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ABSTRACT

Upstream track deflection of a propagating cyclonic vortex past an isolated mountain range is investigated

by using idealized simulations with both boundary layer turbulent mixing and cloud effects. The westbound

vortex past a shorter mountain range may experience an earlier northward deflection prior to landfall. The

vortex then takes a sudden southward turn as it gets closer to the mountain range, in response to the effects of

the stronger northerly wind over the mountain due to the effects of channeling flow. The vortex may deflect

southward when approaching a longer mountain range and then rebound northward upstream of the

mountain ridge. The southward deflection is primarily induced by the convergence (stretching) effect due to

the combination of the speedy core at the southwestern flank of the vortex and a northerly jet between the

vortex and the mountain. The vortex then rebounds northward to pass over the mountain as the speedy core

rotates counterclockwise to the eastern flank of the vortex. The track deflection near the mountain is also

affected as either of both physics is deactivated.

Sensitivity experiments show that for a given steering flow and mountain height, a linear relationship exists

between the maximum upstream deflection distance and the nondimensional parameter Rmw/Ly, where Rmw

is the vortex size (represented by the radius of the maximum wind) and Ly is the north–south length scale of

the mountain. The southward deflection distance increases with smaller Rmw/Ly and higher mountains for

both weaker and stronger steering flow.When the steering-flow intensity is doubled, the southward deflection

is roughly reduced by 50%.

1. Introduction

Various mountains may exert a wide range of modi-

fications on impinging tropical cyclones, including track

deflection, translation speed change, and looping paths

of the cyclones. Among various scenarios of the moun-

tain impacts, the vortex past an isolated mountain has

been widely investigated using observations and nu-

merical models (e.g., Brand and Blelloch 1974; Wang

1980; Chang 1982; Bender et al. 1987; Zehnder 1993;

Yeh and Elsberry 1993a,b; Zehnder and Reeder 1997;

Lin et al. 1999, 2005; Kuo et al. 2001; Huang and Lin

2008; Jian and Wu 2008; Huang et al. 2011; Lin and

Savage 2011; Hsu et al. 2013; Wu et al. 2015). In reality,

as one of the examples, a mesoscale mountain range—

namely, the Central Mountain Range (CMR)—is lo-

cated in Taiwan, which rises to about 3.5 km in height

and stretches approximately 300 km from north-

northeast to south-southwest and is about 100 km

wide. Such an island mountain provides an ideal setting

for studying the vortex track deflection (e.g., Yeh and

Elsberry 1993a,b; Lin et al. 1999; Huang et al. 2011; Wu

Corresponding author address: Prof. Ching-Yuang Huang, Dept.

of Atmospheric Sciences, National Central University, No. 300,

Jhongda Rd., Jhongli City, Taoyuan County 32001, Taiwan.

E-mail: hcy@atm.ncu.edu.tw

Denotes Open Access content.

AUGUST 2016 HUANG ET AL . 3157

DOI: 10.1175/JAS-D-15-0218.1

� 2016 American Meteorological Society

mailto:hcy@atm.ncu.edu.tw


et al. 2015) but also offers difficulties in constructing the

map of track deflection for impinging typhoons owing to

the complexity in the combination of many possible

factors involved in the deflection.

A particular scenario of the track deflection in the

above pertains to the advection of a dry vortex toward

the center of a mountain barrier at a right angle. Based

on the systematic experiments using a primitive equa-

tion (PE) model without surface friction and planetary

boundary layer (PBL) turbulent mixing, Lin et al. (2005)

