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Abstract: Despite the significant impacts of heavy rainfall on the tropical cyclone intensity due to
the transfer of horizontal momentum between air and raindrops, the comprehensive modeling of
rain-induced effects on the boundary-layer wind field remains a challenge. The wind shear zone
developed surrounding the falling precipitation results in complicated dynamic interactions
between the wind and rain fields. The solution of dynamically coupled, intensively interactive
wind and rain fields can be achieved using high-fidelity air-water interaction simulations but needs
extremely high computational costs. To consider the wind-rain interactions with a first-order
approximation, the fully-coupled dynamic system governing the raindrop motion and the wind
field has been simplified herein to a weakly-coupled one represented by aerodynamic drag force.
The drag-induced horizontal momentum transfer is integrated into the governing equations of the
linear, height-resolving wind field, and an analytical model is accordingly developed to effectively
consider the rain-induced effects on the boundary-layer winds of tropical cyclones. The results
generated by the present model are consistent with the field measurements. It has been
demonstrated that, while the wind speed can be either accelerated or decelerated depending on the
location in the tropical cyclones and the rain parameters (e.g., rain rate, relative motion between
the air and raindrops, drag coefficient and raindrop size distribution), the rain-induced effects on
the boundary-layer wind directions (and hence the inflow angle) also have important significance

on the tropical cyclone wind hazard on tall buildings and other of structures. Due to its high
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computational efficiency, the proposed model could be easily implemented in the risk assessments

for tropical-cyclone wind hazards in engineering applications.

Keywords: Tropical cyclone, boundary layer winds, raindrops, raindrop size distribution, Monte

Carlo technique.

1. Introduction

Tropical cyclone-related natural hazards are well known for resulting in the largest contribution to
insured losses each year (Landsea 2000; Rappaport 2000). High winds and heavy rainfall in the
tropical cyclone boundary layer cause widespread damage to life and property in coastal areas.
Consequently, there is much interest in the assessment of the boundary-layer wind (e.g., Meng et
al. 1995; Kepert 2001; Snaiki and Wu 2017a, 2017b, 2018a) and rain fields (e.g., Langousis and
Veneziano 2009; Snaiki and Wu 2018b). While the wind-induced effects on the rain field has been
extensively investigated in the context of wind-driven rain (e.g., Choi 2001; Blocken and
Carmeliet 2000a, 2000b, 2004; Huang and Li 2010; Fu et al. 2015), limited studies have considered
the rain-induced effects on the wind field. However, Pauluis and Dias (2012) demonstrated that a
substantial amount of frictional dissipation in the atmosphere occurs in the microphysical shear
zones surrounding falling raindrops, and hence the rain-induced effects on winds cannot be
disregarded. Based on the satellite data from the Tropical Rainfall Measurement Missions
(TRMM) coupled with a modified version of the Carnot-heat-engine model, Sabuwala et al. (2015)
showed that the tropical cyclone intensity could be reduced by almost 20% due to rainfall.
Several experimental studies confirmed an important reduction of the mean wind speed
due to the presence of rain. Ho et al. (2007) compared the boundary-layer winds with/without rain
at University of Delaware’s Air-Sea Interaction Laboratory and found that the mean wind speed
profile decreased substantially because of the high rain rates. This observation deviates from the

previous studies by Janin and Cermak (1988) and Pielke and Lee (1991) that the atmospheric wind
2
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profiles under the airborne sediment or raindrops remain unchanged. Harrison et al. (2012) further
investigated the combined effects of wind and rain on air-water gas exchange with eight different
wind speeds and three rain rates, and highlighted that the observed mean wind speed profiles
decrease with rain rate. It should be noted that the raindrops in the above-mentioned experimental
setup were released from a selected height with zero horizontal velocity, hence they have been
accelerated by the wind as they fell. In the tropical cyclone, the momentum exchange between the
wind and raindrops can be much more complicated since the wind speed profiles (including a
supergradient region) differ from one location to another.

Although it is well known that the rain-induced effects on the wind field is mainly due to
the transfer of horizontal momentum, there is no well-established analysis framework that could
be used to effectively simulate the wind-rain interactions. Caldwell and Elliott (1972) and Shapiro
(2005) established the coupled equations of motion for the air and raindrops by introducing a drag-
induced body force associated with relative motion between the falling particle and the air. While
Caldwell and Elliot (1972) considered the wind structure in a rainy surface layer, Shapiro (2005)
focused the rain-induced effects on winds in the free atmosphere. In addition, both of these two
studies assumed the air and raindrops are horizontally homogenous and unidirectional, and hence
the rain-induced effects on the boundary-layer wind direction was not considered.

