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SUMMARY Different analytical models have been evaluated for estimating wind speed of the 
tropical storm, where the storm-induced wind velocity is calculated as a function of distance 
from the center of the hurricane. For these models, different parameters such as maximum 

wind speed, a radius of the maximum wind, hurricane shape parameter, hurricane translation 
speed and the orientation of the trajectory, etc., affect the shape of a hurricane. Hurricanes 
Lili (2002), Ivan (2004), Katrina (2005), Gustav (2008) and Ike (2008) from the Gulf of Mexico 
were used for skill assessment. The maximum wind radius was calculated using significant wind 
radii ( R 34 , R 50 and R 64 ) reported by the National Hurricane Center. Different formulas for calcu- 
lating the radius of maximum wind speed were evaluated. The asymmetric wind field for each 
hurricane was generated using analytic methods and compared with in situ data from buoys in 
the Gulf of Mexico and the H 

∗Wind data. Analytical models were able to predict high wind speed 
under tropical cyclone conditions with relatively high precision. Among the analytical models 
evaluated in this research, the model proposed by Holland et al. (2010) showed excellent re- 
sults. Dynamical wind models such as NCEP/NARR provide wind speed with the coarse spatial 
resolution which is acceptable for far-field locations away from the hurricane eye. In contrast, 
analytical models were able to produce sufficiently reliable wind speed within a particular ra- 
dius from the center of the hurricane. Therefore blending of dynamical and analytical models 
can be used to provide accurate wind data during hurricane passage in the Gulf of Mexico. 
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1. Introduction 

A tropical cyclone (TC) is a rapidly rotating storm system
characterized by a low-pressure center and strong winds.
TC might be called a hurricane, typhoon, tropical storm,
tropical depression, or a cyclone depending on their inten-
sity over different locations around the world. In general,
a tropical cyclone generates high energy winds, incredi-
ble waves, torrential rain, and coastal flooding from storm
surge. When it approaches the coast making landfall, the
huge waves and storm surge are major threats to human life
and property in coastal regions of the world. Among such
susceptible coasts, one may refer to the northern Gulf of
Mexico; where enormous property damage, and loss of life
are ubiquitously associated with TC landfalls each year. As
a result, simulation and prediction of tropical storms are of
paramount importance. 

Depperman (1947) adopted a model called Rankine vor-
tex based on the rotation of the current around a rigid body
to simulate the hurricane. This model was then modified by
Hughes (1952) who presented the modified Rankine vortex
model (MRV). Jelesniansky (1992) proposed a model called
Sea, Lake, and Overland Surges from Hurricanes (SLOSH)
for simulating hurricanes and its impact along the coast.
Houston et al. (1999) evaluated the differences between
Hurricane Research Division (HRD) surface wind analysis
data and results of SLOSH model. There are several analyt-
ical relationships for modeling surface wind velocity of a
hurricane, based on the radial distance from the hurricane
center (e.g. DeMaria and Kaplan, 1994 ; Holland, 1980 ;
Holland et al., 2010 ; Jelesniansky, 1967 ; Knaff et al., 2007 ;
Willoughby et al., 2006 ; Wood et al., 2013 ). Considering
Holland (1980) model and Advanced Coastal Circulation
(ADCIRC) model for simulating a hurricane in the symmet-
rical and asymmetrical conditions, Mattocks and Forbes
(2008) developed a deterministic prediction system for
hurricanes and corresponding floods induced by storm surge
along the North Carolina coast. The results led to National
Weather Service (NWS) models such as NWS8 and NWS19, for
simulating symmetrical and asymmetrical hurricanes in the
Surface-Water Modeling Solution. Harper (2002) , Atkinson
and Holliday (1977) , Dvorak (1975) , Knaff and Zehr (2007) ,
and Holland (2008) evaluated the relationships between the
maximum wind velocity, V max , and central pressure of the
hurricane. In Holland (1980) , the centeral pressure of the
hurricane decreases with an increase in maximum sustained
wind speed. Given the fact that the Holland (1980) method
assumes a symmetric hurricane, while an actual hurricane
is asymmetric in its core, recent studies improved the
Holland (1980) model for asymmetric hurricane condition
(e.g. Chen et al., 2003 ; Xie et al., 2006 ). 

Several empirical formulations have been focused on
calculating the maximum wind radius ( R max ) in asymmet-
ric conditions (e.g. Graham and Nunn, 1959 ; Kawai et
al., 2005 ; Knaff et al., 2007 ; Takagi et al., 2012 ). Xie
et al. (2006) employed the significant wind radii ( R 34 , R 50

and R 64 ) at four quadrants of the hurricane to estimate
R max ). Phadke et al. (2003) used existing analytical wind
models to evaluate performance of the wind field resulted
from Hurricane Iniki. Emanuel (2004) derived a model for
the outer region of the hurricane, based on the combination
of free-tropospheric thermodynamic balance and boundary-
layer Ekman dynamic balance. He used angular entropy and
the momentum balance in the boundary layer and for the
inner convective region of the hurricane. In these solutions,
the absolute temperature of the outflow is assumed nearly
constant; whereas Emanuel and Rotunno (2011) showed this
assumption is flawed in most of the cases. They argued that
the thermal stratification of the outflow was set by small-
scale turbulences which would limit the Richardson Number;
implying the variation of outflow temperature with angular
momentum. Such variation leads to a realistic prediction of
the vortex structure of a hurricane. 

Wind structure in a hurricane is based upon two com-
ponents in the northern hemisphere: a counter-clockwise
rotation of the surface background wind and the storm
translation speed. Lin and Chavas (2012) , and later Chavas
et al. (2015) have mathematically merged existing theoret-
ical solutions for the radial wind structure on the top of the
boundary layer in the inner ascending region of the hurri-
cane. It was based on the solution of Emanuel and Rotunno
(2011) in which convective transfer of moisture and heat
was persistent. In the outer descending region, the solution
of Emanuel (2004) was employed in which the convection
was absent. Hu et al. (2012) proposed a parametric hur-
ricane wind model based on the asymmetric Holland-type
vortex models. They included the impact of Coriolis deflec-
tion on the hurricane shape parameter. They also excluded
the forward velocity of hurricane before applying the Hol-
land vortex model to avoid unnecessary exaggeration of the
wind asymmetry. 