found that the upstream track deflection for a vortex

approaching a mountain is mainly dominated by three

nondimensional controlling parameters: Vmax/Nh (the

vortex Froude number), U/Nh (the basic-flow Froude

number), and Rmw/Ly (the nondimensional vortex size),

where N is the environmental stability frequency and h

is the mountain height. These nondimensional parame-

ters are formed from eight possible dimensional pa-

rameters including U (the basic-flow speed), Vmax

(maximum tangential wind of the initial vortex), f (the

Coriolis parameter), Lx (the mountain length scale in

the direction of the vortex movement), Ly (the moun-

tain length scale in the direction normal to the vortex

movement), Rmw (the radius of Vmax), N, and h. The

basic-flow Froude number was found to play no major

role in the direction of track deflection but influenced

significantly the degree of deflection. Because of the

nature of a mesoscale vortex at a relatively shorter time

scale as passing over a mesoscale mountain similar to

Taiwan topography, the Rossby number (U/fL) that

measures the rotation effects also does not play a sig-

nificant role in the track deflection. Track deflection and

degree of the deflection with respect to the control pa-

rameters have also been investigated by Huang and Lin

(2008) using a shallow-water (SW) model. In general,

both PE and SW studies indicate that the control pa-

rameter (Rmw/Ly) is most important for predicting the

track deflection. The vortex tends to be deflected left-

ward (facing downstream) as it is approaching the

mountain barrier with smaller Rmw/Ly. This has been

explained by the strong terrain blocking with northerly

faster wind ahead of the mountain (Lin et al. 2005) to

drive the vortex southward. In a recent study (Wu et al.

2015), the southward track deflection prior to landfall

has been explained by the stronger midtropospheric

channeling effects as an ideal intense vortex moves close

to a short mountain range. The mechanism of the in-

duced track deflection prior to passage over the terrain

should be further investigated in regard to a variety of

vortex sizes and intensities as well as mountain ranges.

In addition, the response of the track deflection with

respect to these parameters has not been investigated in

systematic experiments for the cyclones with more

complete physics including boundary layer turbulent

mixing and cloud effects.

In this paper, we will focus on the simple case with an

idealized westbound cyclone past a mountain range at

various lengths and will further look into the potential

control parameters for upstream track deflection. A

comprehensive idealized WRF Model is applied in this

study to investigate the associated mechanism of in-

duced southward deflection and the relationship of the

track deflection with respect to the control parameters.

For completion of the major physics, the PBL with a

surface-layer lower boundary has been included. In this

study, in order to simplify the dynamics, we will not

consider the beta effects as it will introduce additional

beta drift to the vortex motion (e.g., Chan and Williams

1987; Smith 1993) that would complicate track de-

flection of a vortex impinging the mountain barrier.

In section 2, the numerical aspects including the ide-

alized WRF Model and vortex initialization will be in-

troduced. In section 3, we will show the experimental

results to identify the track deflection of a vortex past

various mountain ranges. We will investigate the

mechanism for the upstream track deflection for dif-

ferent vortices. Influences of boundary layer turbulent

mixing and cloud effects on the upstream track de-

flection are also discussed. Based on the results of sys-

tematic experiments in this study, the relationship

between themaximum upstream deflection distance and

the potential nondimensional parameter (Rmw/Ly) is

constructed in section 3. Finally, we give our concluding

remarks in section 4.

2. Numerical aspects

a. The numerical model

The Weather Research and Forecasting (WRF)

Model, version 3.3.1 (http://wrf-model.org/index.php;

Skamarock et al. 2008), is employed for our idealized

simulations. The WRF Model is nonhydrostatic in

terrain-following coordinates. The vertical model do-

main employs 41 vertically stretched grids topped at

20-km height. The model simulations in section 3 in-

clude the Yonsei University (YSU) PBL parameteriza-

tion (Hong et al. 2006), the WRF single-moment 6-class

graupel cloud microphysics (WSM6) (Hong and Lim

2006) and the modified Tiedtke cumulus parameteriza-

tion (Tiedtke 1989). Radiative effects are not included in

the simulations.

All simulations conducted in this study are considered

on a constant-f plane at 238N. A tropical thermal sounding

shown in Fig. 1, similar to the mean tropical sounding

(Jordan 1958), is used formodel initial conditions that are

assumed to be horizontally homogeneous. The sounding
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is conditionally stable with the specified reference rela-

tive humidity (RH) that linearly decreases with height

from 90% near the surface to 80% at 1km and then to

30% at 10km above which a constant RH of 30% is as-

sumed. A tiny kink in the RH profile near 5-km height is

induced as a result of the hydrostatic adjustment with the

sounding profile of unchanged potential temperature.

With the prescribed homogeneous environmental wind

and moisture, the steering-flow condition can be solved

from a thermal-wind balance. Given the virtual temper-

ature Ty 5T(11 0:608q), where T is temperature (K)

and q is the water vapor mixing ratio (kgkg21), the

thermal wind balance requires
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where U is the zonal geostrophic wind speed and the

horizontal derivatives are taken at constant height z.

