated PDFs to predict the hurricane 

movement and intensity during simulation.  A similar approach was used in Shen and 

Wei (2021).  Also, by considering the inhomogeneity and clusters of the historical TC 

data in the whole basin, Cui et al. (2021) used the QuadTree technique to separate the 

Northwestern Pacific Ocean into a series of segmentation, depending on the historical 

data availability.  The Bayesian optimization is used for model parameter tuning.  

Basically, these studies discussed the effect of various parameter estimation techniques 

on the simulated TC tracks, considering the spatial-temporal characteristics of historical 

data and its availability.  
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Two somewhat different TC track modelling approaches are presented in Emanuel et al. 

(2006) by considering relevant physical features.  The first approach is using the Markov 

chain.  The TC genesis is generated using a three-dimensional kernel density distribution, 

including the latitude, longitude, and date extracted from the historical datasets.  The 

track propagation is predicted using the Markov process, which constructed the 

translation probability using the nonparametric kernel smoothing functions conditioned 

on the prior translation speed and direction and current location and time.  The second 

approach was the so-called beta-advection model (BAM) originally proposed by Marks 

(1992).  The model is physical-based and requires the use of global environmental wind 

fields at different pressure levels.  The general formulation of BAM is presented as: 

= +TC steerV V V  (1.2) 

where 
TCV  is TC translation velocity vector; 

steerV  represents the steering velocity, and 

the correction term 
V  is called beta drift.  This model was considered by several studies, 

including Lee et al. (2018), Chen and Duan (2018), Hong and Li (2021), for the TC track 

simulation. 

However, it is noted that there exist various historical best-track datasets maintained by 

different agents or organizations.  None of the mentioned studies used different sets in 

developing the track models and compared their studies.  The effect of using the different 

historical best-track databases to develop stochastic track models and their effect on the 

assessed TC hazard is unknown. 

1.2 Review of TC wind field models 

Besides using TC tracks, a TC wind field model needs to be adopted for assessing the TC 

wind hazard.  In early studies, the gradient wind field model governed by the following 

equation (Holton 2004) is considered: 

2 ( )1 ( )
( )


= +

 

g

g

V rp r
fV r

r r
 (1.3) 
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where Vg(r) is the gradient wind velocity in the tangential direction at a distance r from 

the TC center; ρ is the air density; f is the Coriolis parameter equal to 2sin at latitude 

 in which  represents the rotation of the earth, and the horizontal pressure profile p(r) 

can be determined based on (Holland 1980), 






















−=



−
B

c

r

R

p

prp maxexp
)(

 (1.4) 

in which Rmax is the radius at which the maximum wind speed Vmax occurs; 
a cp p p = − , 

pc is the minimum pressure in the storm's low centre (i.e., central pressure) and pa is the 

ambient pressure far from the storm, and B is commonly referred to as the Holland B 

parameter.  The solution of Eq. (1.3) based on the pressure profile given in Eq. (1.4) leads 

to, 

1/2
2

max max( ) exp
2 2

B B

g

R RB p rf rf
V r

r r

        
= − + −      

         

 (1.5) 

Note that if the translation velocity of the TC is considered, the wind field becomes 

(Georgiou 1986), 

1/2
2

max max sin sin
( ) exp

2 2

    −  −      
= − + +      

         

B B

T T
g

R R V rf V rfB p
V r

r r
 (1.6) 

where VT is the storm translation velocity.  An extensive discussion of the adequacy of 

Eq. (1.6) and its use to estimate the surface wind speed was given in Holland et al. (2010) 

and Gu et al. (2020).  It was shown in Gu et al. (2020) that this wind field model could 

provide a reasonable approximation to the surface TC wind speed (i.e., wind speed at 10 

m height above the ground surface).  The gradient wind field is still employed in the TC 

wind hazard and risk assessment (Zeng et al. 2021; Li and Kumar 2021; Wu et al. 2021). 

Another popular TC wind field model is the vertically averaged boundary layer slab 

model (Chow 1971; Shapiro 1983; Thompson and Cardone 1996; Vickery et al. 2000).  

The solution of this wind field requires the consideration of the horizontal eddy viscosity 
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coefficient profile KH and drag coefficient CD, and the height of the assumed planetary 

boundary layer height h.  The solution of this model was presented in Vickery et al. 

(2000) and Li and Hong (2015) as compared with those from H*Wind datasets (Powell et 

al. 1998). 

Other models used for the TC wind field modelling, include those presented in Meng et 

al. (1995, 1997), Kepert (2001), Kepert and Wang (2001), Hong et al. (2019).  However, 

the calibration of the model parameters for these wind field models by using observed 

wind speed is missing.  Since the model parameters for the slab model were well 

established, this slab model will be considered in the present study. 

1.3 Review of TC generated wave modelling  

For offshore structures in TC hazard-prone regions, it is important to consider both the 

TC wind and wave hazards.  The analysis of the hurricane wave states is a challenging 

problem.  The physics of TC wind-wave generation is primarily composed of three 

aspects (Group 1988; Young 2017): 1) the energy input from the TC wind; 2) the 

dissipation due to the wave breaking; and 3) the nonlinear interactions between the waves 

in the spectrum.  Many studies have been carried out to enhance our understanding of the 

physics of the TC-generated wave field (Donelan et al. 1985; Young 1988; Ochi 1993; 

Thompson and Cardone 1996; Young and Vinoth 2013).  With the advancement of 

satellite techniques, more high-quality datasets for the wave states could be used for 

validating and updating the TC wave model parameters.  Young (1988) and Young and 

Vinoth (2013) gave a popular and well-developed parameterized TC wave model.  The 

model considers a critical ‘extended fetch’.  The TC-generated wave condition is not only 

governed by the surface wind speed (e.g., Ochi 1993) but also by the storm translation 

velocity.  Several steps are involved in applying this model to predict the spatially 

distributed wave field (Young 2017), as follows: 

Step 1: calculate the maximum significant wave height within the TC, ,maxsH , using the 

JONSWAP growth formula (Hasselmann et al. 1975), 
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where Vs,max is the surface (i.e., 10-m height) maximum wind speed that can be 

approximately estimated using the gradient wind field (Holland 1980) and a scaling 

factor; g is the gravitational acceleration; fE is the ‘equivalent’ fetch distance and defined 

in terms of TC parameters using Vs,max and translation velocity, VT, which is calculated 

using, 
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and, 

( )3 3

max' 22.5 10 log 70.8 10R R=  −   (1.9) 

in which the coefficients to define ψ and calculate scaling factor 'R  have been proposed 

and updated in Young and Vinoth (2013). 

Step 2: estimate the spatially distributed significant wave height, Hs, using a series of 

normalized ,max/s sH H  diagrams scaled by R'. 

This set of diagrams is generated from the numerical modelling (Young 1988) and can 

provide the spatial distribution of Hs with three input parameters, Vs,max, VT, and Rmax, for 

a range of values of 
,max [20,60]sV (m/s) and [0,12.5]TV (m/s).  This set of equations and 

diagrams is simple to use and time-efficient while maintaining the primary physics of 

TC-induced waves. 

It must be emphasized that the application of this TC wave field model, together with the 

TC track model and wind field model, for assessing the joint TC wind and wave hazard 

was unavailable in the literature.  Such an assessment is essential for evaluating the 

reliability and risk of offshore structures such as wind turbines.   
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1.4 Review of structural reliability assessment for wind 

turbine subjected to TC 

Reliability-based design code calibration is not new and has been employed to calibrate 

design factors implemented in structural design codes (Madsen et al. 2006).  The 

reliability analysis and design code calibration for wind turbines were presented in 

several studies, including Tarp-Johansen et al. (2002), Tarp-Johansen (2003), Sørensen 

and Tarp-Johansen (2005), Tarp-Johansen (2005).  The design philosophy of the WT 

implemented in International Electrotechnical Commission (IEC) codes was based on the 

load and resistance factor design (LRFD) approach; the load and resistance factors were 

calibrated based on selected target reliability indices.  Earlier versions of IEC did not 

cover the tropical cyclone condition.  This is overcome by IEC 61400-3-1 (2019) and 

IEC 61400-1 (2019), stating that the design wind speed at the hub height for the TC 

scenario is equal to 57 m/s (based on 10-min mean wind speed) should be considered.  

However, calibration leading to such a wind speed is unclear.  Most importantly, it is 

unknown whether such a design wind speed is validated for the coastal regions near the 

coastline of mainland China. 

It is well-known that TC climatology varies from geographical region to region.  The 

statistical characteristics of TC wind and wave hazard play an important role in selecting 

the design wind speed and the corresponding selected target reliability indices (Tarp-

Johansen and Clausen 2006).  A review of the structural reliability analysis for WTs, 

especially focused on the structural components, was given in Jiang et al. (2017).  The 

reliability analysis of mechanical components in terms of downtime and time-dependent 

failure rate assessment was given in Tavner et al. (2007). 

Tarp-Johansen and Clausen (2006) investigated the feasibility of the design of wind 

turbines in the Philippines, which is known to be a TC-prone region.  The reliability 

model and a simple cost-benefit model were presented to calibrate the safety factors to 

achieve the same target reliability level as that implied in IEC.  The study indicated that 

the uncertainty in the extreme TC wind speed is greater than that in the extreme 

synoptical wind.  It was recommended to use a load safety factor of 1.7 if a typical 
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coefficient of variation (COV) of 0.3 for the annual maximum TC wind speed is 

considered.  The design criteria considering the offshore wind and wave combinations 

were discussed in Nessim et al. (1995), Tarp-Johansen (2005).  Studies in Jah et al. 

(2010), Yu et al. (2012) investigated the implied reliability levels in the IEC and 

American Petroleum Institute (API) and discussed the design load cases (DLCs) that are 

applicable to U.S. waters regarding the TC conditions.  Their results indicated that the 

region-specific TC characteristics could influence the structural safety level. 

The turbine classes and DLCs for WT subjected to typhoon winds in China were 

specified in the codes (GB/T 18451.1 2012; GB/T 31519 2015), recommending the use 

of the 50-year return period value of the annual maximum wind speed for onshore wind 

turbines.  However, it seems that these codes are silent on the load factors for offshore 

WTs subjected to TC wind and wave loads.  It is inferred from industry practice that, in 

such a case, the use of the IEC 61400-3 (2019) could be considered.  A simple feasibility 

study of offshore WTs by considering sites near the coastline of mainland China was 

given in Yan et al. (2009).  The failure probability assessment for a semi-submersible 

offshore WT placed in the coastal region of mainland China was presented in Liu et al. 

(2018) but considering the historical TC tracks.  The estimated failure probability is 

relatively high but consistent with those obtained by Rose et al. (2012) for monopole 

WTs installed at the sites in the coastal region of the U.S. 

Other studies focused on the risk assessment of WTs subjected to TC hazard include 

those given by Hong and Möller (2012), Buchana and McSharry (2019), Wilkie and 

Galasso (2020), Jaimes et al. (2020).  However, none of these studies considered both the 

TC induced wind and wave.  Moreover, it seems that a reliability-based TC wind and 

wave load calibration for WTs to be designed, constructed, and installed at the sites near 

the coastline of mainland China is unavailable. 

 

1.5 Objectives of this study 

The main objectives of this study are: 
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1) To assess the differences in two commonly used best-track datasets (i.e., the China 

Meteorological Administration (CMA) and the Joint Typhoon Warning Center 

(JTWC)) for TCs affecting mainland China, to use these two best-track datasets to 

develop the beta-advection track model (BAM), and to estimate TC wind hazard by 

using the developed track models. 

2) To establish a procedure to assess the joint TC wind and wave hazards, to assess their 

correlation, and the joint probabilistic model.    

3) To develop a database-driven simulation-based (DDSB) framework to estimate the 

reliability of offshore WTs, to illustrate its application for a semi-submersible offshore 

WT.  

4) To calibrate design TC wind and wave loads and companion load factors for designing 

monopile onshore and offshore monopole WTs for selected target reliability indices, 

and recommend site-dependent and information-sensitive design TC wind and wave 

loads for such WTs.  

1.6 Chapter organization 

The remaining chapters of this study are organized as follows: 

Chapter 2 explored the differences in the assessed TC wind hazard caused by using 

different historical best TC track datasets and track modeling approaches.  For the 

assessment, a comparison of the statistics of the TC track parameters along the coastline 

of mainland China using the best track datasets from the China Meteorological 

Administration (CMA) and the Joint Typhoon Warning Center (JTWC) is presented.  A 

physical-based beta-advection model (BAM) is developed using these historical track 

datasets.  The comparison is extended by considering an existing autoregressive type of 

track model.  Finally, a comparison of the estimated T-year return period value of the 

annual maximum TC wind speed is presented by considering the three different track 

models.   

Chapter 3 proposed a simulation-based framework to estimate TC-induced wind and 

wave hazards by considering the TC tracks, wind field, and significant wave field 
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models.  The proposed approach is applied to several offshore sites located near the 

coastline of mainland China.  Both the block maximum based analysis and event-based 

analysis of the extremes are carried out.  The marginal distribution of the annual 

maximum wind speed and of annual maximum significant wave height is modelled using 

the generalized extreme value distribution.  Plots of paired samples in terms of the 

probability of the annual maximum wind speed (significant wave height) and of its 

companion significant wave height (wind speed) are established using Copula.  The 

implication of the results in assigning the load combination factors for combined TC 

wind and wave load effect is discussed.  Finally, the hazard deaggregation results are 

presented to identify the most likely events causing the p-quantile of the annual 

maximum wind speed and the annual maximum significant wave height.   

Chapter 4 presented an overall database-driven simulation-based (DDSB) procedure to 

assess the fragility and reliability of offshore WTs subjected to TC hazards.  The 

procedure relies on establishing the synthetic databases of TC track, wind and wave 

fields, and structural response.  The construction of the databases and their use for 

reliability analysis are described.  The proposed analysis procedure can take into account 

the dependent TC induced wind and wave loads to estimate failure probability by 

considering multiple performance limits of various components.  The evaluation of the 

reliability of an offshore semi-submersible WT placed at four potential locations near the 

coastline of mainland China is carried out.  The site-varying 50-year return period values 

of the wind speed and wave height vary spatially are discussed.  The system failure 

probability of the considered WT is identified, which is greater than the optimal value 

suggested in the literature.  The dominant failure probability is identified.  The sensitivity 

analysis by scaling the environmental variables is finally performed. 

Chapter 5 calibrated the site-specific TC wind and wave loads for designing offshore and 

onshore WTs located in the coastline region of China, considering the information-

sensitive target reliability levels.  The calibration applied the developed DDSB 

framework that can take the correlated TC wind speed and significant wave height into 

account.  The TC wind and wave hazard mapping for the considered region was 

presented for 50- and 500- year return periods.  Then, the companion load factors by 
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considering wind load and inertial wave load effects are calibrated for the shallow water 

sites.  Finally, the statistics of responses of the NREL onshore and offshore 5MW wind 

turbine are used in the reliability-based verification analysis by considering the calibrated 

design TC wind load and wave load requirements.   

Conclusions and recommendations drawn from this thesis are summarized in Chapter 6.  

Also, a few potential future research topics are suggested. 
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Chapter 2 

2 Sensitivity of typhoon wind hazard in coastal region to the 

track modelling and the considered historical best track 

database 

2.1 Introduction 

Tropical cyclones cause strong winds, heavy rainfalls, and large storm surges.  Severe 

tropical cyclones (TCs) (i.e., typhoons) cause extreme natural disasters, claiming 

thousands of lives and economic losses in China (Liu et al. 2009; Chen et al. 2010; Peng 

et al. 2018).  One of the earlier TC wind hazard assessments for sites in mainland China 

was carried out by Ou et al. (2002).  They focused their study on several major cities in 

the coastal region of China.  They adopted a simple TC wind field model and used the 

circular subregion method (Georgiou et al. 1983) for estimating the TC wind hazard, 

where only the statistics from historical tracks near the considered sites were employed.  

The simple TC wind field model that was used in Ou et al. (2002) was subsequently 

replaced in Xiao et al. (2011) by the vertically averaged boundary layer slab model that 

was originally developed by Chow (1971) and modified by Thompson and Cardone 

(1996).  The use of the circular subregion method was also considered in Li and Hong 

(2015b) and Hong et al. (2016) to assess the TC winds affecting China but using the slab 

model with calibrated model parameters given by Vickery and Wadhera (2008) and 

Vickery et al. (2009) (see also Li and Hong 2015a).  Other studies focused on the TC 

wind hazard assessment for the coastal regions in mainland China by using the circular 

subregion method include Liu et al. (2018), Fang et al. (2021), and Wu et al. (2021). 

The use of the circular subregion method could be adequate for a site of interest if a 

sufficient number of TC track segments near the site are available.  However, this may 

not always be the case.  Also, the use of the subregion method could not provide a clear 

picture of the TC hazard caused by the passage of a landfilling TC for the coastal region.  

This problem could be overcome by using the synthetic tracks simulated using stochastic 
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track models that are developed based on the historical best track datasets.  In fact, this 

approach was taken by Li and Hong (2016) for mapping the TC wind hazard for the 

coastal regions in mainland China, where the track model was developed based on 

regression analysis and the best historical track dataset available from the China 

Meteorological Administration (CMA) (http://tcdata.typhoon.org.cn/tcsize.html) (Ying et 

al. 2014).  The use of the full track approach for assessing the TC wind hazard for sites in 

the region was also considered in Liu et al. (2019), Chen and Duan (2018), Sheng and 

Hong (2020), Chen et al. (2021), and Huang et al. (2021).  While Liu et al. (2019) used 

the historical tracks directly, Chen et al. (2021) incorporated climate change effect in 

assessing TC wind hazard.  In Chen et al. (2021), the track model was developed based 

on the beta-advection modelling approach (Marks, 1992; Emanuel et al. 2006) and 

considering the best track dataset from the Joint Typhoon Warning Center (JTWC) 

(https://www.metoc.navy.mil/jtwc/jtwc.html).  The development of the beta-advection 

model was also considered in X. Hong and Li (2021).  In this case, the model was 

developed based on the best track dataset from CMA.  However, at present, a comparison 

of the performance of the tracks based on the autoregressive type of model and beta-

advection type of model is unavailable.  Most importantly, whether their use could lead to 

consistent TC wind hazard maps is unknown.  In addition to the best track datasets given 

by CMA and JTWC, there are at least two other best track datasets, one given by Japan 

Meteorological Agency and the other given by Hong Kong Observatory.  However, these 

two are less used as compared to those given by CMA and JTWC for the TC winds 

affecting the coastal region of mainland China. 

Besides considering the historical or synthetic tracks for mapping the TC wind hazard, 

another important component for the TC wind hazard assessment is the adopted wind 

field model.  A comparison of a few simple TC wind field models was given in Gu et al. 

(2020).  It was indicated that some of the simple TC wind fields are deficient in 

producing horizontal surface wind field that mimics the one obtained based on the slab 

model with well-calibrated model parameters (Vickery and Wadhera 2008; Vickery et al. 

2009; Li and Hong 2015a).  Also, the along height wind profile predicted by some of the 

simple models does not follow that derived from the observational data.  It is noted that a 

3D nonlinear model was presented in Kepert and Wang (2001).  This model was 

http://tcdata.typhoon.org.cn/tcsize.html
https://www.metoc.navy.mil/jtwc/jtwc.html
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implemented in Hong et al. (2019), showing that the model could result in the along 

height horizontal wind profile consistent with that obtained based on the observational 

data.  However, a systematic calibration of the model parameters for this wind field 

model that can be used for the TC wind hazard assessment is currently unavailable.  The 

use of the Weather Research Forecast model (https://www.mmm.ucar.edu/weather-

research-and-forecasting-model) for the TC hazard modeling for offshore locations near 

the coastline in mainland China was presented in Liu et al. (2019).  Because of the 

required computational effort and boundary conditions, only the historical tracks were 

considered in their analysis.  The above review of the TC wind field models indicates that 

the simple and calibrated model for the TC wind hazard modeling is the slab model 

(Vickery and Wadhera 2008; Vickery et al. 2009). 

The present study has two main objectives.  The first one is to develop the stochastic 

beta-advection models for TC tracks based on the same procedure but using the best track 

datasets from CMA and JWTC.  The use of the same procedure avoids the differences 

that could be caused by the differences introduced by the methods used in evaluating the 

model coefficients.  The performance of these models is compared in terms of the TC 

occurrence rate, translation velocity, heading, and central pressure difference of the TCs 

affecting the southeast coastline in mainland China.  The second objective is to compare 

the mapped TC wind hazard for the coastal region obtained using different stochastic 

track models.  The remainder of this paper is organized as follows:  The differences in the 

TC track datasets from CMA and JWTC are described; the use of the datasets to develop 

the beta-advection models is presented; a comparison of the statistics of the tracks 

simulated using the stochastic track models to those of the historical best track datasets is 

given for sites along the coastline; this is followed by the presentation of the estimated 

TC wind hazard by considering different stochastic track models, and finally the 

conclusions and recommendations are presented. 

 

https://www.mmm.ucar.edu/weather-research-and-forecasting-model
https://www.mmm.ucar.edu/weather-research-and-forecasting-model
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2.2 Description of best track datasets and comparison 

2.2.1 Data description 

The historical best track dataset covering years from 1949 to the present is available from 

CMA.  The description of this database is given by Ying et al. (2014).  Such a dataset can 

also be obtained from JTWC.  While the dataset from CMA is focused on the Western 

North Pacific (WNP) basin, the dataset from JWTC covers different basins. The dataset 

from JWTC contains the TC events from 1945 to the present for WNP.  The description 

of this dataset was given by Chu et al. (2002) 

(https://www.metoc.navy.mil/jtwc/products/best-tracks/tc-bt-report.html), indicating that 

the data before 1960 may not have a fidelity as high as after the 1960s.  It is noted that 

the supporting documentation used to perform the data corrections was missing for dates 

before 1950 for WNP (Chu et al. 2002).  The datasets covering the TC activities from 

1949 to 2018 from CMA and JWTC are used in the following to develop the beta-

advection models using the same procedure. 

Some of the characteristics of the historical tracks are summarized in Table 2.1.  The TC 

activities from the two considered datasets are shown in Figure 2.1, illustrating that the 

TC activities from both datasets are similar.  However, there are differences.  For 

example, the number and the length of tracks from CMA within 160o to 180oE and 36o to 

55oN are less than those from JTWC.  An inspection of the track data per year also 

indicates that there are differences.  On occasion, a track that appears in the dataset from 

CMA is missing in JWTC and vice versa.  The agreement between these two datasets 

improves for more recent TC activities since the number of TCs recorded in these two 

datasets from 2000 to the present is more consistent. 

 

 

 

 

https://www.metoc.navy.mil/jtwc/products/best-tracks/tc-bt-report.html
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Table 2.1. Summary of characteristics of TC activities for WNP basin given in the 

datasets. 

Data 

catalogue 

Maximum 

Sustained 

Wind Speed 

Minimum 

Central 

Pressure 

Spatial 

resolution 

Temporal 

resolution 

Data span 

CMA 2-min (m/s) 
Available 

after 1949 

0.1° (Lat. & 

Lon.) 
6-h  1949 - present 

JTWC 
1-min 

(knots) 

Available 

after 2000 

0.1° (Lat. & 

Lon.) 
6-h 1945 - present 

 

Figure 2.1. Historical TC track activities from 1949 to 2018: a) based on the dataset 

from CMA, b) based on the dataset from JTWC.  For the plot, the intensity 

categories TD, TS, STS, TY, STY, Super TY represent the tropical depression, 

tropical storm, severe tropical storm, typhoon, severe typhoon, and super typhoon 

(GB/T19201 2006).  These intensity categories are associated with the near-surface 

maximum 2-min wind speed equal to (10.8, 17.1), (17.2, 24.4), (24.5, 32.6), (32.7, 

41.4), (41.5, 50.9), and greater than 51.0 m/s, respectively.  The 1-min maximum 

sustained wind speed from JTWC is converted to the 2-min maximum by 

multiplying a factor of 0.97 (Vickery and Skerlj 2005), and the intensity category is 

then applied. 
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2.2.2 Comparison of statistics of the best track datasets 

2.2.2.1 Genesis, occurrence rate, and translation velocity 

The coordinates of the genesis of TCs are extracted from the two considered datasets, one 

from CMA and the other from JTWC.  The geneses are plotted in Figure 2.2a, showing 

that the geneses from the two datasets do not always coincide.  A year-to-year 

comparison of the TC occurrence is shown in Figure 2.2b by the considered two datasets.  

This plot indicates differences in the number of TC events reported in each year by the 

two datasets.  The difference decreases as the time approaches the present.  The empirical 

distribution of the annual occurrence rate of the TCs is presented in Figure 2.2c.  The 

figure shows that, on average, the number of TCs in each year, X, based on the dataset 

from CMA is about 7% greater than that from JTWC.  The coefficient of variation (COV) 

of X for the dataset from CMA is smaller than that for the dataset from JTWC.  The 

figure also shows that, in both cases, X can be modelled using the negative binomial 

distribution, p(x), is, 

( )
1

( ) 1
x r

X

x r
p x p p

x

+ − 
= − 

 
 (2.1) 

where x is the value of X, and (r, p) = (75.70, 0.70) for the dataset from CMA, and (r, p) 

= (35.02, 0.54) for the dataset from JTWC.  The mean of X equals 32.2 and 30.1 for data 

from CMA and data from JTWC, respectively.  The values for the dataset from CMA 

differ slightly from those given in Li and Hong (2016), which were obtained using the 

track data up to 2012.   
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Figure 2.2. Spatial distribution of the genesis and empirical distribution of the 

number of TCs per year based on the datasets from CMA and JTWC (from 1949 to 

2018): a) spatial distribution of TC genesis; b) comparison of occurrence per year; 

c) probability distribution of the number of TCs per year. 

The displacement per six hours (i.e., velocity) of the TC center is calculated using two 

subsequent positions on each TC track that are reported every six hours.  The obtained 

samples of the displacement are presented in Figure 2.4 in terms of histograms.  The plots 

shown in the figure indicate that there are differences in the probability mass function of 

the displacements per six hours.  The difference is most noticeable for the zonal 

displacement and the meridional displacement equal to about -0.5°. 
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Figure 2.3. Historgram of the displacement of TC centre per six yours for all tracks 

within the region defined by 5o to 40oN and 110o to 170oE:  a) zonal displacement 

per six hours and b) meridional displacement per six hours. 

