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Abstract: The high-accurate wind field of a tropical cyclone boundary layer, which is essentially
governed by the Navier-Stokes equations, could be efficiently obtained by predefining the pressure
field. Conventionally, the prescribed pressure filed is a 1-D function varying with the distance to
the cyclone center (radius). In this study, the pressure field model has been extended to a 2-D
function with respect to both radius and height. In addition, a number of field measurements in the
tropical cyclone boundary layer indicate rapid variation of the thermodynamic temperature and
moisture with time and space. Hence, their effects on the wind field were considered in terms of
the virtual temperature, which was integrated in the modeling of pressure field. The analytical
solutions of the wind field, as a sum of gradient and frictional wind components, were derived
based on a height-resolving scheme using the updated pressure field. Since the tropical cyclone
gradient wind and depth of boundary layer are mutually dependent, the iteration approach was
utilized in the computation. The proposed height-resolving pressure and wind analytical models
have been comprehensively validated with the global positioning system (GPS)-based dropsonde
data. The significant importance to consider the height-varying pressure, thermodynamic
temperature and moisture in the modeling of the wind field in the tropical cyclone boundary layer
were also demonstrated.

Keywords: Tropical cyclone, Height-resolving model, Boundary layer wind, Pressure,

Temperature, Moisture.
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1. Introduction

The wind field in the boundary layer region of a mature tropical cyclone is of great significance
since a substantial part of economic and life losses result from the events directly or indirectly
related to high winds, e.g., wind damage to structures, wind-driven storm surge and wind-rainfall
interaction. The situation has become more challenging due to the changing climate and continued
escalation of coastal population. While there have been considerable advances in improving the
simulation accuracy of tropical cyclone wind field based on the numerical weather prediction
models associated with a significant increase of observation data, they are not practical to be
employed in the assessments of risk posted by wind-related hazards due to their high
computational demands. The state-of-the-art wind hazard risk analysis is essentially based on the
Monte Carlo methodology proposed by Russel (1971), where a large number of scenarios need to
be carried out. In this context, the parametric, engineering models for tropical cyclone wind fields,

based on the prescribed pressure fields, have been popularly utilized.

While several studies have shown that the height-resolving models are superior to the slab
(depth-averaged) models that treat the boundary-layer height of the tropical cyclone as a constant,
both of these two high-efficient wind field simulation schemes are widely employed in engineering
applications. Although the hydrostatic equation simply indicates the pressure field depends on the
height, both the slab and height-resolving models conventionally assume the prescribed pressure
field is unchanged through the depth of the boundary layer. In particular, the 1-D empirical model
introduced by Holland (1980) for pressure, varying with the distance to the cyclone center (radius),
has been extensively used due to its simplicity and consistency with field measurements (e.g., Zhao
et al. 2013; Mudd et al. 2014). Recently, Huang et al. (2012) integrated the effects of temperature

and variation of central pressure difference with height into the prescribed pressure field for more
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accurately simulating the typhoon wind field using Meng’s model (Meng et al. 1995). Since the
gradient wind speed in this refined Meng’s model varies with the height from the ground, it is not

easy to select the appropriate value in the calculation.

Following the pioneering work of Huang et al. (2012), the 1-D Holland’s empirical
pressure model has been extended to a 2-D function with respect to both radius and height in this
study. Since a number of field measurements in the tropical cyclone boundary layer indicate rapid
variation of the thermodynamic temperature and moisture with time and space, their effects on the

wind field were considered in terms of the virtual temperature, which was integrated in the

modeling of pressure field. The obtained 2-D formula for pressure p(z, r) explicitly includes the

temperature lapse rate parameter I'. The global positioning system (GPS)-based dropsonde data
(e.g., temperature, humidity, pressure) for the tropical cyclones further demonstrated a heavy
dependence of I' and hence pressure on the moisture content. Furthermore, the proposed 2-D
pressure formula indicates the consideration of climate changes (e.g., global warming) may have
significant implications to the wind field simulation of a tropical cyclone. The analytical solutions
of the wind field were derived based on a recently developed height-resolving scheme (Snaiki and
Wu 2016) using the obtained 2-D pressure field. To select an appropriate height for the calculation
of gradient wind speed, the iteration approach was utilized using the depth scale of the tropical
cyclone boundary layer as the initial value. The proposed height-resolving pressure and wind
analytical models have been comprehensively validated with the GPS-based dropsonde data. The
significant importance to consider the height-varying pressure, thermodynamic temperature and
moisture in the modeling of the wind field in the tropical cyclone boundary layer were also

demonstrated.
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2. Height-resolving pressure field