Using the virtual potential temperature uy 5Ty(p0/p)
R/cp ,
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where the sum in the parentheses indicate the static

stability of moist air. Thus, for constant easterly geo-

strophic wind in Northern Hemisphere, there are cor-

responding positive meridional pressure gradient

(›p/›y. 0) and positive meridional virtual temperature

gradient (›Ty/›y. 0) butwith a negativemeridional virtual

potential temperature gradient (›uy/›y, 0) for a normal

stable environment (›Ty/›z, 0 and g/cp 1 ›Ty/›z. 0).

During the WRF Model integration, open boundary

conditions are specified at all the lateral boundaries,

while a sponge layer of 4 km is imposed at the top to

absorb the reflected waves from the upper boundary.

The initial sea surface temperature (SST) is set to

300.15K and is fixed during the 96-h model integration.

The initial potential temperature near the surface is

slightly warmer than that at the surface. This stable surface

layer prevents the vortex from rapidly developing through

the convective instability.

b. Vortex initialization

The offline, static vortex initialization scheme, which

was developed by Nolan (2011) and also used by Stern

and Nolan (2011), is applied in this study. The scheme

assumes that the vortex is axisymmetric and in gradient-

wind balance with the maximum tangential wind speed

Vmax at the radius Rmw. The radial profile of the tan-

gential wind is a modified Rankine vortex, which decays

as a Gaussian with height as described in Stern and

Nolan (2011). Thus, for any specified vortex the initial

tangential wind does not become anticyclonic at upper

levels. Given a horizontally homogeneous wind profile

the environment of the vortex is computed from the

thermal-wind balance. Then, the balanced static vortex

and environment provide the initial conditions for a

WRF simulation.

Note that turbulent mixing in the PBL is not included

in the offline, static vortex initialization, while it is in-

cluded in WRF simulations. Once the initial conditions

are imported into WRF, the model would take some

time to create the Ekman flow in the boundary layer.

Thus, our experimental design ensures that the initial

vortex is away from a prescribedmountain far enough so

that the vortex intensity does not vary considerably be-

fore approaching themountain.We found that after 9h of

integration theEkman flow in the PBL far upstream from

FIG. 1. The vertical profile of the model initial sounding

for (a) potential temperature (K) and (b) relative humidity (%).
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the translating vortex changes the direction less than 18
until the end of the simulation.

c. Experiment setup

The experiments in this study are described in Tables

1–3. As shown in Fig. 2, two nested domains with reso-

lutions of 15 and 5km for domains 1 and 2, respectively,

are employed for the experiments in Tables 1 and 2. The

experiments in Table 3 are designed for investigating

track sensitivity to terrain parameters for longer moun-

tain ranges and apply a single domain with 15-km resolu-

tion. In all experiments, the mountain barrier is prescribed

by a Gaussian function as

H(x, y)5 h exp

"
2
(x2 x

m
)2

s2
x

2
(y2 y

m
)2

s2
y

#
, (3)

where xm and ym are the x and y locations of the

mountain peak; the height of the mountain peak is h,

and sx and sy are the length scales at e-folding distance,

corresponding to the given reference lengths Lx (width)

and Ly (length) in the x and y directions, respectively.

The value of Ly indicates the location of the mountain

that flats to about exp(25) of the maximum height. The

specification of Lx 5 100km corresponds to sx 5
22.36 km and Ly 5 2000km corresponds to sy 5
223.60 km, and other sets can be linearly inferred. For

the surface type of each grid point, it is defined as a land

surface if the surface elevation is higher than 1m; oth-

erwise, it is defined as a water surface. The specification

of the surface type provides a coastline as shown in Fig. 2

for one example of topography (with h 5 3500m, Lx 5
100 km, and Ly 5 300 km). In this study, a simple uni-

form easterly steering flow is considered for specified

different initial vortices and terrain configurations. Un-

der this uniform steering flow, a cyclone east of the

central mountain moves westward toward the center of

the island mountain.

