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Abstract

Coastal regions have been experiencing more frequent and more intensive tropical cyclones
(TCs) due to climate change in recent years. In 2020, the Atlantic Ocean made a new seasonal
record of tropical storms, with 30 named storms in total, 13 of which progressed into hurricanes.
Global warming will continue, and climate change will follow (USGCRP, 2018), leading to more
severe winds and storms and threating the safety of bridges in coastal regions. In order for local
governments to take pro-active adaptations and measures, it is essential to understand the local
impact of global climate change. To address this, this project will develop a new, efficient
hurricane wind model, which can help determine the wind speed in the local region, before and
after TCs make landfall. This will inform decision-makers when they develop near-term measures
and long-term plans for mitigation and adaptation to climate change. To achieve this research goal,
by balancing the advantages and disadvantages of existing parametric TC models for engineering
applications, this project will develop a high-fidelity, computationally efficient three-dimensional
nonlinear TC model that can consider the varying land cover and terrains without too much
simplification of the kinetic equations. The obtained results can be used to improve the AASHTO
Bridge Design Specifications periodically to accommodate future climate change, enhancing the

resilience of bridges.
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Chapter 1 Research Motivation and Significance

Parametric tropical cyclone (TC) models have been widely used in simulating TC wind
fields for engineering applications and insurance appraisals. Previously, these parametric models
estimated the TC wind speed near the surface by first multiplying the wind speed at gradient
height by a reduction factor and then projecting the reduced wind speed to reflect the near-
surface condition. For example, Batts et al. (1980) took 0.865 as the reduction factor, which was
the ratio of ocean surface wind speed (at the height of 10 m) to the gradient wind speed, while
Georgiou et al. (1983) found that this ratio should vary with the radial distance from TC center,
with 0.85 used near the TC eyewall and 0.65 used away from the TC eyewall. Later on, mean
boundary layer wind speed models (known as slab models) were developed (Thompson and
Cardone, 1996; Vickery et al., 2000). However, this kind of model lacked essential physical
processes in the boundary layer, e.g. the vertical advection and diffusion processes.

To overcome the disadvantages of the slab models, the height resolving TC models were
developed to include the vertical diffusion and/or advection processes through either a linear
method (Kepert, 2001; Meng et al, 1995) or a nonlinear method (Kepert and Wang, 2001). The
nonlinear method described in Kepert and Wang (2001) was to develop a three-dimensional TC
model with a higher-order boundary layer turbulence closure scheme, which was known as the
Mellor-Yamada level 2'/4 scheme. This nonlinear TC model can well capture the spatial structure
of wind speed of TCs, including the super-gradient wind speed and the logarithmic near-surface
wind speed profile. However, it is very time-consuming. On the contrary, the linearized height
resolving models (Kepert, 2001; Meng et al, 1995) that considered the essential vertical diffusion
process were computationally efficient. These linearized models can directly describe the wind

speed distribution along the height (referred to as “vertical wind profile” in the following).



However, due to the negligence of vertical advection, the jet height (height of maximum wind
speed) and jet strength (maximum wind speed) estimated from the linearized models are lower
and smaller than those of the nonlinear models (Kepert and Wang, 2001) and observations
(Franklin et al., 2003). In addition, when a constant vertical eddy viscosity coefficient (Ky) is
used, these linearized models may lead to a linear, rather than logarithmic, vertical wind profile
in the near-surface layer (Kepert, 2012). Furthermore, calibration of the vertical eddy viscosity
coefficient using the observed data (Fang et al., 2018a) is also limited compared to the use of a
nonlinear method with a suitable turbulence closure model (Hong et al., 2019; Meng et al.,
1997).

Despite the previous research, most of the parametric TC models are built on flat land or
sea surfaces (Hong et al., 2019; Vickery et al., 2009; Wu and Huang, 2019), which are not
consistent with real-world situations. To improve TC modeling, the influence of inhomogeneous
terrains on TC wind fields should not be ignored, especially for mountainous countries. In the
HAZUS-MH hurricane model, Vickery et al. (2006) developed a terrain model that considered
land use and land cover, but did not include the effect of regional topography. More recently,
Done et al. (2020) generated a dataset of 714 global historical TC footprints by using a modified
TC model of Kepert and Wang (2001), and the effects of terrain features and varying land
surface friction were directly included in the kinetic equations, rather than using simple factors
based on the terrain types and wind directions (Tan and Fang, 2018).

The objective of this research is to develop a high-fidelity, high-efficiency three-
dimensional nonlinear TC model that can consider the varying land cover types and terrains
without too much simplification of the kinetic equations. This projects aims to do this by

balancing the advantages and disadvantages of existing parametric TC models. To be specific,



this model is developed based on the kinetic equations similar to Kepert and Wang (2001), while
a nested grid system with higher computational efficiency is applied. A terrain-following
coordinate system proposed by Gal-Chen and Somerville (1975) is adopted here to consider
terrain changes, and the surface layer parameterization scheme proposed by Meng et al. (1995) is
adopted to consider the varying land cover types. Additionally, the Louis boundary layer scheme
is chosen to calculate the vertical eddy viscosity coefficient based on the Kepert (2012)’s
comparison results of four different boundary layer parameterization schemes. In this report,
detailed descriptions of the simulation method and model setup will be provided in Chapter 2,
including the sensitivity studies on different simulation durations and horizontal grid systems. In
Chapter 3, model validations against the H¥*Wind snapshots and surface station observations will
be provided in Chapter 3. Finally, in Chapter 4, conclusions will be drawn, and future work will

be suggested.