In the simulation of the wind field inside the boundary layer of a tropical cyclone, the surface level
pressure profile is typically prescribed to efficiently solve the horizontal momentum equations. In

general, the atmospheric pressure can be expressed by the state equation for ideal gas as follows:

p=pRT 1)

where p = air density; R = ideal gas constant; and 7= temperature.

2.1 Moisture effects

The warm, moist air is considered as the fuel of the tropical cyclones. To simultaneously account
for the temperature and moisture effects, a convenient way to proceed would be the use of the

virtual temperature 7, which is expressed as follows:

R _+rR

]':} :T noa rV vV (2)
R . (1+rv)

where r, = mixing ratio of water vapor; R = gas constant of the water vapor; and

R, ~287Jkg 'K isthe gas constant of mixture of nitrogen (N2), oxygen (O2) and argon (Ar).

R will be denoted subsequently by R for convenience. Accordingly, the state equation can be

noa

extended to include the virtual temperature:

P =pRT, 3)
The importance of moisture consideration in the pressure simulation for a typical tropical

cyclone will be illustrated through two dropsonde measurements collected by the National

Hurricane Center and Hurricane Research Division during hurricane Katrina. The dropsonde IDs

are (051926111) and (051926170), respectively. The dropsondes are usually launched from an
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altitude of 3 km or higher and provide high-resolution thermodynamics data, namely temperature,

pressure, and humidity. To ensure quality control, collected data are post-processed. Figure 1
presents the pressure p as a function of p, ., ... T, andof p, . *T, respectively. It is shown the
consideration of moisture gives a slope of 285.6 that is close to the gas constant R ~ 287 J kg 'K

, while the dry assumption results in a slope much larger than this value. This indicates the

importance of moisture to accurately simulate the pressure field in the tropical cyclone.

940 T T 960 T T
--@-- With moisture: Slope =285.6 [} b4
¢ Without moisture: Slope=1825 ) ¢
! H
90t s $ 940} ] ¢
s : / |
! i i
i ’ o
900} ! t 920f ‘ 4
¢ ¢ / :'
= { ! 5 é
g ; § £ ] }
2 880 { : 2 900 / ;
2 : 2 [ 4 4
Z $ ! L / ‘
& i i & ¢ IS
[ ¢ ! 1
i v J i
8601 / i 1 8801 ! 7
s ¢ ! ¢
’ ¢ $ 4
840t / 5 860 ; ;
é ° L4
; ¢
/ ! --@-- With moisture: Slope =286.8
. ‘ ° ‘ ‘ ‘ ¢ ‘ ‘ o ‘ ‘ ¢ Without moisture: Slope=1791
gGO 280 300 320 340 360 380 400 860 280 300 320 340 360 380 400
p*Tcmpcraturc(KAkg/mS) p*Tcmpcraturc(KAkg/m3)

Fig. 1 Moisture effects on the state equation based on two dropsonde measurements during hurricane Katrina (Left:
051926170 and Right: 051926111)

2.2 Pressure formula

To derive the pressure expression, the state equation is first applied on the surface level which

gives:

Do = PRT, 4)

where p, = surface air density; and 7, ,=surface virtual temperature.

