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Abstract: Hurricane wind risk assessment has been significantly improved with the evolvement
of synthesis methodologies from the single site probabilistic method to the hurricane track model
(including five simulation components of genesis, translation, intensity, decay and boundary-layer
wind). As first-step efforts towards advancing the data-driven hurricane track model, widely used
by engineering community, to a physics-based framework for more accurate and reliable hurricane
risk assessment, a new intensity model integrating important dynamics and thermodynamics inside
the storms is developed. Furthermore, an extensive statistical analysis of hurricane trajectories is
carried out to obtain an enhanced translation model and a height-resolving analytical wind model
is utilized to acquire the vertical profiles of wind speed and direction between ground-surface and
gradient levels. The other two simulation components (i.e., genesis and decay) of the hurricane
track model are also revisited for the sake of completeness. A 10,000 years of full-track synthetic
hurricanes are generated and compared with the HURDAT database at specific mileposts along the
US East coast to validate the overall performance of the developed simulation framework (in terms
of annual occurrence rate, intensity, translation speed and heading angle). Then, the New Jersey
coastline is employed as a case study to compare the simulated hurricane wind speeds with ASCE
7-16 recommendations, to highlight the wind directionality effects on extreme wind speeds, and

to investigate the joint distribution of hurricane wind speed and size.

Keywords: Hurricane track, Intensity model, Hurricane size, Wind directionality, Risk analysis.
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1. Introduction

Hurricanes are among the most devastating natural hazards responsible for widespread damage to
properties and life losses in the coastal regions due to their strong winds, torrential rainfall and
storm surge [1, 2]. Despite the significant improvement in the hurricane hazard mitigation, recent
events (e.g., Hurricane Katrina in 2005, Sandy in 2012 and Irma in 2017) have demonstrated that
the coastal areas are highly vulnerable to landfalling hurricanes. The situation may become even
worse with the increasing coastal population density, accelerated construction of infrastructures
and changing climate [3-7]. Therefore, an effective engineering-based hurricane risk assessment
tool that serves as the foundation for the risk mitigation, management and decision making in the
hazard-prone regions is needed.

Early hurricane risk assessment based on the single site probabilistic simulation was
pioneered by Russell [8, 9] and improved subsequently by other researchers [10-12]. Accordingly,
the hurricane risk at the point of interest is obtained with the Monte Carlo technique sampling from
site-specific statistical distributions of storm parameters, namely the central pressure deficit, radius
of maximum winds, heading angle, forward speed, and coast crossing position. It is noted that the
frequency of high-intensity events that significantly contribute to the hurricane risk analysis
heavily depends on the tail shape of these assumed distribution, for which there is very little
supporting data [13]. To overcome this limitation, Vickery et al. [ 14] introduced the hurricane track
model to acquire the wind risk along the coastline of an entire continent based on statistics of a
large amount of historical trajectory paths (including translation speed and direction) as well as
the associated hurricane intensities. Since then, considerable efforts have been made to advance
each simulation of hurricane track model [ 15-22]. Although the effectiveness of the statistical track
generation in estimating the hurricane risk is well appreciated, the data-driven simulations of the

hurricane intensity based on the statistics of historical records (e.g., linear statistical regression)
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present weak robustness, poor interpolation and very limited predictability due to a lack of
consideration of the underlying physics [23, 24]. To this end, Emanuel et al. [13] combined the
statistical track generation with a physics-based, deterministic intensity modeling scheme for
hurricane risk assessment. The coupled ocean-atmosphere model, with careful initialization, shows
great promise in modeling the intensity evolution of storms along the tracks. However, the original
construction of this physics-based intensity model cannot consider the important contribution from
the environmental wind shear. To overcome this limitation, an empirical parametrization of shear
effects is needed. It is noted that the modified hurricane intensity model with the consideration of
wind shear effects is extremely sensitive to the initial conditions and several environmental factors
that are currently poorly observed (e.g., middle tropospheric humidity) [23].