2.2.2.2 Statistics of track parameters along the coastline 

The kilometer posts (KPs) along the coastline shown in Figure 2.4a are considered to aid 

the presentation of the statistics of the track parameters.  For a circle with a radius of 250 

km and the center that is located on the KPs of coastline, the statistics of the number of 

TCs per year, the heading of each track, and the translation velocity for each track are 

calculated using each of the two best track datasets.  The obtained mean and standard 

deviation of these TC track parameters are shown in Figures 2.4b to 2.4c.  Figure 4b 

shows that the estimated average of the annual occurrence rate using the dataset from 

CMA is consistently greater than that from JTWC, agreeing with the observations made 

earlier on the number of geneses.  The largest difference is about 30%.  Figures 2.4c and 

2.4d do not provide clear spatial trends of the differences between the statistics of the 

heading or translation velocity by considering the two best track datasets.  The mean of 

the heading and the mean of translation velocity obtained by considering one or the other 

best track dataset are more consistent for KPs less than 2500 km than for KPs greater 

than 2500 km.  Note that no comparison of the central pressure difference by considering 

the two datasets is presented since the central pressure difference in JTWC is only 

available after 2001. 
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Figure 2.4 Assigned kilometer posts (KPs) and the statistics of the TC track 

parameters along the coastline: a) assigned KPs, b) mean of occurrence rate, c) 

mean and standard deviation of heading, and d) mean and standard deviation of 

translation velocity of TC center. 

 

To further illustrate the differences between the two best track datasets, we consider the 

site representing Zhanjiang with a latitude of 21.22o and a longitude of 110.35o.  The 

tracks that pass within a circle with a radius of 250 km that is centered at Zhanjiang are 

shown in Figure 2.5.  The average annual TC occurrence rate based on the considered 

circle equals 3.94 by considering the best track dataset from CMA and 2.9 by considering 

the dataset from JTWC.  Such a difference could affect the developed track models and 

the estimated wind hazard, which will be discussed in the following sections. 
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Figure 2.5. Historical TC tracks that affect a circle centered at Zhanjiang with a 

radius of 250 km. 

2.3 Beta and advection model development and their 

characteristics 

2.3.1 Statistics of the beta-advection model  

The beta-advection model was proposed in Marks (1992).  It was used in Emanuel et al. 

(2006) for the hurricane hazard assessment for the U.S.  The development of the beta-

advection model that is applicable for TCs in the WNP basin was presented in Zhao et al. 

(2009), Chen and Duan (2018), and X. Hong and Li (2021), although only the mean of 

the beta drift was given.  The beta-advection model is a physical-based model.  The 

model considers that the TC translation velocity vector, TCV , can be expressed as, 

TC steer = +V V V  (2.2) 

where steerV  represents the steering velocity, and the correction term 
V  is called beta 

drift.  
V  is predominantly affected by the advection of the TC vortex with the large-

scale environmental flows (Marks 1992; Chan 2005).  A schematic illustration of the 

velocities terms in Eq. (2.2) and the global wind field is given in Figure 2.6. 

steerV  is often calculated using the pressure-weighted mean wind speed within a particular 
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radius band centered at the vortex center (see Figure 2.6).  According to Carr and 

Elsberry (1990), steerV  can be evaluated using, 

1 u

l

p

steer GW

u l p

dp
p p

=
− V v  (2.3) 

where GWv  is the global wind field, and Pu and Pl are the considered upper and lower 

pressure levels.  For the numerical analysis to be carried out in the present study, Pu and 

Pl could be taken equal to 850 and 300 hPa, respectively.  GWv  at various pressure levels 

could be obtained from the re-analysis data available from the National Centers for 

Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) 

with a resolution of 2.5°×2.5° 

(https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.derived.pressure.html ) (Kalnay et 

al. 1996)   

 

Figure 2.6. A schematic illustration of the TC track translation, steering flow, beta 

drift, and global wind field. 

For example, consider a TC event that occurred in 2006 with the track information given 

from CMA shown in Figure 2.7a.  We extract the re-analysis data that corresponds to the 

position of the TC track data on 1200UTC/15/08/2006 that is associated with the 

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.derived.pressure.html
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identified position on the track denoted as O.  The extracted GWv  is illustrated in Figure 

2.7b for Pl equal to 300 hPa and in Figure 2.7c for Pu equal to 850 hPa.  GWv  for pressure 

levels equal to 400, 500, 600, and 700 are also extracted.  We then considered a circle 

with its center located at O as shown in Figure 2.7a.  By considering the radius equal to 

5o, we evaluate Vsteer for the identified track center by applying Eq. (2.3) with its discrete 

form represented by, 

,300 ,400 ,500 ,600 ,700 ,850(1/ 6) 1.25 0.75steer GW GW GW GW GW GW
 = + V v v + v + v + v + v  (2.4) 

 

Figure 2.7. Illustration of evaluated Vsteer and V (i.e., (| |, ) V ) for a single TC 

track at an instance:  a) track of typhoon Saomai in 2006 and the calculated Vsteer 

and Vβ for the TC center at O; b) global wind field Pu equal to 850 hPa, c) global 

wind field Pl equal to 300 hPa. 

where GWv  with additional subscript represents the pressure level, and the considered 

weights and radius are consistent with that used by Chen and Duan (2018).  For the 

calculation, a linearly interpolated value of GWv  on the circle of radius of 5o is employed 

when necessary since the NCEP/NCAR data is given with a resolution of 2.5°×2.5°.  The 

calculated Vsteer is shown in Figure 2.7a.  Using the identified Vsteer and Eq. (2.2), the 

calculated V is also shown in the plot.  The use of a sufficiently large radius, such as 5o, 

is aimed at avoiding the effect of the vortex-like flow around the TC center on the 

calculated Vsteer.  Note that V can be represented by its magnitude and direction, denoted 

as (| |, ) V , where the definition of the direction is shown in Figure 2.6 and | |V  

represents the magnitude of V. 
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Now, to develop the spatially varying statistical model for V hence VTC, we consider a 

squared grid system with a separation of 5o as shown in Figure 2.8.  For a considered 

squared cell, we identify tracks from the best track dataset that traverse the cell.  We 

separate the identified tracks into two groups: easterly and westerly tracks.  Following the 

procedure used for the results presented in Figure 2.7, we evaluate (| |, ) V  for each 

identified track within the cell.  We then estimate the mean and standard deviation of 

(| |, ) V  for easterly and westerly TCs for the considered cell.  The obtained mean of 

(| |, ) V  representing the “mean” of V is shown in Figure 8, and the obtained standard 

deviation of (| |, ) V  is presented in Figure 2.9.  The values for a cell are calculated if 

there are at least 30 track samples for a considered group within the cell.  The 

consideration of a sample size of 30 is aimed at reducing the statistical uncertainty. 

 

Figure 2.8. Spatial variation of V based on the mean of (| |, ) V  for easterly and 

westerly tracks: a) and b) for the dataset from CMA, c and d) for the dataset from 

JTWC. 
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Figure 2.9. Spatial variation of the standard deviation of (| |, ) V  for easterly and 

westerly tracks: a) to d) for the dataset from CMA, e) to h) for the dataset from 

JTWC. 
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Figure 2.8 shows that the calculated “mean” of V is consistent by considering the 

datasets from CMA and JTWC.  For the vast majority of cases shown in the figure, | |V  

is within 1 to 3 m/s.  A few cells located at the high latitudes have a mean | |V  greater 

than 3 m/s.  This is partly due to the Coriolis effect.  The direction for the majority of V 

is northwestward.  The overall average values of (| |, ) V  are 2.99 m/s and 317.4° if the 

best track dataset from CMA is considered.  These values become 2.71 m/s and 317° if 

the best track dataset from JTWC is considered.  This again shows that the identified V 

by considering the datasets from CMA and JTWC is similar, but there are differences.  

The trends of the results obtained by considering the dataset from JTWC are consistent 

with those given by Zhao et al. (2009) and Chen and Duan (2018). 

Figures 2.9a to 2.9d show that the standard deviation of | |V  ranges from about 1 to 3 

m/s, and the standard deviation of 
  varies within about 50° to 90°.  In general, the 

standard deviations of | |V  and 
  for the westerly tracks are around 20% higher than 

those for the easterly tracks.  This may be partly attributed to the small sample size effect 

as the number of easterly tracks are more than two times of the westerly tracks.  The 

same observations could be made for the results presented in Figures 2.9e to 2.9h, which 

are obtained using the dataset from JTWC.  In general, the standard deviations estimated 

by using the dataset from JTWC are about 5% less than those estimated by using the 

dataset from CMA.  This suggests that the tracks reported in CMA have a greater 

variation than those reported in JTWC. 

The analysis results presented in Figures 2.8 and 2.9 for V are obtained by removing 

Vsteer from VTC, where the values on a circle with a radius of 5o are used to evaluate Vsteer.  

The effect of using a different radius on V is unclear.  To investigate the sensitivity of 

Vsteer to this radius, the analysis that is carried out for the results presented in Figures 2.8 

and 2.9 is repeated by considering the radius equal to 4o, 6o, and 7o.  The obtained results 

are presented in Figures 2.10 and 2.11 if the best track dataset from CMA is employed.  

The comparison of the results presented in Figures 2.8 and 2.9 to those shown in Figures 

2.10 and 2.11 indicates that the statistics of V are not very sensitive to the variation of 
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the radius within the considered values.  Moreover, rather than considering the values of 

GWv  on the circle, we also estimated V by using GWv  values within an annulus band 

with inner and outer radius equal to 5° and 7°, respectively.  The obtained mean of 

(| |, ) V  are similar to those shown in Figure 2.8, so they are not plotted. 

The analysis that is carried out for the results presented in Figures 2.10 and 2.11 for the 

best tracks from CMA is also performed for the best tracks from JTWC.  Since the 

observed trends are similar to those presented in Figures 2.10 and 2.11, they are not 

plotted.  Based on the observations from the sensitivity analysis, only the obtained 

statistics of (| |, ) V  based on the radius equal to 5° are considered in the following. 

2.3.2 Probability distribution models 

As indicated in the previous section, 
V , which can be represented by (| |, ) V , is 

uncertainty for each considered cell and for easterly or westerly tracks.  To assess and 

assign the probability distributions of (| |, ) V  by considering a radius of 5o in 

developing the models, we represent them as the sum of their mean and residuals  

( )(| |, ) ,m m    = +  + 
V V

V  (2.5) 

where m
V

 and 
V

 are the mean and zero-mean residual of | |V , and m  and   are the 

mean and zero-mean residual of 
 .  The means m

V
 and m  are already discussed in the 

previous section (see Figure 2.8).   

We extract the residuals ( , ) 
V

 for easterly or westerly tracks for each set and use the 

samples to assign their distribution. We fit the residuals using several commonly 

employed distribution types.  It is found that the Johnson SB distribution (Johnson 1949), 

( )( )

2

( ; , , , )

0.5
exp 0.5 ln

0.52 0.5 0.5

f x

x

xx x

    =

    −  + 
 −  +    − +  +  −  +  − +  +     

 (2.6) 
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could be used to fit 
V

, where x denotes the value of 
V

, [ 0.5 , 0.5 ]x  −   +  , and , 

,  and  are model parameters.  Also, the distribution fitting exercise indicates that the 

binormal distribution, 

 

Figure 2.10. Sensitivity of the spatial variation of the mean and standard deviation 

of V to the radius of the circle for easterly tracks extracted from the best track 

dataset from CMA. The first row is the mean of V; the second row is the standard 

deviation of | |V ; the third row is the standard deviation of 
 . 
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Figure 2.11. Sensitivity of the spatial variation of the mean and standard deviation 

of V to the radius of the circle for westerly tracks extracted from the best track 

dataset from CMA. The first row is the mean of V; the second row is the standard 

deviation of | |V ; the third row is the standard deviation of 
 . 

1 2 1 2

2 2

1 2

1 21 2

( ; , , , , )

1 1 1 1
exp (1 ) exp

2 22 2

f x

x x

     =

      −  − 
    − + −  −   
           

 (2.7) 

is adequate for fitting  , where x represents the value of   and , 1, 1, 2, and 2 are 

model parameters.  The fitted distributions for three selected cells are shown in Figure 

2.12.  In all cases, the fitting is carried out using the maximum likelihood method. 
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Figure 2.12. Fitted probability distribution for 
V

 and   for three selected cells by 

considering easterly or westerly TC tracks from CMA.  The first, second, and third 

rows are for the cells located at [17.5 °N, 117.5 °E], [12.5 °N, 147.5 °E], and 

[32.5 °N, 147.5 °E], respectively.  Each cell is a 5o×5o squared cell. 

Note that, by considering each of the two datasets, the fitting exercise is carried out for 

each squared cell considering easterly or westerly TC tracks.  The developed stochastic 

beta-advection models with the means of (| |, ) V  and the parameters for the 

probability distribution of ( , ) 
V

 for each cell are stored and used to simulate synthetic 

tracks.  For the simulation, the cells without statistics of (| |, ) V  and the distribution 

parameters of the residuals are extrapolated using those of the values of its nearest 

neighbouring cells.  The simulation procedure is explained in the following sections.  

2.4 Comparison of performance of the simulated tracks 

2.4.1 Environmental wind field and relative intensity of TC 

Before using a beta-advection model with the re-analysis data to generate synthetic TC 
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tracks, the wind velocity field obtained from the re-analysis data from NCEP/NCAR 

needs to be filtered.  The objective of this filtering is to remove the vortex-like 

component of the wind field caused by the TC events.  This can be done according to the 

procedure described in Kurihara et al. (1993, 1995).  In the procedure, a smoothing 

technique is applied to decompose the original global wind velocity field (covering the 

region of interest) into the basic wind field, hB, and the disturbance wind field, hD.  Since 

the disturbance wind field contains the climatological features imposed by the TC vortex, 

a filter is applied to remove the vortex-like field.  The removed component is refilled by 

spatial interpolation using hD but without the vortex-like field.  This reconstructed 

disturbance field that is without the vortex-like field, hnon-TC, is superimposed to the basic 

wind field hB to form the environmental wind field (i.e., hB + hnon-TC).  For the 

computational details, the reader is referred to Kurihara et al. (1993, 1995). 

An illustration of the evaluated environmental wind field by following this procedure is 

shown in Figure 2.13, where the NCEP/NCAR re-analysis data corresponding to typhoon 

Saomai at 1200UTC/15/08/2006 is considered.  The original wind velocity field is 

presented in Figure 2.13a.  The obtained basic wind field and the disturbance wind field 

by a filtering operator given by Kurihara et al. (1993, 1995) are shown in Figures 2.13b 

and 2.13c.  By removing the vortex-like field through a filtering process, the obtained 

hnon-TC, including the effect of refill, is presented in Figure 2.13d.  Finally, the obtained 

environmental wind field is shown in Figure 2.13e. 
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Figure 2.13. Analysis for an instance of the wind field for the pressure level of 850 

hPa that is influenced by the TC Saomai 1200UTC/05/08/2006:  a) original global 

wind field, b) basic wind field, c) disturbance wind field, d) non-hurricane wind 

component, e) environmental wind field (i.e., wind field in b) plus wind field in d)). 

The above-illustrated procedure is applied to the spatial-temporal instance of the data in 

NCEP/NCAR re-analysis dataset from 1949 to 2018 and covering the WNP basin.  The 

NCEP/NCAR data with the vortex-like component removed are then stored and referred 

to as the environmental wind field (EWF) database.  This database is used in simulating 

the synthetic tracks, as will be explained in the next section. 

Note that an additional component for the TC track that is not discussed so far is the TC 

intensity.  The intensity could be represented by the relative intensity, I, which is defined 

as I = (pda-pc +es)/(pda-pdc), where pda hPa is the ambient pressure, pc hPa is the central 

pressure, ( ) ( )6.112 exp 17.67 273 / 29.5s s se T T=   − −    is the saturation vapour 

pressure, Ts °K is the sea surface temperature (SST), and pdc hPa is the minimum 
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sustainable surface value of central pressure (of dry air) (Darling 1991).  A regression 

equation for the relative intensity at the (i+1)-th position of the track that is developed in 

Li and Hong (2016) can be written as, 

( )
11 1 2 3 4ln( ) ln( )

i i ii i s s s II d d I d T d T T
++ = + + + − +   (2.8) 

where di are spatially varying model coefficients, I is zero-mean normally distributed 

residual with standard deviation varying spatially, the subscripts i or i +1 to a symbol 

denotes the value of the symbol at the i-th or (i+1)-th position of the track.  The time 

between the i-th and (i+1)-th position is six hours.  For the evaluation, if 
isT  is 

unavailable, the monthly averaged SST derived from the HadISST dataset from 1870 to 

2011 (Rayner et al. 2003), which has a 1°×1° resolution 

(http://www.metoffice.gov.uk/hadobs/hadisst/data/download.html, accessed, 2012) is 

employed.  Note that once the value of Ii+1, is evaluated, the corresponding pc can be 

calculated based on the definition of the relative intensity, and the central pressure 

difference then given by, 

da cp p p = −  (2.9) 

can be evaluated.  Note that Eqs. (2.8) only applies if the TC center is located over water.  

After the landfalling, a filling-rate model applicable to the considered region should be 

used to evaluate p for the landfalling segment of the track.  The filling-rate model 

developed in Hong et al. (2016) is employed in the present study. 

2.4.2 Comparison of statistics of simulated tracks using the beta-

advection models 

Using the prepared EWF database and the developed beta-advection model based on the 

best track dataset from CMA, the synthetic tracks can be simulated according to the 

following steps: 

1.  Sample the number of TCs for a year according to the negative binomial distribution 

(see Eq. (2.1) with the distribution parameters corresponding to those obtained for the 
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dataset from CMA); 

2.  Randomly select the genesis of each TC from the historical best track dataset from 

CMA; 

3. For each genesis, applying Eqs. (2.2) and (2.3), including the use of the EWF database 

and the distribution parameters for (| |, ) V , which depends on the spatial position of 

the track, to generate VTC and to calculate the position of the track every six hours 

until the lysis.  When using Eq. (2.3) to evaluate, Vsteer, for simulation, the global wind 

field GWv  in Eq. (2.3) is replaced by the environmental wind field from the EWF 

database. 

4.  Repeat Steps 1) to 3) NT times to generate the synthetic TC tracks, where NT denotes 

the number of TCs for TT years of TC activities.   

These simulation steps are also applicable if the model developed based on the dataset 

from JTWC is considered.  In such a case, the reference to CMA in the steps is replaced 

by JTWC. 

For TT =10,000 years of TC activities, synthetic tracks are simulated by using the beta-

advection model derived based on the dataset from CMA.  Based on the simulated tracks, 

the statistics of the parameters of the landfalling TCs along the KPs are shown in Figure 

2.14.  Similar to the calculation of the results presented in Figure 2.4, the results 

presented in Figure 2.14 for a given KP are calculated.  These statistics are compared 

with those obtained based on the best track dataset from CMA in the same figure, 

showing that, in general, the statistics of the simulated tracks agree with those from the 

considered best track datasets.  However, there are observable differences. 

By repeating the analysis but considering the model that is developed based on the best 

track dataset from JTWC, the obtained statistics along the KPs are also shown in Figure 

2.14 and compared with those estimated based on the best-tracks dataset from JTWC.  

The standard deviation of the translation speed for the model developed from the 

database from JTWC is deficient in matching that of the original data for KPs less than 
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1000 or KPs greater than 2000.  In general, the statistics from the models are in better 

agreement if the site is located in the region with KPs less than about 2500. 

 

Figure 2.14. Comparison of the statistics of the annual occurrence rate, heading, 

translation velocity, and central pressure difference of the landfalling TCs along the 

coastline in mainland China:  a) occurrence rate, b) heading, c) translation velocity, 

and c) central pressure difference.  The autoregressive model referred to that shown 

in Eqs. (2.8) - (2.11) (developed in Li and Hong (2016). 

2.4.3 Comparison of statistics of the simulated tracks based on two 

different types of models 

As mentioned in the introduction, one of the popular approaches to developed stochastic 

models to simulate the TC tracks is based on the autoregressive type of modeling.  One 
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such model was developed by Li and Hong (2016), where the increment of the logarithm 

of the translation velocity, ln c , and the increment of heading   per six hours are 

given by 

1 2 3ln ln i i cc a a c a = + +  +   (2.10) 

and 

1 2 3i ib b c b  = + +  +   (2.11) 

where ai, and bi are the geographically varying model parameters; c m/s and   (°) with 

subscripts are the translation velocity and heading.  Using their model (i.e., Eqs. (2.8), 

(2.10), and (2.11), which will be referred to as LH model), 10,000 years of activities of 

the TC tracks are simulated.  The statistics of the simulated tracks along the KPs are also 

included in Figure 2.14 as well.  The comparison shown in the figure indicates that the 

statistics of the track from the model agree well with those obtained from the database.  

However, the model underestimates the mean of the central pressure difference for KPs 

greater than 2500.  Such a deficiency was noted in Li and Hong (2016) and was attributed 

to the lack of sufficient statistics.  The deficiency in predicting the central pressure 

difference remains if the trajectories of the tracks from the beta-advection models are 

employed. 

Two additional aspects of the track models deserve comments.  As can be observed, the 

autoregressive type of model is simple to use and does not require the EWF database.  

However, it can not be used directly with the changes in the environmental wind field 

caused by climate change.  In other words, it could not be used with the output from the 

simulated global wind field by considering a representative concentration pathway (RCP) 

(https://www.ipcc.ch).  This problem is overcome by using the beta-advection model.  

However, the beta-advection model requires the use of the EWF database, making the 

model more challenging to implement and use as compared to the autoregressive type of 

model.  Moreover, the beta-advection model only deals with the stochastic modeling of 

the position or trajectory of the TC track, and the intensity of TC needs to be evaluated 

using an alternative approach such as Eq. (2.8). 



48 

 

2.5 Comparison of the assessed wind hazard maps 

considering different stochastic track models  

As mentioned in the introduction, the slab model (Vickery et al. 2009) is adopted to 

evaluate the TC wind field for the TC wind hazard assessment in the present study 

because the parameters used for this wind field model are well-calibrated based on 

observed wind records and re-analysis data.  The implemented version of this model in Li 

and Hong (2015a) is used for the numerical analysis in the following.  This wind field is 

defined by p, translation velocity vT (representing | |TCV  if Eq. (2.2) is used and c if Eq. 

(2.10) is used), radius to maximum wind speed Rmax, and Holland’s B parameter.  The 

values of B and Rmax for a given p can be evaluated using (Vickery and Wadhera 2008; 

Vickery et al. 2009), 

( ) 9 2

max maxln /1000 3.015 6.291 10 0.0337 lnRR p−= −   +  +  (2.12) 

and, 

max1.833 0.326 BB fR= − +   (2.13) 

where lnRmax is a zero-mean normally distributed random variable with the standard 

deviation 
maxln R  that equals 0.448 for 8700 (Pa)p  , 

51.137 7.92 10 p−−    for 

8700 Pa 12000 (Pa)p   , and 0.186 for 12000 (Pa)p  , and B is a zero-mean 

normally distributed random variable with standard deviation ln B  equal to 0.221. 

The evaluation of the TC wind at a site of interest is carried out following the same 

procedure as the one used in Li and Hong (2016).  It involves converting the TC track 

defined every six hours into a TC track defined every 15 minutes through linear 

interpolation.  At each point on the TC track that is defined every 15 minutes, p is 

calculated using the relative intensity value (see Eq. (2.9)) before the TC makes landfall, 

and is evaluated using the filling-rate model after landfalling.  The obtained p is then 

used in Eqs. (2.12) and (2.13) to evaluate B and Rmax.  Note that, unlike in Li and Hong 
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(2016), in the present study, it is considered that only a single randomly generated 

probability level for each track is used to evaluate lnRmax by using its probability 

distribution.  The same is done for B as well.  Using the obtained (vT, p, Rmax, B) at 

each point on the TC track, the TC wind field is evaluated, and the wind velocity at the 

site of interest (see Li and Hong 2016).  Also, the annual maximum TC wind velocity, 

VA, experienced at the site of interest is extracted and used to evaluate the T-year return 

period value of VA, vA-T, 

For nine selected major cities identified in Figure 2.15a and Table 2.2, the obtained 

samples of VA are plotted in Figure 2.15b to 2.15j by considered two developed beta-

advection models and LH model.  The mean and COV of VA are shown in Table 2.2, and 

the estimated vA-50 and vA-100 are summarized in Table 2.3.  Note that the values reported 

in the tables based on LH model differ slightly from those reported in Li and Hong 

(2016) since the parameters of the TC occurrence model used in the present study, which 

is estimated using a longer TC catalogue, differs from that employed in Li and Hong 

(2016). 

In general, as the site of interest moved towards the northeast, the mean of VA is 

decreased and the COV of VA is increased.  Considering that the COV value ranges from 

0.49 to 0.82, the COV of VA obtained by using different track models is consistent.  The 

mean of VA varies from 10.5 to 18 m/s.  The maximum absolute value of the relative 

difference is 15%.  The use of the beta-advection model developed based on the database 

from JTWC leads to a reduced mean value as compared to that based on the database 

from CMA.  The difference is up to 10%. 

The differences observed from Table 2.3 are similar to those reported in Li and Hong 

(2016).  Let RCMA/LH-T denote the ratio of vA-T obtained by using the beta-advection model 

derived based on the database from CMA to that obtained by using LH model.  The value 

of RCMA/LH-T calculated from the results shown in Table 2.3 ranges from 0.97 to 1.11 for T 

= 50 years, and from 0.99 to 0.11 for T = 100 years.  The mean of RCMA/LH-T 

approximately equals 1.05 for both T = 50 and 100 years. 
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Figure 2.15. Comparison of estimated VA-50 and VA-100 considering different 

stochastic track models for nine identified sites:  a) identified sites, b) to j) empirical 

distribution of VA based on simulation results by considering three stochastic track 

models. 
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Let RJTWC/CMA-T denote the ratio of vA-T obtained by using the beta-advection model 

derived based on the database from JTWC to that based on the database from CMA.  The 

calculated RJTWC/CMA-T by using the results shown in Table 2.3 ranges from 0.95 to 1.05 

for T = 50 or 100 years.  The mean of RJTWC/CMA-T equals about 1.0.  In general, using the 

best track database from JTWC results in the estimated vA-T that is lower in the south and 

higher in the north as compared to that by using the best track database from CMA. 