In general, analytical wind models are suitable for simu-
lating wind field up to a specific radius from the center of
hurricane, and beyond which prediction would go wrong as
hurricane may be affected by other global weather systems.
Wood et al. (2013) showed that central pressure deficit in an
axisymmetric vortex core is strongly related to the choice of
free parameters that control the shape of the radial profiles
of the tangential velocity. A new model to represent TC wind
velocity field is developed by Wijnands et al. (2016) consist-
ing three components fit to the maximum wind velocities in
the eye to capture the extent of gale-force winds around
the TC, and the construction of the wind profile using a cu-
bic spline approach. 

Another method for simulating hurricane wind is to use
long-term reanalysis wind data such as data provided by
the National Centers for Environmental Prediction (NCEP),
the European Centre for Medium-Range Weather Fore-
casts (ECMWF), and the Cross-Calibrated Multi-Platform
(CCMP). Such wind data have also been extensively used for
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indcasting and predicting the hydrodynamics in various 
cean basins. However, studies have shown that the use 
f such coarse-resolution reanalyzed data for forcing wave 
odels led to underestimation of wave height. The qual- 

ty of wind data is always blamed for such an underes-
imation (e.g. Brenner et al., 2007 ; Cavaleri and Sclavo, 
006 ; Mazaheri et al., 2013 ; Moeini et al., 2010 ; Signell
t al., 2005 ). Combining two data sources, i.e., Holland
1980) model and CCMP data, Pan et al. (2016) reported im-
rovement in wind field hindcast for two TCs, i.e., Fanapi 
nd Meranti, which made landfall in China. They evaluated 
he effect of different TC models on hindcasting V max . Com-
ining wind data from different sources have been used ex- 
ensively for improving hurricane wave modeling in the Gulf 
f Mexico (e.g. SiadatMousavi et al., 2009 ). 
This study quantitatively evaluates the wind fields cal- 

ulated using different parametric models for several hurri- 
anes traversed across the Gulf of Mexico. Given that R max is
n important parameter contributing to the storm-induced 
ind velocity, its influences on the wind field is compared
mong different analytic methods and the most appropri- 
te method is selected for calculating R max in the Gulf of
exico. All evaluations were based on in situ data from Na-
ional Data Buoy Center (NDBC) buoys. Finally, most appro- 
riate analytical model data were compared against H 

∗Wind 
odel in terms of hurricane forward motion, angle of the
aximum wind velocity, V max and the range in which ana- 

ytical model is applicable. The results of analytical models 
ere also compared with NCEP/NARR (North American Re- 
ional Reanalysis) dynamical model to determine whether it 
s possible to merge both datasets to produce an optimized
ind data for the study area. 

. Parametric tropical storm-induced wind 

elocity 

ind vector, V , of a TC is composed of rotational velocity of
he hurricane and the translational motion of the hurricane 
ye, and can be expressed as follows: 

 = k m 

V r + δm 

V m 

, (1) 

here V r is velocity over a distance r from the hurricane
enter, V m 

is the hurricane translation velocity, k m 

can be 
onsidered as 0.8 according to Powell (1980) ; however, his 
ater observational studies (e.g. Powell et al., 1991 , 1998 )
ave showed its variability over the range 0.7 to 0.9, due
o variations in the vertical stability. The asymmetry coeffi- 
ient δm 

is equal to zero for a symmetric hurricane and 0.5
or an asymmetric one. 
Numerous methods have been proposed for calculating 

 r . Schloemer (1954) proposed a radial relationship for cal- 
ulating the pressure based on the difference between the 
entral surface pressure of the hurricane ( P c ) and the am-
ient pressure ( P n ). Later on, Holland (1980 , hereafter H80)
odified the Schloemer’s theory and presented a rectangu- 

ar hyperbola radial relationship between pressure and wind 
elocity as follows: 

 ( r, θ ) = P c + ( P n − P c ) exp 
[(

−R max ( θ ) 

r 

)]B 

, (2) 
 r ( r, θ ) = 

[ 

B 

ρa 

(
R max ( θ ) 

r 

)B 

( P n − P c ) exp 
[(

−R max ( θ ) 

r 

)]B 

+ 

(
r f 
2 

)2 
] 0 . 5 

− r f 
2 

, (3) 

here ρa is the density of air, P ( r, θ) is the surface pressure
t a distance of r from the hurricane center, B is a hurricane
hape parameter, f is the Coriolis parameter f = 2� sin (φ) ,
is the rotational frequency of the earth and ϕ is the lati-

ude. The parameter " B " is used to relate the pressure to the
ind field and it plays an important role in estimating V max 

n a hurricane. Indeed, B controls the hurricane eye diame-
er and fastness of the maximum wind velocity, and varies
rom 1 to 2.5. It has been shown that B has high correla-
ion with several parameters, such as pressure drop, R max ,
nd the latitude of hurricane center; e.g., the following re-
ationship can be used to calculate hurricane aspect ratio
 Levinson et al., 2010 ): 

 = 

V 2 max ρa e 
100 ( P n − P c ) 

, (4) 

here e is the base of natural logarithms. 
Jelesniansky (1967) suggested a parametric equation 

o calculate V r . This formula led to development of
he US Weather Service SPALASH storm surge predic- 
ion model ( Jelesnianski et al., 1973 ) and the SLOSH
odel ( Jelesniansky, 1992 , hereafter S92) as the following
elationship: 

 r = 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

V max 

(
r 

R max 

) 3 
2 

, r < R max 

V max 

(
2 R max r 

r 2 + R 

2 
max 

)
, r ≥ R max 

. (5) 

Willoughby et al. (2006 , hereafter W06) divided the hur-
icane structure into three parts such that the wind veloc-
ty inside the eye of a hurricane increases with increas-
ng the radius from the center. Far from the hurricane
ye, it decreases exponentially. A transition area exists be-
ween those mentioned areas. On this basis, the wind ve-
ocity in each part can be calculated from the following
elationships. 

 r = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

V i = V max 

(
r 

R max 

)n 

, r < R 1 

V i ( 1 − w ) + V o , R 1 ≤ r < R 2 

V o = V max 

(
− r − R max 

X 1 

)
, r ≥ R 2 

, (6) 

here V i and V o are the tangential wind component in the
ye and beyond the transition zone, which lies between
 = R 1 and r = R 2 ; and permits velocity of V max at the
istance of R max ; X 1 is the exponential decay length in the
uter vortex and n is the exponent for the power law inside
he eye; w is the weighted function in the transitional zone.
he values of R max , X 1 and n are suggested as a function of
 max and ϕ, using the regression analysis: 
 