Chapter 2 Modeling Method and Simulation Setup

2.1 Governing equations

Although the thermal effect is a contributing factor in TC evolutions, it can be ignored
when investigating the dynamic behavior of a mature TC especially in the atmospheric boundary
layer. The governing equations of this numerical TC model are simplified by the Boussinesq
approximation and Reynolds Averaging, which can be written in the Cartesian coordinate system

with the origin at TC center (shown in Figure 2.1), as described by Holton (2007)

du 10 ou'u' ouv' ou'w

- A (M
dt Py OX Ox Oy 0z

@ 1 G_p B B ov'u' ovv  ov'w )
dt P, O ox oy oz 2)
ou oOv ow

—+—+—=0 (3)
ox Oy Oz

Rmtn‘ B
p=pc+Ap~eXp{—[ r'j } 4)

where d/dt denotes the rate of velocity change, which is expressed as,

i=g+u 2+v,i+ui+ vi+w£; u, v and w (m/s) are wind velocity components in the x, y

d ot ‘ox ‘o ox oy

and z (m) directions, respectively; u', v and w' (m/s) are the fluctuating components of u, v and w,
respectively; u. and v. (m/s) are TC moving velocity components in the x and y directions; po
(kg/m?) is the density of air; f'(s™!) is the Coriolis parameter; » (m) is the radial distance from the
TC center; p (Pa) is the atmospheric pressure at 7; p. (Pa) is the pressure at the TC center; Ap (Pa)

is the difference between the pressure at the TC center and standard atmospheric pressure (1010



hPa used in this project); Ruax (m) is the radius where the maximum wind speed is observed; and
B is the Holland’s pressure profile parameter. In this project, R.«x and B are obtained based on

Vickery and Wadhera (2008) and expressed as

R =exp(3.015—6.291x107° Ap> +0.0337 - lat) (5)

max

B=1.833-0.326\f R __ (0)

where /at is the latitude of TC center. Although previous studies (Fang et al., 2018b; Snaiki and
Wu, 2017b) have discussed the variations of the pressure field with height, in this project, it is
assumed that the air density is constant and the thermal effect is negligible. Thus, in this TC
model, the pressure field does not change with height, and the analytical pressure profile of
Holland (1980) (Eq. (4)) is applied to the entire model computational domain.

It should be noted that the governing equations (Eq. (1) — Eq. (3)) are based on a
computational domain with flat ground surface, and they will be transformed to solve in a

terrain-varying situation using the terrain-following coordinate system described in Section 2.3.

B Zl\“" &
R 5 S '
A S - R4
i % ; ] v(v)
b (u) 1
o IO O A O .
o e

Figure 2.1 Cartesian coordinate system (V. is the resultant TC moving velocity; o
denotes the TC moving direction).
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Based on the turbulence closure scheme, referred to as K theory, the horizontal and

vertical turbulent flux terms in Eq. (1) and Eq. (2) are expressed as (Holton, 2007)

B ou'u +8uv+6uw =£(KH6—MJ+E KHa_u +£(KV6_L¢] 7
Ox oy 0z ox ox) Oy oy ) oz 0z

B 8vu+6vv+6vw ZE(KHQ)JFE KH@ +£(KV@J )
Ox oy oz Ox ox) Oy oy) oz oz

where Kyand Ky (m?/s) are the horizontal and vertical eddy viscosity coefficients, respectively.

According to Smagorinsky et al. (1965) and Grell et al. (1994), Ky is given by

. (gj {[a_a_] +[@+8_u] } ©
2 ox Oy ox Oy

where Ax (m) is the grid point spacing; « is the von Kdrmén’s constant, and x=0.4 is adopted
here. The vertical eddy viscosity coefficient Ky is also important, because it controls the vertical
wind profile of a TC. Based on the comparison results of Kepert (2012), the modified Louis

boundary layer scheme is used

a P 6 P 1/2
K,=I [[6—”] + (a—vj + 109} (10)
Z Z

where /= 1/[(1(2)7' +I;IJ , I« 1s the asymptotic mixing length, and /,=80m. In this TC model, the

initial value of Ky is set as 10m?/s.



2.2 Boundary conditions

On the top boundary in Figure 2.2, u, v and w are assumed not to change with height, and

accordingly

Ou 0Ov_ow _

—=—=—=0.
0z 0z Oz (11

On the bottom boundary in Figure 2.2, the balance between the dissipation and production

of surface momentum flux is adopted

K%)=l n e e ) (12)
KV(%jHO:CD~\/(u+uv)2+(v+vL,)2-(v+v(,) (13)
@ {m[(z1 +2.852§'86)/zo]}2 (14

where Cp is the drag coefficient that is calculated using the surface layer parameterization
scheme given in Meng et al. (1995); zo is the surface roughness length, which can be determined
by the type of local land cover; z; is the height of the lowest model layer, and zi=1m is adopted.
After testing several lateral boundary condition schemes (e.g. the radiation boundary
conditions that were proposed by Orlanski (1976) and used in Kepert and Wang (2001), and the
Ekman boundary conditions that were used in Hong et al. (2019)), the present authors find that
the simulation results are affected little by the lateral boundary conditions in this TC model. In

this project, modified Ekman lateral boundary conditions are chosen, and the wind flow



acceleration terms, horizontal advection terms and horizontal diffusion terms are assumed to be

negligible.