Table 2.2. The statistics of the annual maximum wind speed (m/s) for the considered 

9 major cities along the southeast coastline of China using three stochastic track 

models. 

Cities 
LH model 

Using the beta-advection 

model developed based 

on CMA catalogue 

Using the beta-

advection model 

developed based on 

JTWC catalogue   

Mean CoV Mean CoV Mean CoV 

Shanghai 10.5 0.82 11.7 0.80 11.7 0.85 

Ningbo 12.0 0.72 13.8 0.66 13.4 0.74 

Wenzhou 14.6 0.64 16.4 0.61 15.0 0.66 

Fuzhou 14.6 0.59 15.5 0.58 15.0 0.64 

Xiamen 17.2 0.54 17.0 0.54 16.2 0.60 

Guangzhou 14.7 0.50 14.5 0.52 13.2 0.62 

Shenzhen 17.8 0.49 18.0 0.50 16.4 0.58 

Hong Kong 18.2 0.47 18.5 0.49 16.9 0.56 

Zhanjiang 19.9 0.43 18.5 0.49 16.2 0.58 
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Table 2.3. Comparison of estimated vA-50 and vA-100 considering different stochastic 

track models.  The wind speed represents 10-minute mean wind speed at 10 m 

height for z0 = 0.05 m (z0 is terrain roughness coefficient). 

City 

vA-50 (m/s) vA-100 (m/s) 

Code 

 

LH-

model 

Beta-advection 

model 

Code 
LH-

model 

Beta-advection 

model 

Using 

dataset 

from 

CMA  

Using 

dataset 

from 

JTWC 

Using 

dataset 

from 

CMA  

Using 

datase

t from 

JTWC 

Shanghai 29.7 30.4 33.2 34.4 31 34.2 36.5 37.9 

Ningbo 28.3 32.0 34.3 36.5 31 34.9 37.8 40.1 

Wenzhou 31 36.1 40.1 37.9 33.5 39.0 43.3 41.7 

Fuzhou 33.5 35.1 37.1 38.1 36.9 38.0 41.1 42.9 

Xiamen 35.8 38.9 37.8 38.3 39 41.3 40.8 41.2 

Guangzhou 28.3 31.4 32.5 32.3 31 33.7 35.1 35.1 

Shenzhen 34.6 37.2 38.8 38.7 37.9 40.1 41.5 41.9 

Hong Kong 37.9 37.2 39.1 38.3 39 40.1 42.2 41.6 

Zhanjiang 35.8 38.6 39.7 38.2 39 41.2 42.2 41.1 

To better appreciate the spatial trends of vA-T, RCMA/LH-T, and RJTWC/CMA-T, the analysis that 

is carried out for the nine cities shown in Table 2.2 is repeated for the grid system shown 

in Figure 2.15a.  The obtained map of vA-T based on LH model is shown in Figures 2.16a 

and 2.16b.  The values of RCMA/LH-T and RJTWC/CMA-T are presented in Figures 2.16c and 

16d for T = 50 years and in Figures 2.16e and 2.16f for T = 100 years.  In general, the 

observations made for from Table 2.3 is applicable to the results presented in Figure 2.16.  
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Figure 2.16. Mapped vA-50 and vA-100 and evaluated ratios of vA-T by considering 

different stochastic track models:  a) & b) mapped VA-50 and VA-100 using LH-model 

with mentioned modification, c) RCMA/LH-T for T = 50 years, d) RJTWC/CMA-T for T = 50 

years, e) RCMA/LH-T for T = 50 years, f) RJTWC/CMA-T for T = 100 years. 

2.6 Conclusions 

We compare the statistics of two best tropical cyclone (TC) track datasets, one from 
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CMA and the other from JTWC.  We use these two datasets to develop two different 

beta-advection models by using the same procedure.  The development is focused on the 

TCs originating in the Western North Pacific basin and affecting China.  We then carry 

out the TC wind hazard assessment using these two stochastic models and one additional 

autoregressive type of track model from literature that is developed based on the dataset 

from CMA.  The main conclusions that can be drawn from the results are: 

A comparison of statistics of TC track parameters along the coastline of mainland China 

using tracks simulated by applying developed models is presented.  The comparison is 

extended by considering an existing autoregressive type of track model.  Moreover, a 

comparison of the estimated TC wind hazard by using these track models is presented.  

The results show that the number of genesis per year based on the dataset in CMA is 

about 7% greater than that in JTWC.  The statistics of the TC tracks from the two datasets 

differ, especially in terms of landfalling TC for southwest China and of the TC heading 

and translation velocity for northeast China.  In general, the mapped T-year return period 

value of the annual maximum TC wind speed, vA-T, based on the beta-advection model 

developed using the dataset from CMA is greater than that developed using the dataset 

from JTWC.  For a few selected major cities, the former is greater than the latter by up to 

7% and 9% for T equal to 50 and 100, respectively.  The corresponding average 

differences are 3% and 6%. 

The comparison of vA-T estimated using the autoregressive type of model and the beta-

advection model that are developed using the dataset from CMA indicates that their 

differences are up to 10% and 12% for T equals 50 and 100 years. 
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Chapter 3 

3 On the joint tropical cyclone wind and wave hazard 

3.1 Introduction 

Offshore structures such as oil and gas platforms and wind turbines are subjected to the 

wind load and wave load.  These loads can be caused by the passing of the tropical 

cyclone (TC) events.  The consideration of the TC wind and wave actions for wind 

turbines located onshore and offshore near the coastline of mainland China is given in 

GB/T 31519.  It indicates that Class I wind turbine can be installed at locations where the 

50-year return period value of the annual maximum 10-min mean wind speed at hub 

height is less than 55 m/s.  The corresponding extreme wind speed at 10 m height equals 

43.8 m/s if the hub height is 90 m since the code also recommends the use of a power-law 

with an exponent equal to 0.11 for the vertical wind profile.  This value is exceeded in 

several sites near the coastline of mainland China (Hong et al. 2016; Liu et al. 2019). 

The international standards for the design of offshore wind turbines (IEC 61400-3 2009) 

did not consider the TC wind hazard for design, although the wind turbines can be 

vulnerable to the TC wind hazard (Jha et al. 2010; Hallowell et al. 2018).  In the newly 

released IEC 61400-3-1, an informative appendix provides the guideline to predict the 

extreme TC wind speed by using Monte Carlo technique.  Many studies have been 

carried out to estimate the TC wind hazard through the application of Monte Carlo 

technique.  These include Batts et al. (1980), Georgiou et al. (1983), Vickery et al. (2000, 

2009a, b, 2010), Powell et al. (2005), James and Mason (2005), Emanuel et al. (2006), 

Hall and Jewson (2007), Xiao et al. (2011) Hong et al. (2016), and Li and Hong (2016), 

among others.  The TC wind hazard analysis involves in using three models: the TC 

spatial occurrence model, track model, and wind field model.  For most engineering 

applications, the spatial occurrence could be obtained by randomly sampling the 

historical TC genesis or by using a parametric/nonparametric stochastic model.  The 

results of the track model can be used to define the position, storm center motion, relative 

intensity of TC, and variables that are used to solve the TC wind field.  Both the gradient 
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balance equation and momentum equation (Holton 2004) are used to define the TC wind 

field, and a vertical wind profile could be considered to describe the height varying 

horizontal wind speed and to estimate the surface wind speed.  In fact, the wind load for 

structural design in ASCE 7 was partly based on the TC wind hazard model given in 

Vickery et al (2009a, b, 2010), which includes extensive model validation using 

observation data. 

The offshore platforms and wind turbines are subjected to the combined wind and wave 

actions.  Recommendations and validation analysis of the combined wind and wave load 

format in design codes are presented in Nessim et al. (1995) and Tarp-Johansen (2005).  

However, these studies are not focused on TC wind and wave hazard assessment. 

Studies on TC generated sea states include those given in Young (1988), Ochi (1993), 

Thompson and Cardone (1996), Young and Vinoth (2013) and Liu et al. (2017).  A 

comparison of the performance of several sophisticated TC wave models implemented in 

software packages indicated that none of the models can be identified as the most 

accurate model (Liu et al. 2017).  Reviews of simple to use TC wave models are given in 

Young (2003, 2017).  It is noted that the wave field model developed by Young (1988) 

and subsequently updated in Young and Burchell (1996) and Young and Vinoth (2013) 

based on the equivalent fetch concept is extensively calibrated using observation data.  

The model can be used to evaluate the TC induced maximum significant wave height as 

well as the significant wave height field.  A procedure to carry out probabilistic offshore 

hurricane hazard analysis is given in Valamanesh et al. (2016).  As in many other types of 

natural hazard assessment, the essential idea is to apply the probabilistic analysis to 

estimate the TC wind (or wave) hazard using the probability distribution of the TC wind 

(or wave) conditioned on a set of TC parameters that characterize the TC events.  The 

study in Valamanesh et al. (2016) provided a forward step towards the assessment of 

joint wind and wave hazards due to the TC event.  It adopted the gradient wind field 

model used by Georgiou et al. (1983) and applied a scaling factor of 0.71 to the gradient 

wind to obtain 10 m height surface wind speed, although it is well-known that the wind 

field obtained from slab-resolving or height-resolving model differs from the gradient 

wind field.  The wave model proposed in Young (1988) was considered in Valamanesh et 
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al. (2016) to estimate the maximum significant wave height but neglected the updated 

model parameters validated using additional observation data (Young and Burchell 1996; 

Young and Vinoth 2013).  It was noted that Young’s model was developed for deep 

water conditions in the open ocean and suggested a water depth-dependent correction 

factor so it can be applied to sites located in shallow water.  Also, it is worth mentioning 

that the use of the TC induced maximum significant wave height within the considered 

wave field rather than the significant wave height caused at a site of interest may be too 

conservative.  In general, the assessment of the joint probability distribution of extreme 

TC wind speed and significant wave height is missing in the literature. 

The main objectives of the present study are to 1) provide a framework to estimate 

simultaneous TC wind and wave hazard; 2) assess the marginal and joint probability 

distribution of extreme TC wind speed and significant wave height at offshore sites that 

can be directly used to assess the TC risk of offshore structures, including wind turbines; 

3) compare block maximum and event-based probabilistic models for the joint 

probabilistic wind and wave hazard models, 4) assess the companion load factor 

considering simultaneous TC wind and wave actions, and 5) carry out deaggregation 

analysis. 

The framework, and the TC wind hazard model and wave hazard model used to assess 

the joint probability distribution of extreme TC wind speed and wave height are 

described in the following sections.  This is followed by the assessment of marginal as 

well as the joint probabilistic models for the wind and wave hazards, by the evaluation of 

the companion load combination factors considering simultaneous TC wind and wave 

actions, and by the deaggregation results used to identify the most likely events leading to 

the specified return period values of the annual maximum wind or significant wave 

height. 
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3.2 TC wind speed and wave height hazard modelling 

3.2.1 Wind field model 

A schematic illustration of the tropical cyclone (TC) wind field, the track orientation and 

site of interest is presented in Figure 3.1.  In the figure, θ denotes the orientation of the 

track, α denotes the orientation of the site and Dmin is the minimum distance to the track.  

The commonly used wind pressure profile to evaluate the TC wind speed is the one 

proposed by Holland (1980), 

max( )
exp

B

cp r p R

p r

 −  
= −  

    

 (3.1) 

where p(r) (Pa) is the pressure at a distance r (m) from the TC center, B is commonly 

referred to as Holland B parameter, Rmax (m) is the radius at which maximum wind speed 

occurs, a cp p p = − , pc (Pa) is the central pressure and pa (Pa) is the ambient pressure far 

away from the storm center.   

 

Figure 3.1. Illustration of TC track orientation and wind field contours in relation to 

a site of interest. 
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By considering Eq. (3.1), the gradient balance equation (Holton 2004) and the curvature 

effect for the wind flow, the obtained (tangential) gradient wind speed ( , )gV r   is given 

by (Georgiou et al. 1983), 

1/2
2

max max( , ) exp
2 2

B B

T T
g

R R V rf V rfB p
V r

r r

   − −      
 = − + +      

         

 (3.2) 

where ρ is the air density that is considered to be equal to 1.15 kg/m3; f (rad/s) is Coriolis 

parameter equal to 2sin at latitude  (in degrees) in which  (rad/s) represents the 

rotation of the Earth with magnitude 2π/day, and VT (m/s) is the storm translation speed. 

By using the ratio between the gradient wind to surface 10-min mean wind speed, the 

maximum surface 10-min mean wind speed at r = Rmax, Vs,max, could be estimated from 

Eq. (3.2).  Young (2003) and Young (2017) considered that Vs,max for estimating the 

significant wave height can be approximated by, 

1/2

0
,max 0.8

2

T
s

B p V
V

e

  
 + 

 
 (3.3) 

where B0 is to be estimated using, 

0 1.5 (980 ) /120aB p p= + − +   (3.4) 

As will be seen in the next section, VT, Vs,max, and Rmax are all needed to estimate the 

significant wave height in a TC event. 

Rather than using the simple gradient balance equation the use of the fluid momentum 

equation to model the planetary boundary layer slab wind field was presented by Chow 

(1971).  This model was subsequently considered by others (Shapiro 1983; Cardone et al. 

1992; Thompson and Cardone 1996; Vickery et al. 2009a, b, 2010; Li and Hong 2014, 

2016) by making use of different solution schemes and surface drag coefficient models.  

The estimated extreme TC wind speed presented by Vickery et al. (2000; 2009a, b; 2010) 

formed the basis for the recommended design wind speed in ASCE 7 for sites affected by 
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TC wind hazard.  The TC wind hazard mapping for the coastal region of mainland China 

by using the same slab-resolving wind field model was presented in Hong et al. (2016) 

and Li and Hong (2016). 

In the present study, the TC wind hazard model used in Li and Hong (2016) (see also 

Vickery et al. 2009a, b) is adopted.  Given the occurrence of a TC event, the analysis 

procedure of their model essentially consists of four steps.  In the first step, the TC 

genesis is randomly selected from historical TC genesis.  In the second step, their TC 

track model is used to simulate the storm intensity, and the position and motion of the 

storm center.  In the third step, the central pressure difference p is evaluated based on 

the storm intensity or using the filling-rate model for the landfalling segment of the track.  

For each point on the track, the TC characteristics defined by Rmax and B are calculated 

using (Vickery and Wadhera 2008), 

( ) 9 2

max maxln /1000 3.015 6.291 10 0.0337 lnRR p−= −   +  +  (3.5) 

and, 

max1.833 0.326 BB fR= − +   (3.6) 

where the standard deviation of lnRmax, 
maxln R  equals 0.448 for 8700 (Pa)p  , 

51.137 7.92 10 p−−    for 8700 Pa 12000 (Pa)p   , and 0.186 for 12000 (Pa)p  , 

and the standard deviation of B, ln B , equals 0.221. 

In the final step, the TC wind field for each considered storm center on the track is 

obtained by solving the slab-resolving model (Chow 1971), 

   
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 (3.7) 
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where su  (m/s) is the wind velocity relative to the moving centre of the vortex; cu  (m/s) is 

the TC translation velocity; 
gu  (m/s) is the wind velocity resulting from the large-scale 

pressure field; k̂  is the unit vector in the vertical direction;  (kg/m3) is the density of air, 

ps (Pa) is considered equal to p(r) shown in Eq. (3.1); h (m) is the depth of the planetary 

boundary layer for the slab model that is usually taken equal to 1000 m; CD is the surface 

drag coefficient; and KH is the horizontal eddy viscosity coefficient. For the details to 

solve this equation and the adopted eddy viscosity coefficient and CD, the reader is 

referred to Li and Hong (2014, 2016). 

The hourly mean wind speed at 10 m height V(10) is then estimated by considering that 

the vertical wind profile can be modelled using Vickery et al. (2009b), 

0

*
( ) ln

*

n
u z z

V z a
z H

    
= −    

     
 (3.8) 

where V(z) is the surface mean wind speed at a height z (m) above the ground surface,  

is the von Karman coefficient having a value of 0.4, u* is the friction velocity, and z0 is 

the surface roughness, the parameters a and n equal to 0.4 and 2.0, respectively; and the 

boundary layer height parameter H* is estimated using the initial stability.  A typical 

value of H* ranges from 400 to 1000 m.  u* can be calculated by equating solution from 

the TC wind field (i.e., Eq. (3.7)) to V(H*) shown in Eq. (3.8).  V(10) obtained by solving 

Eq. (3.7) and using Eq. (3.8) is treated as the hourly-mean wind speed, a ratio of the 10-

min to the hourly-mean wind speed that equals 1.06 is used in (Li and Hong 2016) to 

calculate the 10-min surface mean wind speed, Vs.  Additional discussion and 

recommendations on the estimation of the time-averaged mean wind speed can be found 

in Harper et al. (2010).  It must be emphasized that the use of this approach to calculate 

Vs is preferable than the use of scaled gradient wind speed since the slab model and 

model parameters are validated extensively in (Vickery et al. 2009a, b, 2010) using 

observation data. 

Besides the 10-min surface mean wind speed hazard characterization, the turbulent wind 

needs to be characterized.  Although the investigation of turbulent wind characteristics is 



66 

 

beyond the scope of the present study, it is noted that the Kaimal spectrum is well 

accepted for synoptic wind (Simiu and Scanlan 1996).  However, studies in Zhang (2010) 

and Li et al. (2012) found that the shape of the spectrum for turbulent TC winds 

resembles the shape of the Kaimal spectrum but could be shifted to higher or lower 

normalized frequencies.  At present, it seems that there is no consensus on the parameters 

of the power spectrum of TC wind. 

3.2.2 Significant wave height model 

A simple equation to predict the maximum significant wave height within a storm, 
max

sH  

(m), is given by Young (1988), 

1/2
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2 2

,max ,max

0.0016s E

s s
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V V

 
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 
 (3.9) 

where this relation is known as JONSWAP growth relation (Hasselmann et al. 1973); 

Vs,max is calculated by using Eqs. (3.3) and (3.4); and the equivalent fetch, fE (m), is 

calculated using (Young and Vinoth 2013; Young 2017), 

( )2 2

,max ,max ,ma

3 2 1 2

x1.506 1.223 8.76 1.516 1.7562.175 10 10 10 10
'

E
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R
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 (3.10) 

in which ψ = 1 and the scaling factor 'R  (m) is given by, 

( )3 3

max' 22.5 10 log 70.8 10R R=  −   (3.11) 

Young (1988) further indicated that not only fE but also the spatial distribution of 

max/s sH H can be scaled based on R'.  This is advantageous since only a few diagrams are 

needed to interpolate Hs (i.e., 
max/s sH H ) for a given set of Vs,max, Rmax, and VT values.  

The sets of diagrams for the combinations of Vs,max, Rmax and VT given in Young (1988) 

are used in the present study to interpolate 
max/s sH H  and estimate Hs.  Figure 3.2 

illustrates two typical spatial distribution of Hs by using those normalized significant 
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wave height diagrams, where it is considered that the TC center is located at the origin of 

the coordinate system and the TC translates vertically in the horizontal plane.  Note that 

as only sites located in deep water conditions are considered in the present study, the 

water depth-dependent correction factor suggested in Valamanesh et al. (2016) for sites 

located in shallow water is not considered. 

It is worth mentioning that given the wind speed and Hs at a site for a TC event, 

especially within 8R' of the center of TC, sets of equations to evaluate the wave spectrum, 

can be found in Donelan et al. (1985) and Young (2003, 2017). 

 

Figure 3.2 Spatial distribution of sH  for TC events that translate upwards:  (a) VT = 

2.5 (m/s) and Vs,max = 30 (m/s) and (b) VT = 7.5 (m/s) and Vs,max = 30 (m/s), where the 

circle at the origin of the coordinate system represents the TC centre.  (The plots are 

based on 
max/s sH H  from Professor I. Young, personal communication; see also 

Young (1988)). 

3.3.3 Overall procedure to assess wind and wave hazards at a site 

In this section, an overall procedure to assess the joint TC wind and wave hazard is 

described.  Although the described procedure is focused on offshore sites near the 

coastline of mainland China, it can be adopted to assess the joint TC wind and wave 

hazard for other offshore locations.  The occurrence of the TC events is considered to be 
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a stochastic process and the occurrence of the number of TC events per year can be 

modelled using the negative binomial distribution with the model parameters given in Li 

and Hong (2016).  By adopting the TC wind hazard model and wave hazard model given 

in the previous sections, samples of the TC wind speed and significant wave height can 

be obtained according to the steps shown in Figure 3.3 and described in the following: 

I) Sample the number of TC events per year according to its probabilistic model. 

II) For each TC event, carry out the following,  

II.1) Randomly select a TC genesis from the best track dataset (e.g., from China 

Meteorological Administration (CMA) (Ying et al. 2014; Li and Hong 2016). 

II.2) Sample the TC track using the model developed in Li and Hong (2016) (see their 

equations (2) and (3)).  The sampling is carried out at 6 hours increment and provides the 

relative intensity, orientation, and VT of the TC event.  Interpolate the position and 

parameters of the TC event for the considered six-hour interval using a time increment of 

15 minutes. 

II.3) For each storm center on the TC track if the distance from the considered position 

on the track to the site of interest is less than 250 km (see illustration in Figure 3.3), carry 

out the following: 

II.3.1) Calculate p, Rmax and B according to Eqs. (3.5) to (3.6)), calculate Vs,max using 

Eqs. (3.3) and (3.4); 

II.3.2) Based on the obtained wind field, evaluate Vs at the site of interest using Eq. (3.8). 

II.3.3) Based on Rmax, Vs,max, and VT calculated 
max

sH  using Eqs. (3.9) to (3.11), and find 

Hs at the site by interpolating the normalized wave height diagrams such as the ones 

shown in Figure 3.2 (Young 1988). 

II.4) For the simulated TC event affecting the site, extract: 



69 

 

II.4.1) The maximum Vs due to the passage of the TC event, denoted as Vs-max, and its 

companion values for [Hs, p, Rmax, B, dc-s] for the same instance of the TC activity, 

where dc-s denote the distance from the storm center to the site these companion values 

are denoted using the same symbols but with an additional subscript W.  The symbol Hs 

is used to replace 
max

sH  to simply the notation. 

II.4.2)  The maximum Hs, denoted as Hs-max, and the values of its companion variables 

such as [Vs, Hs, p, Rmax, B, dc-s] at the same instance of the TC activity that are denoted, 

again, using the same symbols but with an additional subscript H. 

III)  Repeat Steps I and II to obtain sufficient samples of the mentioned variables in Step 

II). 

The use of the extracted samples to develop the probabilistic model for the joint TC wind 

and wave hazard and the deaggregation of TC hazard for offshore sites are presented in 

the following sections. 

 

Figure 3.3. Overall procedure to simulate TC wind speed and significant wave 

height at a site. 
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3.3 Simulation results and vector-valued TC wind and wave 

hazards 

3.3.1 Annual maximum analysis for vector-valued hazard evaluation 

Consider the selected offshore sites shown in Figure 3.4.  For each site, simulation of TC 

activities for 100,000 years is carried out by using the procedure presented in the 

previous section; samples of the parameters identified in Step II) for each TC event are 

obtained.  From the extracted samples, the annual maximum of Vs-max and its companion 

value HsW, denoted as Vs-maxA and HsWA, as well as the annual maximum of Hs-max, and its 

companion value VsH, denoted as Hs-maxA and VsHA are identified.  The mean and the 

coefficient of variation (cov) of samples of these variables for the five sites identified in 

Figure 3.4 are calculated and presented in Table 3.1.  The sites are located along the 

coastline of mainland China, with latitude range from about 21o to 31o. 

 

Figure 3.4. Five selected sites near the coastline of mainland China. 

The results shown in Table 3.1 indicate that: 

1) The mean of Vs-maxA, in general, increases from north to south.  Its value is greater than 

22 m.  The TC events affecting Site 3 located in Taiwan Strait are influenced by the 
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orography of Taiwan, leading to a decreased mean for Site 3 as compared to that for Sites 

2 and 4. 

2) The cov of Vs-maxA is greater than 0.3 and decreases slightly from north to south.  This 

cov is greater than that of annual maximum wind speed reported for onshore sites in (Mo 

et al. 2015, Hong et al. 2016). 

3) The mean of HsWA (i.e., the companion variable of Vs-maxA) is relatively consistent for 

the considered sites.  The cov of HsWA is greater than that of Vs-maxA by about 0.05. 

4) The mean of Vs-maxA is about 4 m/s (or 20%) greater than that of VsHA (i.e., companion 

mean of Hs-maxA,).  The mean of HsWA is about 1 m (or 15%) less than that of Hs-maxA.  

These imply that the use of Vs-maxA and Hs-maxA to describe the simultaneous occurring TC 

wind and wave hazard can be very conservative. 

 

Table 3.1. Mean, cov, and quantiles of the principal as well as its companion 

variables for the annual exceedance probability of 2% (All the mean wind speed 

values are in m/s and the significant wave heights are in m.   is the average annual 

occurrence rate of typhoon with the minimum distance of storm center to the site of 

interest that is less than 250 km). 