 

 

 

 

R max = 46 . 4 exp ( −0 . 0155 V max + 0 . 016 φ) 

X 1 = 270 . 5 − 4 . 78 V max + 6 . 17 φ

n = 0 . 431 + 0 . 136 V max − 0 . 006 φ

. (7) 
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The weight function, w , is expressed based on the non-
dimensional ξ which is defined as follows: 

ξ = 

r − R 1 

R 2 − R 1 
, (8)

w(ξ ) = 

⎧ ⎨ 

⎩ 

0 , ξ ≤ 0 
126 ξ 5 − 420 ξ 6 + 540 ξ 7 − 315 ξ 8 + 70 ξ 9 , 0 ≤ ξ ≤ 1
1 , ξ ≥ 1 

(9)

Knaff et al. (2007 , hereafter K07) used MRV model as well
as a statistical-parametric model to predict TC wind radii in
the Atlantic Ocean, the East Pacific, and the Western North
Pacific. They proposed a parametric equation to calculate
V r as follows: 

 ( r, θ ) = 

⎧ ⎨ 

⎩ 

( V max − a ) 
(

R max 
r 

)x 
+ a cos ( θ − θ0 ) , r ≥ R max 

( V max − a ) 
(

R max 
r 

)
+ a sin ( θ − θ0 ) , r < R max 

(10)

in which x is the size parameter, a is the asymmetry coeffi-
cient, and θ0 is the angle between V max and the storm trans-
lation vector. In this equation, using the wind radii ( R 34 , R 50

and R 64 ) in each quadrant and multiple linear regressions,
four parameters ( V max , R max , a, θ) can be calculated. 

Holland et al. (2010 , hereafter H10) retained the rect-
angular hyperbolic form of previously proposed H80 model
and further refined wind velocity relationship at all levels
and matched the wind velocity with the data beyond the ro-
tational part of the hurricane. The proposed relationship in
H10 is as follows: [ 

b s 

ρa 

(
R max ( θ ) 

r 

)b s 

( P n − P c ) exp 
[(

−R max ( θ ) 

r 

)]b s 

+ 

(
r f 
2 

)2 
] x 

− r f 
2 

, (11)

where the subscript s refers to the surface value (at a nom-
inal height of 10 m). Parameter b s is the hurricane shape
coefficient which can be related to the original b value in
H80 by b s = bg x s , where g s is the reduction factor for gradi-
ent to-surface wind. If x = 0 . 5 is set, and b s is assumed to
be a constant value, as used in H80, then: ⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

b s = − 4 . 4 × 10 −5 
	P 2 + 0 . 01	P + 0 . 03 

∂ P c 
∂t − 0 . 014 φ + 0 . 15 V m 

+ 1 . 0 φ

x = 0 . 6 
(
1 − 	P 

215 

) , (12)

where 	P = P n − P c is in hPa and ∂ P c / ∂ t is the rate of change
of pressure in hPa / h . Emanuel and Rotunno (2011) extended
the Emanuel (2004) model to areas beyond the hurricane
eyewall by considering a constant (critical) Richardson Num-
ber which is determined based on temperature gradient
across the hurricane. This model (hereafter E11) performs
well near R max , while becomes less accurate as one gets far-
ther from the center of the hurricane. This model takes into
account the Coriolis effect and may turn into Jelesnianski
model upon ignoring those effects. E11 suggested the fol-
lowing model for simulating wind surface velocity in a TC:

 r = 

2 r 
(

R max V max + 

1 
2 

fR 

2 
max 

)
R 

2 + r 2 
− fr 

2 
. (13)
max 
Wood et al. (2013 , hereafter W13) improved the exist-
ing parametric tangential wind profile model of Wood and
White (2011) for a better fit to a TC. W13 model has five key
parameters controlling the radial profile of tangential wind:
V max , R max , and three shape velocity parameters η, λ and κ
to control different portions of the profile: ⎧ ⎪ ⎨ 

⎪ ⎩ 

V r ( ρ; m ) = V max φ( ρ; κ; η; λ) 

φ( ρ; κ; η; λ) = 

ηκρλ(
η − κ + κρ

η
λ

)λ
, (14)

where ρ = r/ R max is a dimensionless radius. Note that
0 ≤ κ < η and λ > 0. 

As discussed in this section, host of models have been
proposed to simulate the wind structure of a TC. These for-
mulations will be assessed in the following sections for un-
derstanding the complex structure of hurricane wind field in
the Gulf of Mexico. 

2.1. The radius of the maximum wind 

The radius of the maximum wind refers to the distance from
the center of the hurricane to the location within its struc-
ture where V max occurs. R max plays a significant role in hur-
ricane characteristics. Numerous relationships have been
proposed for calculating R max in the literature. In this re-
spect, Graham and Nunn (1959 , hereafter G59) suggested
Eq. (15) in which R max is a function of latitude, difference
between the central surface pressure and the ambient pres-
sure, and translation speed of the tropical storm. 

R max = 28 . 25 tanh [ 0 . 0873 ( φ − 28 ) ] 

+ 12 . 22 exp 
(

	P 
33 . 86 

)
+ 0 . 2 V m 

+ 37 . 2 . (15)

Kawai et al. (2005 , hereafter K05) have proposed ex-
ponential formulas for R max (km) based on the central
pressure: 

R max = 94 . 89 exp 
(

P c − 967 
61 . 5 

)
. (16)

K07 suggested the following relationship where m 0 , m 1 ,
and m 2 are empirical parameters: 

R max = m 0 + m 1 V m 

+ m 2 ( φ − 25 ) . (17)

Takagi et al. (2012 , hereafter T12) used the following
empirical formula developed by the National Institute for
Land and Infrastructure Management (NILIM) to estimate the
R max : 

R max = 80 − 0 . 769 ( 950 − P c ) , (18)

where R max and P c are in km and hPa respectively, and
P c < 950 hPa. 