3. Results and discussion

a. The initial vortex and evolution

Figure 3 shows that the model pressure perturbations

and potential temperature at the surface level at the

initial time for the ocean-only experiment with an initial

moderate vortex (V 5 35ms21). Initially, the vortex

possesses a very cold core at the surface because the

initial wind is maximized at z 5 1500m. Note that a

warm core is presented above the height of maximum

tangential wind at 850 hPa. It is noted herein that as

indicated by (2) the environmental meridional potential

TABLE 1. The numerical experiments for an ideal cyclonic vortex

with varying maximum tangential wind speeds Vmax at the radii

Rmw past an isolated mountain at a peak of h 5 3500m with dif-

ferent east–west and north–south elongation terrain parameters

Lx5 100 km andLy5 300 km, respectively. The steering flowU is

easterly wind of 24m s21. The initial vortex center is located at

grid (185, 151) and the mountain peak is located at grid (135, 150).

Both boundary layer turbulent mixing and cloud microphysics are

included in the model simulations.

Rmw (km)

Vmax (m s21)

20 25 30 35

100 U1V1R1 U1V2R1 U1V3R1 U1V4R1

150 U1V1R2 U1V2R2 U1V3R2 U1V4R2

200 U1V1R3 U1V2R3 U1V3R3 U1V4R3

250 U1V1R4 U1V2R4 U1V3R4 U1V4R4

TABLE 2. As in Table 1, but for the steering flow U of 28m s21.

The initial vortex center is located at grid (233, 151) and the

mountain peak at grid (135, 150).

Rmv (km)

Vmax (m s21)

20 25 30 35

100 U2V1R1 U2V2R1 U2V3R1 U2V4R1

150 U2V1R2 U2V2R2 U2V3R2 U2V4R2

200 U2V1R3 U2V2R3 U2V3R3 U2V4R3

250 U2V1R4 U2V2R4 U2V3R4 U2V4R4

TABLE 3. The numerical experiments for an ideal cyclonic vortex withVmax 5 20m s21 andRmw5 80 km past various mountain ranges

with different mountain peaks h and north–south elongation terrain parameters Ly, where H1–H5 denotes 1500–3500m and L1–L6

denotes 1000–3500 km. The east–west elongation scale of the mountainLx is fixed as 100 km (W1). The steering flowU is easterly wind of

24m s21. The initial vortex center is located at grid (185, 151) and the mountain peak at grid (135, 150). Both boundary layer turbulent

mixing and cloud effects are included in the model simulations.

h (m)

Ly (km)

1000 1500 2000 2500 3000 3500

1500 W1L1H1 W1L2H1 W1L3H1 W1L4H1 W1L5H1 W1L6H1

2000 W1L1H2 W1L2H2 W1L3H2 W1L4H2 W1L5H2 W1L6H2

2500 W1L1H3 W1L2H3 W1L3H3 W1L4H3 W1L5H3 W1L6H3

3000 W1L1H4 W1L2H4 W1L3H4 W1L4H4 W1L5H4 W1L6H4

3500 W1L1H5 W1L2H5 W1L3H5 W1L4H5 W1L5H5 W1L6H5
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temperature gradient is negative in association with the

positive meridional pressure gradient, under the stable

environmental condition without vertical wind shear.

In the ocean-only case, the simulated weaker vortex

translates almost straight westward within a reasonable

period of time. However, an initial stronger vortex tends

to slightly deflect northward as the vortex begins to

develop strong asymmetric convection at later times (as

shown later). It has been shown that some of idealized

vortex translations may slightly deflect northward (or

rightward) (e.g., Yeh and Elsberry 1993a,b; Huang et al.

2011; Wu et al. 2015). Such a northward deflection has

been attributed to some possible reasons—for example,

the effects of boundary layer turbulent mixing that cause

the development of asymmetric circulation (Yeh and

Elsberry 1993b). According to (2), it will be colder to the

north of the cyclone than to the south as seen in Fig. 3

despite that the meridional potential temperature

FIG. 2. (a) Themodel domains consisting of 3013 301 grid points

in the coarse domain with 15-km resolution and 241 3 241 grid

points in the fine domain with 5-km resolution and (b) the terrain

height in the fine domain with the coastline (shorter dashed in

red) and 10-m height (longer dashed in black) included. The

terrain heights at a contour interval of 500 m use Lx 5 100 km and

Ly 5300 km with the peak height of 3500 m at (135, 150) in the

coarse domain.