To facilitate the application of the statistical-deterministic methodology to hurricane risk
assessment, a novel physics-based intensity model is developed in this study. The physics-based
intensity model is simply governed by two mechanisms, namely a growth term representing the
inward advection of angular momentum and a decay term through frictional forces that limit the
intensity to an upper limit, and hence very convenient to be used together with the statistical track
generator for hurricane risk assessment. In addition, an extensive statistical analysis of hurricane
trajectories is carried out to obtain an enhanced translation model and a height-resolving wind
model is utilized to acquire the vertical profiles of wind speed and direction between ground-
surface and gradient levels. A 10,000 years of full-track synthetic hurricanes are generated and
compared with the HURDAT database at specific mileposts along the US East coast to validate the
overall performance of the developed simulation framework (in terms of annual occurrence rate,
intensity, translation speed and heading angle). Then, the New Jersey coastline is employed as a

case study to compare the simulated hurricane wind speeds with ASCE 7-16 recommendations, to
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highlight the wind directionality effects on extreme wind speeds, and to investigate the joint

distribution of hurricane wind speed and size.

2. Hurricane Track Model

The hurricane track model enhanced by the statistical-deterministic methodology can be employed
to simulate the storm spatial and temporal evolutions from the initial to termination stages [13, 14,
25-28]. While the intensity as well as translation and boundary-layer wind simulation components
will be highlighted in this study, other two components characterizing hurricane genesis and decay
will also be briefly reviewed for the sake of completeness. The five modules of the hurricane track
model, namely hurricane genesis, translation, intensity, decay and boundary-layer wind

simulations as presented in Fig. 1 will be revisited in the following sections sequentially.

Decay

Fig. 1. Five simulation components of hurricane track model

2.1 Genesis model

The Hurricane Database version-2 (HURDAT?2) provided by the National Hurricane Center
contains the most updated hurricane tracks and environmental parameters since 1851 for the
Atlantic and eastern north Pacific basins [29, 30]. Each hurricane track record provides the storm
center initial location (in latitude and longitude coordinates) as well as the translational speed,
heading angle and intensity every 6 hours [29, 30]. Fig. 2 presents the hurricane genesis locations
for the Atlantic basin contained in the HURDAT? database from which the initial condition of each
simulated scenario is randomly selected. The historical annual hurricane frequencies from 1851-
2016 are depicted in Fig. 3(a). In this study, the number of hurricanes per year is generated

according to a negative binomial distribution NB(p,r) fitted to the HURDAT?2 database [6, 7, 14,
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18, 25-28, 31, 32], where p is the probability of success and 7 is the number of success. The

parameters p and r of the negative binomial distribution are found to be 0.3709 and 6.5142,

respectively, using the maximum likelihood estimation based on the historical records from 1851

to 2016. It can be seen from Fig. 3(b) that the obtained negative binomial distribution fits

reasonably well with observation data.
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Fig. 2. Initial positions of historical hurricanes in HURDAT?2 database
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Fig. 3. Historical hurricanes in Atlantic basin: (a) Annual hurricane frequency; (b) Cumulative distribution of
hurricane number per year



106
107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

2.2 Translation model

The simulation of hurricane trajectories is based on the statistics of translation speed and heading
angle (translation direction) obtained from the HURDAT?2 6-hourly best track observations within
each 5°x5° grid square, and the simulation domain is selected to be a region of North Atlantic
bounded by 10N”° to 60N” for the latitude and 0° to 110W"* for the longitude [6, 7, 25-28, 32]. It
should be noted that the main purpose of the translation model is designed for statistical track
generation (without bias) but not for track forecasting [13]. Hence, there may exist a set of
plausible translation models that perform well. Emanuel et al. [13] demonstrated that there is a
nearly linear relationship between current and previous translation speeds and directions.
Accordingly, only linear statistical models are considered here. While Emanuel et al. [13] indicated
the evolution of hurricane trajectory path may be well described by Markov Chains, Zhang and
Nishijima [24] showed the current translation speed and direction actually depend on the hurricane
status of previous two time intervals (6 hours for each). In addition, Vickery et al. [14] presented
that the hurricane translation speed and direction are not only dependent on each other, but also
location dependent. Based on the abovementioned observations, three plausible statistical models

for both translation speed (c) and direction (6) are tested here. They are expressed as:

C,, =a +tac +¢& (1a)
¢, =a,+ac+ac  +& (1b)
¢, =a +tac +ay, +al +al +¢ (1c)
0, =b+b0 +¢ (2a)
6., =b+b0 +b0  +¢ (2b)
0, =b+by, +bA +bc +b0 +b0_ +¢ (2¢)

where a; and b, (j=1,...,6) are regression constants to be determined for each 5° by 5° grid in
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the simulation domain; i indicates the time step; y,= hurricane eye latitude; 4 = hurricane eye
longitude; and ¢ = random error term.

The goodness-of-fit of the plausible statistical models is investigated through the corrected
Akaike Information criterion (cAIC) defined as [33, 34]:

2k* + 2k
+—

cAIC=2k-2In(L) P
n—k—

€)

where k& = number of estimated parameters; L = value of the maximum likelihood function for the
model; and n = sample size. The cAIC favors the model with a smaller value, and hence offers a
mean for model selection. In this study, it is used for eastward and westward directions separately,
as shown in Figs. 4(a) and 4(b). As indicated in Fig. 4, the statistical model corresponding to Eq.
(1c) is best suited for the translational speed simulation for the eastward case while Eq. (1a) should
be selected for the westward case. On the other hand, more grids favor Eq. (2¢) for the translation

direction (heading angle) simulation for both eastward and westward cases.

(a) 1 (b)
= Eq. (1b) Eq. (1¢) o | Ea (2a) Eq. (2¢)
E E
3 8
= Eq (12) Eq. (1b) = Eq. (22) Eq. (2b)
© Eq. (1b) Eq. (1c) ° Eq. (2a) Eq. (2¢)
E E
S ]
M Eq. (1a) Eq. (1b) M Eq. (2a) Eq. (2b)
1 L1 ‘ L1 L1 | L1 L1 | L1 L1 L1 1 ‘ L1 ‘ 1 L1 | L1 L1
0 55 110 165 220 0 55 110 165 220
Number of grids Number of grids

Fig. 4. Histograms of the number of grids with smaller cAIC values: (a) translational speed; (b) translation direction

2.3 Intensity model
Due to the extreme complexity of hurricanes, many models used by NHC as guidance in the

preparation of official intensity forecasts are statistically based, e.g., the Statistical Hurricane
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Intensity Prediction Scheme (SHIPS) developed by DeMaria et al. [35]. As a linear regression
model, SHIPS characterizes the hurricane intensity as a linear function of a set of input parameters
(predictors). The essential way to improve its robustness is by adding new predictors that may be
important representatives of environmental factors. However, further improvements of SHIPS may
be limited by the underlying linear nature of this regression model [36]. In addition, the relatively
high number of input variables of SHIPS makes it not easy to be implemented in the context of
hurricane risk assessment. Although DeMaria [36] further developed a logistic growth equation-
based intensity model to significantly reduce the predictors by just considering the most important
dynamic and thermodynamic properties, this simplified hurricane intensity is still empirically
based. For the engineering applications, Vickery et al. [14] minimized the needed predictors by
proposing an empirical intensity model in terms of relative intensity / , defined by Darling [37] as
the actual central pressure drop normalized by the greatest possible central pressure drop that mean
seasonal climatic conditions allow. It is noted that the latter depends on a number of
thermodynamic factors, e.g., sea surface temperature (SST), relative humidity and temperature at
the top of troposphere [6, 7, 25-28, 32].