  Annual maximum analysis Event-based analysis 

Site Variable Vs-maxA, HsWA VsHA, Hs-maxA Vs-max, HsW VsH, Hs-max 
Rate

  

1 

Mean, 22.11, 6.47 18.12, 7.41 19.13, 5.69 16.12, 6.34 

1.3 cov 0.38, 0.44 0.37, 0.41 0.41, 0.47 0.40, 0.46 

x50 42.05, 13.44 33.93, 14.60 40.46, 13.08 32.49, 14.06 

2 

Mean, 26.35, 7.74 21.84, 8.94 20.65, 6.29 17.93, 7.03 

2.3 cov 0.36, 0.40 0.35, 0.36 0.43, 0.47 0.41, 0.45 

x50 48.02, 14.58 39.63, 15.67 47.55, 14.62 39.34, 15.50 

3 

Mean, 25.38, 7.51 21.43, 8.63 18.78, 5.81 16.81, 6.36 

3.1 cov 0.33, 0.38 0.32, 0.33 0.43,0.47 0.40, 0.45 

x50 44.63, 13.91 37.69, 14.90 44.47, 14.03 37.91, 14.80 

4 
Mean, 26.10, 7.41 21.63, 8.57 18.79, 5.78 16.78, 6.33 

3.3 
cov 0.33, 0.38 0.33, 0.33 0.45, 0.45 0.41, 0.44 
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x50 46.18, 13.69 39.02, 14.68 46.09, 13.93 39.37, 14.62 

5 

Mean, 27.71, 7.25 22.41, 8.62 18.66, 5.59 16.52, 6.13 

4.2 cov 0.31, 0.35 0.31, 0.28 0.46, 0.42 0.42, 0.41 

x50 46.24, 12.59 38.43, 13.48 46.22, 12.86 38.77, 12.45 

Note: x50 is calculated based on 0.98-quantile estimated from the empirical marginal 

distributions for the case of annual maximum analysis.  If the event-based analysis 

is considered, x50 is calculated with an annual exceedance probability of 2% and by 

taking  into account. 

5)  In all cases, the cov values of Vs-maxA and HsWA for a considered site are comparable to 

those of VsHA and Hs-maxA.  The cov of extreme wind in most cases are smaller than or 

comparable to that of extreme significant wave height. 

6)  The 50-year return period value of the annual maximum wind speed for Sites 2 to 5 is 

greater than 43.8 m/s which is the allowed design value for the installation of Class I 

wind turbine (see Introduction section). 

The empirical marginal distributions of four variables are plotted on the Gumbel 

probability paper as shown in Figure 3.5.  The estimated quantile based on the empirical 

distributions for the annual exceedance probability of 2% is also shown in Table 3.1.  It 

can be observed that the estimated quantiles for the four random variables following the 

same trends as those for their mean values discussed earlier.  This again indicates that the 

use of quantiles of Vs-maxA and Hs-maxA to represent the simultaneous occurring TC wind 

and wave hazard can be very conservative.  A quantitative assessment of such a 

conservatism will be discussed shortly. 

The plots shown in Figure 3.5 indicate that at least the annual maximum winds may not 

all fitted adequately by the commonly adopted Gumbel distribution (GD) and that the use 

of the generalized extreme value distribution (GEVD) may be suitable for the extreme 

TC induced wind and significant wave height.  Note that in some cases as the radius of 

TC is limited to 250 km, the TC wind speed at the site for a year will be equal to zero.  

This can be eliminated by extending the radius of TC.  The GEVD, FGE(x), is given by 

(Coles, 2001), 
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( )( )1/

0 0( ) exp 1 ( ) /
k

GEF x k x u a= − − − , for 0k  (3.12) 

where u0, a0, and k are the model parameters.  If 0k , 0 0 /x u a k−   +  and X has an 

upper bound that equals 0 0 /u a k+ ; if 0k , 0 0 /u a k x+     and X has a lower bound.  

The GD, FG(x), is given by, 

10 10( ) exp( exp( ( )))GF x x u= − − −  (3.13) 

where u10 and 10 are location and scale parameters. 

Distribution fitting using these two models is carried out by applying the maximum 

likelihood method.  The application of the Akaike information criterion (AIC) indicates 

that in almost all cases GEVD is preferable than GD.  However, a comparison of the 

fitted distribution to the empirical distribution indicates that the fitting in many cases is 

inadequate, at least in the upper tail region.  To overcome this, distribution fitting by 

using the least-squares method is carried out by considering the samples in the upper tail 

region (i.e., with empirical cumulative distribution value greater than 0.5) considering 

GEVD and GD.  The fitted distributions are shown in Figure 3.5 as well.  It can be 

observed that in all cases, GEVD fits the data adequately in the upper tail portion of the 

data.  Therefore, it is recommended that the GEVD is to be used for the considered four 

random variables. 
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Figure 3.5. Empirical and fitted marginal distributions of Vs-maxA, HsWA, VsHA and Hs-

maxA (in the legend, GD and GEVD denote the Gumbel distribution and generalized 

extreme value distribution, respectively; MLM and LSM denote the maximum 

likelihood method and least-squares method, respectively). 

To assess the correlation between Vs-maxA and its companion variable HsWA and the 

correlation between Hs-maxA and its companion variable VsHA, the paired samples (Vs-maxA, 

HsWA) and (Hs-maxA, VsHA) are used to obtain the probability of nonexceedance and shown 

in Figure 3.6.  Also, the Kendall’s  representing the ranked correlation is calculated and 

shown in the figure.  The calculated value ranges from about 0.40 to 0.67 for different 

cases.  The correlation coefficient with such a magnitude may not be neglected since it 
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could impact the assessment of probabilistically combined wind and wave loading.  The 

comparison of the plots shown in Figure 3.6 to the samples from the Gaussian, Gumbel 

and Clayton copula plots (Hong et al. 2014), such as those illustrated in Figure 3.7 based 

on an assigned  value, indicates that the Gumbel copula could be adopted to model the 

paired random variables considered in Figure 3.6. 

 

Figure 3.6. Plots of F(Vs-maxA) versus F(HsWA), and F(VsHA) versus F(Hs-maxA), where 

F( ) denotes the marginal distribution of a random variable and the Kendall’s  is 

included in the plot. 
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Figure 3.7. Plots of typical samples from normal, Gumbel and Clayton copula for  

= 0.6. 

For a paired random variables, X1 and X2 with its corresponding marginal probability 

distribution denoted as FX1(x1) and FX2(x2), if the Gumbel copula is considered, 1 2( , )F x x  

is given by (Nelsen 2006), 

( )( ) ( ) ( )( )
1/1/

1 21 2 1 1 2 2( , ) exp exp ln( ( )) ln( ( ))
     

= − + = − − + − 
 

GG G GG G

X XF xFxu ux x F (3.14) 

where u1 and u2 are standard uniformly distributed random variables.  The model 

parameters for Eq. (3.14) can be calculated by noting that Kendall’s  correlation 

coefficient equals 11 G −−  for the Gumbel copula. 

As an illustration, consider Site 2.  Since Kendall's τ equals 0.55 by considering Vs-maxA 

and HsWA, the obtained G = 2.22.  The contours for the nonexceedance probability p = 

maxA A( , )s sHF v h−  equal to 0.9, 0.98, and 0.998 are shown in Figure 3.8a.  Based on this 

probability plot, by using the fitted marginal distributions of Vs-maxA and of HsWA shown in 

Figure 3.5, the calculated Vs-maxA and HsWA values are shown in Figure 3.8b.  The results 

indicate that there are combinations of values of Vs-maxA and of HsWA that can lead to the 

same specified probability of nonexceedance p.  For example, for p = 0.98, HsWA tends to 

14.58 m as Vs-maxA tends to its upper limit, and Vs-maxA tends to 48.02 m/s as HsWA tends to 

its upper limit.  These values are in agreement with those shown in Table 3.1 for Site 2.  

A similar analysis is carried out by considering VsHA and Hs-maxA for the same site.  The 

obtained values of VsHA and Hs-maxA are presented in Figures 3.8c and 3.8d.  In this case, 
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for p = 0.98, as VsHA or Hs-maxA tends to their upper limits, Hs-maxA or VsHA tends 15.67 m 

and 39.63 m/s, respectively.  A comparison of the results shown in Figure 3.8 for a given 

p value shows that the contour lines for the combinations of Vs-maxA and HsWA and for VsHA 

and Hs-maxA differ, illustrating the differences in the joint probability distributions. 

 

Figure 3.8. Contours for p = maxA A( , )s sHF v h−  by considering Gumbel copula with G 

= 2.22 (plots a and b), and contours for p = A max A( , )sH sv hF −  by considering Gumbel 

copula with G = 3.06 (plots c and d).  G values are for Site 2. 

3.3.2 Assessment of the companion load combination factor 

It is noteworthy that for structural reliability analysis and design code calibration, the 

combined load effect due to (Vs-maxA)2 and HsWA (i.e., 2

1 max 2s A sWAcV c H− + ), and due to 

(VsHA)2 and Hs-maxA (i.e., 2

1 2 maxsHA s AcV c H −+ ) need to be considered, where c1 and c2 

include the structural analysis coefficients and the transformation from environmental 

parameters to load effects.  Similar to the analysis of environmental load combination for 
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the offshore platform (Nessim et al (1995) and Tarp-Johansen (2005)), let Z(t) denote the 

simultaneous TC wind and wave load actions expressed as, 

2

1 2( ) ( ) ( )Z t cV t c H t= +  (3.15) 

where V(t) and H(t) denotes the wind speed and wave height that vary with time t.  Based 

on the observations made previously, the use of (1-p)-quantiles of Vs-maxA and of Hs-maxA 

for V(t) and H(t) to evaluate the (1-p)-quantile of the load effect Z(t) is likely to be very 

conservative.  To simplify the calculation of combined load effect with the same 

exceedance probability for ranges of c1 and c2 values and aimed at structural design code 

development, consider the following normalized load effect (Nessim et al. 1995), 

*

2

1 2

( )
( )

p p

Z t
Z t

c v c h
=

+
 (3.16) 

where vp and hp represent the wind speed and significant wave height with an annual 

exceedance probability of p, respectively.  This equation can be re-written as, 

( )

2

* ( ) ( )
( ) 1

p p

V t H t
Z t r r

v h

   
= − +      

   

 (3.17) 

where ( )2

2 1 2/p p pr c h c v c h= +  takes the value from 0 to 1.  The combined load action with 

an annual probability of exceedance p, zp, can then be calculated using the value of 
*( )Z t  

with annual probability of exceedance p, 
*

pz , resulting in, 

( )* 2

1 2p p p pz z c v c h= +  (3.18) 

The calculation of vp and hp is already presented in the previous sections with the results 

for the five selected sites shown in Table 3.1 for p = 1/50.  The calculation of 
*

pz  can be 

carried out using the simulated TC wind speed and significant wave height for a site of 

interest.  More specifically, for example, one can form the samples of the annual 

maximum 
*( )Z t  using samples of (Vs-maxA, HsWA) and (VsHA, Hs-maxA), develop the 
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empirical distribution of annual maximum 
*( )Z t , and find 

*

pz  from the empirical 

distribution. 

The obtained 
*

pz  for r ranging from 0 to 1 in such a manner is shown in Figure 3.9a for 

the five considered sites shown in Figure 3.4 for p = 1/50.  As expected, 
*

pz  = 1 for r = 0 

(i.e., c2 = 0), representing the case where there is wind load effect only, and zp is simply 

equal to 
2

1p pz c v= .  Also, 
*

pz  = 1 for r = 1 (i.e., c1 = 0), representing the case where there 

is wave load effect only, and zp is simply equal to 
2p pz c h= .  For r within 0 and 1, 

approximate combination rules can be developed based on the load combination diagram 

shown in Figure 9a.   

Rather than using the actual curves, if the (conservative) bilinear approximation shown in 

the figure is deemed acceptable, 

 *

2 1max (1 ) ,(1 )pz r r r r= − +  −  +  (3.19) 

and consequently,  

( )2 2

1 2 2 1 1 2max ,p p p p pz c v c h c v c h= +   +  (3.20) 

where the values of 1 = 0.75 and 2 = 0.85 are shown in Figure 3.9a.  For completeness, 

the calculation for p = 1/500 is also carried out and the results are shown in Figure 3.9b.  

A comparison of the results shown in Figure 3.9 indicates that the combination rule is not 

very sensitive to whether p = 1/50 or 1/500 is considered.  However, the coefficients 

slightly lower coefficients 1 and 2 could be considered as the exceedance probability 

decreases.  The plots shown in Figure 3.9 represent a version of implementing Turkstra’s 

rule for the companion action factor method (Turkstra and Madsen, 1980).  It implicitly 

assumes that the load combination problem is governed by the extreme of one action in 

combination with its companion action; it is desirable such an assumption to be validated 

for offshore wind turbines subjected to TC wind and wave hazard.  To the author’s 

acknowledge, the assessment of the load combination factor for the simultaneous TC 
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wind and wave actions has not been addressed in the literature.  Note that the analysis 

carried out in this section did not consider the uncertainty in the coefficients c1 and c2, 

and different p values.  These issues should be taken into account for a rigorous design 

code calibration analysis. 

 

 

Figure 3.9. Load combination diagram for simultaneous TC wind and wave actions: 

a) for p = 1/50 and b) for p = 1/500. 

3.3.3 Event-based analysis for vector-valued hazard evaluation 

Rather than carrying out the TC hazard assessment based on the block maximum 

analysis, an alternative is to carry out an event-based analysis.  From the simulated 

samples for 100,000 years, it was observed that the average number of TC events 

affecting the considered offshore differs and the annual occurrence rate, , for each site is 

shown in Table 3.1 for p = 1/50.  Values of (Vs-max, HsW) and (VsH, Hs-max) for each event 
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are used to establish their empirical marginal probability distributions as shown in Figure 

3.10.  For the considered random variables, the mean and standard deviation are 

calculated and the quantiles corresponding to the annual probability of exceedance of 2% 

are estimated from the empirical distributions.  For the estimation of the quantiles, it is 

assumed that a site experiencing TC events follows a Poisson process with the rate  

shown in Table 3.1.  The calculated statistics and quantiles are shown in Table 3.1. 

A comparison of the results shown in Table 3.1 indicates that the values of x50 based on 

the annual maximum analysis and the event-based analysis are in good agreement.  Table 

3.1 also indicates that the mean of the event-based extreme values is slightly less than 

that of the annual maximum extreme value and the cov of the event-based extreme values 

is greater than that of the annual maximum extreme values.  This is expected and is in 

agreement with extreme value theory (Coles, 2001). 

To assess the correlation between Vs-max and HsW and the correlation between Hs-max and 

VsHA, the paired samples (Vs-max, HsW) and (Hs-max, VsH) are mapped in terms of probability 

and shown in Figure 3.11, where the calculated values of the Kendall’s  are included.  

The calculated values range from about 0.57 to 0.72 for different cases.  These values are 

similar to but slightly greater than those obtained based on annual maximum analysis 

shown in Figure 3.6.  Again, the comparison of these plots to the samples from the 

Gaussian, Gumbel and Clayton copula plots indicates that the normal or Gumbel copula 

could be used to model the paired random variables shown in Figure 3.11. 
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Figure 3.10. Marginal probability distributions of Vs-max, HsW, VsH, and Hs-max (in the 

legend, GD and GEVD denote the Gumbel distribution and generalized extreme 

value distribution, respectively; MLM and LSM denote the maximum likelihood 

method and least-squares method, respectively). 

Based on the above observations, the probabilistic models based on the annual maximum 

analysis or based on event-based analysis lead to consistent TC induced wind and wave 

hazard characterizations.  Therefore, either one of them can be used to analyze TC 

induced hazard and risk for offshore structures, including offshore wind turbines.  The 

consideration of the frequency of TC events and their corresponding wind and wave 

hazard can be important for the operation and emergency planning of these structures. 
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Figure 3.11. Plots of F(Vs-max) versus F(HsW), and F(VsH) versus F(Hs-max), where F( ) 

denotes the marginal distribution of a random variable and the Kendall’s  is 

included in the plot. 

3.3.4 Deaggregation of TC wind and wave hazards 

In hazard and risk assessment, risk communication and emergency planning, it is often 

instructive to identify possible scenario events associated with specified return period 

value or quantile of a natural hazard.  In the context of TC wind hazard and TC wave 

hazard, it is valuable to identify the TC events leading to the p-quantile of Vs-maxA.  For p 

= 0.98 and 0.998, the identified values of the variables (p, Rmax, B, dc-s)W defining the 

TC events for or corresponding to Vs-maxA within 95% to 105% of p-quantile of Vs-maxA are 

shown in Table 3.2 for the five sites and illustrated in Figures 3.12 and 3.13 for Sites 1, 3, 

and 5.  Similarly, the deaggregation results based on quantiles of Hs-maxA are shown in 

Table 3.2 and illustrated in Figures 3.14 and 3.15.  The observations that can be made 

from the table and figures are: 

1.  The most likely events identified by the deaggregation differ from site to site.   
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2. The central pressure difference p increases as p increases.  

3. The values of B for the deaggregation results based on quantiles of Vs-maxA are greater 

than those based on the quantiles of Hs-maxA.  This indicates that the identified TC events 

for the former are associated with a rapid horizontally changing pressure profile as 

compared to those for the latter. 

4.  The values of Rmax and dc-s for the deaggregation results based on quantiles of Vs-maxA 

are smaller than those based on the quantiles of Hs-maxA.  In general, values of Rmax and dc-

s decreases as p increases. 

Table 3.2. Most likely values of the TC parameters identified from deaggregation 

results based on p-quantile of Vs-maxA and of Hs-maxA. 

 

Site 

 

p 

Vs-maxA Hs-maxA 

∆p 

(hPa) 

Rmax 

(km) 
B 

dc-s 

(km) 

p 

(hPa) 

Rmax 

(km) 
B 

dc-s 

(km) 

1 0.98 46.6 100 1.5 21.7 44.9 100 1.1 81.3 

0.998 59.3 47.1 1.5 20.4 64 100 1.2 29.5 

2 0.98 75.7 35.2 1.4 23.4 60.2 100 1.3 43.1 

0.998 67.3 48.4 1.7 19.5 76.5 38.8 1.5 31.1 

3 0.98 53.3 100 1.5 25 45.5 100 1.3 34.3 

0.998 57.7 20.8 1.4 4.7 76.9 27.3 1.3 58.5 

4 0.98 35 26.7 1.6 25.1 58.4 100 1.4 49.6 

0.998 58.1 9.4 1.6 7.7 58.7 40.9 1.4 29.4 

5 0.98 46.7 24 1.6 35.2 45.7 100 1.4 58.5 

0.998 47.8 25.4 1.8 15.4 56.8 39.5 1.5 37.1 

 

 

Site 1 Site 1 Site 1Site 1

∆P (hPa) ∆P (hPa)
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Figure 3.12. Deaggregation results based on 0.98-quantile of Vs-maxA for Site 1, 3 and 

5. 

 

 

 

Figure 3.13. Deaggregation results based on 0.998-quantile of Vs-maxA for Site 1, 3, 

and 5. 

Site 3 Site 3 Site 3Site 3

∆P (hPa) ∆P (hPa)

Site 5 Site 5 Site 5Site 5

∆P (hPa) ∆P (hPa)

Site 1 Site 1 Site 1Site 1

∆P (hPa) ∆P (hPa)

Site 3 Site 3 Site 3Site 3

∆P (hPa) ∆P (hPa)

Site 5 Site 5 Site 5Site 5

∆P (hPa) ∆P (hPa)
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Figure 3.14. Deaggregation results based on 0.98-quantile of Hs-maxA for Site 1, 3 and 

5. 

Site 1 Site 1 Site 1Site 1

∆P (hPa) ∆P (hPa)

Site 3 Site 3 Site 3Site 3

∆P (hPa) ∆P (hPa)

Site 5 Site 5 Site 5Site 5

∆P (hPa) ∆P (hPa)
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Figure 3.15. Deaggregation results based on 0.998-quantile of Hs-maxA for Site 1, 3 

and 5. 

3.4 Conclusions 

A simulation-based framework to estimate TC induced wind and wave hazards is 

presented.  The framework and adopted TC wind field and significant wave height model 

are successfully used to assess the marginal and joint probability distributions of extreme 

TC wind speed and significant wave height.  The simulation results are used for the 

deaggregation analysis of wind and wave hazards for a few selected offshore sites near 

the coastline of mainland China. 

The results indicate that the use of the generalized extreme value distribution for the 

annual maximum wind speed and the annual maximum significant wave height at a site is 

preferred.  Also, the ranked correlation coefficient (i.e., Kendall’s ) of the annual 

maximum wind speed and its companion significant wave height ranges from about 0.4 

to 0.7.  Similar ranked correlation coefficient is obtained for the annual maximum 

significant wave height and its companion wind speed.  Plots of paired samples in terms 

Site 1 Site 1 Site 1Site 1

∆P (hPa) ∆P (hPa)

Site 3 Site 3 Site 3Site 3

∆P (hPa) ∆P (hPa)

Site 5 Site 5 Site 5Site 5

∆P (hPa) ∆P (hPa)
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of probability indicate that the Gumbel copula could be adopted to model the joint 

probability distribution of the annual maximum wind (significant wave height) and its 

companion significant wave height (wind speed).  The results also indicate that the 

statistics of the TC induced wind and wave hazards vary for sites along the coastline of 

mainland China. 

The use of the simulation results in assessing the companion load combination factor by 

considering the simultaneous TC wind and wave actions is presented.  The results 

indicate that: a) a load companion factor of 0.85 for wave action could be considered if 

the wind action is the principal load action and b) a companion load combination factor 

of 0.75 for the wind action could be considered if the wave action is the principal load 

action.  The suggested companion load combination factors are based on an annual 

exceedance probability of 2% and for the considered offshore sites.  The sensitivity 

analysis results also indicates that these suggested values are not very sensitive to p = 

1/50 or 1/500. 

The deaggregation results indicate that the identified TC events contributing to a 

specified quantile of the annual maximum wind speed differ from those identified for the 

quantile of the annual maximum significant wave height.  In general, the identified events 

based on the former are associated with a rapid horizontally changing pressure profile as 

compared to those based on the latter.  Therefore, the reliability and risk assessment of 

offshore structures located near the coastline of mainland China should consider the 

identified scenario events from the quantile of wind speed as well as those from the 

significant wave height. 
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Chapter 4 

4 Reliability and fragility assessment of offshore floating wind 

turbine subjected to tropical cyclone hazard 

4.1 Introduction 

Offshore wind energy is abundant, renewable, and clean.  The installation of offshore 

wind power production capacity is increasing.  Offshore wind turbines (WTs) are likely 

to experience less turbulent winds than their onshore counterparts; floating platforms 

could be used to support large WTs for deep-water sites.  However, the offshore wind 

farms in some regions are subjected to tropical cyclone (TC) induced wind and wave 

hazards.  An economic assessment of potential offshore wind farms near the coastal 

region of mainland China subjected to TC hazard was presented in Hong and Moller 

(2012) by using very simplistic TC hazard and structural fragility models.  They pointed 

out that there is no specific design standard worldwide, at the time, for offshore wind 

farms subjected to TC hazard.  In fact, guidelines to predict the extreme TC wind speed 

were given in an appendix of the recently released IEC 61400-1 (2019) and the Chinese 

code for the design of the wind turbine generator system under typhoon conditions (GB/T 

31519 2015).  Also, the influence due to a large coefficient of variation of TC wind in a 

TC hazard-prone area was discussed (IEC 61400-1 2019). 

Tarp-Johansen and Clausen (2006) investigated the structural safety of the WTs in the 

Philippines that is known to experience severe TC events.  Their study is focused on the 

selection of the design wind speed and associated safety factors for the design of the 

onshore WTs subjected to TC hazard.  Their results indicate that the different wind load 

specifications for regions with and without TC hazards need to be considered to design 

structures to achieve the same target reliability index.  This is because the reliability of 

designed structures subjected to the wind loading is sensitive to the coefficient of 

variation (COV) of extreme winds that differs for regions with and without TC hazard 

(Tarp-Johansen and Clausen 2006; IEC 61400-1 2019).  The COV for the TC annual 
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maximum wind speed for the coastal region that is greater than that for the synoptic wind 

has been incorporated in the design code making (Vickery et al. 2010).  Rose et al. (2012) 

indicated that the buckling of the turbine tower subjected to TC hazard was observed.  

They estimated the percentage of turbines that would buckle by TC winds in offshore 

wind farms at four representative sites in the Atlantic and Gulf Coastal waters of the U.S.  

It was suggested that in the most vulnerable area, about half the turbines in a wind farm 

are likely to be destroyed in a 20-year period.  Jha et al. (2010) focused on the 

comparison of implied reliability by using two different design standards and on the 

estimation of reliability of monopile-foundation offshore WTs subjected to operational 

and extreme loads.  It was concluded that the reliability of designed offshore WTs for 

different sites in the U.S. varies with spatially varying TC hazards.  Hallowell et al. 

(2018) evaluated the reliability of offshore monopole WTs subjected to TC hazard, where 

the offshore monopile WTs are by considering locations along the U.S. Atlantic coast.  

The range of the estimated failure probability for an average service life of 20 years 

ranges widely from about 7×10-10 to 3×10-4 for the functional yaw control system and 

from about 2×10-7 to 2×10-3 for a non-functional yaw control system.  They indicated that 

the use of very sophisticated models based on the physical laws governing the 

atmosphere and ocean to assess TC wind and wave hazards, such as ADCIRC/SWAN or 

MIKE 21 (Dietrich et al. 2012; DHI 2017), could be difficult considering the extend of 

simulation cycles.  Consequently, for their TC wind hazard assessment, they adopted a 

gradient wind field model (Georgiou 1985).  This is very efficient, although the weakness 

of using the gradient wind field as a proxy to the TC wind field is well-known.  An 

improved TC wind hazard modeling could be carried out using the slab-resolving model 

with a calibrated vertical wind profile given by Vickery et al. (2009, 2010).  It should be 

noted that none of the above-mentioned reliability studies were focused on the semi-

submersible offshore WTs, and the considered locations were away from the coastal 

region of mainland China. 

An assessed the failure probability of a semi-submersible offshore WT model was 

presented in Liu et al. (2018) by considering locations near the coastal region of mainland 

China subjected to the TC wind and wave hazard.  The adopted WT model is the OC4-

DeepCwind semi-submersible developed for the DeepCwind project (Robertson et al. 
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2014) and will be referred to as OC4 henceforth.  The model was implemented as part of 

a test case in a very popular WT structural analysis software package, FAST (Fatigue, 

Aerodynamics, Structures, and Turbulence) (Jonkman and Buhl 2005).  For the TC wind 

hazard assessment, Liu et al. (2018) carried out the three-dimensional simulations by 

using the Weather Research and Forecast (WRF) model (Grell et al. 2005).  They used 

WRF by considering terrain-following layers to simulate 1510 artificial TC wind fields 

for a wide region.  Such an assessment is very valuable, especially if the initial and 

boundary conditions for the TC events could be well established.  Moreover, the 1510 

simulated TC events amount to, at most, approximately only 50 years of TC activities 

since the average number of TC events affecting the considered region is about 32.  The 

consideration of such a short simulation period of TC activities may not be sufficient for 

reliability evaluation.  This is because the statistics of characteristics of the track such as 

translation speed, heading, intensity varies spatially, the parameters (e.g., central pressure 

difference) controlling the TC wind field are uncertainty varies along the TC track as 

well.  Therefore, the number of historical TC tracks and wind fields affecting a given site 

is very small for structural reliability analysis.  For the TC wave hazard modelling, Liu et 

al. (2018) adopted the model developed based on the long-term wind and wave data from 

buoy stations in the Pacific Ocean (Teng and Liu 2000).  The validity of using such a 

wave model for TC induced significant wave height is unknown.  The above noted 

possible drawbacks could be overcome by using the TC wind hazard based on 

stochastically simulated TC tracks and wind fields and by using a wave model that is 

developed based on TC induced wave height.  Both of these issues are addressed in the 

present study. 