Note that the National Hurricane Center (NHC) forecast
advisories and the Automated Tropical Cyclone Forecasting
(ATCF) product provide parameters such as geographic
coordinates of hurricane center, V max , V m 

, surface wind
forecasts etc., and the hurricane structure is provided by
the radii of specified wind velocities (34, 50, 64, and 100 kn)
in four quadrants. Figure 1 illustrates the asymmetric wind
structure for Hurricane Ivan at 0900 UTC on 15 September
2004. At this time, the center of hurricane was located at
26.1 °N, 87.8 °W. The 1-min averaged maximum sustained
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Figure 1 Tropical cyclone parameters provided by the National Hurricane Center (NHC) for Hurricane Ivan at 0900 UTC 
09/15/2004. 
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urface wind speed was 120 kn with gusts up to 145 kn. The
4 kn wind in four quadrants (NE, SE, SW, NW) was located
t distances of (90, 90, 60, 75 NM) from the center of
he hurricane; Similar information is also provided for the 
ocation of 34 and 50 kn winds. Those distances in different
uarters are shown as R 34 , R 50 and R 64 . As proposed by Xie
t al. (2006 , hereafter X06), R max can be set to different
alues in each quadrant. By solving Eq. (3) , based on given
nformation in each direction, curve fitting provides two 
olutions for R max where the smaller value is the most ap-
ropriate solution. Details are presented in the Appendix 1 .

. Methodology 

.1. Selecting tropical storms for analyzing wind 

eld in the Gulf of Mexico 

he major hurricanes in the Gulf of Mexico during 2002—
016 include: Lili (2002), Ivan (2004), Katrina (2005), Al- 
erto (2006), Dolly (2008), Gustav (2008), Ike (2008), Ida 
2009), Alex (2010), Don (2011), Isaac (2012), Karen (2013) 
nd Colin (2016). Due to non-availability of R 64 values for
ome of the TCs, Hurricanes Lili, Ivan, Katrina, Gustav and 
ke were selected for detailed study of their complex wind 
tructure. The time period from the entry of tropical storms 
nto the Gulf of Mexico until its landfall along northern Gulf
oast was considered for each hurricane. The best hurri- 
ane track, geographic coordinates, central pressure, V max , 
 m 

, etc. were retrieved on a six-hourly basis from NHC and
TCF. Moreover, for model validation purpose, correspond- 
ng wind data have been extracted from NDBC buoy network
rom the Gulf of Mexico. The hurricane tracks and available 
uoys are shown in Figure 2 . 

.2. Reconstructing the wind fields of a tropical 
torm 

n order to estimate wind field using analytical models, polar
oordinate system was employed. In this study, radius, r , 
as calculated from 1 to 1000 by steps of 1 km and started
rom the hurricane center. The azimuthal angle from x-axis, 
, was considered from 1 ° to 360 ° by steps of 1 °. 
. Results and discussions 

.1. Effect of hurricane shape parameter ( B ) on 

he tropical storm-generated wind field 

s it was mentioned in section 2 , hurricane shape parameter
 B ) serves as a control parameter for the hurricane shape.
t establishes a balance between V max and P c . H80 proposed
 range from 1 to 2 . 5 for B. In this section the effect of B
n wind velocity and the hurricane shape was investigated.
n Figure 3 , the wind fields of Hurricane Ivan on 15 Septem-
er 2004, at 0900 UTC was demonstrated for different val-
es of B (0.5—2.5). In this case, V max = 120 kn = 61.73 m/s,
 max = 40 . 21 km and P c = 932 hPa, and the wind velocity
as calculated using H80’s model. Increasing B would also 
ncrease V max at R max and decrease the wind speed away
rom R max . In case of B = 1.5, the corresponding wind ve-
ocity at R max = 40.21 km was ∼60 m/s, indicating that the
ost appropriate value for B at this instance is ∼1.5. It is

n agreement with actual hurricane conditions reported by 
HC in Figure 1 . 

.2. Assessment of different models for 
alculating R max 

ifferent analytical models such as G59, K05, X06, K07
nd T12 can be employed to calculate R max , and the key
uestion is, which method is consistent for the hurricanes
raversing across the Gulf of Mexico. In order to address
his question, the values of R max calculated using different
odels and R max derived from H 

∗Wind are compared in
igure 4 for the time interval when Hurricane Ivan was
hurning across the Gulf of Mexico; i.e. from 1500 UTC
n 14 September 2004 to 0300 UTC 16 September 2004.
 

∗Wind is a product of NOAA/Hurricane Research Division
hich integrates data from all available surface weather 
latforms and aircraft data within 1000 km from hurricane’s
ye. The root mean square error (RMSE), scattering index
SI) and BIAS presented in Figure 4 were used to assess
he models. It can be concluded that T12, K07 and K05
ethods tend to overestimate R max throughout the time 
eriod when the Hurricane was active in the Gulf of Mexico
ntil it leaves the Gulf of Mexico. In fact, according to
q. (16) and Eq. (18) , R max in the K05 and T12 methods
nly depends on P c which provides limited flexibility to
roduce realistic values. In contrast, R max in the G59
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Figure 2 Tracks of five major hurricanes that made landfall along the northern Gulf of Mexico and locations of National Data Buoy 
Center (NDBC) buoys used for models assessment in the study. 

Figure 3 The effect of varying the parameter B on wind ve- 
locity for Hurricane Ivan at 0900 UTC 09/15/2004. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and X06 methods is also dependent on the V m 

and the
geographical location of the tropical cyclone. Therefore,
these methods give more desirable results for calculat-
ing R max . Based on the statistics presented in Figure 4 ,
X06 was the most successful method in reproducing R max . 

4.3. Assessment of different parametric models 
for calculating the wind field of a tropical storm 

Different models can be used to simulate a tropical storm
in the Gulf of Mexico including H80, S92, W06, K07, H10,
E11 and W13 models as presented in section 2 . In all of
these models, R max serves as a key parameter, and the for-
mula proposed by X06 was selected as the most appropriate
method for calculating R max in the Gulf of Mexico as shown
in section 4.2 . For assessment, the wind velocities calcu-
lated via the analytical approaches were compared to the
measured data from NDBC buoys. 