0 0 0 0 0 0
—tu,—+v, —tu—+v—+w— '(u,v):O

or  “ox oy ox Oy Oz (15)
0 0 0 0
—| K, — |- (u, — K, — |- (u,v)=0
ax[ . OxJ (u V)+6y( " 8)/} (1.7) (16)
Then, Eq. (1) and Eq. (2) can be rewritten as
_La_p+fv+i([{y 6_u):0 (17)
Py Ox Oz 0Oz
L0 (18)
P, O oz oz

where Ky=10m?/s.

In addition, the vertical wind component w is taken as Om/s at the bottom and outermost

boundaries.



Top Boundary
Conditions Eq. (11)

Lateral Boundary
Conditions Eqs. (17)-(18)

Inner Model

Bottom Boundary Egs. (1)-(3) ;

Conditions Egs. (12)-(13)

S

Figure 2.2 Computational domain of the developed TC model and boundary
conditions.

2.3 Grid system and coordinate transformation

The governing equations (Egs. (1)-(3)) can discretized and numerically integrated over a
three-dimensional grid system. Considering that the wind speed changes rapidly around R and
the turbulent flux decreases with height, to improve the computational efficiency, the grid system
(Figure 2.3) is set to provide a relatively high resolution (small grid spacing) near the inner
region of a TC and near the ground surface, and low resolution (large grid spacing) in the outer
region and the upper region of the computational domain.

A four-level nested grid system is used in the computational domain, as shown in Figure
2.3(a). The mesh size remains constant within each nest. The grid point spacing of the outer nest
is twice that of the adjacent inner one. Each nest has 20 grid points from the TC center. For
example, if the grid point spacing in the innermost nest is set to be dx=dy=0.1Rax, the grid point
spacing in the second to fourth nests are 0.2Ruax, 0.4Rpmax and 0.8Ruax, respectively. The entire
computational domain can cover an area of 32Ruax*32Rmax on the horizontal plane, which is

large enough to capture the wind characteristics of TCs.



In the vertical direction, the computational domain is divided into 20 layers, including 7
layers from 0 to 100 m (1, 10, 20, 30, 50, 70, 90 m), 9 layers from 100 to 1000 m (130, 170, 210,
290, 370, 450, 610, 770, 930 m), and 4 layers above 1000 m (1250, 1570, 1890, 2530 m), as
shown in Figure 2.3(b). The vertical grid system below 100m has a higher resolution, which is

designed to meet the need of engineering applications, because most buildings are lower than

100 m.
34 Upperm/\/
O I A N
(m)
8dz .
(] 210
Adz
o - 170
4dz
SRJH{F\ * ] 130
Adz
.
2dz %0
* 70
4R, 2dz
° " 50
2R, o1, 30
X * i 20
020dx [20dx F—=40dv—F 80ch o o 10
2R AR S8R 16R Ground Surface e 41 m 1
(a) (b)

Figure 2.3 Schematic diagram of the nested grid system. (a) Horizontal nested grid system for
the first quadrant with dx=dy=0.1Ru..x as an example. (b) Vertical grid system with dz=10m.
A coordinate transformation method proposed by Gal-Chen and Somerville (1975) is
used in this project to transform the governing equations (Egs. (1)-(3)) into a terrain-following
coordinate system, referred to as sigma coordinate. This terrain-following coordinate system (u,

Vi, Wyr) can be expressed in terms of (x, y, z) as

10



i Z_Zs(an’)
H-z,(x,y) (19)

Xp =X, Y=Y, 2z, =H
where z; (x, ) is the terrain height at (x, y); H is the vertical extent height, and it means that
above this height the terrain effects are ignored. H=20km is adopted, where the atmospheric
pressure is 50hPa, which is the top of the WRF model (Skamarock et al., 2019). The wind
components u, v and w are also transformed to u,, v; and w; in this terrain-following coordinate

system by

0z, H-z, Oz, H-z, H-z
= — —uT —_— VT + .
ox H o H H (20)

U=Up, V=V, W

2.4 Solution procedure

For a computational domain shown in Figure 2.2, the wind velocity components, u, v and
w, are defined at each grid point, and the horizontal and vertical eddy viscosity coefficients (Ky
and Ky) are defined at cell centers. In Equations (1)-(3), the first-order upwind difference scheme
is adopted to approximate the advection terms and the second-order central difference scheme is
used for the diffusion terms. For integration, an explicit forward time scheme is used, and the
Coriolis force terms are treated implicitly to dampen inertial oscillations. More specifically,

Equation (1) and Equation (2) can be discretized as

u —u’ 1 g
+ advection terms = ——L ¢ f v —diffusion terms (21)

At P, Ox
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7+1 T

Vit —y . 1 g . s
+ advection terms = —— 2L — f-u™" —diffusion terms

At Do O (22)

where At is the time increment; and 7 is the computation index, which starts from 0.

To facilitate computation convergence, the computational time increment for the
innermost nested grid is set as Ar=1s, and Af¢ for the second, third and fourth nest grids are 2s, 4s
and 8s, respectively. At/dx remains constant at each nested grid (Chow, 1971). Therefore, for a
simulation duration of r=8s (=Atxiteration times), the fourth nested grid only needs to iterate
once, the third nested grid needs to iterate twice, and the second and first nested grids need to
iterate four times and eight times, respectively. In addition, the lateral boundary conditions for
the inner nested grid are determined by the adjacent outer nested grid at every computational
step, and a diagonal upwind differencing is adopted to reduce the computational errors of the
advection terms (Chow, 1971).

The computation of this TC model starts from the lowest model layer and proceeds
upward; for horizontal grids, the computation starts from the outermost nested grid and proceeds
into the innermost grid. Winds in gradient balance is applied as the initial condition. The gradient
wind v, calculated from the gradient balance with the prescribed pressure field (Eq. (4)) is given

by Vickery and Wadhera (2008).