The main objectives of the present study are to 1) develop and implement a database-

driven simulation-based procedure to estimate fragility curve and reliability of offshore 

structures subjected to TC wind and wave hazard, 2) evaluate the effect of spatially 

varying TC wind and wave hazard on the reliability of offshore WT, and 3) analyze the 

sensitivity of failure probability to design wind and wave loads for the coastal region of 

mainland China.  The overall proposed framework consists of three major components: 

TC wind and wave hazard modelling, structural response and fragility evaluation, and 

reliability assessment.  The procedure that relies on the use of synthetic databases 
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established for the TC tracks, TC wind and wave fields, and structural responses is 

described in the following section.  The proposed framework overcomes the mentioned 

weaknesses in the existing literature and takes into account the dependent TC induced 

wind and wave loads.  Numerical analysis is carried out based on the proposed procedure 

for OC4, and the results are presented and discussed in the context of reliability-based 

design for WTs subjected to TC wind and wave loads. 

4.2 Proposed analysis framework and procedures 

The proposed overall procedure to estimate the reliability of offshore floating WT in the 

present study is based on the simulation techniques.  It consists of essentially three major 

components.  The first component is focused on the TC wind and wave hazard 

assessment, the second component is to evaluate the structural responses and develop 

fragility curves, and the third component is focused on the reliability analysis.  The 

diagram for the components is shown in Figure 4.1.  The description and discussion of 

each component are given in the following sections. 

4.2.1 TC wind and wave hazard assessment 

The component to assess the TC wind and wave hazard uses the TC track model, wind 

field, and significant wave height model.  The overall steps to develop and use the TC 

wind and wave hazard models include: 

1) Gathering historical TC activity, wind and wave related data such as TC track data 

(e.g., from China Meteorological Administration (Ying et al. 2014)), surface wind 

and wave records from meteorological agencies, dropesonde data, in situ buoy data, 

and data from satellite and aircraft-based remote sensing systems; 

2) Developing the track model and wind field model: 

2.1) Developing the TC track based on the autoregressive type of model (Vickery et al. 

2000; Li and Hong 2016) or other stochastic models that can be found in the 

literature (James and Mason 2005; Emanuel et al. 2006, Hall and Jewson 2007).  The 

model usually predicts the TC center, heading, central pressure difference p, and 
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radius to maximum wind speed Rmax.  The models described in Li and Hong (2016) 

for the track and wind field are adopted for the numerical analysis presented in this 

study.  The track model is an autoregressive model with spatially varying 

coefficients and residuals that are developed based on historical TC tracks.   

 

Figure 4.1. Diagram for assessing fragility and reliability of offshore WT subjected 

to TC wind and wave hazard. 

2.2) Establishing a TC wind field model using the momentum equation (Holton 2004) or 

its simplified version.  Popular TC wind field models include the gradient wind field 

model (Holland 1980, Georgiou et al. 1983), slab-resolving model (Thompson and 

Cardone 1996; Vickery et al. 2000, 2009, Li and Hong 2016), or linear and nonlinear 

height-resolving model (Meng at al. 1997; Kepert 2001, 2012; Kepert and Wang 

2001, Hong et al. 2019).  The slab-resolving model and the vertical wind profile 

model developed by Vickery and associates are well-calibrated using observation 

data and used to develop design wind speed in the U.S.  Its use for China was also 

validated but using very limited data, and it was adopted to map the TC wind hazard 

onshore and along the coastal region in mainland China (Hong et al. 2016; Li and 
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Hong 2016).  The use of this wind field model to assess the TC wind hazard at 

offshore locations near the coastal region of mainland China is considered in the 

present study. 

3) Developing the significant wave height model.  A very practical TC wave model 

based on the concept of an equivalent fetch was developed and validated using 

observational data in Young (1988, 2003, 2017).  Other available models include 

those given and discussed in Ochi (1993), Cardone et al. (1996), and Liu et al. 

(2017).  The model given by Young (1988, 2003, 2017) is adopted in the present 

study. 

4) Simulating the TC tracks and their corresponding TC parameters (e.g., location, p, 

Rmax), pressure profile parameter, translation velocity) by using the track model for a 

sufficiently long period (e.g., 100,000 years) and store the simulated tracks in a 

database that is referred to as TC-database. 

5) Computing wind fields and wave fields for combinations of the TC parameters, and 

store the precomputed fields in a database that is referred to as the wind and wave 

database (WW-database). 

The precomputing and storing of the simulated tracks and wind and wave fields in 

databases are for computational efficiency.  As will be explained, they can be accessed 

and used directly to carry out TC wind and wave hazard assessment and reliability 

analysis.  This facilitates the reliability analysis since it avoids the need to assume joint 

probability distribution models for the TC wind and wave and to carry out sophisticated 

distribution fitting (Sheng and Hong 2020).  Note that the analysis does not include the 

directionality of wind and wave.  Such a consideration can be valuable, but it is left out 

since it significantly complicates the analysis of hazard and structural response of an 

offshore structure. 

As an illustration, consider a site of interest shown in Figure 4.2.  A TC track is extracted 

from TC-database and shown on the map.  A segment of the track that is within a circle 

of 250 km radius of the site of interest is identified in the figure, where the intersecting 
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points with the circle are denoted as Points 1 and n.  The TC parameters for the 

intermediate points on the track from Point 1 to Point n with a time step of one hour 

(other time steps can also be used) will be calculated.  For the TC parameters 

corresponding to each listed point, the wind and wave fields are extracted from WW-

database, and the hourly surface mean wind speed, Vs (m/s), and the significant wave 

height, Hs (m), at the site are calculated.  The time histories of the calculated Vs and Hs 

are also shown in the same figure.  The results indicate that the maximum wind speed 

may occur when the TC center is close but slightly ahead of the location of the interest, 

and the maximum significant wave height and maximum wind speed may not occur 

simultaneously.  The extracted wind field and wave field corresponding to the occurrence 

of their maximum values for the site are also presented in Figure 4.2.  In these cases, the 

crescents of the wind field are located at the right side of the translation direction, and the 

contours of the wave field are more irregular than those of the wind field. 

 

Figure 4.2. The time history of TC wind and wave affecting a site of interest for a 

considered track. 
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4.2.2 Probabilistic responses of offshore WT 

The second component shown in Figure 4.1 describes the structural analysis and 

development of the fragility curves.  The structural analysis of an offshore WT is 

complicated because of the aerodynamics and structural interaction and the 

hydrodynamic structural interaction.  There are several well-accepted WT structural 

analysis software packages, including FAST (Jonkman and Buhl 2005), GH Bladed 

(Bossanyi 2003), and HAWC2 (Larsen and Hansen 2007).  Each software includes 

several modules, such as structural dynamics, aerodynamics, hydrodynamics and 

mooring modelling, and WT operation control modules. 

FAST that is developed by the National Renewable Energy Laboratory (NREL) is a very 

popular WT analysis tool.  The modules in FAST are described in Jonkman and Buhl 

(2005).  For a given value of the mean wind speed, the wind (field) time histories acted 

on a WT are modelled and simulated by considering the wind profile, wind spectrum, and 

coherency function.  The wind field is used to determine the wind loads for the rotor 

using the blade element momentum theory or generalized dynamic wake model.  The 

wave loads acted on the floating system are calculated based on the trip theory derived 

from Morison’s equation or potential flow theory.  By setting the turbine configuration, 

structural parameters, and the number of the degree of freedom, and by assigning control 

strategies for power generation or parked condition, FAST provides the time history of 

the structural responses. 
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Figure 4.3. Schematic illustration of OC4 subjected to TC wind and wave. 

The OC4 mentioned in the introduction is included in the FAST test archive.  The model 

that is designed for a water depth of 200 m is illustrated in Figure 4.3.  The OC4 that is 

implemented in FAST is used for the numerical analysis in the following.  However, it is 

unclear as to which wind turbine classes it was designed for, considering that the wind 

turbine class I, II, and III are defined in IEC 61400-1 (2019) with a reference mean wind 

speed (i.e., 10-min at hub height) of 50, 42.5, and 37.5 m/s, respectively. 

It should be noted that given the values of Vs and Hs obtained from the TC wind and 

wave hazard assessment, the stochastic time-varying wind speed and wave height are 

characterized by their power spectral density (PSD) functions.  Similar to Liu et al. (2018) 

and Hallowell et al. (2018), the Kaimal spectrum for fluctuating wind speed and 

JONSWAP spectrum for wave elevation generations, which are recommended in IEC 

61400-3-1 (2019) and implemented in FAST, are used in the present study.  Also, the 

exponential coherence model, power law wind profile with an exponent of 0.11, and 

turbulence intensity of 0.14 for site Class B that are recommended in IEC 61400-1 (2019) 

and implemented in FAST are adopted for the numerical analysis to be carried out. 
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Besides the uncertainties in the time histories of the wind speed and significant wave 

height, the wind profile, turbulence intensity, coefficients affecting the aerodynamic and 

hydrodynamic forces are also uncertain.  Let XL denote the random variables describing 

these uncertainties that are associated with load effects.  Moreover, the material 

properties and geometric variables of the structural members of the system, XM, are also 

uncertain.  These uncertainties can be taken into account by repeatedly running the 

numerical model in FAST using the sampled values of XL and XM for each set of time 

histories of wind and wave loading.  This can drastically increase the required 

computational effort. 

Since the uncertainty in the responses is dominated by the uncertainty in the stochastic 

wind speed and wave height, an alternative is to assess the probabilistic responses based 

on the mean of X = [XL, XM] and to incorporate the uncertainty in X into the structural 

responses, approximately, through the application of a series of modelling correction 

factors or errors.  This simplified approach could be adequate (e.g., Tarp-Johansen et al. 

2002; Sørensen and Tarp-Johansen 2005), especially as the full-scale measurements of 

the spatially varying loading and the corresponding responses are not available to verify 

and calibrate the numerical model. 

Based on the above consideration, time histories of the bending moment at the base of the 

tower, MTow-L(t,X), flapwise bending moment at the root of the blade, Mflap-L(t,X), tension 

in mooring line TM-L(t,X), and the absolute values of the orientation-independent 

overturning moment, MOM-L(t,X), for the system can be approximated by , 

1 1 2 2 3 3 4 4

[ ( , ), ( , ), ( , ), ( , )]

[ ( , ), ( , ), ( , ), ( , )]

Tow L flap L M L OM L

L M Tow L L M flap L L M M L L M OM L

M t M t T t M t

Y Y M t Y Y M t Y Y T t Y Y M t

− − − −

− − − −=    X X X X

X X X X
 (4.1) 

where [ ( , ), ( , ), ( , ), ( , )]Tow L flap L M L OM LM t M t T t M t− − − −   X X X X  denote the load effects 

estimated by using the mean of X, X; and YLi, i = 1,…,4, denote the modelling errors 

associated with the loading and YMi, i = 1,…,4, represent the modelling errors associated 

with material properties and geometric variable.  Possible correlation among these 

random variables is neglected. 
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To assess the uncertainty in the peak values of 

[ ( , ), ( , ), ( , ), ( , )]Tow L flap L M L OM LM t M t T t M t− − − −   X X X X  conditioned on the values of Vs 

and Hs, denoted as [ ( ), ( ), ( ), ( )]Tow L flap L M L OMM M T M− − −   X X X X , one can repeatedly 

run FAST for the same values of Vs and Hs.  Samples of 

[ ( ), ( ), ( ), ( )]Tow L flap L M L OM LM M T M− − − −   X X X X  can be used to provide their 

probabilistic characteristics and to assess and develop their joint probability distribution 

conditioned on Vs and Hs.  The samples can also be stored in a structural response 

database (SR-database) for assessing structural reliability, as will be explained shortly.  

The probabilistic characterizations facilitate the evaluation and assignment of the 

probabilistic characterizations of the peak responses of 

[ ( , ), ( , ), ( , ), ( , )]Tow L flap L M L OM LM t M t T t M t− − − −X X X X , 

1 1 2 2 3 3 4 4

[ ( ), ( ), ( ), ( )]

[ ( ), ( ), ( ), ( )]

Tow L flap L M L OM L

L M Tow L L M flap L L M M L L M OM L

M M T M

Y Y M Y Y M Y Y T Y Y M

− − − −

− − − −=    X X X X

X X X X
 (4.2) 

By carrying out this analysis for given combinations of Vs and Hs values, the probability 

distributions or samples of [ ( ), ( ), ( ), ( )]Tow L flap L M L OM LM M T M− − − −X X X X  are then used to 

establish the fragility surfaces.  This will be discussed further shortly. 

4.2.3 Reliability evaluation for offshore WT subjected to TC wind and 

wave hazard 

Given the limit state functions, established joint probability distribution (or fragility 

surfaces) of load effects, the probability distribution of the environmental parameters (i.e., 

Vs and Hs) and probabilistic resistance models, the failure probability can be estimated by 

applying efficient structural reliability analysis methods or simulation techniques 

(Madsen et al. 2006; Melchers and Beck 2018).  The use of reliability methods such as 

the first-order reliability method or second-order reliability method requires the 

knowledge of the joint probability distribution of the random variables involved in the 

limit state functions.  Finding a preferred joint probabilistic model for a set of random 

variables, in general, is no trivial task, although the use of copula (Nelsen 2006) 
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simplifies the assignment of the joint probability distribution.  For example, Vs and Hs 

could be correlated, and the preferred joint probability distribution model is unknown.  

The problem is further complicated by noting that the maximum load effect for a limit 

state function of interest may not necessarily be associated with the largest Vs and its 

companion Hs or with the largest Hs and its companion Vs for a given TC track affecting 

the considered offshore WT.  However, the use of simulation techniques to estimate the 

failure probability of an offshore WT is straightforward, and it implicitly considers the 

correlation between Vs and Hs, especially given that the TC-database and WW-database 

for a (very long) period of TT years are already precomputed. 

More specifically, for simplicity and without loss generality, consider that there are four 

limit state functions, gi, i = 1, …, 4, to be considered.  These limit state functions depend 

on the peak load effects listed in Eq. (4.2).  The i-th failure mode occurs if gi is less than 

zero.  Failure of the offshore WT system occurs if the minimum of gi, i = 1, …, 4, is less 

than zero.  Let Prob( 0)fi iP g=   denote the failure probability for the i-th failure mode, 

and let ( )1 2 3 4Prob ( 0) ( 0) ( 0) ( 0)fsysP g g g g=         denote the failure probability 

of the system. 

A flowchart describing the procedure to estimate Pfsys and Pfi, i = 1,…, 4, is given in 

Figure 4.4 and is explained below: 

1) Divide the simulated TC events and tracks in 20 years of non-overlapping periods, 

resulting in a total of Nm periods.  Let Pfsys = 0, Pfi, = 0, and m = 1. 

2) Simulate values of the random variables listed in Table 4.3 that are needed to 

evaluate Eq. (4.2).  

3) Find the total number of such tracks, Nm, from TC-database that passes within 250 

km of the site of the offshore WT for the m-th period.  Let j = 1. 

4) Find the segment of the track that is within 250 km of the site for the j-th track.  

Define the sequence of points on the track within the identified segment with a time 
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increment of one hour between the two consecutive points.  Let Nj denote the total 

number of such points (e.g., see Figure 4.2).  Let k = 1. 

4.1) Identify the TC parameters for the k-th point on the track; 

4.2) Extract the wind and wave fields from WW-database and calculate Vs and Hs for 

the site based on the identified TC parameters; 

4.3) For the identified Vs and Hs, sample 

[ ( ), ( ), ( ), ( )]Tow L flap L M L OMM M T M− − −   X X X X  according to their probabilistic 

models or extract them from SR-database; 

 



107 

 

 

Figure 4.4. Flowchart for the reliability analysis. 

4.4) Evaluate gsys = min(sign(gi)).  If (1-sign(gsys))/2 is greater than zero, calculate Pfi = 

Pfi + (1-sign(gi))/2 for i = 1,…, 4, and Pfsys = Pfsys + (1-sign(gsys))/2; set m = m + 1 

and go to step 4.7).  Otherwise set k = k + 1. 

4.5) If k is less than or equal to Nj, go to Step 4.1). Otherwise set j = j+1; 

4.6) If j is less than or equal to Nm, go to Step 4); 

4.7) Set m = m + 1. if m is less than or equal to Nm, go to Step 2); 

5) Calculate Pfi = Pfi /Nm. and Pfsys = Pfsys /Nm. 
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Note that the use of blocks of 20 years is based on the consideration that random 

variables needed to evaluate the capacity as well as XL and XM, hence YLi and YMi, are 

random but remain the same for a service period of 20 years. 

4.3 Numerical analysis for a submersible offshore WT 

4.3.1 OC4 DeepCwind semi-submersible WT 

As illustrated in Figure 4.3, the tower for OC4 is supported by the platform at a location 

10 m above the still-water level (SWL).  OC4 has the same turbine (including the rotor-

nacelle-assemble (RNA)) as the offshore Monopile-based NREL 5-MW WT (Jonkman et 

al. 2009) with 3 identical blades.  Some of the essential properties of NERL 5-MW 

baseline WT are presented in Table 4.1.  For additional detailed information, the reader is 

referred to Jonkman et al. (2009) and Robertson et al. (2014). 

Table 4.1. Overall properties of the semi-submersible WT with NERL 5-MW 

(Jonkman et al. 2009; Robertson et al. 2014.) 

Type and 

Configuration 

Rated power (kW) 5,000 

 Wind turbine type Upwind horizontal-axis 

wind turbine 

Control strategy Variable-speed pitch 

control 

Blade 

Cut-in and -out speed, rated (m/s) 3 and 25, 11.4 

Rotor diameter (m) 126  

Length (m) 61.5 

Root section stiffness (N∙m2) 1.811×106 

Structural damping 0.48% 

Tower 

Hub height (m) 90 

Base section diameter (thickness) (m) 6.5 (0.027) 

Structural damping 1% 

Platform 

Center of buoyancy under SWL (m) 13.15 m  

Displaced water (m3) 13917 

Structural damping 1% 

Mooring line 

Line diameter (mm) 76.6 

Unstretched length (m) 835.5 

Structural damping 2% 
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Table 4.2. Model comparison and validation through free-decay analysis. 

DOF of 

Platform 

Tuned FAST model 

(Coulling et al. 

2013) 

1/50 scaled tank 

Experiment (Coulling 

et al. 2013) 

Fully-coupled 

CFD (Tran and 

Kim 2016) 

Present 

study 

Surge (s) 107 107 108.1 113.1 

Sway (s) 113 112 114.5 114.2 

Heave (s) 17.3 17.5 17.8 17.6 

Roll (s) 26.7 26.9 25.3 25.6 

Pitch (s) 26.8 26.8 25.2 25.7 

Yaw (s) 82.7 82.3 83.3 80.2 

By using the adopted parameters, a free-decay analysis is carried out, and the obtained 

vibration frequencies are shown in Table 4.2.  These values are comparable with those 

given by Coulling et al. (2013) and Tran and Kim (2016).  The observed slight 

differences are attributed to possible differences in the versions of FAST and the data 

used in different studies. 

4.3.2 Estimation of peak load effects and fragility surface 

The load effects [ ( ), ( ), ( ), ( )]Tow L flap L M L OM LM M T M− − − −   X X X X  for given values of Vs 

and Hs are obtained by carrying out the dynamic time history analysis using FAST for 

OC4 implemented in its CertTest archive.  The calculation of load effects follows the 

practice suggested in FAST user’s manual and takes into account that the WT is in the 

normal operation condition if the mean wind speed at hub height is less than the cut-out 

wind speed of 25 m/s, and it is in the parked condition if the cut-out wind speed is 

exceeded (Jonkman and Buhl 2005).  For the peak wave period, Tp, needed for 

JONSWAP spectrum, the equation recommended in Young (2003, 2017) that can be 

written as, 

( )
10

1/3.3
0.394 2 6 4

10( / 4) / 6.365 10 /
p

s

U
T

g H U
−

−
=

 
 (4.3) 

is used, where U10 (m/s) represents 10-minute mean wind speed at 10 m height, and g is 

the gravitational acceleration. 
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Figure 4.5. A sample of the time histories of wind speed, wave height, and absolute 

maximum of the load effects on OC4 obtained by using FAST for [Vs, Hs] = [49 m/s, 

16 m] and Tp = 15.49 s: a) Along-direction wind speed at hub height; b) Wave 

elevation at the still water level; c) Blade root flapwise moment; d) Tower base 

flapwise moment; e) Mooring line tension force and f) Platform pitch overturning 

moment.  These times histories correspond to the parked condition. 
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Given the values of Vs and Hs, the time history analysis is carried out for one hour with a 

time step of 0.0125 s, and a burn-in period of 30 s.  An example of the simulated wind 

speed and wave height, as well as the calculated time histories of 

[ ( , ), ( , ), ( , ), ( , )]Tow L flap L M L OM LM t M t T t M t− − − −   X X X X  is illustrated in Figure 4.5.  The 

considered environmental condition shown in Figure 4.5 corresponds to the parked 

condition.  The peak responses are also identified in the figure.  It can be observed that 

the responses are time-varying, and the peak load effects for different responses of 

interest occur at different times. 

The time history analysis is repeated for the same set of values of Vs and Hs, and peak 

values for each run are identified and extracted, and stored in SR-database.  In particular, 

for a simulation cycle of 100, the obtained samples are presented in Figures 4.6a to 4.6d 

for [Vs, Hs] = [49 m/s, 16 m].  As can be observed from the figure that the maximum load 

effects vary, reflecting the stochastic characteristics of wind and wave processes.  By 

using the samples shown in Figures 4.6a to 4.6d, the empirical marginal probability 

distributions of the peak load effects are in Figures 4.6e to 4.6h on the Gumbel 

probability paper.  Probability distribution fitting analysis carried out by using several 

commonly employed distribution types, and the Akaike information criterion (AIC) 

indicates that the Gumbel distribution is preferred for the peak responses.  More 

specifically, the obtained AIC values for the Gumbel distribution, generalized extreme 

value distribution, and the generalized Pareto distribution are, respectively, equal to 

(1331, 1333, 1345) for the blade root flapwise moment, (1373, 1375, 1396) for the tower 

base flapwise moment, (1253, 1254, 1285) for the platform pitch moment, and (1291, 

1293, 1330)  for the platform pitch moment. 

Furthermore, the calculated correlation coefficient matrix of 

[ ( , ), ( , ), ( , ), ( , )]Tow L flap L M L OM LM t M t T t M t− − − −   X X X X , CLE, is, 

1 0.041 0.138 0.052

1 0.283 0.207

1 0.329

1

LEC

− − 
 
 =
 
 
 

 (4.4) 
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The matrix indicates that the correlation coefficient is less than 0.21 except for the one 

between the tower base moment and platform pitch moment that equals 0.283, and the 

one between the platform pitch moment and mooring line tension that equals 0.329.  The 

correlation among these load effects at best is moderate. 

 

 

Figure 4.6. Samples of peak load effects for [Vs, Hs] = [49 m/s, 16 m].  The dash line 

shown in the second row of the plots represents the fitted Gumbel distribution. 

By repeating such an analysis for combinations of Vs and Hs, the SR-database is 

established by considering Vs ranging from 5 to 65 m/s and Hs ranging from 2 to 20 m.  

The smoothed mean and standard deviation of the load effects ( , )Tow LM t−  X , 

( , )flap LM t− X , ( , )M LT t−  X  and ( , )OM LM t−  X  are shown in Figure 4.7.  The plots shown 

in the figure indicate that the means of the maximum load effects vary with Vs and Hs.  

For Vs within the cut-in and -out wind speeds (i.e., 3 to 25 m/s, see Table 4.1), the means 

of the load effects peak around rated wind speed of 11.4 m/s (because of the controlled 

operating condition).  After the cut-out wind speed, the responses increase with the 

increased Vs and Hs.  The pattern of the standard deviations of the load effects follows 

approximately to those of the means, although for Vs within the cut-in and -out wind 

speeds, the trends of the standard deviations are less apparent. 
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The samples could also be used to establish the probability distribution of the peak load 

effects and the fragility surface.  The assessment of the fragility surface can be carried out 

using the samples in the SR-database.  For example, one can find the exceedance 

probability for a given value of ( )Tow LM −  X
 conditioned on the values of Vs and Hs.  The 

estimated exceedance probability as a function of Vs and Hs is based on the bending 

moment at the base of the tower is used to form the fragility surface as depicted in Figure 

4.8 for a threshold level of 181867 (kNm).  It must be emphasized that the fragility curve 

developed is structure-dependent and should not be applied for a different design. 

 

 

Figure 4.7. Variation of the mean, standard deviation and COV of ( , )Tow LM t−  X , 

( , )flap LM t− X , ( , )M LT t−  X  and ( , )OM LM t−  X  as functions of Vs and Hs. 
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Figure 4.8. Fragility surfaces for MA=181867 (kNm). 

4.3.3 Limit state functions and considered probabilistic models 

Although the electric or mechanic failure causes the failure of the WT system (Tavner et 

al. 2007; Tavner 2012), the four limit state functions considered in the following are for 

the local buckling of the tower, the blade root subjected to bending, the breaking of the 

mooring line, and global instability of OC4 since the present study is focused on 

structural performance.  The subject of considering these actions to establish the limit 

state functions for WT is extensively discussed in several studies, including Ronold and 

Larsen (2000), Tarp-Johansen et al. (2002), Wayman et al. (2006), Benassai et al. (2014) 

and Wilkie and Galasso (2017). 