4.3.1. Hurricane Lili 
Hurricane Lili was one of the strongest hurricanes passing
through large areas across the Atlantic Ocean and the Gulf
of Mexico and made its landfall along the northern Gulf
of Mexico on October 4 th , 2002. Comparison between the
model-generated wind velocity using H80, S92, W06, K07,
H10, E11 and W13 models and the measured data from buoys
in the Gulf of Mexico are illustrated in Figure 5 . In general,
the storm-induced wind velocity was maximum at r = R max 

while lower velocities were observed in both r < R max (inside
the hurricane eyewall) and r > R max (far from the hurricane
center). According to Figure 2 , this hurricane passed near
buoy 42001 on October 2 nd when R max = ∼23 km and the
radial distance between the buoy and the hurricane center
r = ∼27 km. Since r ≈ R max , the buoy 42001 was expected
to measure V max . As shown in Figure 5 , there is a fair agree-
ment between measured data at all buoys and the analytical
models. 

In order to evaluate the analytical models in more de-
tail, some statistics were presented in Table 1 . The BIAS
values indicate that, almost all models tend to underesti-
mate the wind velocity at most of the buoys locations. Based
on statistics, H10 and W13 models produced better results
at most of the buoys compared to other models. 

A comparison of wind structure generated by symmet-
ric and asymmetric models for Hurricane Lili at 2100 UTC
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Table 1 Statistical parameters characterizng wind velocity obtained using different parametric methods at buoys locations in the Gulf of Mexico during different hurricanes. 

Hurricane Lili (2002) 

NDBC-42001 NDBC-42002 NDBC-42003 

H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 

RMSE (m/s) 2.7 3.9 3.0 2.8 2.4 3.6 2.6 2.4 3.1 2.1 2.9 2.0 2.9 1.8 1.9 3.5 3.4 2.2 1.6 3.0 1.5 
SI (%) 15 15 20 15 15 18 13 38 32 37 20 33 37 28 18 18 30 14 15 19 12 
BIAS (m/s) −1.5 −3.2 −0.8 1.1 −1.1 −2.4 1.8 −1.3 −2.6 1.0 1.6 −1.0 −2.2 1.0 0.4 −2.9 −1.3 −1.7 0.2 −2.2 0.7 

Hurricane Ivan (2004) 
NDBC-42001 NDBC-42002 NDBC-42003 

H80 S92 W05 K07 H10 E11 W13 H80 S92 W05 K07 H10 E11 W13 H80 S92 W05 K07 H10 E11 W13 

RMSE (m/s) 2.2 2.9 3.3 3.7 2.3 3.7 2.9 2.7 1.7 2.5 1.5 2.5 1.4 1.6 2.6 2.9 1.8 2.8 2.6 2.6 1.6 
SI (%) 17 19 17 24 19 24 19 44 41 39 41 46 37 38 9 10 8 7 8 10 5 
BIAS (m/s) 1.4 −1.4 0.4 −0.6 −0.2 −2.8 −1.3 2.2 0.8 −2.0 1.4 2.0 −0.3 0.9 0.9 −2.0 −0.6 −1.6 2.0 −1.6 1.1 

Hurricane Katrina (2005) 
NDBC-42001 NDBC-42002 NDBC-42019 

H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 

RMSE (m/s) 2.3 4.5 3.4 3.8 3.1 5.2 3.1 1.5 2.6 4.1 2.4 2.1 3.0 1.8 2.0 1.7 2.1 2.3 1.8 2.0 2.1 
SI (%) 17 27 27 22 32 27 24 27 38 35 25 36 37 30 39 39 47 41 37 43 42 
BIAS (m/s) −0.8 −2.6 −1.5 −0.9 −1.3 −3.1 −1.3 0.3 −1.0 −2.0 −1.2 −0.2 −1.3 −0.1 1.0 0.4 0.5 −1.0 1.1 0.1 1.2 

Hurricane Gustav (2008) 
NDBC-42001 NDBC-42019 NDBC-42040 

H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 

RMSE (m/s) 3.3 7.6 2.3 3.1 3.3 7.0 3.4 2.4 3.4 2.3 2.2 1.5 3.8 1.8 3.4 5.7 3.4 2.2 2.8 7.0 2.2 
SI (%) 25 20 18 15 21 19 17 37 13 27 13 13 18 15 22 13 21 12 10 13 13 
BIAS (m/s) −1.6 −7.2 −0.8 −2.1 −2.2 −6.6 −2.1 −0.5 −3.3 −1.4 −1.2 −1.2 −3.7 −1.5 0.2 −5.3 −0.8 −1.3 −2.2 −6.7 1.1 

Hurricane Ike (2008) 
NDBC-42002 NDBC-42019 NDBC-42040 

H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 H80 S92 W06 K07 H10 E11 W13 

RMSE (m/s) 2.6 3.9 3.6 3.8 2.3 3.3 3.0 2.7 4.1 3.8 3.1 1.7 4.5 2.2 2.9 4.0 3.8 3.2 1.5 4.0 2.9 
SI (%) 18 21 28 24 12 27 26 24 12 22 30 17 15 21 20 11 22 26 11 11 20 
BIAS (m/s) 1.6 −2.9 −2.2 −1.6 −1.5 −0.3 0.3 1.4 −2.8 −3.1 −0.4 −0.5 −3.0 −0.3 1.7 −2.9 −1.2 −1.5 −0.4 −2.9 −0.9 
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Figure 4 Comparison of the performance of different models applied for calculating R max for Hurricane Ivan (2004). 
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on 01 October 2002 is provided in Figure 6 . The amount
of asymmetry depends on V max , R max , V m 

and the direc-
tion of the hurricane movement ( β). The center of hur-
ricane was located near 22.7 ◦N, 85 ◦W at this time, and
 max = 90 kn , β = 305 ◦, V m 

= 15 kn , P C = 970 hPa . Since W13
and H10 methods produced higher wind velocity compared
to other models, their corresponding asymmetric structure
for the hurricanes are also higher. Increasing the asymmetric
amount affect the θmax (the angle of maximum wind veloc-
ity). According to the direction of the hurricane movement,
the wind surface velocity on the right side of the hurricane
is larger than the left side. 