Since the introduction of relative intensity factors out the SST effects on the hurricane
intensity in terms of central pressure drop, a weak correlation is identified between SST and
relative intensity [14]. However, SST is still explicitly retained in the model of Vickery et al. [14]
to reduce some of the unexplained variance in the simulation process. Figure 5 presents the cAIC
results with and without consideration of SST for the eastward and westward cases using

HURDAT? database, where «; (j=1,...,4) is regression constant and 7; is SST at time step i. As

shown in the figure, more grids are in favor of not including SST in the linear regression model of
relative intensity for the case of Atlantic basin. Similar conclusion was obtained by Zhang and

Nishijima [24] for the case of Northwest Pacific basin using the historical data from the Japan
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Fig. 5. Histogram of the number of grids with smaller cAIC values for hurricane intensity

To facilitate the development of a physics-based intensity model with relatively small
number of predictors, the hurricane intensity simulation will be discussed in terms of the maximum

sustained surface wind speed (at 10 m height) normalized by the maximum storm intensity V.. It

mpi *
is noted that the inclusion of ¥,  in the hurricane intensity modeling highlights that the maximum
sustained surface wind speeds are actually bounded by physical constraints [36, 38]. A widely-

used formula characterizing V,, , over the North Atlantic basin is expressed as [39]:

y

— A 1 C(T-Ty)
i =A +Be (4a)
where T is the SST; 7| is a specified reference temperature; 4', B'and C'are constants to be

determined by a least square fit. Several sets of constant values are obtained and used in Eq. (4a)

to describe the relationship between ¥, . and SST [39-41], as presented in Fig. 6. The observed
data based on all hurricanes of the North Atlantic basin (blue dots in Fig. 6) indicate ¥, tends to

level off for SST higher 28°C, however, this phenomenon cannot be well captured by Eq. (4a).

To this end, a modified formula is proposed here as:

C3
Vi =d +C, exp[—C2 (]%j } (4b)
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where 7, =28°C and the constants are given by d=34.58m/s, C,=80.41m/s , C,=0.71 and
C, =5.09 using a least square fit based on the HURDAT?2 database. As shown in Fig. 6, the

modified formula for ¥ = perform better than Eq. (4a) especially for high SST scenarios.
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Fig. 6. Maximum storm intensity as a function of SST

In this study, the hurricane intensity evolution is explored using the Navier-Stokes equation

for momentum in terms of v/ V,» (denoted as V'), where v is the azimuthal wind component.

Accordingly, a first-order differential equation for the normalized intensity }' in the cylindrical

coordinate system (r,6,z) can be obtained as:

V-V . F, .
6V+ a_V+ mpla_V+WaV ﬂ‘i‘ﬂ: friction

——+u - )
ot or r 06 oz r V. V.
where u and w are radial and vertical wind components; the frictional force term F,,, is

represented through the bulk aerodynamic representation by F,,,, =-C,V’ /z, (C, = sea surface

riction
exchange coefficient for momentum and z, = dimensional constant); the Coriolis force term

fu/V,, canbe disregarded since its contribution is insignificant compared to that of the centrifugal

force [42]. In addition, the convective term w(dV/éz) can be ignored as the vertical wind speed is

negligible at the surface [42, 43]. To solve Eq. (5) for V,_ , the gradients of oV, /or and oV, /00
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are by definition equal to zero. Although an entirely different approach is used here, the obtained
hurricane intensity model is governed by a differential equation similar to the logistic growth

equation discussed in [36]. Accordingly, the dimensionless hurricane intensity is given by:

ov.
ZTmax B2 6
at max max ( )

where & =(-u, /R, ) (u,=radial wind speed associated to 7, and R, = radius of maximum

winds) and f'=C,V,,/z, . It should be noted that the upper limit of 7, governed by Eq. (6) is

ax

x/B'. Accordingly, the hurricane intensity v

w1 bounded by («/p")V, . and controlled by two
competing mechanisms, namely a growth term through the inward advection of angular

momentum and a decay term through the friction. Both dynamic and thermodynamic factors affect

the growth rate « . DeMaria [36] proposed a new way to acquire x as a,S + a,C + a,SC + b, where
S is the 850-200 hPa vertical shear, C is the convective instability, and «a,, a,, a, and b are
constants to be determined. Substituting Eq. (4b) into Eq. (6), the hurricane intensity can be