Based on Tarp-Johansen et al. (2002), the limit state function for the local buckling of the 

tower can be written as, 

1 1 1 ( )cr L M Tow Lg M Y Y M −= −  X  (4.5) 

where Mcr is the critical bending moment capacity for local buckling.  The modelling 

errors YL1 and YM1 depend on the degree of sophistication of the model used to evaluate 

( )Tow LM −  X .  By using a relatively simple procedure to evaluate the wind load effect, 

Tarp-Johansen et al. (2002) suggested that the modelling error should include those 

arising from the evaluation of the dynamic response of the turbine from a numerical 
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model, exposure coefficient, lift and drag coefficients (or shape factor), model-scale test 

to full-scale response, and statistical variability in assessing wind speed.  It is considered 

that some of these could be neglected if a sophisticated numerical model and analysis 

package such as FAST is employed.  In such a case, YL1 should include the effect of 

uncertainty in exposure and shape factor, and YM1 describes the accuracy in predicting the 

stress at a location in the structural system.  Based on the probabilistic models given in 

Tarp-Johansen et al. (2002), it is assumed that YL1 can be models as a lognormal variate 

with the mean of unity and coefficient of variation of 0.22 and that YM1 can be modelled 

as a lognormal variate with the mean of unity and coefficient of variation of 0.03.  It must 

be emphasized that this and subsequently limit state functions are functions of Vs and Hs.  

However, for the simplicity of the notation, they are not shown. 

According to Tarp-Johansen et al. (2002), the critical bending moment capacity can be 

evaluated using, 

( )( )3, 3

,

,

1
1 0.84 2

6

y ss y

cr y ss cr y

E ss

Y FD
M D D t Y X F

t Y E

 
= − − −  

 

 (4.6) 

where Yy,ss and YE,ss are model uncertainties that account for scale effects resulting from 

the differences between test specimens and full-scale structures for yield strength Fy and 

the Young’s Modulus E, respectively; D is the diameter of a section of the tower at the 

height of interest; ttower is the wall thickness, and Xcr represents the modelling error taking 

into account that the use of the numerical model presented in Eq. (4.2) alone cannot 

predict the test results precisely.  Yy,ss , YE,ss and Xcr are considered independent 

lognormally distributed with means equal to 1 and COV of 0.05, 0.02, and 0.1, 

respectively (Tarp-Johansen et al. 2002; Wilkie and Galasso, 2017).  For easy reference, 

they are summarized in Table 4.3.  Also, values or probabilistic models for other 

variables involved in all the considered limit state functions are presented in Table 4.3.  

Note that it is considered that the modeling errors are applicable to the structure whether 

the WT is in operation or in the parked condition.  This is inferred from the analysis and 

formulation given in Tarp-Johansen et al. (2002), Tarp-Johansen and Clausen (2006), and 

Sørensen and Berzonskis (2017). 
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Table 4.3. Parameters considered for the reliability analysis (Dist., LN, N, and DET 

represent the lognormal, normal probability distributions, and deterministic 

quantity, respectively).  All random variables used are assumed to be independent. 

Parameter Mean, COV Dist. Reference and notes 

Yield strength, Fy (MPa) 240,  0.05 LN Tarp-Johansen et al. (2002) 

Scale effect for yield strength, 

Yy,ss   

1.0,  0.05 LN Tarp-Johansen et al. (2002) 

Scale effect for Young’s 

Modulus, YE,ss  

1.0,  0.02 LN Tarp-Johansen et al. (2002) 

Modelling error for the adopted 

numerical model, Xcr 

1.0,  0.1 LN Tarp-Johansen et al. (2002) 

Modelling errors associated 

with the loading for blade and 

tower, YL1, YL2 

1.0,  0.22 LN Tarp-Johansen et al. (2002) 

(i.e., exposure & mode 

scale) 

Modelling errors associated 

with material properties for 

blade and tower, YM1, YM2 

1.0,  0.03 LN Tarp-Johansen et al. (2002) 

(i.e., stress) 

Young’s Modulus, E (GPa) 210, 0.02 LN Tarp-Johansen et al. (2002) 

Blade tensile strength, σb,f 

(MPa)  

518, 0.03 N Ronold and Larsen (2000); 

Mandell et al. (2016) 

Radius of blade root section, 

Rb,r (m) 

1.77 DET Jonkman et al. (2009) 

Second moment of blade root 

section, Ib,r (m
4) 

0.566 DET Jonkman et al. (2009) 

Modelling error associated with 

the loading for platform, YL3 

1.0,  0.08 N Vazquez-Hernandez et al. 

(2006) 

Modelling error associated with 

the material properties for 

platform, YM3 

1.0,  0.10 N Horte and Mathisen (1998) 

Breaking load capacity, Q (kN) 7334, 0.05 LN Benassai et al. (2014) 

Nominal diameter of mooring 

lines, d (mm) 

77.9 DET Hallowell et al. (2017) 

Modelling error associated with 

the loading for mooring line, 

YL4 

1.0,  0.17 LN Tarp-Johansen et al. 

(2002); Muskulus and 

Schafhirt (2015) 

Modelling error associated with 

the material properties for 

mooring line, YM4 

1.0,  0.03 LN Tarp-Johansen et al. (2002) 

Maximum allowable pitch 

rotation, a (o) 

10° DET Wayman et al. 2006 

Pitch rotational stiffness due to 

hydrostatic effect, hC (Nm/rad) 

3.776×108 DET Jonkman et al. (2009) 
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The limit state function for the blade root subjected to bending can be written as (Ronold 

and Larsen 2000), 

2 , , 2 2/ ( )b f b r L M flap Lg I R Y Y M −= − b,r X  (4.7) 

where ,b f  is blade tensile strength, and ,b rR and Ib,r are the radius and second moment of 

the area at the blade root section, respectively. 

The limit state function for the break of the mooring line can be written as (Benassai et al. 

2014), 

3 3 3 ( )L M M Lg Q Y Y T −= − X  (4.8) 

where the breaking load capacity Q for the mooring cable Grade R5 with the mean and 

cov shown in Table 4.4.  The mean of Q is calculated by assuming that the mean to 

nominal ratio equals 1.0 and the nominal value could be calculated using 

20.032(44 0.08 )d d−  (DNV OS E302 2015), and d is the nominal diameter of mooring 

lines. 

For the stability of the floating WT, the limit state function by considering the 

overturning moment can be formulated through the restoring stiffness and allowable 

displacement represented as (Wayman et al. 2006), 

4 4 4 ( )st a L M OM Lg C Y Y M −=  − X  (4.9) 

where stC  is the system pitch rotational stiffness and a  is the maximum allowable pitch 

rotation in degrees, YL4 and YM4 are modelling errors.  stC  equals Ch + Cm, where hC  

and mC  are the contributions due to the hydrostatic effect and pitch mooring line, 

respectively.  mC  is negligible since its contribution to the total stiffness is trivial 

(Wayman et al. 2006). 
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Based on the established limit state functions and the analysis procedure described in the 

previous section, failure probabilities can be estimated. 

4.3.4 Site-specific conditions and estimated failure probability  

For the analysis, it is considered that OC4 is to be placed at one of the four locations 

shown in Figure 4.9a, where the water depth is about 200 m 

(https://www.gebco.net/data_and_products/gridded_bathymetry_data/).  By applying the 

TC hazard analysis procedure described on the left panel of Figure 4.1 and described in 

Section 4.2.1, the obtained empirical probability distribution of the annual maximum 

wind speed and significant wave height are shown in Figures 4.9b and 4.9c.  For the 

analysis, a simulation run of 100,000 years is carried out.   

 

Figure 4.9. Empirical probability distribution of the annual maximum wind speed 

and significant wave height for four considered offshore sites:  a) Identification of 

the sites, b) Empirical probability distribution of the annual maximum wind speed, 

and c) Empirical probability distribution of significant wave height. 

The estimated 50-year return period values of annual maximum wind speed and 

significant wave height, denoted as Vs50 and Hs50, from the plots shown in Figures 4.9b 

and 4.9c are shown in Table 4.4 for the four sites considered.  The mean and COV values 

https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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shown in Table 4.4 are for the annual maximum variables.  The statistics agree with those 

given in Sheng and Hong (2020).  The COV of the annual maximum TC wind speed is 

also consistent with those considered by Tarp-Johansen and Clausen (2006) for WT 

situated in the Philippines, but greater than that for synoptic winds which is about 0.135 

(Hong et al. 2014).  The estimated Vs50 for the considered sites is greater than the 10-min 

mean wind speed at 10 height, V10, that equals 39.3 m/s (corresponding to the 10-min 

mean wind speed at hub height Vhub of 50 m/s) for the design of Class I site specified in 

IEC 61400-1 (2019).  The value of 39.3 m/s is also the design wind speed for OC4, which 

is inferred from Jonkman (2007).  The estimated values of Vs50 for the considered sites 

are spatially varying but very close to V10 = 43.2 m/s (i.e., Vhub = 55 m/s), which is 

recommended for the design of Class TI system in GB/T 31519 (2015).  Also, the 

significant wave height is approximately equal to or greater than 12.9 m that is inferred 

design value from Jonkman (2007) and DNVGL-ST-0119 (2018). 

Based on the above considerations, reliability analysis is carried out in the following.  

Before estimating the reliability, it is emphasized that OC4 was not designed for the 

considered sites or according to IEC61400-1 (2019) or GB/T 31519 (2015).  It is used to 

illustrate the proposed data-driven simulation procedure for reliability analysis of an 

offshore structure subjected to the wind and wave load time histories caused by the 

passage of typhoons.  By carrying out the reliability analysis following the flowchart 

presented in Figure 4.4, the failure probability is calculated by considering that OC4 is 

located at each of the locations depicted in Figure 4.9a, where GB/T 31519 (2015) should 

be considered.  The obtained annual failure probability, Pfsys1, and the failure probability 

for a service period of 20 years, Pfsys20, are presented in Table 4.5 and referred to as Base 

Case. The results shown in the table indicate that the failure probability varies from site 

to site, but the difference is less than about 20%.  In all cases, Pfsys1 ranges from about 

3.3% to 3.9%, and Pfsys20 ranges from 51% to 58%.  These estimated failure probabilities 

are consistent with but can be slightly greater than those inferred from the study reported 

by Rose et al. (2012) but for NREL 5-MW monopile turbine that is located in the 

offshore regions in the U.S.  In fact, Rose et al. (2012) indicated that about 50% of WTs 

are likely to be destroyed in a 20-year period if the wind farm is located in the most 

vulnerable coastal region in the U.S. and the monopile turbine rather than a submersible 
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system is considered.  The estimated Pfsys1 is within those inferred from Liu et al. (2018), 

which is for the same OC4.  The inference is made by considering that in their study: a) 

200 typhoons are extracted from 1510 simulated typhoons for the entire Northwestern 

Pacific Basin, b) the average annual typhoon activity is about 30, and they estimated 

failure probability ranges from 0.2 to 0.6 resulting in Pfsys1 about 2.8% to 8.7% per year.  

However, the variability of Pfsys1 shown in Table 4.5 is smaller.  Part of the smaller 

variability is likely attributed to the fact that a large number of samples is considered in 

the present study (i.e., 100,000 years of simulation cycle) is considered.   

If each individual limit state function is considered, the obtained annual failure 

probability is summarized in Table 4.6.  As can be observed from the table, the dominant 

failure mode is contributed by the tower buckling, followed by the platform overturning 

of the structural system.  The failure probability by considering the limit state functions 

for the blades and for the mooring lines is negligible (i.e., practically equal to zero). 

Table 4.4. The 50-year return period value of wind speed Vs50 and of significant 

wave height Hs50. 

Site 
Mean of 

Vs (m/s) 

COV of 

Vs 

Vs50 Mean of 

Hs (m) 

COV of 

Hs 

Hs50 

(m/s) (m) 

1 23.23 0.45 44.65 7.61 0.44 13.93 

2 24.23 0.36 41.85 7.51 0.34 12.23 

3 24.54 0.37 42.35 7.47 0.36 12.66 

4 22.66 0.45 45.39 6.94 0.43 13.07 

Table 4.5. Estimated failure probability by considering the described four cases 

(The failure probability for one year and for 20 years (i.e., Pfsys1, and Pfsys20) are 

calculated based on all four limit state functions shown in Eqs. (4.5) to (4.9)). 

Case Base Case Case 1 Case 2 Case 3 Case 4 

Site Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 

1 0.037 0.570 0.023 0.410 0.029 0.468 0.030 0.484 0.031 0.496 

2 0.033 0.506 0.025 0.422 0.030 0.484 0.034 0.516 0.034 0.512 

3 0.038 0.558 0.027 0.444 0.032 0.508 0.038 0.558 0.038 0.559 

4 0.039 0.572 0.024 0.422 0.029 0.478 0.031 0.504 0.030 0.484 
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Table 4.6. Annual failure probability for the considered limit state functions 

(Prob(g1<0) and Prob(g4<0) (i.e., failure of tower and failure of platform). Failure of 

blades and mooring lines is not shown since they are practically equal to zero 

Case 

Annual failure 

probability 

Site 

1 2 3 4 

Base 

Case  

Prob(g1< 0), Eq. (4.5) 0.0258 0.0299 0.0322 0.0302 

Prob(g4< 0), Eq. (4.9) 0.0120 0.0037 0.0061 0.0092 

Case 1  

Prob(g1< 0), Eq. (4.5) 0.0226 0.0252 0.0265 0.0236 

Prob(g4< 0), Eq. (4.9) 0.0007 0.0001 0.0005 0.0008 

Case 2  

Prob(g1< 0), Eq. (4.5) 0.0260 0.0293 0.0304 0.0272 

Prob(g4< 0), Eq. (4.9) 0.0031 0.0011 0.0013 0.0014 

Case 3  

Prob(g1< 0), Eq. (4.5) 0.0246 0.0303 0.0322 0.0274 

Prob(g4< 0), Eq. (4.9) 0.0056 0.0037 0.0062 0.0037 

Case 4  

Prob(g1< 0), Eq. (4.5) 0.0264 0.0300 0.0323 0.0275 

Prob(g4< 0), Eq. (4.9) 0.0050 0.0037 0.0061 0.0024 

4.3.5 Sensitivity analysis  

First, it must be emphasized that OC4 is not designed for the considered sites following 

IEC61400-1 (2019) or GB/T 31519 (2015).  Therefore, the results presented in Tables 4.5 

and 6 may not represent the reliability of wind turbines designed according to codes for 

the considered sites, rather the numerical examples are used to illustrate the proposed 

data-driven reliability analysis procedure.  It would be ideal to carry out a series of 

designs of submersible WT system, to evaluate its failure probability subjected to site-

specific TC hazards and to find the optimum tolerable failure probability by minimizing 

the expected cost or by using advanced decision theory following a similar approach that 

was used in Goda and Hong (2006) to identify optimal reliability index for seismic 

design.  However, the design of a submersible WT system is not a trivial task and is 

beyond the scope of the present study.   

Second, there is large uncertainty in the variables representing the transformation from 

environmental parameter to load effects (i.e., YL1, YL2, and YL4) as shown in Table 4.1.  

These random variables affect significantly the calculated reliability index.  The 

uncertainty in these transformation factors could arise from the uncertainty in the 

exposure, gust coefficient and pressure coefficient, and overall wind load transformation 
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factor.  In the design of buildings, such uncertainty could be taken into account by 

assigning a nominal value that equals its upper quantile value.  For example, the pressure 

coefficient in building codes is often taken equal to its upper quantile value (Cook and 

Mayne 1979), and the mean to nominal value of the transformation from wind speed to 

wind load effect for a codified building design could be modelled as a lognormal 

distribution with a bias of 0.68 and COV of 0.22 (Bartlett et al. 2003).  This bias factor is 

about 1.5 times of COV value below the unity. 

Third, since the wind turbine is safe and operates satisfactorily for a mean wind speed at 

hub height that is less than the cut-out wind speed of 25 m/s (see Table 4.1), the wind 

turbine is proof load tested.  This proof load testing aspect could be considered in 

evaluating the reliability of wind turbines subjected to the tropical cyclone hazard. 

To approximately investigate the impact of the design wind and wave loads on the failure 

probability of the submersible system, a sensitivity analysis is carried out in this section 

by scaling the environmental parameters based on the 50-year return period value of the 

considered environmental parameter (i.e., Vs50 or Hs50). This implies that the submersible 

WT for the scaled environmental parameter scenarios is designed based on factored 50-

year return period value of the environmental parameters. 

As part of the sensitivity analysis, the scaling factors are determined for the following 

four cases: 

Case 1.  It is considered that the load effect governing the design is directly proportional 

to the square of the wind speed, and the load effect is proportional to the significant 

wave height.  A scaling factor equal to Vd/Vs50 is to be used to scale the wind speed 

value and (Vd/Vs50)
2 is used to scale the significant wave height value for reliability 

analysis, where Vd = 39.3 m/s as mentioned previously.  The use of this scaling factor 

is aimed at treating the structure as if it is designed based on the site-specific 50-year 

return period value of the wind speed. 
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Case 2.  This case is the same as Case 1 except, it is considered the load effect is 

proportional to the square of the significant wave height.  Therefore, the same scaling 

factor Vd/Vs50 is to be applied to wind speed and to wave height values. 

Case 3.  This case is the same as Case 1, except that the design is governed by the 

significant wave height.  The scaling factors that equal (Hd/Hs50)
1/2 and Hd/Hs50 are to 

be used to scale wind speed value and significant wave height value for the reliability 

analysis, where Hd equals 12.9 m as mentioned previously 

Case 4.  This case is the same as Case 2, except that the design is governed by the 

significant wave height.  The scaling factor that equals Hd/Hs50 is to be used to scale 

wind speed value and significant wave height value for the reliability analysis. 

By considering these cases, and the site-specific TC hazards for the four sites identified 

in Figure 4.9a, reliability analysis is carried out following the flowchart shown in Figure 

4.4.  The obtained failure probabilities are also presented in Tables 4.5 and 4.6.  The 

results presented in Table 4.5 show that the estimated failure probability decreased except 

for Cases 3 and 4 when Site 2 is considered.  This is expected as the Hd/Hs50 are larger 1.0 

except for these two cases when Site 2 is considered.  However, the decrease in the 

estimated failure probability is about < 38%, even the smallest scaling factor for the loads 

is about 0.75.  This observed modest decrease is due to the controlled operation of WT 

subjected to strong winds leading to the load effect patterns, as shown in Figure 4.7.  

Moreover, it is observed that even the “design” is adjusted to the site-specific 50-year 

return period values of wind speed and significant wave height, the failure probability is 

not identical.  This is due to the site-specific statistical characteristics of TC hazard (i.e., 

the COV of Vs and COV of Hs vary from site to site, as shown in Table 4.4).  In addition, 

from Table 4.6, it can be observed that the relative change in the failure probability of 

towers for Cases 1 to 4 as compared to that for Base Case is only slight.  However, the 

small failure probability of overturning of the floating platform decreases in orders of 

magnitude.  It must be emphasized that the estimated annual failure probabilities shown 

in Tables 4.5 and 4.6 are much larger than the suggested optimal tolerable failure 

probability by Sørensen and Tarp-Johansen, which is within the interval of 2×10-4 to 10-3. 
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Since the suggested design wind speed at 10 m height for Class TI specified in GB/T 

31519 (2015) equals 43.2 m/s as mentioned earlier.  The sensitivity analysis indicates that 

if the tolerable annual failure probability is about 3%, the current design code would be 

adequate.  If a lower tolerable failure probability is justified and considered, an increased 

environmental load would be required, although the determination of such a tolerable 

failure probability based on social economics investigation and reliability and risk-based 

design code calibration is beyond the present study.   

For the parametric analysis in dealing with the uncertainty in the load parameter to 

transformation factor, it is assumed that the uncertainty in the transformation factor could 

be taken into account in design codes by specifying the nominal values such that the bias 

(or mean) for YL1 and YL2 equal to 0.65, and the mean of YL4 equal to 0.75 (i.e., 

approximately equal to 1 minus 1.5 times of the COV value shown in Table 4.1).  In this 

case, the obtained failure probabilities are shown in Table 4.7.  These values are about 

only 20% of those shown in Table 4.5. 

Table 4.7. Estimated failure probability for cases shown in Table 4.5 but considering 

the mean YL1 and YL2 equal to 0.65, and the mean of YL4 equal to 0.75. 

Case Base Case Case 1 Case 2 Case 3 Case 4 

Site Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 Pfsys1 Pfsys20 

1 7.8E-03 0.146 5.5E-03 0.110 6.4E-03 0.124 6.4E-03 0.124 6.3E-03 0.120 

2 7.7E-03 0.154 6.3E-03 0.124 6.8E-03 0.136 7.1E-03 0.142 6.9E-03 0.134 

3 7.9E-03 0.154 6.0E-03 0.120 6.4E-03 0.126 7.1E-03 0.140 6.9E-03 0.136 

4 7.9E-03 0.150 5.7E-03 0.114 6.5E-03 0.130 6.9E-03 0.136 6.9E-03 0.134 

Finally, by considering that the safe operation of the wind turbine for a mean wind speed 

at hub height less than 25 m/s could be used as the successful proof load testing 

condition, the reliability analysis that is carried out for the results presented in Tables 4.5 

and 4.7 is repeated.  The obtained annual failure probability Pfsys1 is shown in Table 4.8.  

The table shows that by considering the safe operating condition of the wind turbine, 

Pfsys1 is less than about 2.2×10-3 if the uncertainty in the transformation factor is taken 

into account in design codes (i.e., the bias for YL1 and YL2 equal to 0.65, and for YL4 equal 

to 0.75).   
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Table 4.8. Estimated failure probability with the first and second entries 

corresponding to those shown in Tables 4.5 and 4.7, respectively, but considering 

the safe operation of wind turbine for a mean wind speed at hub height less than 25 

m/s. 

 Pfsys1 

Site Base Case Case 1 Case 2 Case 3 Case 4 

1 0.0173,0.0021 0.0016,0.0001 0.004,0.0005 0.0068,0.0007 0.0061,0.0008 

2 0.0054,0.0008 0.0008,0.0001 0.0014,0.0002 0.0023,0.0003 0.0017,0.0002 

3 0.0082,0.0014 0.0008,0.0001 0.0026,0.0004 0.0039,0.0006 0.0032,0.0006 

4 0.0113,0.0019 0.0011,0.0001 0.0024,0.0005 0.0046,0.0009 0.0036,0.0007 

Note that although systematic sensitivity analysis by considering the parameters 

controlling the wind characteristics (i.e., parameters for wind profile and for wind and 

wave spectra) could be very valuable, such parametric investigation is beyond the present 

study because of the amount of computing resource required. 

4.4 Conclusions 

An overall simulation-based database-driven framework to assess the fragility and 

reliability of offshore WTs is proposed.  This approach avoids the need for sophisticated 

distribution fitting of the joint wind and wave hazard.  The analysis based on the 

proposed framework relies on establishing the synthetic TC track database, TC wind and 

wave field database, and structural response database.  Details on establishing such 

databases are elaborated extensively.   

Numerical analysis carried out indicates that the TC wind and wave hazards vary from 

site to site for offshore locations near the coastline of mainland China.  The estimated 50-

year return period value of the TC wind speed indicates that they can be greater than that 

suggested for the design of the wind turbine under typhoon conditions in GB/T 31519 

(2015).  Also, the assessed statistics of the significant wave height, as well as its 50-year 

return period value, could be valuable for the code making.  

The application of the proposed data-driven simulation-based procedure for reliability 

analysis is illustrated by a numerical example, where a semi-submersible WT (i.e., OC4) 

is adopted.  The results show that if such a structure, which is not designed according to 
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IEC61400-1 or GB/T 31519, is placed in the coastal region of mainland China, the failure 

probability is spatially varying because of the spatially varying statistics of TC wind and 

wave hazards.  It is shown that failure is dominated by the buckling of the tower, 

followed by the overturning of the floating platform.  The failure probability by 

considering the limit state functions for the blades and for the mooring lines is negligible 

(i.e., practically equal to zero) if the normal operation control can be ensured.  The 

significantly greater failure probability could be attributed to the large coefficient of 

variation of the annual maximum TC wind speed and wave height, and to the fact that the 

considered wind turbine is not designed for the considered sites with the applicable 

design codes. 

Results from sensitivity analysis imply that if the design is carried out based on the 50-

year return period value of TC wind or significant wave height, the uncertainty in the 

transformation from load parameter to load effects is considered in the codified structural 

design, and the safe operating condition of wind turbine for wind speed below the cut-out 

wind speed is considered, the annual failure probability is about less than 2×10-3, which 

is deemed small.  It must be emphasized that for an actual semi-submersible wind turbine 

to be designed and constructed in the considered region, the statistical models used for 

the illustrative reliability analysis require further scrutiny and validation. 
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Chapter 5 

5 Reliability-based calibration of site-specific design typhoon 

wind and wave loads for wind turbine 

5.1 Introduction 

China has a long coastline with wind energy potentials.  The characteristics of wind 

energy near the coastline of mainland China were investigated by several studies, 

including Jiang et al. (2013), Nie and Li (2018), Li et al. (2020), and Feng et al. (2020).  

According to the best tropical cyclone (TC) track dataset available from the China 

Meteorological Administration (CMA) (Ying et al. 2014), the coastal region is affected 

by about eight landfalling TC each year.  The wind turbines (WTs) that are designed, 

constructed, and installed near the coastline of mainland China are faced with TC wind 

and wave hazards.  Failure of WTs during the passage of TC events in the region has 

been reported in Chen and Xu (2016).  The tropical cyclones, known as typhoons in the 

region, are classified according to their near-surface maximum 2-min mean wind speed 

(GB/T19201 2006).  The assessment of the TC wind hazard for the considered coastal 

region has been reported in several studies.  For example, Xiao et al. (2011), Li and Hong 

(2015b), Hong et al. (2016), Fang et al. (2021), and Wu et al. (2021) assessed TC wind 

hazard for onshore sites based on the statistics of the local TC track activities (i.e., 

circular subregion method (Georgiou et al. 1983)) but using different wind field models.  