4.3.2. Hurricane Ivan 

Hurricane Ivan, the strongest hurricane during the 2004 At-
lantic hurricane season, resulted in a widespread damage
in the Caribbean and United States, and reached Category
5 strength on the Saffir-Simpson scale. It passed across the
Gulf of Mexico during 14—16 September. It is evident from
Figure 2 that Hurricane Ivan trajectory passed close to buoys
42001, 42003 and 42040. Since wind velocity is higher on the
right of the hurricane rather than its left side, higher wind
velocity was measured at buoy 42003 than the buoys 42001
on September 15 th (see Figure 5 ). A comparison between the
results of parametric models and the measured wind veloc-
ity data by buoys shows that the models performances were
better during peak hours. 

Statistical indices based on data from different buoys
presented in Table 1 indicate that E11 underestimated the
wind velocity; while H80 tended to overestimate the wind
velocity at most of the buoys. The RMSE values at all
buoy locations show that all analytical models provided
fairly realistic estimation of Hurricane Ivan. In general,
H80, H10 and W13 models outperformed the rest of mod-
els, especially close to high speed regions of the hurri-
cane. Figure 6 illustrates the wind field simulated by the
symmetric and asymmetric models for Hurricane Ivan at
0900 UTC on 15 September 2004. At this time, the hur-
ricane center was located at 26.1 ◦N, 87.8 ◦W, and V max =
120 kn , β = 340 ◦, V m 

= 10 kn , P C = 938 hPa . Among the an-
alytical models, the wind field and the wind field asym-
metry were maximum for H10 model. As an example, at
the same radial distances from hurricane center and in
the direction of θmax , higher surface wind velocities were
estimated by H80 and H10 models and the smallest wind
speeds were simulated by S92 and E11. Table 2 illustrates a
comparison between wind radii ( R 34 , R 50 and R 64 ) reported
by NHC and H80, H10, E11 models for Hurricane Ivan at
0900 UTC on 15 September 2004. There is relatively good
agreement between NHC report and analytical models in
terms of the shape of hurricane and the values of wind sur-
face velocity; however, H80 and H10 models overestimated
the wind radius, while the E11 underestimated the wind
radius. 

4.3.3. Hurricane Katrina 
Hurricane Katrina was one of the most destructive nat-
ural disasters occurred in the United States during the
last decades. The hurricane landfall occurred on August
29th along the Mississippi coast as an upper Category 3
Hurricane. As shown in Figure 2 , the buoys 42001, 42003
and 42040 were close to the hurricane track. A compari-
son between the analytical models and measured data in
Figure 5 reveals that the performance of analytical models
were acceptable ; however, the performance was better at
buoys 42001 and 42040, compared to other buoys. It can be
inferred that the analytical models tend to estimate wind
velocity more accurately close to the area of maximum wind
speed of a hurricane. 

4.3.4. Hurricane Gustav 
Hurricane Gustav caused serious destruction in parts of
Haiti, the Dominican Republic, Jamaica, the Cayman Is-
lands, Cuba and the United States. As shown in Figure 2 ,
the buoys 42003, 42039 and 42040 were located on the
right flank of the hurricane track. The eyeball observation
of results presented in Figure 5 and the statistical indices
presented in Table 1 show that in most of the buoy locations
wind velocity was underestimated by all models. Moreover,
K07, H10 and W13 models produced more realistic results
when compared to other parametric models for simulating
the Hurricane Gustav. 

4.3.5. Hurricane Ike 

Hurricane Ike entered the Gulf of Mexico during 10—13
September 2008 and passed close to the buoy 42001 on
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Figure 5 Performance of different methods applied for calculating wind velocity as compared to buoys wind velocity measure- 
ments in the Gulf of Mexico during Hurricanes Lili, Ivan, Katrina, Gustav and Ike. 
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Figure 6 Comparison of the wind fields produced by (a) symmetric, (b) H80, (c) S92, (d) W06, (e) K07, (f) H10, (g) E11, (h) W13, 
models for the Hurricane Lili at 21:00 10/01/2002 and for the Hurricane Ivan at 09:00 09/15/2004 in the Gulf of Mexico. 

 

 

 

 

 

 

 

 

 

 

 

 

September 11th when R max = ∼25 km and the radial dis-
tance of the buoy from the center of hurricane was calcu-
lated as r = ∼5 km. The storm-induced wind velocity at
this buoy, as shown in Figure 5 , reduced suddenly when
buoy was inside the eye ( r � R max ). As summarized in
Table 1 , S92, W06, K07 and E11 models underestimated the
wind velocity at most of the buoys locations. The models
proposed by H10 and W13 showed better performance for
 

simulating the Hurricane Ike compared to other analytical
models. 

4.3.6. Calibrating k m 

to improve models’ performance 

As discussed in the previous section, among different an-
alytical models, the models proposed by S92, W06, K07,
and E11 relatively underestimated the wind velocity, while
those proposed by H80, H10 and W13 tend to overesti-
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Figure 7 Scatter plot and linear regression of wind velocities (m/s) produced by NHC versus H80 (left panel) and S92 (right panel) 
models for all tracks of the Hurricanes Lili, Ivan, Katrina, Gustav and Ike. 

Figure 8 Values of R 34 produced by NHC for the northeast quarter in 12 snapshots during the Hurricanes Lili, Ivan, Katrina, Gustav 
and Ike passage over the Gulf of Mexico. 

Table 2 Comparison between wind radii ( R 34 , R 50 and R 64 ) reported by NHC and obtained using H80, H10, E11 models for 
Hurricane Ivan at 09:00 09/15/2004. 

NHC H80 H10 E11 

NE SE SW NW NE SE SW NW NE SE SW NW NE SE SW NW 

64 kn 90 90 60 75 96 68 50 76 122 85 61 94 89 71 48 65 
50 kn 175 125 75 125 139 95 69 110 184 121 89 146 122 96 63 86 
34 kn 225 175 150 200 244 122 109 191 303 213 143 272 182 142 88 122 
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mate the storm-induced wind velocity. It is possible to cal-
ibrate hurricane models by adjusting k m 

in Eq. (1) which is
0.7 ∼ 0.9 by default ( Powell et al., 1991 , 1998 ). Along the
track of each hurricane 12 points were selected, and the
R 34 , R 50 and R 64 in four quadrants (NE, SE, SW, and NW) re-
ported by NHC were used in models to estimate the wind
speed. These estimates from analytical relations were com-
pared with NHC reported speeds (34, 50 and 64 kn) for all
aforementioned hurricanes. Figure 7 provides the scatter
plots for the H80 and S92 models. To calculate the calibra-
tion coefficient, k m 

= 1 were used in all models and the lin-
ear regression provided the ratio of wind velocity between
NHC and each analytical model. As shown in Figure 7 , the
ratio was equal to 0.97 and 1.18 for the H80 and S92 mod-
els, respectively. It means that S92 requires k m 

value higher
than 1 in Eq. (1) while vice versa is true for the H80 model.
By trial and error process, k m 

= 1 . 2 and k m 

= 0 . 9 were found
suitable for S92 and H80 models. Similarly, using a linear re-
gression for other analytical models, the values of k m 

for
each model were estimated as presented Table 3 . The BIAS
values presented in Table 3 show the improvement of mod-
els in reproducing wind velocities at NDBC buoys when cali-
brated values of k m 

were used in analytical models. 