In this study, the drag-induced horizontal momentum transfer is integrated into the
governing equations of the linear, height resolving wind field, and an analytical model is
accordingly developed to effectively consider the rain-induced effects on the boundary-layer winds
of tropical cyclones. More specifically, the wind velocity is expressed as the summation of the
gradient wind in the free atmosphere and frictional component near the ground surface. Both of
these two components are determined analytically by solving the simplified governing equations
that include the rain-induced aerodynamic drag force. The key rain parameters involved in the

wind field simulation, such as the rain rate, relative motion between the air and raindrops, drag
3
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coefficient and raindrop size distribution for tropical cyclones have been comprehensively
discussed and appropriately selected. The results generated by the developed model to consider
rain-induced effects on the boundary-layer winds of tropical cyclones are consistent with field
measurements. The wind speed was found to be either accelerated or decelerated depending on the
location inside the tropical cyclone and the rain parameters. Furthermore, the simulation results
indicated that the rain-induced effects on the boundary-layer wind directions (and hence the inflow
angle) also have important significance on the tropical cyclone wind hazard on tall buildings and
other structures. The proposed model, due to its high computational efficiency, can be used in
conjunction with the Monte Carlo techniques to perform risk analysis of tropical-cyclone wind
hazards.

2. Governing Equations of Boundary-Layer Winds

Rain has little effects on the statistics of wind fluctuations, as measured using a wind spectrum
(Aylor and Ducharme 1995). Hence, the rain-induced effects on the mean wind field are focused
here. The fully-coupled dynamic air-water interaction system can be simplified into a weakly-
coupled one represented by the mean aerodynamic drag force. In the boundary layer of a tropical
cyclone, the horizontal momentum equations are solved with a prescribed pressure distribution

and a constant air density. To account for the horizontal force associated with the relative motion

between the raindrops and air, the drag force f, exerted by rain on air is included in the governing

equation of the height-resolving wind field of a tropical cyclone:

a—v+v.Vv:—LVp—kav+F+Lfd (1)
ot Pa Pa

where v = wind velocity; f= Coriolis parameter; k= unit vector in the vertical direction; F =

frictional force; p,= air density; and p= Holland pressure expressed as (Holland 1980):
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p=p.+Ap exp[-(rm /V)Bi| (2)

where p.= central pressure; Ap = central pressure difference; and B = Holland’s radial pressure
parameter. To solve Eq. (1), the decomposition method is used in which the wind velocity is
decomposed into gradient wind vg and frictional wind v’ (Meng et al. 1995; Kepert 2001; Snaiki
and Wu 2017a, 2017b):

v=v, +v’ 3)

Consequently two separate equations can be derived:

6vg 1

E‘i_vg'vvg :_—Vp—kavg +fd,g (4a)
ov'

§+v.Vv +V VY 4y W =—fhkxv'+ F+ f, ()

where f, = drag force exerted by rain on air at the gradient level; and f, = drag force exerted

by rain on air corresponding to the frictional wind speed. Equations (4a) and (4b) are further

simplified by assuming that the gradient wind pattern v, is moving in the free atmosphere at the

translation velocity of the tropical cyclone ¢, thus the unsteady term can be expressed as:

ov ov'

—= =-c.Vv,_. On the other hand, the unsteady term m is significantly smaller than the turbulent

ot

viscosity and inertia terms in the tropical cyclone boundary layer, and hence neglected (Meng et

al. 1995).

To determine the drag force f;, first the drag force f, exerted by one raindrop on air in the

horizontal direction is introduced [Fig. 1]. Based on a photographic study, Okaruma and Nakanishi
(1969) concluded that the raindrops deformation is random and suggested that a spherical shape

of the raindrops could be reasonably assumed (e.g., Caldwell and Elliot 1971, 1972; Shapiro 2005).
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Accordingly, the drag force f, exerted by one raindrop on air in the horizontal direction is

expressed as:
1 2
f;‘ = gpaCrVrel (I/rain - Vwind )ﬂ-d (5)

where C. = drag coefficient for a raindrop of diameter d; V,

rain

= raindrop horizontal velocity; V,

wind

= wind velocity in the horizontal direction; and V/

rel

= the total relative speed of the raindrop that

can be expressed as:

2 2 2
Vrel = \/W + (Vﬁ,wind - Vﬁ,rain) + (vr,wind - Vr,min) (6)

where v, ., = azimuthal component of the wind velocity; v, ,,,,= radial component of the wind

velocity; V,,,, = azimuthal component of the raindrop velocity; v

rain = Tadial component of the
raindrop velocity; and w = vertical raindrop velocity component assumed to be equal to the

terminal velocity w, in the boundary-layer region of a tropical cyclone (Shapiro 2005, Pauluis and

Dias 2012). The relative velocity can be approximated as V

rel

~ |wt | considering

and |w,|[] (Poreh and Mechrez 1984; Shapiro 2005).

vr,wind -V

r,rain

|Wt| D ‘vﬁ,wind - Vﬁ,rain

Fig. 1. Drag force exerted by raindrops on air

The total drag force f; applied on a tiny volume of air, in which a uniform raindrop size

can be assumed, is then expressed in the form » f, = NV, / |w,| where n denotes the total number of

6
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raindrops in the volume 7 and N is the number of raindrops per second on a unit area. The

parameter N is assessed in terms of the rain rate R based on the spherical shape assumption as

N = % Accordingly, the total drag force in Eq. (1) can be expressed as:
T

— 3Rpacr (I/rain — Vwind)

Ja Ad

(7

where the raindrops horizontal velocity and their corresponding wind velocity is empirically

correlated as V., =V, ., =—7V,

rain W win,

, and the correlation parameter y can be experimentally or

numerically identified.
3. Decomposition Approach

In this section the gradient wind velocity of a stationary tropical cyclone will be first provided,
then the solution of a moving tropical cyclone will be obtained by modifying the governing
equations of the stationary case based on the Blaton’s formula. The frictional wind components

will be also determined using a linear, height-resolving solution.
3.1 Gradient wind velocity
3.1.1 Stationary tropical cyclone

The two components of the gradient wind velocity v, and v, can be determined using the

cylindrical coordinates system (r,6,z). Accordingly, the Eq. (4a) can be expressed as:

Ve a;g _Tg = _p_5+ Svoy — Av,, (8a)
av&g v&gvrg _ A 8b
vrg 87’ T - _fvrg - ng ( )
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where 4 = 3§;R y . The gradient wind components can be determined based on Eq. (8a) and (8b)

along with the continuity equation. After some mathematical manipulations, a new set of equations

governing the azimuthal and radial components of the gradient wind are obtained as follows:

2 2 2
RPN .7 LAl N (9a)
S ) T S ) paOF
A
S (9b)
g fag Og
OV,

v . . .. . .
+-% 4 f is the vertical component of absolute vorticity of the gradient wind

where & = p
r r

(e.g., Vogl and Smith 2009). The iteration process is necessary to determine the gradient wind

speed components since v,, and £, depend on each other. On the other hand, it is noted that the
rain-induced effects on &, is negligible. Therefore, &, is computed herein based on the available

formula for the stationary tropical cyclones (Georgiou 1986). Solving Eq. (9a) leads to the

following formula of v, :

(4 4 4o &
(f%ag} [“@J o ar(”fa;]

e 2 A2
—| I+—
r gag

3.1.2 Moving tropical cyclone

1/2

(10)

Vo

Based on the field measurements, it has been reported that the spatial asymmetry of the gradient
wind speed between the tropical cyclone right and left sides could be well captured using the
Blaton’s formula (Georgiou 1986). Hence, the Blaton’s formula is utilized to solve for the gradient
wind speed for a moving tropical cyclone, where the tropical cyclone radius is replaced by

8
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;/ {l—csin(ﬁ —9)} (Georgiou 1986). Accordingly, the governing equation of the gradient

og

wind component for a moving tropical cyclone becomes:

(14- A22 Vog +| f+ 4 —csm(ﬁ_e)(l-i' Ai} veg_ia_pzo
&) :

2
ag é:ag r ag P, a 61’

As a result, the tangential gradient wind speed is determined by the following formula:

_{f+,412}+csin(ﬂ—¢9)(l+ AzzJ
Sug r Sug .

Yos o A
—| I+—
r gag

1/2

(erAz_csin(ﬂ—ﬁ)[lJr A22D LA Gp(lJrAZJ
Sag r Sag P or\ S

Equation (12) reduces to the well-known formula v,, =

2 4

(—csin(@—ﬂ)—fr) . [(—csin(@—ﬂ)_ﬁ,)z +1’6p]/2

(1)

(12)

p or

without consideration of the rain effects on the wind speed (e.g., Georgiou 1986; Meng et al. 1995).