B B 5 1/2
—_ R’ﬂax BAp _ RmﬂX i _ i
vg_{[rj 2 eXp“rH{z]} 2 (23)

Time scale of the steady-state simulated wind speed is consistent with the Reynolds
averaging time interval of the governing equations (Egs. (1)-(3)), which should be long enough

to filter out small-scale eddy fluctuations within the boundary layer (Holton, 2007). Thus, the

12



averaging period of wind speeds is set as one hour in this study, and the input parameters are also
interpolated linearly into a one hour scale.

2.5 Land cover and terrain data

As shown in Equation (14), this TC model can be applied to different land cover through
changing the surface roughness length. The surface roughness length can be obtained based on
the global land cover datasets. To date, nine global land cover datasets have been generated by
different initiatives using satellite data (Yang et al., 2017). Although these land cover datasets
can reflect different types of Earth’s surface, there are some differences due to different satellite
data and classification schemes. Yang et al. (2017) studied the similarities and discrepancies of
seven out of nine global land cover datasets by comparing the area and spatial patterns of
different land cover datasets over China. They found that the CCI-LC 2010/2000 produced by
the European Space Agency (ESA) Climate Change Initiative (CCI) has a very high accuracy.
Therefore, the latest land cover version of CCI-LC 2018 (ESA, 2017) is adopted in this study.

The land cover types used in this study is from the CCI-LC 2018, as listed in Table 2.1,
where the corresponding roughness length for each type of land cover was extracted from the
WREF (listed in LANDUSE.TBL). The roughness length over the Pearl River Delta is plotted
based on the data provided in CCI-LC 2018, as shown in Figure 2.4(a). Considering that the
Gridded Bathymetry Data produced by the Generalized Bathymetric Chart of the Oceans
(GEBCO) provides the latest high resolution terrain height, the GEBCO 2020 that provides the
information of z, is used in Equations (19) and (20). The map of terrain over the Pearl River

Delta is shown in Figure 2.4(b).
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Table 2.1 Land cover lookup table of CCI-LC 2018

Land Cover Types Roughness Length (m)
Rainfed Cropland 0.15
Irrigated Cropland 0.10
Cropland (>50%)/Natural Vegetation (<50%) 0.14
Cropland (<50%)/Natural Vegetation (>50%) 0.14
Tree Cover (Evergreen) 0.50
Tree Cover (Deciduous) 0.50
Tree Cover (Needle leaved, Evergreen) 0.50
Tree and Shrub (>50%)/Herbaceous Cover 0.50
(<50%) ’
Tree and Shrub (<50%)/Herbaceous Cover 0.50
(>50%) ’
Shrub Land 0.05
Grass Land 0.12
Sparse Vegetation 0.01
Tree Cover (Fresh/Brackish Water) 0.40
Tree Cover (Saline Water) 0.40
Shrub / Herbaceous Cover (Flooded) 0.20
Urban Areas 0.80
Water Bodies 0.0002
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Figure 2.4 (a) Roughness length of different land cover types; (b) Terrain over the
Pearl River Delta.
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2.6 Sensitivity analysis

2.6.1 Determination of the simulation duration

The developed TC model is initialized with the gradient wind (v, from Eq. (23)) and the
pressure field (Eq. (4)), then the wind flow in the computational domain is simulated through
iterations. According to Kepert and Wang (2001), the simulation duration of 24 hours is needed
for the simulation to reach a steady state, while Done et al. (2020) found the near-ground wind
attains a steady state much faster. To determine the simulation duration in this study, four TC
simulation cases listed in Table 2.2 are carried out.

In this project, 48 hours of simulation duration are used in all four simulated cases to
ensure that it is long enough for the simulated TC wind flow to reach a steady state. The
simulated wind speeds obtained from 0 to 24 hours are compared with the result at the 48th hour
to find out the minimum simulation duration that can produce satisfactory results. To be specific,
the root mean square errors (RMSE) of the simulated wind speed at each hour are compared with
the wind speed obtained at the 48th hour and presented in Figure 2.5 as blue graphs.

The RMSE rapidly decreases in the first hour and reaches about 25% of its initial value
(the RMSE value at 0 hour), as indicated by the orange graphs in Figure 2.5. Then it takes nearly
nine hours to reach 10% of the corresponding RMSE initial value. The minimum RMSE occurs
at about the 16th hour, then it increases slightly. Considering that the RMSE value at the 24th
hour is only slightly smaller than that at the 10th hour and it is very time consuming to run for 24
hours, the simulation duration of 10 hours is adopted. It takes nearly 20 minutes to complete the
10 hours’ simulation of one case using a single core on the 17 PC platform. The results presented

in this report are based on the simulation duration of 10 hours.
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Table 2.2 Parameters of TC simulation cases

Max
TC Rinax lat Ve a
pe (hPa) B zo (m) gradient
(Case) (km) ) (ms)  (°)
wind (m/s)
I 969.61 40 1.3 20 0 90 0.0002 40
1I 969.61 40 1.3 20 5 90 0.0002 40
111 959.21 40 1.6 20 5 90 0.0002 50
v 920.56 40 1.3 20 5 90 0.0002 60
_[()l T T T T T T T T T T T 100

—TCI---TCIT—-TCIIT —+=TC IV (RMSE)
—TC1l---TCU—&-TCIll —*—TCIV (R-RMSE) 80

160

R-RMSE (x 100%)

! L L L L 1 S = . T i 0
0 2 4 6 g 10 12 14 16 18 20 22 24
Simulation Duration (h)

Figure 2.5 Errors of the simulated wind speeds at each hour compared with the steady state
(simulation results at the 48th hour). The left y-axis is the root mean square error (RMSE), and
the right y-axis is the relative RMSE (R-RMSE), which is the ratio of RMSE/(RMSE at 0
hour).