Combining the Eqgs. (3) and (4) yields the following expression:
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r _PL (5)
Po Pl

The surface pressure is given based on the widely-used Holland’s formula:

B
Do =Po+ Apo.exp[—(rm /r) } (6)
where p_,= central pressure at the surface; Ap,= central pressure difference at the surface; r, =

radius of maximum winds; » = radial distance from the tropical cyclone center; and B = Holland’s

radial pressure parameter. Hence the pressure can be expressed as:

PT, ( 8
p= D.o +Apy.exp| —(r, /¥ ) (7
Lol ’ ’ [ ( ) J

On the other hand, it is well known that temperature of air decreases with height. More
specifically, it is approximately a linear function of height for relatively low altitudes, as shown in

Fig. 2. The data in Fig. 2 is provided by the dropsonde (01074007) during hurricane Katrina.

1200

1000 °
\
)
Y
800 3
g \
Z 600 LN
3 \
= L)
\
400 .
\\0
:
200 ‘e
\
:
‘ ‘ b Y
990 295 300 305 310
T (K)

Fig. 2. Temperature profile of hurricane Katrina corresponding to the dropsonde ID (01074007)

Accordingly, the temperature could be approximated as:

T =-Tz+T, (8)

where z = vertical coordinate; and I'= temperature lapse rate. Therefore, the pressure formula

6
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becomes:

pzpﬁ(—TLz+lj(pco+Ap0.exp[—(rm /r)B}) 9)

v0

If the moisture was disregarded, one could determine the value of the so-called dry

adiabatic lapse rate for dry simulation according to the first law of thermodynamics

dg=c,dT - la’p , Where ¢, = specific heat capacity of air; dg = heat transfer =0; and dp = -pgdz
o,

based on the hydrostatic equation. As a result, the dry adiabatic lapse rate can be obtained as

follows:

T
r,=-9T_8& 98K/km
€p

dz (10)

For a typical tropical cyclone, however, it is noted that the temperature lapse rate changes with

space. Hence, constant I', cannot be adopted for the pressure simulation. Figure 3 presents the

radial variation of the lapse rate for hurricane Gustav (2008) based on 62 dropsondes data.
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Fig. 3. Radial variation of the observed lapse rate for hurricane Gustav (2008)
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As shown in Fig. 3, the lapse rate varies considerably with the distance from the center of the
tropical cyclone. The variation is reasonable since the moisture causes the lapse rate to be smaller
(CCSP 2006; IPCC 2000; 2007; 2012). Actually, the lapse rate parameter I" is an important
parameter in the meteorology science to consider the negative feedback from global warming and
hence increased moisture (IPCC 2000; 2007; 2012). In the eyewall region where the moisture

content is high, there is a rapid drop in the lapse rate (around 3 K / km ). Then the moisture content

tends to decrease far away from the eye wall, which leads to an increase of the lapse rate reaching

a value around 6.5 K /km . Similarly, a reduced moisture content results in increase of the lapse

rate in the eye region compared to the eye wall region. There is a sudden decrease of the lapse rate
in some regions far away from the tropical cyclone center, as presented in Fig. 3 (around

r ~400km ). This is probably because these specific dropsondes were launched in a rainband

region where the moisture content was locally increased. It should be noted that only the radial
variation of the lapse rate is illustrated in Fig. 3, while, in general, it is also dependent on the
azimuthal coordinate. The temperature lapse rate in the tropical cyclone is typically smaller than

the dry adiabatic lapse rate ', ~9.8°K/Km .

Based on the measured data shown in Fig. 3, two empirical radial profiles of I' are
proposed in this study for convenient applications to the pressure simulations in the tropical
cyclone. The first formula is a modified version of Rankine-like profile, which leads to the

following expression for the lapse rate:

r
(T, —Feye)r—-i-l“eye s r<r

m m

m

I'(r)= .
(Fr _FO)(F_’”) +F0 s r 2 Vm
" r

(11)
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where I', = lapse rate at the radius of maximum winds; I', = lapse rate at the tropical cyclone

ey
center; I' = lapse rate in the far field; a= scaling parameter that adjusts the profile shape. The

second formula can be obtained using a modified version of Holland-like profile, which leads to

the following expression:

r(r)(r,m—ro){(ij explZl—(i) }} +T, (12)
r r

where b = scaling parameter that adjusts the profile shape; I, is assumed to be approximately
equal to I"; for simplification. In general, Eq. (12) provides a smoother profile than that generated