expressed as:

agr;ax =(a,S+a,C+a,SC+b)V,,, - ﬂ[34.58 +80.41¢ 110N/ }me (7

The vertical shear § is the magnitude of the 850-200-hPa vector difference, where the winds at 850
and 200 hPa are averaged over a circular area centered on the storm with a radius of 500 km; the
convective instability C is the averaged vertical velocity of a parcel of air lifted from the surface
to 15 km [44]; the sea surface temperature 7 at a 1° spatial resolution is available according to

[45]; and p'=pV,

mpi

. Although the sea surface exchange coefficient that increases with wind speed
up to 30m/s and then levels off has been investigated in detail by [46], its contribution to the
hurricane intensity [represented by £ in Eq. (7)] will be obtained through data in this study. The

constant coefficients in Eq. (7) are determined based on 33 hurricanes that occurred between 2001
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and 2016, and given by a, =-0.00364", a, =0.0040/", a,=0.0003%", »=0.0108%"" and

£=0.0004m'h"'s . The quality of the hurricane data used for model parameter estimation is

carefully examined in this study. In addition, hurricanes without readily available environmental
factors (e.g., vertical wind shear) or undergoing extratropical transition are excluded. The selected
33 hurricanes cover a wide range of storm characteristics (including various hurricane intensities).
However, it should be noted that the identified parameters can be further refined with additional
reliable hurricane data. It is noted that these coefficients present slight dependence on individual
hurricanes, as also noticed by [36]. To solve for the hurricane intensity based on Eq. (7), the
forward-time-differencing scheme is utilized that will provide the hurricane intensity at the 10-m
height along the storm track. Regression analysis can be also performed using Eq. (7) fitted to the

historical data of each grid.
2.4 Decay model

For the sake of completeness, the decay model of [47-49] utilized in this study is briefly
summarized in this section. The evolution of the hurricane intensity [at 10-m height] after making

landfall is determined as:

dv

max

i~ H ) ®)
where v, = background wind; and = decay constant. Equation (8) can be solved analytically
leading to the following solution:

Vs () =V, (Vo =, )eXP(=a20) ©)
where v__ = initial intensity before landfall.

max,o

2.5 Boundary-layer wind model
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An efficient and accurate hurricane boundary-layer wind model is needed to be coupled with the
abovementioned track model for wind risk assessment. In most of engineering applications, the

gradient wind speed v, is first evaluated according to Georgiou [50]. Then, the surface wind speed

v,, (at a standard reference height of 10 m above the ground) is obtained through a gradient-to-

surface wind speed conversion factor that may present significant spatial variability. It should be
noted that the wind direction is an important factor in the wind design for structures and usually
not considered in such a wind simulation. In this study, the vertical profiles of both hurricane
boundary-layer wind speed and direction between ground-surface and gradient levels will be

simulated using a decomposition scheme [51, 52]. Accordingly, the hurricane boundary-layer wind

velocity (v) is expressed as:
v=v, +v' (10)

where v, = gradient wind in the free atmosphere; and v’ = frictional component near the ground

surface. The azimuthal wind speed at the gradient level could be straightforwardly solved in the

cylindrical coordinate system as [43, 50]:

, _Cen(e=0)-m) \/(—csin(&—u) ~ /) BAp ( ' j exp{_ ( ' H "

2 4 pe r
where v = approach angle (counter clockwise positive from the East); ¢ = hurricane translational
speed; r = radial distance from hurricane center; @ = azimuthal angle; and Ap = central pressure
difference. The radius of maximum winds R, can be determined based on the following
empirical formula [53]:

In(R,, )=3.015-6.291x107 AP*> +0.0337y +¢ (12)

The Holland parameter B over ocean is given by B =1.7642—-1.2098+/4 +& [53], where
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A=R_.f / \/ 2R dTln(l + lﬁpj with the gas constant of dry air R, and the central pressure p, . After

landfall, the Holland parameter is determined as B(r) = B, exp(at) where a=0.0291-0.0429B, and

r0
B, is the Holland parameter value at landfall. The radial wind component v,, _ 1 IO%dr
r

obtained from the continuity equation is usually insignificant and hence disregarded here [43].