3.2 Frictional wind velocity

As in Meng et al. (1995) and Snaiki and Wu (2017a, 2017b) the nonlinear Eq. (4b) could be

simplified using the scale analysis, and then linearized. Accordingly, the friction wind components

considering the rain effects can be determined using the following linear, height-resolving

equations:

v o’V 3CR
R A
( r f] v 0z* 4d Ve

(13a)
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8v49g v9g aZV’ 3C R
+ % 4 "—k 9 r 4 13b
( o T T TR g (130)

1
where k= eddy viscosity. Introducing the absolute angular velocity &£, = 2‘4&+ f,p= Eég
r
1 o
and g = Eggag, Egs. (13a) and (13b) can be simplified as:
gy 22 A (14a)
oz* k'
2qv = 0™ —év’ (14b)
oo k!

To more conveniently solve Egs. (14a) and (14b), an additional variable @ = \/zv; +iv, is
P

introduced leading to the following equation:

@_[g+zi@jw=o (15)

0z*
\/%h/“l?z%pq andb\/,ﬂ%ﬁqu%

following format:

Setting a = , Eq. (15) can be written in the

o’w

2
z

—(a+ib)Yw=0 (16)

The perturbations V. and V, must go to zero at very high altitudes, where the solution of Eq. (16)
becomes w = (W, +i Wz)exp[—(a +ib)z']. Accordingly, the frictional wind speed components can

be determined as:

v =Ye [W1 cos(bz')+W,sin (b z')] (17a)

10
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v, =e ““[W,cos(bz')—W,sin(bz")] (17b)

where ¥ = | % . The coefficients # and W, can be obtained as follows:

(%*Z‘T)(%—%)Vrg (2 =T)ve,

W, =— - (18a)
1+(Z+;{—Tj
I e/ Skl -
2 = 2
l+(%+;{—T)
C
where y =—2 v‘”| ; T = L ; and v, = total wind velocity near the ground surface. To solve for

b p,bk

the solutions of v/ and v, , the boundary conditions at the upper atmosphere (v’|z,_m = 0) and near

the surface (using the bulk formulation with drag coefficient C,) have been utilized in this study

(e.g., Kepert 2001). It should be stressed out that the raindrops produce both vertical and horizontal
stresses on the surface (7, =y, 0,V,...R ). The frictional velocity model introduced by Meng et al.
(1995) and Snaiki and Wu (2017a) is a special solution of Egs. (17a) and (17b) without considering
the rain-induced effects on winds.

4. Rain Parameter Selection

The rain parameters, namely rain rate R, correlation parameter , , raindrop drag coefficient C,
and raindrop size d are necessary to consider the rain-induced effects on the boundary-layer winds
for a given tropical cyclone.

4.1 Rain rate R

A number of field measurements and numerical simulations indicate that the rain rate increases

from the storm center towards the radius of maximum winds, then decays exponentially far away

11
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from the center (e.g., Lonfat et al., 2004; Tuleya et al., 2007; Langousis and Veneziano, 2009;
Snaiki and Wu 2018b). Accordingly, a simplified parametric formula for the rain rate is proposed

here in the case of marine condition as follows:

R=R_ {(”_j exp[l_(ij }} (19)
r r

where R = maximum rain rate located at the radius of maximum wind 7, ; » = radial distance from

the tropical cyclone center; and »" = scaling parameter that adjusts the profile shape and depends

on the radial extent of the tropical cyclone rain field. The maximum rain rate R is estimated

based on an empirical formula introduced by Tuleya et al. (2007):

R, =d +b [1+(V, -18.0056)/16.9767 ] (20)

where @ and b" = constants from the least squares fit of the TRMM radial rainfall rates; and V,

= maximum wind speed in m/s. Hurricane Gordon (2006) that reached category 3 on the Saffir-
Simpson scale was selected to validate the proposed empirical rain rate model. Figure 2 depicts
the simulated (4" =4) and observed radial profiles, and the simulation results match well with the
observations. The choice of an appropriate value of 4" could be empirically derived (e.g., Tuleya

et al. 2007).