2.6.2 Determination of the horizontal grid system
To investigate the influence of the grid size on simulation results, besides the grid system
presented in Figure 2.3, three additional horizontal grid systems are considered, as shown in

Figure 2.6. Case I (TC I listed in Table 2.2) is simulated with the four different grid systems, and

the obtained azimuthally averaged resultant velocity contours on a vertical plane through the
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center of TC in each grid system are presented in Figure 2.6. By comparing Figure 2.6(b) and
Figure 2.6(d), with the same minimum grid size (dx=dy=4 km), the nested grid system (Figure
2.6(b)) produces similar results in the inner domain near R to the uniform grid system (Figure
2.6(d)), and the relative error of the maximum wind speed between the two grid systems is
minimal. It is worth noting that the efficiency of the nested grid system is nearly 10 times higher
than that of the uniform grid system in this TC simulation.

Among the cases with three different nested grid systems, the azimuthally averaged
resultant velocity near R.qx obtained in the case with dy=dy=2km (Figure 2.6(a)) is much greater
than those obtained in the other two cases. However, as the distance from TC center increases,
the simulation results become more similar among all three cases. The large wind speed obtained
in Figure 2.6(a) may be because a high-resolution grid system tends to generate stronger
convection, especially near the TC eyewall, where the magnitude of resultant velocity changes
rapidly, associated with a high resultant velocity gradient. In addition, the parameterization
schemes of horizontal and vertical turbulent flux used in Eq. (9) and Eq. (10) are mainly applied
in the mesoscale atmospheric simulations (Grell et al., 1994; Smagorinsky et al., 1965), which
may not suitable for small scale flow. The contours of azimuthally averaged resultant velocity
obtained in the case with dx=dy=4km (Figure 2.6(b)) are very similar to those obtained in the
case with dx=dy=8km (Figure 2.6(c)). Although the smaller grid size tends to provide more
accurate results, it demands more computational resources. To balance the computational
accuracy and computational resources, the dx=dy=0.1R.x=4km is adopted in the following

simulations.
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Figure 2.6 Azimuthally averaged resultant velocity contours on a vertical plane in the
simulated TC I with four different grid systems. (a) Nested grid system with
dx=dy=0.05R.x=2km. (b) Nested grid system with dx=dy=0.1R=4km (The same grid
system as in Figure 2.3). (c¢) Nested grid system with dx=dy=0.2Ru.=8km. (d) Uniform grid
system, grid spacing is 4 km. The red dash line represents Ryax.
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Chapter 3 Simulation Results of TCs under Different Conditions

3.1 Wind speed profile along height (Vertical wind profile)

The GPS dropsonde observations were used to study the wind flow structures of TCs on
the vertical plane by many scholars (Franklin et al., 2003; Giammanco et al., 2013; Powell et al.,
2003; Vickery et al., 2009). These studies show that the mean vertical wind profile (from a
number of TC events) nearly follows the log law below about 300 m. As height increases, the log
law breaks down, and the wind speed begins to decrease with the increase of height. Using the
vertical wind profiles measured by GPS dropsonde during the 1997-2003 hurricane seasons,
Vickery et al. (2009) evaluated the vertical wind profiles of the mean horizontal wind speed near
Ruax. Specifically, the observed vertical wind profiles were divided into different groups based
on the R.qx values and the vertically averaged horizontal wind speed (from heights of 10 m to
500 m). In each group, a mean vertical wind profile was obtained, and through curve-fitting, an
empirical logarithmic formula was obtained to model the mean vertical wind profile, which was

expressed as

U(z)= %{m [i} - “(HLH (24)

where u~ is the friction velocity; H " is the boundary layer height parameter; a and n are

parameters where a=0.4, n=2.0 (Vickery et al., 2009).

In the developed TC model, the vertical wind profile is extracted at Ry from TC I
simulated with the nested grid size of dx=dy=0.1R =4 km (Figure 2.6(b)), as indicated by the
black graph in Figure 3.1. The vertical wind profile is also obtained by substituting the

parameters of TC I listed in Table 2.2 into Equation (24), as indicated by the red dashed graph in
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Figure 3.1. These two profiles are similar in terms of the logarithmic feature at lower elevations
(below 300 m). The maximum wind speed does not match well, because the empirical equation
presents the averaged characteristics of a number of real-world TCs, while the developed TC
model is to simulate a scenario of a specific TC, which is expected. Considering that Ky was
often set as a constant coefficient in most previous TC models (Kepert, 2001; Meng et al., 1995;
Snaiki and Wu, 2017a), one extra case with Ky=10 m?/s is also simulated. The vertical wind
profile with a constant Ky value (10 m?/s) is extracted and presented in Figure 3.1. It shows that
the constant Ky value (blue graph in Figure 3.1) can lead to a nearly linear variation of wind

speed with a height near the ground surface, and the maximum wind is much larger than that in

the other two cases. This indicates that applications of the constant Ky value may not be proper.
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~
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equation (Eq.(24)) 1
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10!
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Figure 3.1 Vertical wind profile of TC I at Ryux (black graph) and its comparisons with the one
obtained from the empirical equation (red dashed graph) and the one from the developed TC
model with K=10m?/s (blue graph).
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3.2 Simulation of TC moving over the ocean

The wind characteristics of TC over the ocean are essential to assess the TC risks to
offshore structures, such as offshore oil platforms, offshore wind turbines and sea-crossing
bridges. Through assimilating disparate observation data, the H*Wind snapshots were produced
by the Hurricane Research Division (Powell et al., 1998), and have been used to evaluate the
newly developed or modified TC wind field models (Fang et al., 2018a; Li and Hong, 2015). In
this section, the obtained simulation results are compared with the H*Wind snapshots for three
TC scenarios (Hurricane Katrina (2005) and Hurricane Irene (2011)) over the ocean at the height
of 10 m.