by Eq. (11). The measured data of hurricane Gustav (2008) were fitted using the abovementioned

empirical profiles [ie., Eq. (11) and Eq. (12)] with parameters of I, =2.8K/km,
Iy~T,, ~68K/km and a=0.77 for the Rankine-like profile and I', =3.3K/km, ') =6.55K / km

and b = 1.11 for the Holland-like profile. The fitted profiles are shown in Fig. 3, and the one based
on the Holland-like formula presents a better result according to least squares. It should be stressed
out that the proposed empirical profiles of the lapse rate can be further improved with more data

from the dropsondes.

Figures 4 and 5 present, respectively, the radial and vertical pressure profiles based on the
proposed 2-D model [Eq. (9)] with various considerations of the lapse rates. The radial variation
of the temperature lapse rates is obtained using the Holland-like profile. The other parameters are

as follows: p., =950hpa; r, =55km; B=1;and T, =302K . It is shown that the effects of the

changing temperature lapse rate cannot be ignored to accurately simulate the pressure profiles in

the tropical cyclones.
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Fig. 4. Radial pressure profiles for several lapse rates at different altitudes

As shown in Fig. 4, the correlation of the radial pressure profile with the lapse rate increases with

the height. In the eyewall region, the proposed pressure profile [F = F(r)] is almost identical to

the pressure profile corresponding to I'=3 K / km, while it coincides with the pressure profile

corresponding to I'=6.5K/km far away from the tropical cyclone center. This observation is

further demonstrated by the vertical pressure profiles as presented in Fig. 5. In addition, Fig. 5 also

clearly shows that larger differences of the pressure values are obtained at higher altitudes.

10
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Fig. 5. Vertical Pressure profiles corresponding to several lapse rates at different locations inside the tropical

cyclone

Using the same data as in Fig. 1, the vertical pressure profile was simulated using the proposed
pressure profile [Eq. (9)]. It could be concluded that both the observed and simulated pressures are

in good agreement as illustrated in Fig. 6.

11
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Fig. 6. Comparison between the simulated and observed pressures corresponding to two dropsondes during

hurricane Katrina (Left: 051926170 and Right: 051926111)

It is interesting to notice that the developed pressure formula of Eq. (9) may offer an
improved method to assess the climate change impacts on the wind field of tropical cyclones. More
specifically, the climate change assessment could be considered in terms of the surface central
pressure and the vertical pressure profile. Based on the surface central pressure, the future
projections of the sea surface temperatures (SST) can be incorporated into the wind field
simulations using the relative intensity developed by Darling (1991). Recently, Mudd et al. (2014)
carried out simulations to quantify the climate change impact on the northeast US coastal region
with this methodology. As pointed out by Mudd et al. (2015), however, considering only the SST
will not give accurate results for climate change estimation. Several other environmental
parameters that can contribute significantly to the tropical cyclone intensity and are expected to
change with global warming, should be accounted for (e.g., air moisture content, temperature at

12
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higher altitudes). For example, the moisture content is believed to increase significantly with
global warming (IPCC 2000; 2007; 2012). This indicates reduced lapse rates (Frierson 2005),
which could be conveniently integrated into the wind field simulations with the proposed 2-D

pressure model.
3. Height-resolving wind field

A linear height-resolving wind field model recently developed by Snaiki and Wu (2016) will be
used in this study for wind field simulation. The model not only considers the radial variation of
the depth scale of the boundary layer but also accounts for the azimuthal dependence of wind field,
resulting an enhanced simulation of the real behavior of a moving tropical cyclone (Snaiki and Wu
2016). In this section, a brief discussion of the employed wind field model will first be presented
for completeness, followed with the improved wind field simulation by integrating the 2-D

pressure field.