FIG. 3. (a) Pressure perturbation (hPa) at the surface at the

coarse domain at the initial time. (b) As in (a), but for potential

temperature (K). The contour intervals are 0.5 hPa for pressure

and 0.1K for potential temperature with a cold core.
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gradient is small, thus favoring stronger air–sea in-

teraction to the north due to larger air–sea temperature

differences [see further discussion of this effect in Nolan

(2011)]. The vortex can propagate straight downstream

without deflection in a very long travel time when it is

not developing into an intense cyclone. In this sense, we

will thus limit this study to moderate cyclones (see

Tables 1–3) for reducing the uncertainty involved in

track deflection with respect to the hypothesized pa-

rameters. For exploring channeling effects and physical

processes in relation to upstream track deflection, we

have also used a more intense vortex.

b. Time evolution of the vortex intensity

Figure 4 shows time evolution of the maximum hori-

zontal wind speed within a 300-km radius of the vortex

center on the coarse domain for the experiments in

Table 1 with an island mountain similar to Taiwan to-

pography. For both slower steering flow U1 (4m s21)

and faster steering flow U2 (8m s21), the vortex center

makes landfall at about 51 h; the initial vortex is put at a

distance 2 times away from the mountain in the faster

steering flow. During the earlier period when the vortex

is still somewhat away from the mountain, the vortex

intensity slightly decays with time. The decaying rates

are similar for both steering flows, regardless of vortex

size. We note that the vortex does not become in-

tensified with time, given the specified RH in the mid-

troposphere and potential temperature at the surface

layer slightly warmer than the SST. After the first period

(about 24 h), the vortex is more influenced by topo-

graphic effects with different responses in different

experiments and steering flows. Interestingly, the to-

pographic influence on the developing vortex intensity is

earlier for initial stronger vortices. Such influence is

delayed to about 42 h for stronger steering flow, except

for the strongest-vortex experiments (i.e., U2V4Rx

series).

There are various and complicated responses in the

vortex intensity in the second period with respect to

different vortex sizes and intensities when the vortex has

strongly interacted with the topographic effects. How-

ever, there is no significant reduction or increase in the

vortex intensity as the vortex remains east of the

mountain by about 54 h. In addition, the relative changes

in vortex intensity at this stage for different vortex sizes,

intensities, and steering flows are not large. The tem-

poral variations of the vortex intensity are relatively

larger for initial stronger vortices, regardless of steering

flow. None of the cyclones tend to rapidly develop with

time at the second stage and the third stage that the

vortex is departing from the island (about 54–60 h).

Prevention of a rapid change in cyclone intensity (and

size) at the first and second stages helps investigate the

track evolution of a moderate vortex past different

mountain ranges with respect to some hypothesized

parameters for different scenarios in the experiments

that will be discussed later.

c. Track sensitivity to steering flow, vortex intensity,
and size

Vortex movement under faster- and slower-steering

flows in the presence of an isolated mountain is in-

vestigated with respect to varying maximum tangential

wind Vmax and its radius Rmw. Both boundary layer

turbulent mixing and cloud effects (from cloud micro-

physics and cumulus parameterization) are included in

the sensitivity experiments with two nested domains as

shown in Fig. 2. Since the vortex upstream of and near

the mountain is mainly concerned, an outer domain size

with 301 3 301 grids is employed. The terrain herein

represents Taiwan topography with a peak height

of 3500m.

The simulated vortex tracks for the slower easterly

steering flow (at a speed of 4ms21) are shown in Fig. 5

with the panel arrangement corresponding to Table 1.

The vortex center is defined as the location of minimum

surface pressure perturbation. With boundary layer

turbulent mixing and cloud effects included, these vor-

tices only slightly change their intensities with time as

shown in Fig. 4, but their inner cores get more concen-

trated at later times when they are close to themountain.