To obtain the frictional component, the horizontal momentum equations are first simplified
using the scale analysis approach, and then linearized leading to the following frictional wind

speed formulas as [51, 52]:

u'(0,2") = (a/B,)"* x Real {AO x e ) 4 4 x T 4 4 x el } (13a)
V'(0,z") = Imag {AO x e 4 4 x e 4 4 x e("*‘zy_"g)} (13b)

where (u',v') = frictional components of the wind velocity; g, =-(1+i)(y +/aB, - ) ;

1/4

g ==y +aB, - 975 a=-(aB,) " 5 a=& [2K 5 B,=E,[2K 5 &,=2v, [r+[ is the
absolute angular velocity; &, =dv,, /or +v,, /r+f is the vertical component of absolute vorticity
of the gradient wind; K = the turbulent diffusivity assumed to be constant in this study;
Y =Vy, [2Kr ; ¢$=(1/2Kr)dv,, /060 ; and z' = new vertical coordinate used as the base of the
computation scheme where z'=0 is located above z,, [43]. The other necessary parameters

needed for the simulation can be acquired in [51, 52].

3. Model Validation
The hurricane simulation process starts with a selected year, and the number of hurricanes in that
year is drawn from the negative binomial distribution [Fig. 3(b)]. The initial parameters for the

simulated hurricane, namely initial location (as shown in Fig. 2), heading angle, translational speed
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and hurricane intensity, are randomly generated from the HURDAT?2 database [6, 7, 25-28, 32].
The trajectory path of a hurricane realization can be obtained using the translation model together
with intensity model. A database of synthetic hurricanes corresponding to 10,000 year simulations
for hazard and risk analyses has been developed based on the hurricane track model coupled with
boundary-layer wind model discussed in Sect. 2.

To validate the abovementioned simulation procedure, the simulated hurricanes will be
compared with the historical ones from the HURDAT?2 database in the proximity of 48 mileposts
along the US Atlantic coastline. This validation approach has been originally proposed by [50] and
adopted by [14], where the intensity, translation speed and heading angle of a simulated hurricane
that enters into the 250 km region of a coastal milepost are recorded [14, 18, 54]. Since the exact
locations of the mileposts are not fully available [55], a group of mileposts covering the entire US
Atlantic coastline are redefined as depicted in Fig. 7(a) [6, 7, 25-28, 32]. The simulation results
are presented in Fig. 7(b), and good agreement between the simulated and historical hurricanes in
terms of annual occurrence rate, intensity, translation speed and heading angle is achieved. This
observation suggests that the hurricane simulation framework developed in Sect. 2 is a viable

approach for hurricane wind risk assessment.

(a)

(b)
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4. Case Study
Fourteen locations along the New Jersey coastline are selected as shown in Fig. 8 to apply the
developed hurricane simulation framework for wind risk assessment. An example of 50 synthetic

hurricane tracks recorded at points 4 and 10 is presented in Fig. 9.
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Fig. 8. Selected locations along New Jersey coastline
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4.1. Wind speed for various mean recurrence intervals

The mean recurrence interval (MRI) or return period of a given wind speed ¥ at a selected site
can be determined as [25-28]:

! ¥ (14)
m

MRI(v, >V J=——=
(v>7.) AP(v,>V,)

where P(vi >Vm) = probability that the maximum wind speed v, is larger than 7, ; 1= mean

annual occurrence rate of hurricanes at the selected site; and m = number of storms with a

maximum wind speed v, larger than ¥, in Y years (i.e., 10,000 years). The MRI distribution of

wind speed at two selected points, namely Points 4 and 10 is depicted with a logarithmic scale in