4.4. Combining parametric models with numerical 
models 

A comparison between analytical models and observed
data from NDBC buoys shows that these models pro-
duce relatively appropriate wind velocity within a
particular radius to the center of hurricane ( R he =
radius of the hurricane effect ), and the accuracy of simu-
lations degrade as one gets beyond that threshold radius.
The SI and RMSE values were lower at buoys within shorter
distance to the hurricane track (i.e. close to R max ), as com-
pared to those located farther from the track. R he value de-
pends on R max , V max , and P c ; which may differ for different
hurricanes. Since high wind speeds are more important in
hurricane modeling, and the fact that the least reported
speed by NHC is 34 kn, it is wise to assume that the maxi-
mum of R he can be equal to ∼R 34 . Values of R 34 in 12 snap-
shots of the Hurricanes Lili, Ivan, Katrina, Gustav and Ike
are illustrated in Figure 8 . As an example, for Hurricane
Ivan, the values of R 34 varied from 300 to 400 km; hence
R he in Hurricane Ivan can be selected as 400 km. With an av-
erage of R 34 from all snapshots, it is possible to determine
R he for each hurricane. The values of R he for the Hurricanes
Lili, Ivan, Katrina, Gustav and Ike during the time period
that these hurricanes were active in the Gulf of Mexico are
selected as 300, 400, 350, 350 and 450 km. The Hurricanes
Ivan and Ike have the largest range of effect, while hurri-
canes Lili and Gustav have the least impacted range in the
Gulf of Mexico. 

In Figure 9 , the wind speeds extracted from NCEP/NARR
and H 

∗Wind at certain times for different hurricanes were
compared with wind speeds calculated by the H10 model.
NCEP/NARR is an atmospheric dynamical model which em-
ploys regional data for assimilation. 

Resolution of wind data for NCEP/NARR, H 

∗Wind and an-
alytical models are 0.3 °, 0.0542 ° and 0.01 ° respectively
(an arbitrary value for the analytical model used here).
NCEP/NARR was less accurate than H 

∗Wind data and an-
alytical models during high speeds, most likely due to its
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Figure 9 Comparison of the wind velocities produced by the analytical model (H10), numerical model (NCEP/NARR) and H 

∗Wind 
during at 09/15/2004 (Hurricane Ivan), 10/25/2005 (Hurricane Katrina), 08/31/2008 (Hurricane Gustav) and 09/12/2008 (Hurricane 
Ike). 
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hurricane center. 
oarser spatial resolution; e.g. the V max of H10 and H 

∗Wind
or Hurricane Ivan at 0900 UTC 15 September 2004 was 120
n and 116 kn while corresponding value from NCEP/NARR 
as 100 kn. Therefore, NCEP/NARR data are not suitable 
lose to R max . There is also a fair agreement between cal-
brated H10 model and high resolution H 

∗Wind data. Note
hat H 

∗Wind data are available up to a radius of 480 km
rom the center of the hurricane, which is roughly equiva-
ent to the value of R he . This figure shows that when the high
uality wind field is desired during a hurricane passage, e.g.
or a wave simulation, one might adopt an analytical re-
ationship or H 

∗Wind from the center of hurricane up to
 = R he , and blend it with wind velocity values from model
imulations such as NCEP/NARR or ECMWF database when 
 > R he to capture the effect of wind dynamics close to the
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Figure 10 Scatter plot of wind velocities produced by H 

∗Wind versus H80, H10 and W13 models for 12 points along the tracks of 
Hurricanes Lili, Ivan and Katrina. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5. Assessment of analytical models using H 

∗Wind 

data 

H 

∗Wind is one of the most reliable data to describe the wind
structure during tropical storm. Atlantic Oceanographic and
Meteorological Laboratory combines all surface wind data
measured from sea, land, and air (using by either a satel-
lite or an airplane) during the course of a hurricane to
produce H 

∗Wind. A moving box with the center located at
the center of the hurricane and side length of 2 °, 4 °, or
8 ° can be extracted including storm-induced wind velocity
data with spatial resolution of 0.0542 ° and temporal resolu-
tion of at least six-hour ( Powell and Houston, 1998 ; Powell
et al., 1998 ). In section 4.3 , it has been shown that the an-
alytical models H80, H10 and W13 can better simulate the
tropical storm-induced wind field in the Gulf of Mexico com-
pared to other analytical models. To select the most appro-
priate analytical models in the Gulf of Mexico, the simulated
wind speed data from the models H80, H10 and W13 were
compared with the H 

∗Wind data. For this purpose, 12 points
along the track of each hurricane were selected in four
quadrants (NE, SE, SW, NW). Then, wind velocities at differ-
ent wind radii were extracted from H 

∗Wind corresponding to
each point from the center of the hurricane, and compared
to wind speed predicted by analytical models. Scatter plots
including coefficient of determination (R 2 ) and RMSE for the
Hurricanes Lili, Ivan and Katrina are shown in Figure 10 .
There is a good agreement between the results of the
analytical models and H 

∗Wind model for all hurricanes; how-
ever the H10 model outperforms other models when com-
pared to the H 

∗Wind data. For instance, in the case of Hur-
ricane Ivan, RMSE values for H80, H10 and W13 models were
3.84, 3.27 and 4.18 m/s and R 2 values were 0.76, 0.83 and
0.83, respectively. 
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Figure 11 Comparisons of H 

∗Wind distributions and H10 model wind fields during (a) Hurricane Lili at 19:30 UTC, 10/01/2002 
(b) Hurricane Ivan at 09:00 UTC, 09/15/2004 (c) Hurricane Katrina at 12:00 UTC, 10/28/2005 (d) Hurricane Gustav at 10:30 UTC, 
08/31/2008 (e) Hurricane Ike at 10:30 UTC, 09/12/2008. 
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Table 4 Comparison of the maximum wind velocity pro- 
duced by H 

∗Wind and H10 model at times shown in 
Figure 11 . 