12
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Fig. 2. Comparison of azimuthally averaged rain rates of Hurricane Gordon

For landfalling situations where the rain rate in the eye region might be important, a more
elaborate rain rate profile inspired from the wind profile of Willoughby et al. (2006) is proposed

and consists of three piecewise continuous functions patched smoothly together:

R()=R =R, +(R,, —RO)EL] (0<r<n) (21a)
rm
R(r):Rl(l—w)+R2w (r1 SrSrz) (21b)
R(r)=R, =R, exp(—ﬂj (r,<r) (21c)
rX

where n = exponent for the power law [i.e., Eq. 21(a)] inside the eye region; R = rain rate at the
tropical cyclone center determined empirically as R, =c’+d"[1+(V, —18.0056)/16.9767 |
(Tuleya et al. 2007); and w= weighting function that increases monotonically from 0 to 1 in the
zone 7, <r <r,. While Egs. (21a) and (22c) represent the eye and outer rain intensity profiles,

respectively, Eq. (21b) can be regarded as the transition function. The empirical Rankine-like
profile developed by Tuleya et al. (2007) can be regarded as a special case of the proposed model

denoted by [Egs. (21a), (21b), and (21c)] where the transition zone and exponent » are set equal
13
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to 0 and 1, respectively. The location of the transition zone is obtained by setting the radial

derivative of Eq. (21b) to be equal to 0 at » =7, (Willoughby et al. 2006). It should be pointed out

that the Eq. (21c¢) can be replaced by a dual exponential profile (Willoughby et al. 2006) to capture
different decay rates of the rain intensity outside the eyewall. Figure 3 depicts the comparison
between the simulated rain rate profile and the TRMM-based radial distribution of azimuthally
averaged rain rates for hurricane intensity categories 1-2 (CAT12) with winds from 34-48 m.s™!
and categories 3-5 (CAT35) with winds > 49 m.s"! (Lonfat et al. 2004; Tuleya et al. 2007). Good

agreement between the simulated and observed profiles is achieved.

147:\\\:\\:l\\:\\::|\\::\\1::\\::\7

C - - Cat 3-5 (Simulated rain rate) ||
-&-Cat 3-5 (Tuleya et al. 2007)

12 ;,5' S --=-Cat 1-2 (Simulated rain rate) |-

3 \ -=—Cat 1-2 (Tuleya et al. 2007) |-

Rainfall Rate (in/day)

O;:\\\l:\\:ll\\:l\\::l\\::‘\l::‘\::\;

0 50 100 150 200 250 300 350
Radius (km)

Fig. 3. Comparison between simulated and TRMM-based radial profiles of rain rates
4.2 Correlation parameter »
As highlighted in Sect. 2, the correlation parameter , is utilized to relate the raindrop horizontal
velocity and its corresponding wind velocity such that V_, =V, . =—yV . . Guo et al. (2001)
proposed an empirical formula V, =wV,, ,, where the horizontal velocity ratio
W= 1/(1+\/m ) . This simplified formula actually suggests that the horizontal wind velocity is

higher than its corresponding horizontal rain velocity (Liggett 1994; Guo et al. 2001), and hence
14
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might be valid only at higher altitudes where the wind speed increases downward before reaching
the supergradient region (see Fig. 4). At the lower altitudes, it has been demonstrated that the
horizontal velocity of raindrop (due to its inertia) can be larger than the corresponding wind

velocity (Choi 2001; Fu et al. 2015). Hence, the horizontal velocity ratio

w =(0.2373H 7% —0.0167)(£

0.8 ,
3] (%)H (where o' is the power-law exponent and H is the

altitude in meter) developed by Fu et al. (2015) is utilized in this study.

v

r V,ina(2) . .
™ For large 7 Gradient height
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/
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Ground surface

Fig. 4. Schematic of droplet velocity relative to wind in the eyewall region

4.3 Drag coefficient C,

The drag coefficient C, of a spherical raindrop is sensitive to the Reynolds number (e.g., Caldwell

and Elliot 1971, 1972; Blocken and Carmeliet 2004; Shapiro 2005). Gunn and Kinzer (1949)
experimentally identified the values of the drag coefficient and tabulated them as a function of the
equivalent raindrop diameter and their corresponding Reynolds numbers. Typical drag coefficient
values of the raindrops during tropical cyclones range between 0.45 and 1.05 corresponding to
Reynolds numbers between 10° and 10? (e.g., Baheru 2014). Since the raindrops in the tropical
cyclones deviate from the spherical shape (Blocken and Carmeliet 2004; Lopez 2011), a sensitivity

analysis of the boundary-layer winds to the drag coefficient C, will be conducted in Sect. 5.
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4.4 Raindrop size d

The raindrop size distribution (RSD) in tropical cyclones have been measured in a number of
studies, and various RSD models were accordingly developed (e.g., Marshall and Palmer 1948;
Best 1950; Ulbrich 1983; Willis and Tattelman 1989; Tokay 2008). Among them, the three-
parameter gamma model has been extensively used since it can depict the observed raindrop
spectra with good accuracy (Tokay and Short 1996). The gamma distribution depends on several

essential parameters, namely the liquid-water content per unit volume of air W', mass-weighted

mean diameter d characteristic number concentration N, and shape parameter m.