For these two hurricane scenarios, one-minute snapshots sustained resultant velocity
distributed on the horizontal plane at the height of 10 m are first obtained. Then, the snapshots
are converted from the one-minute sustained wind speed to the one-hour averaged wind speed by
using the World Meteorological Organization’s conversion factor of 1/1.11, as listed in Table 1.1
in Harper et al. (2010). The obtained snapshots based on the one-hour averaged wind speed for
the two hurricane scenarios are presented in Figure 3.2 (the first column of figures).

To implement the developed TC model to simulate these two hurricane scenarios, first,
the parameters (pc, Ve, @) are extracted from the historical Best Track Data sets of the National
Hurricane Center’s Hurricane Databases (HURDATA) (Landsea and Franklin, 2013), which are
listed on the left side of Figure 3.2. Ry is inferred from the horizontal wind profile, which is an
azimuthally average of the H*Wind snapshots. Holland’s parameter B is directly calculated by
Equation (6). The obtained one-hour resultant velocity contours on the horizontal plane at the

height of 10 m are listed in Figure 3.2 and are compared with H*Wind snapshots.
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In the resultant velocity contours extracted from the developed TC model, dense contour
lines are observed at the TC center, which means the resultant velocity quickly changes along the
radial distance at the TC center. This is consistent with the phenomena observed in the results
extracted from H*Wind snapshots for the two hurricanes. In Hurricane Katrina (2005), the
maximum wind speed of the simulated TC is about 60 m/s, which is very close to that extracted
from the H*Wind snapshot. To facilitate comparing the magnitudes of individual resultant
velocities on the horizontal plane, the correlation of individual velocities on the horizontal plane
are calculated and presented in Figure 3.2. The R value for Hurricane Katrina is 0.957, which
indicates that the wind velocity on the horizontal plane falls between the simulation using the
developed model and the H*Wind snapshots. For Hurricane Irene (2011), the difference of the
maximum wind speed between the simulated result and H*Wind snapshot is only about 3 m/s.

The R value for Hurricane Irene (2011) is 0.927, indicating the good match.
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Figure 3.2 Comparisons of wind snapshots at 10 m for over ocean condition. Input parameters
are listed on the left side. R on the right side is the Pearson correlation between the H*Wind
and simulated wind. The red arrows are the TC moving directions.
For each hurricane scenario, the azimuthally averaged wind speed profiles along the
radial distance are extracted from the simulated and H*Wind snapshots in Figure 3.2,
respectively, and are compared in Figure 3.3. With the increase of the radial distance, the wind
speed increases linearly and reaches its maximum value at the Ruax, then it decreases gradually.
Specifically, for Hurricane Katrina (2005) in Figure 3.3(a), the Ryax of the simulated result is 30
km, which matches H¥*Wind. However, the wind speed obtained from the simulated TC is higher
than that of H*Wind within the radial distance of 100 km, and it becomes smaller when the
radial distance is greater than 100 km. For Hurricane Irene (2001), the Ry of the simulated
results are about 65 km, which is smaller than the 84.4 km in H*Wind snapshots. In Figure
3.3(b), the simulated wind speed is slightly higher than that of H*Wind. These deviations are
acceptable considering that only dynamic processes are included and empirical equations are

used in the developed TC model.
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Figure 3.3 Comparisons of the azimuthally averaged wind speed along radial
distance between the H*Wind and simulated hurricane snapshots shown in Figure

3.2.

3.3 Simulation of TC moving over the land

For landfall TCs, the influence of varying land cover and terrain on the behavior of

hurricanes is significant. A series of simulations adding varying land cover and terrain to the

developed TC model are carried out. Typhoon Mangkhut (2018) was one of the worst typhoon

landfalls on the Pearl River Delta. Figure 3.4 shows the track of Typhoon Mangkhut (2018) and

its atmospheric information. At the time of 09:00:00 (UTC) on September 16, 2018, this typhoon

landed at Jiangmeng, Guangdong Province, with part of its wind field over the ocean and part

over the land.
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Figure 3.4 Track of Typhoon Mangkhut (2018) and related atmospheric
information at 09:00:00 (UTC) on September 16, 2018.

The developed TC model is used to simulate Typhoon Mangkhut (2018) over the Pearl
River Delta. The parameters of R and B are calculated by Equation (5) and Equation (6),
respectively. The surface roughness length and the terrain height needed in Equation (14) and
Equation (20) can be looked up from Figure 2.4(a) and Figure 2.4(b), respectively. The resultant
velocity contours on the horizontal plane at four representative heights for the time instant of
09:00:00 (UTC) on September 16, 2018, are presented in Figure 3.5. Figure 3.5(a) is for the case
with a constant roughness length (zo=0.0002) and constant terrain height (z,=0), which is the
same as over the ocean, designated as No LC No Ter. Figure 3.5(b) considers the varying land
cover (zo=Figure 2.4(a)), with a constant terrain height (z,~0), designated as LC No_Ter. Figure
3.5(c) considers the varying terrain height (zs=Figure 2.4(b)), with a constant land cover
(20=0.0002), designated as Ter No LC. Figure 3.5(d) is for the case with varying land cover and
terrain, designated as LC Ter.