Fig. 10.
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The obtained design wind speeds associated with various MRIs [i.e., 10, 25, 50, 100, 300 (risk
category I), 700 (risk category II), and 1,700 (risk category III & IV) years] are then compared to
the corresponding ones provided by ASCE 7-16. The comparison results at two locations (i.e.,
points 4 and 10) along the New Jersey coastline are presented in Fig. 11. Good agreement between
the simulated and ASCE 7-16 design wind speeds are generally achieved. Differences noticed at
several MRIs values (e.g., MRIs of 100, 300 and 700 years at point 4) is due partially to different
wind field models used in these two approaches. Since the wind speeds associated with small MRIs
(e.g., 10 years) are governed by extratropical cyclones (Nor’easters), the corresponding design
wind speed based on the proposed hurricane simulation framework is underestimated. The design
wind speeds of the 14 selected points along the New Jersey coastline [Fig. 8] are also plotted in
Fig. 12 for two MRIs of 25 and 1700 years. Good agreement between the simulated and ASCE 7-

16 design wind speeds is highlighted.
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In addition to the surface wind speed as in ASCE 7-16, the developed hurricane simulation
framework can provide vertical wind profile since the track model is coupled with an analytical,
height-resolving wind field model. An example of simulated vertical wind profiles associated with
various MRIs at point 4 and 10 are presented in Fig. 13. It should be noted that the widely-used
power-law or log-law wind profiles may be inappropriate to characterize the hurricane boundary-
layer winds due to the existence of the supergradient wind region [56-60]. This observation may

have significant implications to the wind design of tall buildings.
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4.2. Directional design wind speed

The wind directionality is another important factor in the estimation of wind load effects on the

structures, whereas ACSE 7-16 only provides the design wind speed. Figure 14 presents the joint

distribution histogram of simulated wind speed and direction at two selected points (points 4 and

10). The wind direction convention adopted in this study is that the 0°corresponds to wind blowing

towards East direction, the 180° is for West direction, and the 90° is for North direction. As shown

in Fig. 14, more hurricane realizations are recorded between 200° and 300° with an average wind

speed generally lower than that between 20° and 160°.
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375  The directional maximum wind speeds for various MRIs in each of 16 directional sectors are
376 ~ compared to ASCE 7-16 recommendations, as presented in Fig. 15. It is noted that the simulated
377  design wind speeds for different directional sectors present large variability. Furthermore, the
378  simulation results in Fig. 15 indicates that the ratio between the simulated and ASCE 7-16 design
379  wind speeds depends on the MRI. It is noted that there is a unique value of the directionality factor
380 recommended for each type of structures in ASCE 7-16 to account for a combination effect from
381  the reduced probability of maximum winds coming from any given direction and the reduced
382  probability of the maximum pressure coefficient occurring for any given wind direction [61, 62].
383  Hence, the information on hurricane wind speed and direction at each site along with the building
384  aerodynamics data (obtained from wind tunnel tests or numerical simulations) may offer an

385  improved wind load estimation.
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387 Fig. 15. Comparison of simulated directional design wind speeds and ASCE 7-16 recommendations

388

389  4.3. Joint distribution of hurricane wind speed and size

390  The hurricane size (in terms of the radius of maximum winds R__ ) significantly affect the

max

391 likelihood of experiencing strong winds for a given site [56]. It also governs the extent of storm
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surge flooding of the landfalling hurricanes that cause widespread damage to property and life [63,
64]. Therefore, the joint histogram of the hurricane wind speed and size is important to be
considered [27, 65], and it can be efficiently obtained based on the hurricane simulation framework
developed in this study. Figure 16 presents the obtained joint histogram of the hurricane wind

speed and size for points 4 and 10.