The governing equation of the wind field could be described as follows:

a—v—i—v.Vv=—le—fk><v+F (13)
ot P

where v =wind velocity; f= Coriolis parameter; k = unit vector in the vertical direction; and F =
frictional force. In order to solve Eq. (13), the decomposition method is used in which the wind
velocity (v) is expressed as:

v=v, +v' (14)
where v, = gradient wind in the free atmosphere; and v'= frictional component near the ground

surface. Therefore two equations can be derived from Eq. (13):

13
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ov 1
a—:+vg.va :—;Vp—kavg (15a)

Z—:+v'.Vv'+v'.va+vg.Vv':—jkxv'+F (15b)

Similar to Meng et al. (1995), the gradient wind pattern v, is assumed to move at the translation

velocity of the tropical cyclone ¢ in the free atmosphere, thus the unsteady term can be expressed

’
8

0 0
as: o —c.Vv_. On the other hand, the unsteady term av
t t

in the tropical cyclone boundary layer

is usually considered significantly smaller than the turbulent viscosity and inertia terms, and hence

neglected.
3.1 Gradient wind speed

Equation (15a) could be solved straightforwardly in the cylindrical coordinate system (Georgiou

1985; Meng et al. 1995). Hence:

= (—csin(@—u)—fr)+ (—csin(é’—u)—ﬁ’)2 +La_19 (16)
8 2 4 p or

where v= approach angle (counter clockwise positive from the East). The radial velocity is then

g

obtained from the continuity equation: v = ——j dr which is usually disregarded as suggested

ov,
ry, 00
by Meng et al. (1995) due to its insignificant effects.

3.2 Frictional wind speed

In the cylindrical coordinate, Eq. (15b) becomes:

' + ! ’ ’ 2
u,@_u+\/9g_V8_u+Wa_u_v__§ V=K Vzu—iz(u+2ﬁJ (17a)
or r 06 oz r ¢ r 00

14
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' + ! ! ! ! !a
WD S DO Y Y D :K[vzv_iz(v_za_“ﬂ (17b)
r

I

2v
where (u,v,w)= velocity vector; u',v'= frictional components of the wind velocity; & =—
-

v
92

the absolute angular velocity; & =

or r
the gradient wind; and K = the turbulent diffusivity that is assumed to be a constant in this study.
The nonlinear Egs. (17a) and (17b) could first be simplified using the scale analysis, and

then linearized as:

vgg ou' , azu'

Yog OU _ p i g OW (18a)
r o0 > T

vgg 6\/' ' v 6v9g 62\/’

MR S ahad Ny g (18b)
00 e K2

The analytical solution for this linear system is presented as follows (Snaiki and Wu 2016):

u'(0,z")= (Ot/ﬂ)l/2 x Real { A, % e ) 4 A4 x =0 4 A, % e(q”z'_"g)} =u,+u, +u_ (19a)
V'(0,z") = Imag {AO x e 4 A x e 4 4 x el } =V, +V, +V, (19b)
where a—z—cf, ﬂ:—é g =-en[reap-g] s q =-ed[reap-9] s q =-(ap)";
y = Ly, ] '=new vertical coordinate used as the base of the computation scheme

2K+ 2Kr 00
where z’=0 is located above zio (the 10 m height above the mean height of roughness elements)

(Meng et al. 1995). The other parameters are presented as follows:

Ao _ -X; (203)

15
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_ iCCde_iu (AO + AO*) (20b)

b 4K(‘11 _q71*>
o icCue” . 20c)
=4, + 4, (
4K(‘]1 _q—l) ( )
X =gl MG CCL G/ (20d)
K K 4K (ql_q—l) 4K (ql _qfl)
X, =\~ 0* _icd + 21 - 202Cd2 Nt zCZC;dZ (206)
K K 4K (ql_q—l ) 4K (ql _q—l)
X, :_zg(n_ﬁ)z (20f)
K 2
Xom-| o dee T | |- - L (20g)
2K K 2K K
)~ [(csin(&u)fr)z r ﬂ (20h)
4 p or

where C, = drag coefficient; and (") indicates a complex conjugate.