Comparing with ocean conditions (Figure 3.5(a)), the inclusion of land cover and terrain
(Figure 3.5(d)) can lead to a decrease of wind speed over land. Near the ground surface (at the

height of 10 m and 100 m), Figure 3.5(d) shows that the maximum wind speed occurs over the
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ocean. However, as the height increases (at the height of 500 m and 1000 m), the maximum wind
speed occurs on land, which is nearly at the same position as in Figure 3.5(a). This indicates that
the influence of varying land cover and terrain on TC wind speed decreases with the increase of
height. By comparing Figure 3.5(a) with Figure 3.5(b), it shows that the varying land cover has
little influence on TC wind fields above 500 m. However, for the terrain, its effect decreases
much slower (Figure 3.5(c)), which is mainly because the terrain feature decays linearly with
height in this terrain-following coordinate system and the high vertical extent height set in

Equation (20) leads to a low decay rate.
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Figure 3.5 Comparisons of resultant wind velocities on the horizontal planes of Typhoon
Mangkhut (2018) over Pearl River Delta under different land cover and terrain situations at
heights of 10 m, 100m, 500m, and 1000m at the time of 09:00:00 (UTC) on September 16,

2018. Coastlines are shown by the red lines and the red arrows are the TC moving directions.
(a) Constant land cover and flat lower boundary, which are the same to the ocean condition
(No_LC No Ter). (b) Varying land cover types with flat bottom boundary (LC_No Ter). (¢)
Varying terrain with uniform land cover (Ter No LC). (d) Varying land cover and terrain
(LC Ter).

To further demonstrate the effects of varying land cover and terrain height, the wind

speeds on the horizontal plane at the height of 10 m under the situation of (a) in Figure 3.5 are
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taken as the reference, the wind speeds under the situations of (b), (c) and (d) are normalized, as
presented in Figure 3.6. The ratio of LC No_ Ter to No LC No Ter (Figure 3.6(a)) shows a
reduction of wind speed induced by land cover, with a reduction factor of about 0.8 in coastal
areas and a reduction factor of about 0.7 in inland areas. However, the wind speeds over the
ocean in the south are slightly increased. Figure 3.6(b) presents the ratio of Ter No LC to

No LC No Ter. The varying terrain height shows the blocking effect on wind speed in Figure
3.6(b). In the high topographic area, the reduction factor is approximately 0.5, and it becomes 0.8
in the flat area. Wind speed accelerations are also observed in some isolated areas over the land,
as indicated in Figure 3.6(b). With the terrain simulated, the increase of wind speeds over the
ocean in the south is more significant than the effect of land cover. The coupled land cover and
terrain show large wind reduction over the land (Figure 3.6(c)). The wind reduction factor in
most land areas is lower than 0.5, while the increase of wind speeds over the ocean in the south

is the most significant among the three cases.
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Figure 3.6 Normalized wind speeds under different situations of Typhoon Mangkhut (2018) in

Figure 3.5. (a) Ratio of wind speed between LC No Ter and No LC No Ter at the height of

10 m. (b) Ratio of wind speed between Ter No LC and No LC No Ter at the height of 10m.
(c) Ratio of wind speed between LC Ter and No LC No Ter at the height of 10 m.
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3.4 Time series of wind speeds and directions during TC landfall

The developed TC model not only can provide the horizontal and vertical wind speed
fields, but can also produce the time history of wind speeds and directions during landfall. To
validate the obtained time histories of wind speeds and directions, they are compared with the
wind records of Hurricane Katrina (2005) obtained from the National Data Buoy Center (NDBC)
(Meindl and Hamilton, 1992), and the observation data of Typhoons Hagupit (2008) and Hato
(2017) obtained from the Guangdong Meteorological Service and Hong Kong Observatory,
respectively.

The input data to the developed TC model are obtained from the historical Best Track
Data sets. For Hurricane Katrina in 2005, the data is from the National Hurricane Center’s
Hurricane Databases (HURDAT) (Landsea and Franklin, 2013); for Typhoons Hagupit (2008)
and Hato (2017), the data are from the CMA Tropical Cyclone Data Center (Ming et al., 2014).
The center locations and pressures of TCs in these Best Track Data sets are interpolated linearly
to a one-hour scale. The datasets of land cover and terrain height used here are the same as those
presented in Section 2.5. With the obtained input data, the time histories of wind speeds and
directions at Stations of 42040 for Hurricane Katrina (2005), Shangchuandao for Typhoon
Hagupit (2008), and Henglandao for Typhoon Hato (2017) during TC landfall are extracted from
the developed TC model, and compared with the observation data, as shown in Figure 3.6. These
three stations are indicated as green diamonds in Figure 3.6.

In Figure 3.6, the simulated results are plotted as a red solid graph. As the TC moves
from the ocean to the land, the distance from the observation station to the TC center becomes
shorter, and the wind speed gradually increases, and reaches the maximum wind speed at about

12:00:00 (UTC) on August 29 for Hurricane Katrina (2005), 19:00:00 (UTC) on September 23
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for typhoon Hagupit (2008), and 02:00:00 (UTC) on August 23 for typhoon Hato (2017). Then,
the wind speed gradually decreases as the TC moves away. The simulation results in Figure 3.6
show that simulated wind speeds and directions match reasonably well with the observed data,
considering the neglect of thermodynamics and the uncertainties of local environments. This
indicates that the numerical TC model developed in this study is capable of simulating TC wind

fields in space and time.