Li and Hong (2016) developed a stochastic model for the TC track from genesis to lysis 

and mapped TC wind hazard for the region.  They showed that the TC track 

characteristics of the landfalling TCs, such as the annual occurrence rate, central pressure 

difference, heading, and translation velocity, vary along the coastline that extends more 

than 4000 km.  The evaluation of the concurrent TC wind and wave hazards was given in 

Sheng and Hong (2020) for the region.  One of the salient features of the assessed TC 

hazards is that the mean and coefficient of variation (COV) of the annual maximum TC 

wind speed and significant wave height are geographically varying.  Since the structural 

reliability is sensitive to the COV of random variables involved in the limit state function 
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(Madsen et al. 2006), the calibrated design load and resistance factors are sensitive to the 

considered COV of the random variables (Nessim et al. 1995a,b).  This implies that the 

WTs designed using a single fixed set of the wind and wave load factors stipulated in a 

structural design code and at different locations are unlikely to achieve a very consistent 

safety level if the COV values of the annual maximum wind speed and significant wave 

height are geographically varying. 

The design wind speed for the WT generator system under typhoon conditions in China is 

recommended in GB/T 31519 (2015), and the design wind load factor for onshore wind 

turbines is given in GB/T 18451.1 (2012).  However, these codes are silent on the load 

factors for offshore WTs subjected to TC wind and wave loads.  It is inferred from the 

industry practice (CCS 2012) that, in such a case, the use of the International 

Electrotechnical Committee (IEC) (IEC 61400-3 2019) could be considered. 

The reliability-based calibration of the load factors for designing WT structures was 

extensively presented by Ronold and Larsen (2000), Tarp-Johansen et al. (2002), and 

Sorensen and Tarp-Johansen (2005), Tarp-Johansen and Clausen (2006).  A range of the 

optimum target reliability indices (or tolerable annual failure probability ranging from 

2×10-4 to 10-3) was suggested in Sorensen and Tarp-Johansen (2005) for calibrating the 

design loads.  They also recommended the limit state functions and the probability 

distributions of the random variables involved in the limit state functions.  Wilkie and 

Galasso (2020) indicated that the current design procedures do not sufficiently consider 

extreme TC conditions, and the safety factors for offshore wind turbines are often 

adapted from the offshore oil and gas industry or design guidelines for onshore wind 

turbines.  We note that the design wind load for WT subjected to typhoon winds in China 

is specified in the codes (GB/T 18451.1 2012; GB/T 31519 2015).  However, it seems 

that a reliability-based structural design code calibration for WT subjected to typhoon 

wind and wave hazards affecting mainland China has not been reported in the literature. 

Besides the above-mentioned studies focused on calibrating the design loads for WTs, the 

reliability evaluation and risk modeling were reported in several studies for the onshore 

and offshore WTs subjected to TC wind and wave hazards.  A review of works on the 
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structural reliability analysis of WTs was presented in Jiang et al. (2017).  Tarp-Johansen 

and Clausen (2006) investigated the structural safety of WTs in the Philippines that is 

known to experience severe TC events.  Jha et al. (2010) compared the reliability levels 

achieved for a generic offshore wind turbine structure by considering two design 

guidelines (IEC and American Petroleum Institute).  Wei et al. (2014) proposed an 

incremental wind-wave analysis procedure to evaluate the responses and capacity of WT 

subjected to extreme TC wind and wave hazards.  Since this approach is based on a 

nonlinear inelastic pushover analysis considering the load configuration defined based on 

the return period values of wind and wave, it considers the nonlinear inelastic structural 

behaviour.  The capacity, in this case, is defined based on the critical load effects or 

critical load scaling factor for the load profile defined based on return period values of 

wind speed and significant wave height.  An approximate procedure to evaluate failure 

probability was presented based on the minimum value of the return period.  Hallowell et 

al. (2018) evaluated the reliability of offshore monopile WTs that are located along the 

U.S. Atlantic coast and subjected to the TC hazard.  Wilkie and Galasso (2020) 

developed fragility curves based on the time-history analysis of WT by considering the 

fluctuating wind and wave loads.  Their developed fragility curves are conditioned on the 

time-averaged mean wind speed and significant wave height.  Similar to several other 

studies (e.g., Pokhrel and Seo 2019) Wilkie and Galasso (2020) used the National 

Renewable Energy Laboratory (NREL) 5 MW wind turbine (Jonkman et al. 2009), and 

carried out the time history analysis for the considered WT by using the software package 

FAST (Fatigue, Aerodynamics, Structures, and Turbulence) (Jonkman and Buhl 2005; 

Vorpahl et al. 2013).  Procedures for assessing the structural reliability of a semi-

submersible offshore WT placed near or in the coastal region of mainland China were 

presented in Liu et al. (2018) and Sheng and Hong (2021).  A database-driven simulation-

based framework for estimating the structural reliability of WT subjected to TC wind and 

wave hazards was proposed in Sheng and Hong (2021).  Their approach considered the 

time-varying time-averaged mean wind speed and significant wave height during the 

passages of the TC events and used FAST to estimate the structural responses by 

considering fluctuating wind and wave height.  This framework will be described in the 

next section since it is used in the present study for the structural reliability analysis.  
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Note that a review of the use of mechanical devices such as the tunned damper to reduce 

the vibration and to evaluate the fragility curves (Zhang et al. 2019; Martin del Campo et 

al. 2021) as well as the consideration of the foundation design of WT (Myer et al. 2015) 

are outside the scope of the present study, although these subjects can be important. 

The main objective of the present study is to calibrate the site-specific design wind and 

wave loads for designing offshore and onshore WTs located near the southeast coastline 

of mainland China and subjected to typhoon wind and wave loads.  The calibration of the 

site-specific or information-sensitive design TC wind and wave loads is to be carried out 

for selected reliability indices.  The calibration considers the correlated TC wind speed 

and significant wave height during the passage of TC events.  To carry out the 

calibration, first, the steps to generate the synthetic TC tracks and to estimate TC wind 

and wave hazards for the coastal region of mainland China are described.  This is 

followed by establishing the database for the structural responses conditioned on the 

time-averaged wind and wave condition.  The reliability-based calibration is then carried 

out, and site-specific (factored) design wind and wave loads are suggested. 

5.2 TC hazard and statistics of responses of monopile wind 

turbine 

5.2.1 TC wind and wave hazards and hazard mapping 

In this section, we briefly summarize the simulation-based procedures described in Li and 

Hong (2016) and Sheng and Hong (2020) to generate synthetic tracks and estimate the 

TC wind and wave hazards for sites near the coastline of mainland China.  We use these 

procedures to establish the TC track database (TC-database) and wind and wave database 

(WW-database) that are to be used to calibrate the site-specific design TC wind and wave 

loads.  Essentially, the simulation-based procedure consists of three components: 

a) Generate TC tracks for TT years of the TC activities.  For generating a synthetic track, 

a genesis within the Western North Pacific (WNP) basin is randomly sampled from 

the historical geneses, and its corresponding track is sampled using the stochastic track 
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model given in Li and Hong (2016).  Each sampled track is defined, every 6 hours, by 

its position (i.e., latitude and longitude denoted as (La, Lo)), translation velocity uc, 

heading direction  central pressure difference p, radius to the maximum wind speed 

Rmax, and Holland’s B parameters.  For the simulation, it is considered that the residual 

for predicting Rmax based on p can be calculated based on the same randomly 

generated probability level for each track.  The same consideration is made for B.  The 

generated synthetic tracks are stored in the TC-database.   

b) The wind and wave fields are computed for ranges of ((La, Lo), uc, , p, Rmax, B) 

values.  The calculated fields are stored in the WW-database.  This is efficient since 

we can simply extract the precomputed wind and wave fields from the database for a 

considered point on a track when needed. 

 For evaluating TC wind field conditioned on ((La, Lo), uc, , p, Rmax, B), the vertically 

averaged boundary layer slab model (Vickery et al. 2009a, b; Li and Hong 2015a) is 

adopted.  The calculated wind speed, denoted as Vs, represents the 10-min mean wind 

speed at 10 m height.  Evaluate the significant wave height, Hs, from the TC wave 

field using the parametric model advanced by Young (1988, 2003, 2017).  

For estimating the TC wind and wave hazards at a site, we use the TC-database and 

extract the segment of each track that is within a radius of 250 km of the site of interest.  

For the values of ((La, Lo), uc, , p, Rmax, B) associated with each defined point on a 

segment of an identified track, we extract the precalculated wind and wave fields from 

the WW-database to evaluate Vs and Hs at the site of interest.  This is done for all 

identified points on the segments of the tracks mentioned earlier.  For a segment of a 

track, samples of the time history of Vs and Hs are obtained.  This procedure is 

schematically illustrated in Figure 5.1, showing a simulated track, the calculated TC wind 

and wave fields at two instances, and time-varying Vs and Hs for the segment of track that 

is within a site of interest.  The plot shows that there is a time lag between the maximum 

Vs, Vs-max, and maximum Hs, Hs-max, at a site of interest for a considered TC event.  The 

concurrent wave to Vs-max, HsW, and the concurrent wind to Hs-max, VsH, are also identified 

in the figure.  This non-simultaneous occurrence of the maximum wind speed and wave 
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height is typically observed from simulation analysis; it also occurs if the simulation is 

carried out for the track defined every one hour. 

 

Figure 5.1. Illustration of a simulated track, evaluated wind and wave fields, 

calculated time-varying Vs and Hs, and the identified maximum values of Vs and Hs 

at the site of interest during the passage of TC. 

The maximum values of Vs and Hs per year can be extracted to form samples of annual 

maximum values of Vs and Hs and used to assess the wind and wave hazards.  Note that 

the consideration of a radius of 250 km is justified.  This is because the calculation of Vs 

and Hs for a distance greater than 250 km are too small to affect the structural reliability 
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or TC hazard values (Li and Hong 2016; Sheng and Hong 2021). 

To map the TC wind and wave hazards for the coastal region, in the present study, we use 

a squared grid system with a spatial increment of 0.5o (see Figure 5.2a), and consider 

simulated TC tracks representing TT = 100000 years of TC activities.  For each grid point, 

following the above-described procedure, the TC event-based ((Vs-max, HsW), (Hs-max, VsH)) 

values are obtained.  Using these values, samples of the annual maximum value of Vs, Vs-

maxA, and the annual maximum value of the significant wave height Hs, Hs-maxA, are 

obtained for 100000 years of TC activities.  Also, samples of the concurrent value of Hs 

for Vs-maxA, HsWA, and the concurrent value of Vs for Hs-maxA, VsHA, are obtained for the 

same considered TC activities. 

The statistics and the probability distributions of Vs-maxA and Hs-maxA are shown in Figure 

5.2 for ten selected sites.  As can be observed, the mean and COV values vary from site 

to site, indicating the geographically varying characteristics of Vs-maxA and Hs-maxA.  The 

results indicate that the mean of Vs-maxA decreases, and the COV of Vs-maxA increases as 

latitude increases.  The same trends are observed for Hs-maxA.  The empirical probability 

distribution plots show that they may not be adequately fitted using the Gumbel 

distribution since they do not follow straight lines in the Gumbel probability paper.  The 

symbol p0 shown in the plots denotes the probability that there is no TC event affecting 

the considered site in a year.  This probability increases as the latitude of the site 

increases, which agrees with the observation that the TC activities decrease as the latitude 

increases.  Also, the (1-p)-quantiles (i.e., (1/p)-year return period values) of Vs-maxA and 

Hs-maxA, denoted as vs-maxA-p and hs-maxA-p are calculated from the empirical distributions 

and shown in the figure for p = 0.02 and 0.002.  The calculated quantiles indicate that vs-

maxA-p for S1 to S5 offshore sites is about 20% to 40% greater than that for L1 to L5 

onshore sites, respectively. 
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Figure 5.2. Grid system and selected ten sites, and empirical probability 

distributions of Vs-maxA and of Hs-maxA for ten sites based on simulation results: a) 

selected sites and grid system for mapping TC hazard; b) empirical distributions of 

Vs-maxA for five onshore sites; c) empirical distributions of Vs-maxA and Hs-maxA for five 

offshore sites. 

Note that the codes (GB/T 18451.1 2012; GB/T 31519 2015) suggest that the nominal 

design (10-min) wind speed of 55 m/s and 50 m/s at hub height for Classes TI and TII 

WTs, with a wind load factor of 1.35 for onshore sites.  This implies a (factored) design 

wind speed at 10 m height equal to 50.2 and 45.7 m/s for Classes TI and TII WTs, 
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respectively, if the hub height equals 90 m.  A comparison of these values to those shown 

in the figure indicates that the factored design wind speed is greater than 0.998-quantiles 

(or 500-year return period value) of the annual maximum TC wind speed if the onshore 

sites are considered.  Since the codes suggested the design wind loads for the onshore 

sites may be used as references for the offshore sites, the comparison indicates that the 

factored design wind speed, in this case, is between 50-year and 500-year return period 

value of the annual maximum TC wind speed. 

By using the calculated mean and COV of Vs-maxA and Hs-maxA and the (1-p)-quantiles of 

Vs-maxA and Hs-maxA for all grid points depicted in Figure 5.2a, we map the mean and COV 

values in Figure 5.3, and vs-maxA-p and hs-maxA-p in Figure 5.4 for p = 0.02 and 0.002.  The 

results presented in Figure 5.3 emphasized that the mean and COV of Vs-maxA and Hs-maxA 

are geographically varying.  The means of the Vs-maxA and Hs-maxA decrease as the latitude 

increases, while the COV of Vs-maxA and Hs-maxA increases as the latitude increases.  This 

increase in mean and decrease in COV correspond to the decreased landfalling TC rate as 

latitude increases.  The estimated quantiles shown in Figure 5.4 are also spatially varying.  

In general, vs-maxA-p and hs-maxA-p decreases as latitude increases.  This is consistent with 

that detailed in Figure 5.2.  Moreover, the calculated ratio of the 0.998-quantile to 0.98-

quantile of Vs-maxA and of Hs-maxA is shown in Figure 5.5.  The ratio ranges from 1.16 to 

1.4 for Vs-maxA and from 1.13 to 1.35 for Hs-maxA.  This implies that the application of a 

single load factor to the nominal wind load or wave load that is specified using p = 0.02 

does not result in the factored design load having the same probability of exceedance for 

the considered sites.  Therefore, according to such a design load format, the reliability of 

a designed structure for the considered geographic region may not have a very consistent 

reliability index. 
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Figure 5.3. Mean and COV of Vs-maxA and Hs-maxA. a) the mean of Vs-maxA (m/s), b) 

COV of Vs-maxA; c) the mean of Hs-maxA (m); d) COV of Hs-maxA. 
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Figure 5.4. Estimated vs-maxA-p and hs-maxA-p for p = 0.02 and 0.002: a) vs-maxA-p (m/s) 

for p = 0.02; b) vs-maxA-p (m/s) for p = 0.002 ; c) hs-maxA-p (m) for p = 0.02; d) hs-maxA-p 

(m) for p = 0.002. 

Since the database-driven simulation-based (DDSB) framework (Sheng and Hong 2021) 

is to be used to estimate the structural reliability, no distribution fitting to samples of Vs-

maxA and Hs-maxA is required.  It is noted that Kendall’s  correlation for the paired random 

variables (Vs-maxA, HsWA) and (VsHA, Hs-maxA) is relatively consistent and ranges from 0.40 

to 0.67 for the considered sites.  This range is consistent with that indicated in Sheng and 

Hong (2021) but for sites in the deepwater and far away from the coastline.  The 

correlation coefficient between extreme wind and wave is important to estimate the 

quantile of the combined wind and wave load (Nessim et al. 1995b; Tarp-Johansen 

2005).  This aspect will be considered in subsequent sections to develop the load 
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combination rule and carry out reliability-based calibration of design wind and wave 

loads. 

          

Figure 5.5. Ratio of the quantiles:  a) ratio of vs-maxA-0.002 to vs-maxA-0.02, b) ratio of hs-

maxA-0.002 to hs-maxA-0.02. 

5.2.2 Statistics of the responses for onshore and offshore monopile 

wind turbine 

Similar to other studies (e.g., Hallowell et al. 2018; Wilkie and Galasso 2020), we 

consider the offshore monopile NREL 5 MW wind turbine (Jonkman et al. 2009) shown 

in Figure 5.6.  It is inferred that the WT is designed for a wind speed at 10 m height of 

39.3 m/s (i.e., the wind speed at the hub height equal to 50 m/s that corresponds to Class I 

in IEC 61400-1 (2019) for non-TC condition).  Also, it is inferred that the WT is 

designed for a significant wave height of about 12.9 m (Jonkman 2007).  However, the 

statistics of the wind speed and wave height that were considered for the design are 

unknown to the present study.  For completeness, we also consider the onshore version of 

NREL 5MW WT that is archived in the FAST package 

(https://www.nrel.gov/wind/nwtc/fast.html). 
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Figure 5.6. Illustration of offshore NREL 5 MW wind turbine placed at an offshore 

location. 

The computation of the responses of the onshore or offshore version of WT subjected to 

fluctuating wind and waves for given time-average mean wind speed and significant 

wave height can be carried out using FAST (Jonkman and Buhl 2005; Vorpahl et al. 

2013), as mentioned earlier.  For the numerical analysis, the Kaimal spectrum for 

fluctuating wind and JONSWAP spectrum for wave elevation generations are used.  

Furthermore, the exponential coherence model and the power-law wind profile with an 

exponent of 0.11 and turbulence intensity of 0.14 for site Class B are used.  These 

spectra, coherence model, and the wind profile are recommended in IEC 61400-1 (2019) 

and implemented in FAST. 

Besides the stochastic wind speed and significant wave height, the wind profile, 

turbulence intensity, coefficients for evaluating the aerodynamic and hydrodynamic 

forces are also uncertain.  This set of random variables is denoted as XL.  Furthermore, 

the material properties and geometric variables of the structural members of the system, 

XM, are uncertain as well.  One could sample X = [XL, XM], and use the sampled values of 

X in FAST to evaluate the responses.  This may not be efficient considering the stochastic 

wind and wave loads.  To gain efficiency, we carry out the structural analysis using 

FAST based on the mean values of X, X, and the specified values of Vs and Hs.  The 

effect of the uncertainty in X is to be incorporated in the limit state function for fragility 

and reliability analysis - an approach that is consistent with that used in Tarp-Johansen et 
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al. (2002) and Sørensen and Tarp-Johansen (2005). 

Based on these considerations, the time-varying bending moment (due to stochastic 

fluctuating wind and wave) at the base of the tower, MTow(t; X, Vs, Hs) and the flapwise 

bending moment at the root of the blade, MFlap(t; X, Vs, Hs) are calculated using FAST for 

X = X, Vs = vs, and Hs = hs.  Note that, for an offshore site with shallow water conditions, 

hs represents the adjusted value for the shallow water (Valamanesh et al. 2016).  Let the 

peak values of MTow(t; X, Vs, Hs) and MFlap(t; X, Vs, Hs) due to the fluctuating stochastic 

wind and wave be denoted as MTow(vs, hs) and MFlap(vs, hs).  The obtained mean and 

standard deviation of MTow(vs, hs) and MFlap(vs, hs) are shown in Figure 5.7 if the onshore 

version of NREL 5 MW WT (placed at an onshore site) is considered and in Figure 5.8 if 

the offshore version of NREL 5 MW WT (placed at an offshore site) is considered.  For 

the onshore case, although hs in MTow(vs, hs) and Mflap(vs, hs) should be removed, for 

consistency in writing the limit state functions in the next section, we have retained it.  

The values of the mean and standard deviation shown in Figure 5.7 are obtained by 500 

runs in FAST for each specified wind condition.  Each run is carried out for a time 

history of wind with a duration of 10 minutes.  If the offshore version of WT is 

considered, 100 runs are carried out for each combined wind and wave condition, and 

each run is carried out for a set of the time histories of wind and wave with a duration of 

one hour as stipulated in IEC 61400-3 (2019).  The obtained samples of MTow(vs, hs) and 

Mflap(vs, hs) are stored in the structural response database (SR-database) and are used in 

the reliability analysis to be discussed in the following sections. 

 

Figure 5.7. Response by considering NREL 5 MW WT is placed at an onshore site: 

a) mean of blade root flapwise moment, b) mean of tower base flapwise moment, c) 

standard deviation of blade root flapwise moment, d) standard deviation of tower 

base flapwise moment.  Vs (m/s) in this plot represents 10-min mean wind speed. 
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The results shown in Figure 5.7 indicate that the responses decrease for Vs greater than 

about 10 m/s and then increase.  This is caused by the change of the blade pitch angle to 

gain energy production and the cut-out condition under high wind speed.  Similar 

decreasing and increasing behaviour can be observed from Figure 5.8, where the WT is 

placed at an offshore site.  The results for MTow(vs, hs) alone suggest that the WT may 

experience damage or failure during the energy production stage under moderate wind 

speed (i.e., Vs less than about 20 m/s) or for extreme wind condition (i.e., Vs in excess of 

35 m/s).  The reliability-based calibration of wind turbine design in the following section 

is focused on the latter and it is implicitly considered that the blade pitch angle during the 

energy production can be programmed such that the former can be avoided. 

 

Figure 5.8. Response by considering NREL 5 MW WT is placed at an offshore site: 

a) mean of blade root flapwise moment, b) mean of tower base flapwise moment, c) 

standard deviation of blade root flapwise moment, d) standard deviation of tower 

base flapwise moment.  Vs (m/s) in this plot represents hourly mean wind speed. 

5.3 Calibration of site-specific design wind and wave loads 

for monopile wind turbine 

5.3.1 Limit state functions and reliability evaluation procedure 

It is instructive to consider the problem of evaluating the required design wind load or 

design wave load for a structure in a region that experiences significant TC hazard.  This 

could allow one to gain some insight into the reliability of an onshore or offshore wind 

turbine subjected to typhoon wind hazards.  Following the standard design code 

calibration practice for buildings (Ellingwood et al. 1980; Madsen et al. 2006; Bartlett et 
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al. 2003a, b), the limit state function by considering the resistance and wind load only, 

g01, can be written as, 

2
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where  is the resistance factor, XR is the resistance normalized with its nominal value, 

ZWI-L is an uncertain factor transforming the wind speed to wind load effect, c1 is a 

structural analysis coefficient, and bWI is a constant that takes into account that the 

structural design codes usually specify an exposure coefficient, pressure coefficient, and 

an overall wind load transformation factor that are greater than their corresponding mean 

value.  A review of bWI is given in Bartlett et al. (2003a, b), concluding that bWI equal to 

1.45 (i.e., approximately equal to 1/0.64, where 0.64 is known as the bias factor) is 

appropriate for calibrating Canadian structural design code.  Since the discussion of the 

bias factor for the WT is unavailable, this value of bWI is considered in this study. 

However, if the actual structural design code implementation for WT differs from this 

considered bWI value, the results presented in the following sections are still applicable, 

provided that an additional overall load factor that equals the ratio of the actual to the 

adopted bWI value is to be considered.  Note also that, the often considered wind load 

factor is included in selecting the (1-p)-quantile of Vs-maxA in Eq. (5.1).  This facilitates the 

structural design code making to achieve a consistent target reliability index for 

geographically varying COV of wind speed (Hong et al. 2021).  Similarly, the limit state 

function by considering the resistance and wave load only, g02, can be written as, 
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where ZWA-L is an uncertain factor transforming the wave height to wave load effect, and 

c2 is a structural analysis coefficient, bWA is a constant that considers the differences in 

the code assigned coefficients such as the inertial coefficient and drag coefficient are 

greater than their average values, and n takes 1 or 2 if the force is dominated by inertial 

force or drag force, respectively.   
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By considering the combined wind and wave load, the limit state function can be written 

as, 
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where 
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represents p-quantile of the combined wind and wave actions according to Turkstra’s rule 

(Madsen et al. 2006; Nessim et al. 1995b), ZWW-L denotes the factor transforming the 

wind and wave height to the loads, 1 and 2 are known as the companion load 

combination factors, and bWW serves in a similar manner as bWI and bWA mentioned 

earlier.  Values of 1 and 2 are calibrated in Sheng and Hong (2020) for the case when n 

= 1, resulting in (1, 2) = (0.75, 0.85) for p ranging from 0.002 to 0.02.  They further 

pointed out that these load combination factors are relatively insensitive to p.  The 

evaluation of (1, 2) for n = 2 will be carried out in the following sections. 

To simplify the parametric investigation of the reliability analysis by considering both 

wind and wave actions, by letting ( )2 2

2 max 1 max 2 max/− − − − − −= + n

s A p s A p s A pr c h c v c h , Eq. (5.3a) can 

be re-written as, 
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which allows the analysis to be carried out based on the percentage of the contribution of 

the wave load to the total load.  Note that by setting r = 0 and 1 in Eq. (5.4), we obtain 

Eq. (5.1) and Eq. (5.3), respectively, if ZWI-L, ZWA-L, and ZWW-L are considered to be the 

same. 