3.3 An improved wind field simulation for tropical cyclone

As mentioned in the preceding sections, the solution of the wind field could be conveniently
obtained by prescribing a pressure field that is unchanged with height (e.g., Meng et al. 1996;
Kepert 2001; Snaiki and Wu 2016). If the pressure variation with respect to the height is
considered, various gradient wind values corresponding to different heights need to be calculated.
This also leads to the mutual dependence of the gradient wind speed and the boundary layer depth.
To obtain the accurate value of the gradient wind in the wind field simulation of the tropical
cyclone, the iteration approach is utilized herein. In Snaiki and Wu (2016), the depth scale of the

tropical cyclone was highlighted to give good estimate of the height where turbulent fluxes tend

16
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1
to become negligible. Specifically, three depth scales of the tropical cyclone, namely J, = 1/ (ocﬂ’)Z

1

1 1

, 0, = 1/[;/+,/aﬂ —¢}2 and &, =1/ [—7+,/aﬂ —¢J2 corresponding to the frictional components
(u9,vy), (u,v,) and (u_,,v.) [Eq. (19)], respectively, have been defined. Since, (u,,v,) are the
dominant frictional component, it is reasonable to select J, as the initial value of the height of the
boundary layer. A systematic way to calculate the height-resolving wind field in this study is
illustrated in Fig. 7.

The first part of the flow chart of Fig. 7 is to determine the initial estimate of the boundary
layer height ¢,. Since &, and the gradient wind speed depend on each other, the iteration process
is necessary. Once the initial guess for the boundary layer height &, is determined, the

corresponding frictional wind speed components could be evaluated. The boundary layer height
will be updated until the contribution from the friction become negligible. Based on the obtained

boundary layer height J,, the wind field at certain height will be calculated using two different
formulas. A constant value of the gradient wind speed evaluated at o, is utilized for the locations
below the boundary layer height (i.e., z <, ). Otherwise (i.e., z > 6, ), the gradient wind speed is

a function of height z , and the frictional components are equal to zero.

17
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Fig. 7. Flow chart of wind field simulation methodology

A simple wind field simulation example is presented in Fig. 8, where p_, =940/pa ;
r.=40km; B=12; c=10m/s; z,=0.0001; k, =50m’/s; and v=90°, to highlight the

importance of considering the accurate gradient wind speed and boundary layer depth by iteration
method. The standard method indicates a constant value of the gradient wind speed is employed

in the wind field simulation.
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Fig. 8. Simulation of the vertical wind profiles at different locations

As shown in Fig. 8, the vertical wind profiles simulated using the iteration and standard schemes

present large difference. The difference becomes more significant as the location is close to the

radius of maximum wind and tends to decrease far away from the center of the tropical cyclone. It

should be mentioned that the tangential wind speed v,, in Huang et al. (2012) was considered to

vary with height from the ground surface rather than evaluated at the boundary layer depth, which

may need further improvement.

4. Model Validation

Wind records were obtained from the National Hurricane Center’s North Atlantic Hurricane
Database (HURDAT). Typically, the parameters needed for the simulation are: v approach angle;
c translation velocity of the hurricane; p_ central pressure; Ap central pressure difference; R
radius of maximum winds; B Holland’s parameter; ¥ latitude; and A longitude. The parameter

R . and B can be estimated using the methods available in the literature (e.g., Powell et al., 1991;
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1998; Anthes 1982; Vickery et al., 2000b; Holland, 2008). In this study, the necessary information

is supplemented by the H*Wind snapshots. For the lapse rate parameters, the coefficients T", ,

I',, and I'; can be approximated using the dropsonde data.

4.1 Surface wind simulation and validation
Two hurricanes, namely hurricane Bertha (1996) and Fran (1996) were selected for the surface

wind validation purpose. The 10 min averaged time was used for the observed wind data at 10 m

height for both hurricanes.
4.1.1 Hurricane Bertha

The anemometer is located on the FPSN7 station at ( N33.44°, W77.74°). The parameters B and