Hurricane Model V max (kn) 

Hurricane 
Lili 

H 

∗Wind 94 
H10 92 

Hurricane 
Ivan 

H 

∗Wind 116 
H10 115 

Hurricane 
Katrina 

H 

∗Wind 139 
H10 138 

Hurricane 
Gustav 

H 

∗Wind 99 
H10 96 

Hurricane 
Ike 

H 

∗Wind 92 
H10 98 

r  

s  

m  

t
d  
Figure 11 displays surface wind fields computed using 
10 model as the most appropriate analytical models when 
ompared to H 

∗Wind during different hurricanes. Note that 
nalytical models such as H10 are calibrated based on NHC
bserved data at four points across the hurricane at lim-
ted number of radii ( R 34 , R 50 and R 64 ), while the H 

∗Wind
odel is developed based on data measured across the en-
ire hurricane. Hence, a more detailed shape of a hurricane
s expected from H 

∗Wind model rather than from paramet-
ic models such as H10. A fair agreement was observed be-
ween results of H10 model and those of H 

∗Wind model in all
urricanes. In general, for locations across the hurricane, 
here r > R max , the wind velocity obtained from H 

∗Wind
odel was higher than that estimated by H10 model. V max 

s one of the most important parameters when comparing 
n analytical model like H10 to the H 

∗Wind model. Table 4
hows the values of V max were close for both methods during
ifferent hurricanes. 

. Conclusions 

urricane-generated wind field in the Gulf of Mexico was 
imulated using a series of analytical models. The B pa-
ameter and R max are considered as control parameters for
imulating a hurricane; and as a first step, the different
ethods for determining R max have been compared to de-
ermine the most appropriate model for the region. Seven 
ifferent analytical models, viz., H80, S92, W06, K07, H10,
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E11 and W13 have been assessed based on buoys’ observa-
tions and H 

∗Wind data. The important findings of this re-
search are summarized as follows: 

- Increasing B would also increase V max at R max and de-
crease the wind speed away from R max ; hence, at every
instant along a hurricane track and having distinct P c ,
V max and R max , there is a unique value for B parameter,
which provides a more realistic illustration of the wind
field in the hurricane. Note that H80 proposed 1 to 2.5 as
an acceptable range for B parameter. 

- Five analytical models including G59, K05, X06, K07
and T12 were evaluated to calculate R max . Among these
methods, the X06 formulation provided the best perfor-
mance when compared with H 

∗Wind data. Therefore, X06
method is recommended for calculating R max in the Gulf
of Mexico. 

- Comparison between the results of analytical models and
the observed wind velocity data at seven buoy locations
across Gulf of Mexico showed that there is a fair agree-
ment between the analytical models and observed data.
The models proposed by S92, W06, K07, and E11 rela-
tively underestimated the wind velocity, while those pro-
posed by H80, H10 and W13 slightly overestimated the
storm-induced wind velocity. The linear regression was
used between NHC and analytical data to calibrate k m 

coefficient in the analytical model (see Eq. (1) ). Hence,
the value of k m 

can be set to 1.2 in S92, W06, K07, E11
methods and 0.9 in H80, H10 and W13 methods, respec-
tively. 

- The results presented in this study suggested that the
H10 model outperformed other methods in estimating
wind field in the Gulf of Mexico. 

- Comparison between analytical models with H 

∗Wind data
revealed that analytical models are able to produce suf-
ficiently reliable wind velocity within a particular radius
from the center of the hurricane ( R he ). Based on the
results of this study, R he is estimated between 300 and
450 km. 

- Dynamic wind models such as NCEP/NARR are not suit-
able for calculating high wind speeds close to hurricane
eye due to their relatively coarse spatial resolution. On
the other hand, the accuracy of the wind field estimated
by analytical models degrades beyond R he . Therefore,
one might adopt an analytical model or H 

∗Wind from the
center of hurricane up to R he , and blend it with wind
velocities from dynamic models such as NCEP/NARR for
r > R he . 

- It was found that there is a very good agreement be-
tween the results of the wind fields from the H10 and
the H 

∗Wind data. However; it underestimates the wind
velocity when r 	 R max . 

Appendix 1: Algorithm to calculate the radius 
of the maximum wind 

It was stated that R max is the most important parameter af-
fecting the results of analytical models. The stronger a hur-
ricane, the larger its maximum wind radius will be. As stated
in section 4.2 , the method proposed by X06 is selected as a
base for calculating R max in this study. Note that Eq. (3) can
be decomposed into two parts y 1 and y 2 as follows: 

⎧ ⎪ ⎨ 

⎪ ⎩ 

y 1 = 

(
V r + 

r f 
2 

)2 
− ρa 

B ( P n −P c ) 

(
r f 
2 

)2 

y 2 = 

(
R max ( θ ) 

r 

)B 
exp 

[ (
− R max ( θ ) 

r 

)] B . (18)

In the above equations, the term ( y 1 − y 2 ) 2 would be
minimized at a particular R max for each pair of r and V r

in dataset. Substituting the values of 34, 50, 64 kn as V r

(1 kn = 0.5144 m/s) and R 34 , R 50 and R 64 as r (1 nm = 1.85
km), the R max can be obtained in each of the four quadrants
of the hurricane. For example, the R max values computed at
four quadrants in Hurricane Ivan at 0900 UTC 15 September
2004 were 47.12, 38.72, 28.65 and 43.67 n mi for NE, SE, SW
and NW. These values should be interpolated to determine
R max at any point around the center of the hurricane. Fol-
lowing X06, a polynomial function was used (see Eq. (19) ).
The R max values at angles of 45 °, 135 °, 225 ° and 335 °, and
the condition of R max (0) = R max (360) can be used to deter-
mine the coefficients ( i = 1—5 , Pi ) 

R max ( θ ) = P 1 θn −1 + P 2 θn −2 + . . . + P n −1 θ + P n . (19)
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