mass

Accordingly, the normalized gamma model can be expressed as follows:

N d m
4 4 m+4
where N(% = normalized RSD; N, :4— 4l ;o f(m)= %ﬂ ; and I'= gamma
w 7[/0 d dmaxs 4 r(m + 4)

function. The detailed derivation of the mathematical model of the tropical cyclone RSD can be
found in Willis (1984), Testud et al. (2001) and Baheru (2014). In this study, the RSD parameters
are acquired from Baheru et al. (2014) and Baheru (2014) where the combined datasets from
hurricanes Alex, Charley and Gaston (2004) were used. Once the RSD is determined, the raindrop
sizes can be generated using the Monte Carlo technique. An example of the wind field simulations
based on the raindrop sizes sampled from the RSD is illustrated in Fig. 5, where the mean ( 4 ) of

the gradient and frictional wind speeds are plotted along with x+o and x-o (o denoting the

standard deviation of each component).
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Fig. 5. Wind field simulations with random raindrops sizes

5. Simulation and Discussion

Once the rain parameters, namely R, y, C,, and d have been determined along with the storm

parameters (approach angle £, translation velocity c, central pressure p,, central pressure
difference Ap, radius of maximum winds r,, Holland’s parameter B, surface roughness z,,
latitude y' and longitude A"), they could be used as the necessary inputs in the modeling of rain-

induced effects on the tropical cyclone wind field as shown in Fig. 6.
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Fig. 6. Flowchart of modeling rain-induced effects on tropical cyclone wind field
5.1 Comparison with field measurements

Table 1 presents the simulated radial and azimuthal wind components u and v, with and without
consideration of rain-induced effects denoted by subscripts ‘s’ and °#’, respectively, at three
locations [Fig. 7] of Hurricane Sandy (2012) together with their corresponding observations
provided by GPS dropsondes (denoted by subscript ‘d’). It should be noted that the dropsondes
only provide the instantaneous wind speed profiles, therefore, the comparison is made at the height

of 1000 m where the frictional wind components are found negligible. The necessary parameters

18



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

needed for the simulation are taken from the National Hurricane Center’s North Atlantic Hurricane

Database (HURDAT) (Jarvinen et al. 1984).

Table 1. Comparison between simulated and measured wind speed for hurricane Sandy (2012)

Dropsondes D u,(m/s)  v,(m/s)  a,(°) u(m/s) v,(m/s) () u(m/s) v(m/s) a()

112325032 -6.2 25.7 13.5 -5.7 30.2 10.7 -1.9 32.0 3.5
112115116 -5.4 19.1 15.7 -4.2 21.6 10.4 -3.2 22.6 3.6
112115387 -3.3 31.1 6.1 -3.5 30.1 6.9 -2.1 31.2 3.9

As shown in Table 1, the radial component of the wind velocity is not negligible as opposed to the
common assumption by a number of studies (e.g., Meng et al. 1995; Kepert 2001; Snaiki and Wu
2017a). Hence, the deflection angle (or the inflow angle) « between the wind velocity vector and
the tangential unit vector is not equal to zero as usually assumed for the gradient wind (Fig. 7).
The obtained logarithmic spiral trajectory based on the simulation results with consideration of
rain-induced effects is in accordance with the finding of a number of the field measurements (e.g.,
Myers and Malkin 1961; Jakobsen and Madsen 2004; Yurchak 2007; Niu et al. 2016). The effects
of rain field on the inflow angle within the tropical cyclone boundary layer at various azimuthal
and radial locations were further investigated, as in Fig. 8. The simulation results indicate that the
rain-induced effects on the boundary-layer directions (and hence the inflow angle) can be

important especially within the eyewall region.
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Fig. 7. Logarithmic spiral trajectory of the wind particle at gradient wind level (left) and location of
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Fig. 8. Inflow angle along the height at selected locations

In addition, Hurricane Irma (2017) was selected to validate the simulated surface winds.
The estimated maximum intensity reached by Irma was about 80 m/s with a corresponding
minimum central pressure of 914 hpa on September 6™ 0600 UTC. The anemometer is located on
station LTBV3-9751401 (17°41'41" N, 64°45'14" W). As shown in Fig. 9, the results generated

by the present wind field model are consistent with hurricane Irma observations.
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Fig. 9. Observed and simulated wind speeds (left) and directions (right) of Hurricane Irma