R . were foundto be: B=1.2 and R, =70km . The observed wind speeds and directions were

compared with those obtained using the improved wind field model, and good agreement is

presented as in Fig. 9.
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Fig. 9. Observed and simulated wind speeds (top) and directions (bottom) at FPSN 7, Hurricane Bertha
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4.1.2 Hurricane Fran
The necessary parameters for the simulation were recorded by the marine station FPSN7 from
September 5™ to September 6™. The station ID is 41013, located at (N33.44°, W77.74°). For

hurricane Fran B=0.95 and R, =85km . As shown in Fig. 10, the results generated by the present

wind field model are consistent with hurricane Fran observations.
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Fig. 10. Observed and simulated wind speeds (top) and directions (bottom) of Hurricane Fran

4.2 Vertical wind profile simulation and validation

Wind records from hurricane Bertha and Katrina were used to highlight the effects of the proposed
2-D pressure field on the tropical cyclone winds. Simulation vertical wind profiles of hurricane
Bertha in the eye-wall and outer-vortex regions were compared with the averaged wind profiles
obtained by Franklin et al. (2003). On the other hand, normalized wind profiles obtained by

dropsondes data were used to validate simulation vertical wind profiles of hurricane Katrina.
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4.2.1 Hurricane Bertha

Comparison between mean wind speed profiles in the eye-wall and outer-vortex regions for a
specific hurricane is demonstrated to be very challenging. Franklin et al. (2003) constructed the
averaged wind profile based on numerous observations involving several hurricanes. By averaging
a large number of wind profiles from various hurricanes, good insight on the vertical profile of a

typical tropical cyclone could be obtained.

Several vertical wind profiles for hurricane Bertha at various locations of the eye-wall and
outer-vortex regions were constructed based on the improved wind field simulation. As shown in
Fig. 11, the simulation profiles present good agreement with the averaged one obtained by Franklin
et al. (2003) for both regions. Furthermore, it is noted that there is an obvious super-gradient region

for the eye-wall wind profiles (e.g., Kepert 2000; Kepert and Wang 2001; Snaiki and Wu 2016).
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Fig. 11. Wind profiles in the eye-wall and outer vortex regions
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4.2.2 Hurricane Katrina

Wind records form dropsondes (051926111) and (044535004) launched during hurricane Katrina

(2005) were used to validate the simulated wind profiles. In the comparison the wind profiles were

both normalized by a reference wind speed at 500 m. It should be noted that dropsondes only

provide the instantaneous wind speed profiles. Hence, more emphasis will be given to the high-

altitude comparison of observed and simulated results, where the mechanical turbulence is smaller.

To assess the effects of the proposed 2D pressure field on the wind profiles, the simulation results

based on the Holland’s conventional pressure field are also presented. As indicated in Fig. 12, the

consideration of the proposed 2D pressure profile results in more accurate simulation of the wind

speeds.
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Furthermore, the simulated wind profiles plotted in Fig. 13 clearly present the significant

364  importance of an accurate pressure field on the wind field simulations.
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366 Fig. 13. Comparison of the vertical wind profiles corresponding to two dropsondes during hurricane Katrina (Left:
367 051926111 and Right: 044535004)
368 5. Concluding remarks
369 A 2-D pressure model was proposed in this study, where the effects of temperature and moisture
370  were simultaneously accounted for through the virtual temperature. Furthermore, the linearized
371  consideration of the virtual temperature with respect to the height was introduced in the pressure
372 formula through the temperature lapse rate parameter. The empirical formulas constructed for
373  considering the spatial variation of the temperature lapse rate in the tropical cyclones greatly
374  simplified the simulations of pressure field. Then a framework based on the height-resolving
375 methodology was established to integrate the proposed 2-D pressure field into the boundary layer
376

wind field simulations of translating tropical cyclones. The improved wind field model involves
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the iteration approach to systematically select an appropriate height for the calculation of gradient
wind speed, hence, it offers better simulation results that are more consistent with the tropical
cyclone observations. The improved height-resolving wind field simulations can be used in
conjunction with the Monte Carlo techniques to perform risk analysis of tropical cyclone hazards.
In addition, the present model also shows great promise in offering an improved method (based on
the proposed 2-D pressure field) to assess the climate change impacts on the wind field by

including some essential environmental parameters (e.g., temperature profile, moisture content).
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