30



spon| | 18:00:00

30°N

1
|, August 29, 2005
§ e d

4 5 it \Lﬁ;g

A

M

= _.LM

\

¢ Station: 42040

Lat=2921° N

28°Nf N Lon = 88.226° W

» Height = 4m
\
»
26°N+ 18:00:00 _—*
August 28, 2005 S o
94°W  92°W  90°W  88°W  B6°W  84°W
25°N Station: Shangchuandao ﬁﬁ
Lat=21.733° N fﬁ
24°Np 06:00:00 Lon =112.767" E > 1
530N | September 2472 Hglght :ﬁ: m R
ATy
22°N =% L/uh‘ 5’;«
,‘;n?’\z“ﬁ - ’tﬁ%
21°NF ﬁ
..

. ! € e -<
20°N f””?l 06:00:00" < d
Nt Jj September 23, 2008

108°E  110°E  112°E  114°E  116°E  1I8°E
26°N '

o | Station: Henglandao
SN 150000 Lat=22.185" N ‘%gbﬁ'g
24°N F August 23,2017 Lon = 114.30° E ]

\ Helgh%f 83 m\#w@f

23°Nf = ,._,?:L“’\ PN

2°NT n,\,@n’ty.é;\é

21°N} i - ]
.- =

20°NF f‘"w‘&l 15:00:00 / ]

. . August 22, 2017
19°N | g
108°E 110°E  112°E  1I4°E  116°E  1I8°E

Hurricanc Katrina (2005)

40
T *  Measured
é 0r Simulated
3
%20 I
=
=10
=
ol . . . .
18:00:00 00:00:00 06:00:00 12:00:00 18:00:00
360
T *  Measured
= 300 Simulated
2240
(5]
Liso
k=l
o 1201 i
g sl e P . . .
E O
0
18:00:00 00:00:00 06:00:00 12:00:00 18:00:00
August 28, 2005 Time(UTC) August 29, 2005
(a)
50 - Typhoon Hagupit (2008)
= *  Meusured
= 40 - Simulated
g 30 .
% .
@ 20 + .
= = .
F 10 - s e g
ES
o — . .
06:00:00 12:00:00 18:00:00 00:00:00 (36:00:00
360
e L +  Measured
=] 300 Simulated
2240
|51
£ 180 - —
= e et e
= 120 .
= ol J
() I . e * I L
06:00:00 12:00:00 18:00:00 00:00:00 06:00:00
September 23,2008  Time(UTC)  September 24, 2008

(b)

wn
'

Typhoon Hato (2017)

iy *  Measured
540 - Simulated
B30
2
220 -
£
=10 -
z
0— . L
15:00:00 21:00:00 03:00:00 09:00:00 15:00:00
360 - «s e
— o Measured
= 300 Simulated
% 240 -
8180 -
=l
o 120 -
=
ES a0
[ <. . .
15:00:00 21:00:00 03:00:00 09:00:00 15:00:00
August 22, 2017 Time(UTC) August 23,2017

(©

Figure 3.7 Comparisons of the simulated wind speeds (right top) and directions (right bottom)
with the observation data of (a) Hurricane Katrina (2005), (b) Typhoon Hagupit (2008), (c)
Typhoon Hato (2017). Left column is the corresponding TC tracks and observation stations’
information; blue dash lines mean the track of the TC; red dots denote the location of TC
center; green diamonds represent the location of the weather sounding station; dates represent
the start and end times for comparisons, respectively.
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Chapter 4 Conclusions
In this project, a high-fidelity, high-efficiency numerical TC model has been developed to
simulate TCs and investigate wind characteristics of TCs. This model is based the Boussinesq

Approximation and Reynolds Averaging and is built on a terrain-following coordinate system,

which facilitates studying the effects of varying land cover and terrain on TC wind

characteristics. To improve computational efficiency, a sophisticated boundary layer turbulence
closure scheme is adopted, and a nested horizontal grid system is applied. The following
conclusions can be drawn.

(1) Sensitivity studies demonstrate that the simulation duration of 10 hours is long enough to
form a TC vortex and reach a steady state. By comparing four different grid systems, the
nested grid system with dx=dy=0.1Rax as the grid distance and 2RnaxX2Rmax as the area of
the innermost nest is suitable to produce reliable results.

(2) The wind velocity profile along height extracted from the developed TC model follows the
log law for lower elevations. In addition, the boundary layer turbulence closure scheme,
especially the vertical eddy viscosity coefficient Ky, significantly affects the wind velocity
profile along height; and a constant Ky value that was often used in previous studies leads to
an incorrect wind velocity profile.

(3) The wind velocity distribution on horizontal plans obtained from the developed TC model
matches reasonably well the H*Wind snapshots.

(4) After a TC landfall, the inclusion of land cover and terrain leads to a decrease of wind speed
over land. Although both the varying land cover and terrain affect TC wind fields, the
influence of terrain is more significant than land cover. The influence of the varying land

cover and terrain gradually decreases with the increase of height.
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(5) The developed TC model successfully reproduces the time histories of wind speeds and
directions for Hurricane Katrina (2005), Typhoon Hagupit (2008), and Typhoon Hato
(2017). This demonstrates the capability of the developed TC model to provide simulation
results of wind fields in space and time.

The TC model developed in this study offers a useful tool to reproduce TC wind fields
under different land cover and terrain conditions. In future studies, thermal equations will be
incorporated into the TC model and the TC-related disaster modeling, such as TC-related rainfall

and storm surge, will be investigated.
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