5.2 Simulation results

As discussed in previous sections, the rain-induced effects on the boundary-layer winds of tropical

cyclones essentially depend on several rain parameters such as the rain rate R (a function of the

maximum rain rate R and scaling parameter b'), correlation parameter y, raindrop drag

coefficient C. and raindrop size d. Hence, the sensitivity analyses of the wind field to these rain

parameters will be carried out based on the simulation results.
5.2.1 Gradient wind

The gradient wind speed components v, and v, can be calculated using Egs. (12) and (9b),

respectively. Figure 10 represents the sensitivity analysis of the gradient wind speed to the rain

parameters of R , b', y, and C_, where a reasonable variation range of the selected parameters

was used based on the technical literature (e.g., Gun and Kinzer 1949; Choi 2001; Guo et al. 2001;

Shapiro 2005; Baheru 2014; Fu et al. 2015). The necessary storm parameters for the wind field

simulation are as follows: p, =960hpa, B=1.2, c=7m/s, PB=90° and r, =60km, and the

baseline rain scenario is taken as: R, =20mm/h, b'=2, y=0.1, C.=0.65,and d =1.6mm . It

should be noted that the sensitive analysis of the boundary-layer winds to the raindrop size d has
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been presented in Fig. 5, and hence a mean value of the raindrop diameters generated from the

selected RSD was employed here for the sake of brevity.
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Fig. 10. Sensitivity analysis of gradient wind components v, and v, at height of 1000m with f=0°

As shown in Fig. 10, the azimuthal component of the gradient wind speed is mainly influenced by

the maximum rain rate R, scaling parameter ', and correlation parameter y . More specifically,
v,, decreases with R and y while increases with 5'. It is expected that the lower value of '

corresponds to a larger radial extent of the rainfall field and hence more damping effects on the

gradient wind speeds. The raindrop drag coefficient C, has relatively smaller effects on v,,

compared to other rain parameters. In addition, the radial component of the gradient wind is not

negligible and increases with R and y .
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5.2.2 Frictional wind

The frictional wind speed components V. and V, can be determined based on Egs. (17a), (17b),

(18a) and (18b). Figure 11 represents the sensitivity analysis of the frictional wind speed to the

rain parameters of R

m 9

b', y, and C.. The necessary storm parameters for the wind field

simulations are the same as in Fig. 10 with the additional parameters surface roughness z, =0.001m

and eddy viscosity k=100m/s” . The baseline rain scenario is taken as: R, =20mm/h, b'=2,

y=-0.1, C. =0.65mand d =1.6mm.
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Fig. 11. Sensitivity analysis of frictional wind components v/ and v, at height of 10m with & = 0°
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As shown in Fig. 10, the higher values of R, and lower values of 5" and ¥ generate lower values

of the azimuthal frictional component V),. The radial frictional component V. has a similar behavior
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as Vv, with respect to R, and 5’ . Furthermore, it is noted that the raindrop drag coefficient C. also

has small effects on the frictional wind components.
5.2.3 Vertical wind profile

To further investigate the effects of the rain field on the vertical wind profile within the tropical

cyclone boundary layer, a case study is presented in Fig 12.
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Fig. 12. Sensitivity analysis of the vertical wind profile at four different radial locations with 8 =0°

As discussed in Sect. 4, the rain-induced effects on the wind profiles are mainly governed by the
transfer of momentum between the wind and raindrops. The wind speed increases downward until
reaching the supergradient region. Accordingly, the wind speed is decelerated by imparting
momentum to the raindrops, as presented in Fig. 12. It is noted that the height § of supergradient

wind at the location of maximum winds (i.e., » =r, ) is equal to 470m for R, =40mm/h, 520m for
R, =30mm/h, 540m for R, =20mm/h, and 560m for R =0. This observation indicates that the

precipitation may lead to a decrease of the supergradient wind height (e.g., Zhang et al. 2011).
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Below the supergradient region the mean wind speed decreases downward, and the speed of
raindrops, due to their inertia, is generally larger than the corresponding wind speed (Choi 2001;
Fu et al. 2015). As a result, the raindrops impart momentum to the wind and hence accelerate its
speed. However, the amount of momentum transferred from the raindrops to the wind below the
supergradient region may not be sufficient to significantly modify the vertical wind profiles, as
shown in Fig. 12. The simulation results of rain-induced effects on surface winds are similar to the

findings of several previous studies (e.g., Caldwell and Elliott 1971; 1972).