The use of Eqs. (5.1), (5.2), and (5.4) are advantageous since their use facilitates 

structural design code making as it can be used for a generic structure.  However, they do 
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not include the specific properties of a particular structure.  To take into account the 

specifics of the prototype NREL 5 MW WT in reliability analysis, we consider two 

ultimate limit state functions.  The first one considers the bending moment at the base of 

the tower and the second one deals with the flapwise bending moment at the root of the 

blade.  Based on Tarp-Johansen et al. (2002) and Tarp-Johansen and Clausen (2006), the 

limit state function for the local buckling of the tower can be written as, 

1 1 1 ( , )= −cr L M Tow s sg M Y Y M V H , (5.5) 

where Mcr is the critical bending moment capacity for local buckling.  The modelling 

errors YL1 and YM1 depend on the degree of sophistication of the model used to evaluate 

( , )Tow s sM V H .  For simple analysis, Tarp-Johansen et al. (2002) suggested that YL1 and 

YM1 should include those arising from the evaluation of the dynamic response of the 

turbine from a numerical model, exposure coefficient, lift and drag coefficients (or shape 

factor), model-scale test to full-scale response, and statistical variability in assessing wind 

speed.  Since FAST is used in evaluating ( , )Tow s sM V H  in the present study, YL1 should 

include the effect of uncertainty in exposure and shape factor, and YM1 describes the 

accuracy in predicting the stress at a location in the structural system.  Based on this 

consideration and the models given in Tarp-Johansen et al. (2002), the adopted 

distributions of YL1 and YM1 are listed in Table 5.1.  It is noteworthy that since YL1 and YM1 

are independent lognormally distributed, based on the statistics shown in Table 5.1, 

YL1×YM1 is also lognormally distributed with a mean of 1 and COV of 0.222.  The COV 

practically equal to that used for building in Bartlett et al. (2003a).  However, a bias of 

0.64 (i.e., approximately equal to 1/1.45) was considered in their study because the 

specified values of a series of coefficients in design code are much greater than their 

corresponding mean values.  If a similar practice is considered in the design of WT, such 

a bTOW value should be incorporated in the limit state function when considering the 

design requirement.  Moreover, the critical bending moment capacity in Eq. (5.5) or (5.6) 

can be evaluated using (Tarp-Johansen et al. 2002), 
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where Yy,ss and YE,ss are model uncertainties, Fy is the yield strength, E is the Young’s 

Modulus, D is the diameter of a section of the tower at the height of interest; t is the wall 

thickness, and Xcr represents the structural analysis modeling error.  The probability 

distributions of these random variables are also listed in Table 5.1.  It is considered that 

the probabilistic models shown in Table 5.1 are applicable whether the WT is placed at 

an onshore or offshore location, and in operation or parked condition (Tarp-Johansen et 

al. 2002; Tarp-Johansen and Clausen 2006; Sørensen and Berzonskis 2017).  Eq. (5.6) 

does not include an overall resistance reduction factor due to the uncertainty in Yy,ss and 

Xcr, denoted as M which is considered to be equal to 1.15, that is potentially implemented 

in the codified structural design for WT.  By including these factors, and considering that 

at the limit the factored design resistance equal to the factored load effect (i.e., 

max max( , )M crD Tow Tow s A p s A pM b M v h− − − −= ), Eq. (5.5) becomes, 

1 1 1

max max

1
( , )

( , )

cr
L M Tow s s

M crD Tow Tow s A p s A p

M
g Y Y M V H

M b M v h− − − −

= −


, (5.7) 

where crDM  is evaluated by using Eq. (5.6) with the values of the random variables equal 

to their mean value, except that Fy is taken equal to 0.9 times its nominal value where 0.9 

represents the resistance factor for the yield strength Fy.  The values of max− −s A pv  and 

maxs A ph − −  are the design values of the wind speed and wave height (to be calibrated and 

discussed).  

Similarly, the limit state function for the flapwise bending moment at the root of the 

blade is given by (Ronold and Larsen 2000), 
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Table 5.1. Probability distributions considered for the reliability analysis.  The 

model for σb,f is from Ronold and Larsen (2000) and Mandell et al. (2016).  The 

values of D, t, Rb,r, and Ib,r are from Jonkman et al. (2009).  The remaining ones are 

from Tarp-Johansen et al. (2002). 

Parameter Mean, COV Dist. 

Yield strength, Fy (MPa) 240,  0.05 Lognormal 

Scale effect for yield strength, Yy,ss   1.0,  0.05 Lognormal 

Scale effect for Young’s Modulus, YE,ss  1.0,  0.02 Lognormal 

Modelling error for the adopted numerical model, Xcr 1.0,  0.1 Lognormal 

Modelling errors associated with the loading for blade 

and tower, YL1, YL2 

1.0,  0.22 Lognormal 

Modelling errors associated with material properties for 

blade and tower, YM1, YM2 

1.0,  0.03 Lognormal 

Young’s Modulus, E (GPa) 210, 0.02 Lognormal 

Blade tensile strength, σb,f (MPa)  518, 0.03 Normal 

Base section diameter for offshore (onshore) WT, D (m) 6 (6.5) Deterministic 

Base section thickness for offshore (onshore) WT, t (m) 0.027 (0.027) Deterministic 

Radius of blade root section, Rb,r (m) 1.77 Deterministic 

Second moment of blade root section, Ib,r (m
4) 0.566 Deterministic 

Normalized resistance, XR 1.17, 0.108 Lognormal 

Resistance factor, γ 0.9 Deterministic 

Uncertain transformation factor for load effects, ZWI-L, 

ZWA-L, and ZWW-L 

1, 0.222 Lognormal 

Variable related to bias factor, bWI, bWA, and bWW  1.45 Deterministic 

where , ,/FlapR b f b rM I R= b,r , Ib,r  and ,b rR are the second moment of the area and radius 

at the blade root section respectively; ,b f  is blade tensile strength; FlapDM  is evaluated 

by using FlapRM  with the values of the random variables involved equal to their mean 

value, except that ,b f  is taken equal to 0.9 times its nominal value, where 0.9 represents 

the resistance reduction factor of blade tensile strength; YL2 and YM2 are the modeling 

errors similar to those in YL1 and YM1; and bFlap serves in a similar manner as bTow, 

accounting conservatism in assigning a series of coefficients in structural design.  In 

writing Eq. (5.8), it is considered that the factored design resistance is equal to the 

factored load effect, that is, max max( , )FlapD Flap Flap s A p s A pM b M v h− − − −= .  The probability 

distributions of the random variables involved in Eq. (5.8) are listed in Table 5.1. 
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In general, the reliability analysis could be carried out by applying the efficient first-order 

reliability method or simulation techniques (Madsen et al. 2006; Melchers and Beck 

2018).  The application of the first-order reliability method to limit state functions shown 

in Eqs. (5.4), (5.7) and (5.8) required the parametric joint probability distribution of ((Vs-

max, HsW), (Hs-max, VsH)) or ((Vs-maxA, HsWA), (Hs-maxA, VsHA)), which are not available or 

difficult to assign.  To avoid potential subjectivity and epistemic uncertainty in fitting the 

joint probability distributions to these random variables, where the preferred joint 

probability distribution is unknown, the DDSB approach, as described in Sheng and 

Hong (2020), is used in the following to evaluate the reliability and to calibrate the design 

wind load and wave load for a selected target reliability index and the considered limit 

state functions (i.e., Eqs. (5.1), (5.2), (5.4), (5.7) and (5.8)).  The use of this approach is 

straightforward since the required TC tracks and (Vs, Hs) are already available and stored 

in the TC-database and WW-database, respectively, for a period of TT years.  Also, the 

peak structural responses due to stochastic fluctuating wind and wave that are 

conditioned on (Vs, Hs) are already calculated and stored in SR-database. 

The DDSB approach is shown in the flowchart in Figure 5.9 for estimating the failure 

probability for the i-th failure mode Prob( 0)= fi iP g  for i = 1 and 2, the failure 

probability of the system, ( )1 2Prob ( 0) ( 0)=   fsysP g g  and the failure probability by 

considering the limit state functions shown in Eq. (5.1), Eq. (5.2) or Eq. (5.4).  The 

failure probability is calculated for a service period of 20 years as this is the commonly 

considered design working life for a WT.  Based on the DDSB framework, the steps to 

evaluate the failure probabilities are: 

1) Divide the TC activities during TT year in NB blocks of 20 years.  Let Pf = 0 for a 

considered limit state function or union of several limit state function, and jB = 1; 

2) For a given block, simulate values of all random variables in Eqs. (5.6), (5.7), and 

(5.8) (also refer to Table 5.1), except for Vs and Hs.  From TC-database, find the 

segment of each track that is within a radius of 250 km from the WT site.  Let NS 

denote the total number of such segments; 

3) Form a sequence of points on the identified segment of each track with a time 

increment t and ((La, Lo), uc, θ, p, Rmax, B).  Loop through each point: extract the 
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wind and wave fields from WW-database and find Vs and Hs at the WT site, extract 

randomly MTow(Vs, Hs) and MFlap(Vs, Hs) (conditioned on Vs and Hs) from SR-

database, and evaluate the limit state functions. 

4) If no failure is observed, repeat Step 3) for the next track. Otherwise, repeat for the 

next block until all the blocks are considered 

5) Count the number of blocks that failure occurs for a considered condition.  Estimate 

the failure probability based on the ratio of the number of failed blocks for a 

considered condition to the total number of blocks considered. 

 

Figure 5.9. Flowchart for the reliability analysis. 

5.3.2 Target reliability and calibration of site-specific design wind and 

wave loads for selected target reliability indices 

A range of the optimum target reliability indices (or tolerable annual failure probability 

ranging from 2×10-4 to 10-3) was suggested in Sorensen and Tarp-Johansen (2005) by 

minimizing life-cycle cost.  This means that the failure probability for 20-year service life 

is about 4×10-3 to 2×10-2, and the corresponding target reliability index for 20-year 

service life, T20, is about 2.65 to 2.05. 

By considering the target reliability indices of 2.65 and 2.05 and that ZWI-L and ZWA-L are 
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lognormally distributed with a mean of 1 and COV of 0.22 (which is practically equal to 

the distribution model for YL1YM1), and bWI = 1.45 and bWA = 1.45, the reliability analysis 

is carried out.  For the analysis, the procedure described in the previous section is 

employed by considering Eq. (5.1) and the statistics of wind speed for the grided points 

shown in Figure 5.2a.  The obtained exceedance probability p (i.e., the return period T = 

1/p) that leads to the estimated reliability index for a 20-year service life equals T20 = 

2.05 is shown in Figure 5.10a, and spatially variation of the estimated T for T20 = 2.05 

and T20 = 2.65 are presented in Figure 5.10b and 5.10c.  This analysis is repeated for T20 

= 2.65 with the results shown in the same plot.  Figure 5.10a indicates that the return T 

varies even for the same COV value of Vs-maxA, vVs-maxA.  This can be explained by noting 

that p0 is geographically varying, and the non-zero Vs-maxA cannot be characterized by its 

mean and COV alone since it could not be characterized by a two-parameter probability 

distribution (e.g., Gumbel distribution) (see Figure 5.2).  Figure 5.10a also indicates that 

the required return period T increases almost linearly as vVs-maxA increases.  A simple 

regression equation indicates that  

20 max12.5 ( 974.7 524.1 )T Vs AT v −= + − +   , for T20 = 2.65 or 2.05. (5.9) 

    

Figure 5.10. Calculated return period T for WT subjected to wind load alone 

(onshore) by considering T20 = 2.05 and T20 = 2.65. a) relation between T and COV, 

b) spatial variation of the estimated T for T20 = 2.05, c) spatial variation of the 

estimated T for T20 = 2.65. 
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By considering the limit state function shown in Eq. (5.2) and the wave effects, the 

obtained T values are presented in Figure 5.11 for and considering n = 1 or 2.  In this 

case, the required T to achieve a specified target reliability index is an increasing function 

of COV of Hs-maxA, vHs-maxA.  A comparison of the results presented in Figures 4.10 and 

5.11, indicates that the requires T for the design subjected wind load alone is greater than 

that for the wave load.  This can be explained by noting that the probability distribution 

of Hs-maxA in the upper tail has a much steeper slope than that of Vs-maxA (i.e., the 

distribution tail for Hs-maxA is shorter than that for Vs-maxA).  The estimated T shown in 

Figure 5.11 depends on whether the load is dominated by the inertial force or drag force 

(i.e., n = 1 or 2).  For a WT with monopole foundation, the wave force on a slender 

cylinder is dominated by the drag force (Chakrabarti 1987), the required return period T 

shown in Figure 5.11 could be approximated by, 

20 max14.6 ( 567.0 305.9 )T Hs AT v −= + − +   , for T20 = 2.65 or 2.05. (5.10) 

The calculated T using this equation is conservative for the case where the wave force on 

an offshore WT is dominated by the inertial force 

 

Figure 5.11. Calculated return period T for WT subjected to wave load alone by 

considering T20 = 2.05 and T20 = 2.65. a) relation between T and COV, b) spatial 

variation of the estimated T for T20 = 2.05, c) spatial variation of the estimated T for 

T20 = 2.65. 
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Before carrying out the calibration for the limit state function shown in Eq. (5.4), we note 

that the companion load factors 1 and 2 by considering the typhoon hazard for the 

considered coastal region are only available when the wave load is dominated by the 

inertial force (i.e., n =1), as mentioned earlier.  To obtain 1 and 2 for n = 2, we carry 

out the same analysis as was done in Sheng and Hong (2021) but considering n = 2 and 

the statistics of wind and wave at five selected sites identified as S1 to S5 in Figure 5.2a.  

The obtained load combination diagram is shown in Figure 5.12.  From the figure, it is 

concluded that, as a conservative measure, the companion load factors (1, 2) = (0.85, 

0.90) for p equal to 0.002 or 0.02 can be adopted to evaluate the combined wind and 

wave loads.  Since the suggested value is not very sensitive to the value of p, it is 

considered that they can also be used for the case when the p values used for the wind 

load and wave load are different, as shown in Figures 5.10 and 5.11. 

      

Figure 5.12. Estimated companion load factors for wind and wave actions.  a) 

companion load factors for T = 50 (i.e., p = 0.02); b) companion load factors for T = 

500 (i.e., p = 0.002). 

By using these adopted (1, 2), reliability analysis is carried out by considering the limit 

state function shown in Eq. (5.4) and considering T20 = 2.05 and 2.65.  The obtained 

reliability indices are shown in Figure 5.13 for three selected values of r, representing the 

ratio of the design wave load effect to the combined wind and wave loads (see Eq. (5.4)).  

The results shown in Figure 5.13 indicate that the estimated reliability indices in all cases 

are consistent with the target reliability indices used to calibrate the design loads by 
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considering the wind load alone or wave load alone.  This implies that the calibrated 

design TC wind and wave loads and the load combination factors are adequate. 

 

Figure 5.13. Estimated reliability indices by considering n = 2 and T20 = 2.05 and 

T20 = 2.65: a) for r = 0.25, b) for r = 0.5, c) for r = 0.75. 

In summary, the results in this section indicate that the return periods for evaluating the 

TC wind load and wave load are functions of the site-dependent COV of Vs-maxA and Hs-

maxA.  The maps for these return period values are shown in Figures 5.10 and 5.11, while 

the developed empirical equations are given in Eqs. (5.9) and (5.10).  The recommended 

companion load factors for the TC wind and wave load combination are given by Eq. 

(5.3b) with (1, 2) = (0.85, 0.90) for monopole WT. 

It must be emphasized that the calibration results presented in this section are carried out 

based on commonly used reliability-based design code calibration procedures (Madsen et 

al. 2006).  For the calibration, it is assumed that the bias factors are assumed to be equal, 

resulting in bWI, bWA, and bWW equal to 1.45.  This value may not be adequate for specific 

code implementation.  In such a case, if aWI, aWA, and aWW represent the actual bias 

factors,  the results obtained in this section is still applicable, except that the scaling 

factors aWI/1.45, aWA/1.45, and aWW/1.45 should be applied to the design wind load alone, 

wave load alone or combined wind and wave load, respectively. 

5.3.3 Validation considering system behaviour 

To validate the calibrated design wind and wave load for WT located at an onshore or 
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offshore site, in this section, we consider the onshore and offshore versions of NREL 5 

MW WT mentioned in the previous sections.  Two limit state functions shown in Eqs. 

(5.7) and (5.8) are considered for evaluating the reliability of the WT.  For the evaluation, 

we consider that the nominal values of the yield or tensile strengths equal their 

corresponding 0.05-quantiles, and that the values of the remaining random variables 

equal 1.0.  Based on these considerations, the evaluated McrD and MFlapD equal to 177 

mN-m and 142 mN-m for the onshore version of the NREL 5 MW WT, and 154 mN-m 

and 142 mN-m for the offshore version of the NREL 5 MW WT. 

For a considered onshore or offshore site shown in Figure 5.2a, we calculated max− −s A pv  

and max− −s A ph  based on the obtained statistics of max−s AV  and max−s AH  for the calculated 

value of p shown in Figures 5.10 and 5.11.  Since the offshore WT is located at a shallow 

water site, the calculated significant wave height from TC hazard, max− −s A ph  (or samples 

of max−s AH ), is to be adjusted using the suggested equation given by Valamanesh et al. 

(2016).  The adjusted significant wave height for the shallow water, HSS, is given by,  

ln( ) exp( 0.06 ) ln( )= − − +SS sH d H , (5.11) 

where d is the water depth, Hs represents the significant wave height (without 

considering the shallow water effect), and HSS, HS, and d are in meters.  Unless otherwise 

indicated, for simplicity, the significant wave height mentioned below (e.g., max− −s A ph  

and max−s AH ) refers to that for the shallow water condition. 

Given values max− −s A pv  and max− −s A ph , we then read the load effects from Figure 5.7 or 

Figure 5.8 (i.e., extract the mean values of ( , )− − − −Tow s MaxA p s MaxA pM v h  and

( , )− − − −Flap s MaxA p s MaxA pM v h  from SR-database).  Since the considered WTs are not 

designed according to the calibrated design wind and wave loads, the ratio of the factored 

resistance to the factored load effect, R0, 

0 min(( ) / ( ( , )), / ( ( , )))M crD Tow Tow s MaxA p s MaxA p FlapD Flap Flap s MaxA p s MaxA pR M b M v h M b M v h− − − − − − − −= 
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, (5.12) 

can be calculated.  Rather than revising the design of these WTs, which is beyond the 

means of this study, because of the resources that are required to assess the new 

aerodynamic pressure coefficient for the blads, new hydrodynamic pressure coefficient 

for the tower, programing the blade pitch angle for the energy production, we adjust the 

design resistance (hence the resistance) by dividing the calculated ratio R0.  In other 

words, the limit state functions shown in Eqs. (5.7) and (5.8) become, 

( )1 0 1 1/ ( , )cr L M Tow s sg M R Y Y M V H= − , (5.13) 

and 

( )2 0 2 2/ ( , )FlapR L M Flap s sg M R Y Y M V H= − , (5.14) 

This described approach is efficient and often used in the parametric investigation in 

reliability assessment (Ellingwood et al. 1980; Zhou and Hong 2001; Madsen et al. 2006) 

without carrying out the redesign of the structure.  

For T20 = 2.05 and T20 = 2.65, the value of R0 is calculated by using Eq. (5.12) and for 

the T value (i.e., p = 1/T) shown in Figures 5.10b - 5.10c and Figures 5.11b - 5.11c, 

respectively.  Using the calculated R0 in Eqs. (5.13) and (5.14), and carrying out 

reliability analysis based on the DDSB approach (see Figure 5.9), the calculated 

reliability indices are shown in Figure 5.14.  It must be emphasized that, for the 

calculation, it is assumed that the blade pitch angle during the energy production can be 

reprogrammed such that the failure during the energy production stage can be neglected, 

as mentioned earlier.  The results shown in Figure 5.14 indicate that the obtained 

reliability indices are close to the target T20 = 2.05 and for T20 = 2.65.  This indicates 

that the calibrated information-sensitive return periods for the geographically varying TC 

hazards are adequate. 
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Figure 5.14. Estimated reliability indices by considering NREL 5 MW WT for the 

considered onshore a) and offshore b) site conditions. 

5.4 Conclusions  

In the present study, we carried out reliability-based calibration of the site-specific 

typhoon wind load and wave load for the design of the monopole onshore and offshore 

wind turbine.  The calibration considers the correlated TC wind speed and significant 

wave height during the passage of TC events.  The calibration results show that, for 

specified target reliability index, the return period or the annual exceedance probability 

that is required for evaluating the design wind speed and wave height is geographically 

varying since the statistical characteristics of the annual maximum TC wind speed and 

significant wave height vary spatially.  Maps of the required return period for the design 

TC wind speed and for significant wave height are presented.  Also, simple to use 

empirical equations (see Eqs. (5.10) and (5.11)) are developed to evaluate such required 

return periods.  These equations depend on the COV values of the annual maximum TC 

wind speed and significant wave height as well as on the selected target reliability index.  

In addition, the companion load combination factors for TC wind and wave loads are 

calibrated.  It is suggested that if the TC wind load is taken as the principal load, the 

companion load factor of 0.9 is to be considered for the wave load.  Alternatively, the 

companion load factor of 0.85 is to be considered for the wind load if the TC wave load 

is taken as the principal load. 

A verification analysis of the adequacy of using the calibrated design loads for the 
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selected target reliability indices is carried out by considering the onshore and offshore 

versions of NREL 5MW wind turbine.  The analysis results indicate that the use of the 

suggested design TC wind and wave loads can be adequate for the considered region. 
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Chapter 6 

6 Conclusions and recommendations for future work 

6.1 Conclusions 

This study evaluated the stochastic track model parameters by considering different best 

track databases; assessed the joint TC wind and wave hazard by combining the TC wind 

hazard model and wave hazard model; presented a database-driven simulation-based 

(DDSB) procedure to assess the wind turbine reliability subjected to TC hazards; and 

calibrated required design TC wind and wave loads and load companion factors for 

design onshore and offshore monopole wind turbine.  The major conclusions that can be 

drawn from the studies are: 

1) The annual number of genesis based on the TC best-track dataset given by CMA is 

about 7% greater than that by JTWC.  The statistics of the TC tracks from the two 

datasets differ in terms of landfalling TC for southwest China and of the TC heading and 

translation velocity for northeast China.  In general, the mapped T-year return period 

value of the annual maximum TC wind speed based on the beta-advection model (BAM) 

developed using the dataset from CMA is greater than that developed using the dataset 

from JTWC.  For a few selected major cities, the former is greater than the latter by about 

3% and 6% for T equal to 50 and 100 years. A comparison of various return period values 

of the annual maximum TC wind speed is presented by considering two stochastic track 

models:  an available autoregressive type of model in the literature and BAM that is 

developed using the historical track dataset from CMA.  The comparison indicates that 

their differences are up to 10% and 12% for return periods equal to 50 and 100 years.  

Part of this difference is due to the fact that the periods of the historical track used in the 

two models differ; the one developed in the present study uses historical TC tracks that 

are more up-to-date and cover a longer period. 

2) A simulation-based framework to estimate TC-induced wind and wave hazards is 

presented.  The simulation results indicate that the generalized extreme value distribution 
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for both the annual maximum and event-based values at a site is preferable to the Gumbel 

distribution.  Also, the Kendall’s  of wind speed and wave height ranges from about 0.4 

to 0.7 for both annual maximum and event-based data.  The statistics based on paired 

samples TC wind speed and significant wave height for both annual maximum and event-

based data indicate that the Gumbel copula could be adopted to model the joint 

probability distribution of these two quantities.   

3) The simulated wind and wave were used to assess the companion load combination 

factor for the offshore regions in China.  By considering that the wave load is dominated 

by inertial force, it shows that a load companion factor of 0.85 for wave action could be 

recommended if the wind action is the primary load action, and a companion load factor 

of 0.75 for the wind action could be suggested if the wave action is the principal load 

action.  The suggested companion load combination factors are based on an annual 

exceedance probability of 0.02 for the combined wind and wave load effects.  Also, the 

sensitivity analysis indicates that these suggested values are not very sensitive to return 

periods equal to 50 or 500 years. 

4) Results of TC wind hazards indicate that the TC wind and wave hazards vary 

geographically.  The hazard deaggregation results indicate that the identified TC events 

contributing to a specified quantile of the wind speed differ from those identified for the 

quantile of the significant wave height.  In general, the identified events based on the 

former are associated with a larger Holland B parameter than those based on the wave 

height. 

5) An overall database-driven simulation-based (DDSB) framework is proposed to assess 

the fragility and reliability of offshore WTs.  The estimated 50-year return period values 

of the TC wind speed for five considered sites indicate that they can exceed the design 

values stipulated in the GB/T 31519 (2015) for wind turbine design under typhoon 

conditions.  The application of the proposed (DDSB) procedure for reliability analysis is 

shown by a numerical example, where a semi-submersible WT from NREL is adopted.  

The results show that if this floating WT is placed in the coastal region of mainland 

China, the failure probability is spatially varying because of the spatially varying 
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statistics of TC wind and wave hazards.  Also, it is shown that failure mode is dominated 

by the buckling of the tower, followed by the overturning of the floating platform.  The 

obtained relatively large failure probability could be attributed to the large coefficient of 

variation of the annual maximum TC wind speed and significant wave height and to the 

fact that the considered wind turbine is not designed for the considered sites with the 

applicable design codes. The sensitivity analysis implies that if the design is carried out 

based on the site-specified 50-year return period value of TC wind or significant wave 

height, the uncertainty in the transformation from environmental parameters to load 

effects is considered, and the failure probability in the operation wind regime is 

neglected, the annual failure probability is about less than 2×10-3, which is deemed small. 

6) The reliability-based design code calibration considering the site-specific TC wind and 

wave loads for designing offshore and onshore WTs located in the coastal region of 

China was carried out for selected target reliability indices.  The calibration takes into 

account the correlated TC wind speed and significant wave height during the passage of 

TC events.  The calibration results show that, for specified target reliability index, the 

return period or the annual exceedance probability that is required for evaluating the 

design wind speed and wave height is geographically varying due to the space-varying 

statistical characteristics of the annual maximum TC wind speed and significant wave 

height. 

7) Simple to use empirical equations are developed to evaluate the required return periods 

for evaluating the design TC wind and wave loads.  These equations depend on the COV 

values of the annual maximum TC wind speed and significant wave height, and the 

selected target reliability index.  Also, maps of the required return periods for the design 

wind load and wave load are given.  Provided that wave force is dominated by the drag 

force component, it recommends that if the TC wind load is taken as the principal load, 

the companion load factor of 0.9 is to be considered for the wave load.  Alternatively, the 

companion load factor of 0.85 is to be considered for the wind load if the TC wave load 

is taken as the principal load.  The verification analysis results by considering the onshore 

and offshore versions of NREL 5MW wind turbine indicate that using the calibrated 
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geographically varying TC wind and wave loads is adequate and can aid structural design 

code making. 

6.2 Recommendations for future work 

1) The quantification of the uncertainty in the TC wind field models is important for 

probabilistic wind hazard assessment.  The uncertainty assessment should be carried out 

based on measured wind speed (when available) and should take into account the 

intraevent as well as interevent variability and spatial correlation. 

2) The 3-D TC wind field models are presented in the literature, although their calibration 

using measured wind records or fields seems to be missing.  The use of a well-calibrated 

3-D wind field model for TC wind hazard analysis would be valuable to provide a more 

accurate and reliable approach for TC hazard analysis. 

3) Risk-informed and reliability-constrained design for the WT structure should be 

explored.  This should include benefit and loss models at present value and risk attitude 

of decision-makers. 
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