Point 4 Point 10

@x®
(=]
o«
(=}

(=)}
(=]
D
(=]

S
S
IS
o

[
(=}
553
S

Number of events
Number of events

oSO
(=)
SO

50 50

100 100

40

150 60 @
Ve

150 60

R
/emax (km ) may (ky )

Fig. 16. Joint histogram of hurricane wind speed and size at points 4 and 10

Using the joint histogram in Fig. 16, the joint annual exceedance probability of hurricane wind

speed and size can be determined as [65, 66]:

P(v, >V, A, >Rmax):1—iP(vl.$Vmuri <R

x=0

x)p(x) (15a)

max

where p(x)= probability of a number of x hurricanes occurring in a period of one year. Assuming

a Poisson distribution of p(x), Eq. (152) can be rewritten as [65, 66]:
P(v,>V, Nr, >Rmax)=1—exp(—%) (15b)

where n = total number of hurricanes in Y years (i.e., 10,000 years). Figure 17 depicts the joint
annual exceedance probability of hurricane wind speed and size for points 4 and 10. The simulation

results indicate that points 4 and 10 mostly experience hurricane with R of 35-90 km and V,

of 12-34 m/s.
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413  Furthermore, the MRI for joint hurricane wind speed and size can be simply constructed as:

1
414 MRI(vi>me;>1§nax)=/1P(v>V AR (16)

415  The results for points 4 and 10 are summarized in Table 1. As discussed in [65], the obtained MRIs
416  for various storm wind speed and size groups can be employed for an improved risk assessment

417  of concomitant hurricane hazards (e.g., wind and surge).

418
419  Table 1. MRI for joint hurricane wind speed and size at points 4 and 10
V. (mls)
km m
R ) 20 30 40 50 60
Pt.t4 Pt. 10 Pt.4 Pt 10 Pt. 4 Pt. 10 Pt. 4 Pt. 10 Pt. 4 Pt. 10
10 433 363 8.59 7.44 27.48 23.81 142.09 15091 1442.78  2154.49
20 433 363 8.59 7.44 27.48 23.85 142.09  152.68 144278 215449
30 435 365 8.63 7.52 27.73 24.14 14492  160.19  1803.29 3231.4l
40 451 379  9.04 7.94 29.62 25.94 164.59 17295  2404.15 4308.33
50 490 419 10.18 9.10 35.81 30.08 203.82  235.61 14421.32 -
60 581 500 1262 11.25 46.07 39.22 289.13 34991 - -
70 736 647 1682  15.37 64.53 56.83 45136 616.03 - -

80 10.07 9.01 24.17 22.78 93.75 92.30 627.70  1292.95 - -
90 14.63 13.07 36.24  34.83 147.87 152.68 1109.99 3231.41
100 22.21 20.62 57.49 5834  258.23 26438 2404.15 - - -
110 35.55 33.03 9375 10240 45136 517.56 7211.02 - - -
120 56.18 53.82 144.92 168.47 721.75 1077.56 - - - -
130 98.82 85.66 278.04 275.60 1311.68 1616.03 - - - -

420

421 5. Concluding Remarks
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The hurricane track model is revisited in this study to advance the wind risk assessment
methodology, where a physics-based intensity model simply controlled by a growth term (through
inward advection of angular momentum) and a decay term (through frictional forces) is highlighted.

The evolution of the normalized hurricane intensity ¥, (maximum sustained surface wind speed
Vimax divided by maximum storm intensity ¥, ) explicitly depends on several environmental

factors of dominant dynamics and thermodynamics, namely the sea surface temperature, vertical
shear and convective instability. Based on the developed hurricane risk assessment framework,
10,000 years of full-track synthetic hurricanes are generated and compared with historical
hurricane records in terms of annual occurrence rate, intensity, translation speed and heading angle.
The comparison results suggest the proposed method is a viable approach for hurricane wind risk
assessment. In addition to design wind speeds (at surface) associated with various mean recurrence
intervals (MRIs) as in ASCE 7-16, the developed hurricane risk assessment framework can also
efficiently provide the vertical profiles of wind speed and direction between the ground-surface
and gradient levels, joint distribution of hurricane wind speed and direction, and joint distribution
of hurricane wind speed and size. All these risk considerations related to hurricane wind hazard

have significant implications to wind design of coastal structures.
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