It is noted that the Fig. 12 is based on marine condition. For the landfall scenarios, the
surface roughness is expected to increase significantly. Accordingly, the supergradient wind region
will be modified (e.g., increase of height) and hence the momentum exchange mechanism between
the wind and rain particles may change. Since the storm intensity was not involved in the
development of the proposed analysis framework to consider rain-induced effects on tropical-
cyclone boundary-layer winds, the same methodology used for estimating the results in Fig. 12

could be employed to obtain the simulation results for storms of other intensities.

5.2.4 Discussions

The major purpose of this study is to develop an analysis framework to consider the rain-induced
effects on the tropical-cyclone boundary-layer winds. As shown in previous sections, the rainfall
may present considerable effects on both wind speed and direction. While the wind speed can be
either accelerated or decelerated, the wind direction (and hence inflow angle) might significantly
change. Both wind speed and direction will modify the wind loading on buildings and other
structures in coastline areas (e.g., Huang and Xu 2011; Huang et al. 2011; Huang and Xu 2012).
The developed analysis framework of tropical-cyclone boundary-layer winds, due to its high
computational efficiency, can be used in conjunction with the Monte Carlo techniques to perform

risk analysis of tropical-cyclone wind hazards. In addition, it can be employed to estimate the
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design wind speed and its direction at the desired locations for a given return period based on
hurricane tracking approach (Vickery et al. 2000). Accordingly, the obtained directional design
wind speed actually integrates the important contributions from the tropical-cyclone rainfall.
Hence, the design wind loads for building and other structures in the hurricane-prone areas would
be changed by consideration of rain-induced effects on wind field. It should be noted that the
contribution from the rain impacts towards the total loading is trivial (e.g., Bitsuamlak et al. 2009;
Baheru 2014; Johnson et al. 2018). Actually, the rain is primarily responsible for damage to interior
contents (e.g., Johnson et al. 2018). Specifically, raindrops impinge on the building envelope and
penetrate the facade through defects (e.g., resulting from wind-borne debris impact, excessive
internal/external pressures, and excessive structural response). The simplification of the fully-
coupled dynamic system governing the raindrop motion and the wind field to a weakly-coupled
one represented by aerodynamic drag force actually results in a first-order approximation of the
wind-rain interactions. It is noted that the first-order approximation in terms of drag coefficient is
popularly used in the transfer of horizontal momentum between air and rain (e.g., Caldwell and
Elliott 1971; 1972) and between air and land/ocean (e.g., Meng et al. 1995; Kepert 2001; Huang
and Xu 2012). Accordingly, the nonlinear effects resulting from the higher-order terms in the
wind-rain interactions are ignored. More comprehensive validation of the developed analysis
framework to consider the rain-induced effects on the tropical-cyclone boundary-layer winds
should be carried out in the future based on the wind tunnel testing that is equipped with rain

simulation capabilities.

Concluding Remarks

The rain-induced effects on the boundary-layer wind field of tropical cyclones were investigated
in this study. The fully-coupled dynamic system governing the wind and raindrops fields was
simplified into a weakly-coupled one represented by aerodynamic drag force. The drag-induced

26



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

horizontal momentum transfer was integrated into the governing equations of the linear, height-
resolving wind field, and an analytical model was accordingly developed to effectively consider

the rain-induced effects on the boundary-layer winds of tropical cyclones. It is noted that the rain

rate R, correlation parameter y , drag coefficient C. and raindrop size d are essential factors in the

consideration of rain-induced effects on boundary-layer winds. While the values of y and C, are

easily obtained from the literature, two parametric rain rate profiles corresponding to the marine
and landfalling conditions were developed here. In addition, the three-parameter gamma model for
the raindrop size distribution was used in this study to randomly generate the raindrop sizes in the
simulation of the wind speed components using the Monte Carlo technique. Sensitivity analyses

were performed to assess the contribution of the essential rain parameters to the modification of

wind field. In general, the raindrop drag coefficient C, has relative small effects on the boundary-

layer winds. Although the wind speed can be either accelerated or decelerated depending on the
location in the tropical cyclones (i.e., eyewall and outer vortex regions) and the rain parameters,
the rain-induced effects on the wind speeds in the upper region of the boundary layer (i.e., above
the supergradient region) are more considerable compared to those in the lower region.
Furthermore, it has been demonstrated that the rain-induced effects on the boundary-layer wind
directions (and hence the inflow angle) are significant in the tropical cyclone eyewall region. This
observation may have important implications to the tropical cyclone wind hazard on tall buildings
and other structures.
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