As can be seen from the evolving tracks, there is little

track deflection at the earlier stages when the cyclonic

circulation of the vortex is still far away from the

mountain, except for some southward deflection asso-

ciated with the larger cyclones (Rmw 5 200 and 250 km)

at the weakest intensity (Vmax 5 20ms21) (see cases

U1V1R3 and U1V1R4). We find that the vortex may

keep a similar size and intensity as it is not close to the

mountain. As the cyclones are further approaching the

mountain, there is slightly northward deflection, espe-

cially for weaker cyclones. Near landfall, the smaller

cyclones (e.g., the R1 series) seem to deflect southward.

The tracks then tend to move northward of the center-

line after passing over the mountain but rebound

somewhat southward at later times.

Fixing the initial cyclone intensity, the increase in

vortex size seems to exhibit an earlier southward track

but followed by a northward track and then a southward

track prior to landfall. Fixing the cyclone size, the in-

crease in vortex intensity seems to reduce the upstream

northward track deflection. The southward rebound

prior to landfall becomes more evident for the smallest

cyclones. This agrees with some observed slowly moving

typhoons [e.g., Haitang (2005) and Krosa (2007)] that
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exhibit a looping track with southward deflection near-

ing landfall.

For easterly steering flow increased to 8ms21, the

tracks exhibit less upstream deflection than seen in

Fig. 6, except for some earlier southward deflection as-

sociated with the larger but weaker cyclones (e.g.,

U2V1R3 and U2V1R4). Note that the initial vortex in

these faster-steering-flow experiments is specified far-

ther upstream so that the vortex makes landfall at ap-

proximately the same time as for the slower steering

flow. As the initial vortex becomes larger, it would ex-

perience the terrain effects earlier owing to its outer

FIG. 4. Time evolution of the maximum horizontal wind speed (m s21) within the 300 km of the vortex center at

the coarse domain for the experiments in Table 1: (a) U1V1R1–R4, (b) U1V2R1–R4, (c) U1V3R1–R4, and

(d) U1V4R1–R4 for slower easterly steering flow U1 (4m s21). (e)–(h) As in (a)–(d), respectively, but for faster

easterly steering flow U2 (8m s21).
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expansion of the swirling flow. However, such an impact

seems to be offset by the increased intensity of the cy-

clone (see the bottom panels). In general, the track under

the stronger steering flow is less influenced by the moun-

tain as compared to the weaker steering flow in agreement

with other studies (e.g., Yeh and Elsberry 1993a,b; Huang

and Lin 2008; Wu et al. 2015). The southward rebound

of the vortex nearing landfall is significantly reduced or

disappears for this short mountain range.

d. Track deflection: Channeling effects

Some of the vortex tracks exhibit a salient southward

deflection near the mountain for a stronger vortex (e.g.,

in U1V3R1 and U1V4R1). The southward track de-

flection near the mountain has been attributed to the

effects of channeling flow as the intense vortex core gets

confined east of the mountain slope and develops

stronger northerly wind (Lin et al. 2005; Huang et al.

2011; Wu et al. 2015). Flow channeling can result at the

time when the vortex starts to strongly interact with the

effects of mountain blocking. Figure 7 shows the vortex

circulation at the height of 1 km and the associated 12-h

precipitation on the fine domain at 42 and 48h for

U1V4R1. The vortex moves almost straight westward at

the early stage but tends to deflect slightly northward

after about 36 h (also see Fig. 5) and has developed

stronger flow at the first quadrant and some of the fourth

quadrant of the vortex at 42 h (Fig. 7a). The enhanced

cyclonic flow at 3-km height in these regions is not as

strong as at 1-km height (figure not shown). At both

heights, the stronger flow prevails at the northeastern

and eastern flanks of the vortex, which consistently

supports a northward deflection of the vortex. Larger

rainfall (more than 200mm in 12h) mainly at the fourth

quadrant is also produced in association with the

stronger wind. The dominant rainfall at this quadrant

can be attributed to the fact that the outer swirling flow

of the vortex after passing around the southern island

tends to converge with the inner vortex flow to the

southeast of the vortex center. The region of stronger

vortex flow tends to rotate counterclockwise with time

and displays an extension of enhanced northerly wind

along the east slope of the mountain at 48 h due to the

effects of channeling flow. The vortex track deflects

somewhat southward as the vortex is closer to the

mountain base from 51 to 54 h and then passes over

the mountain peak and keeps a roughly westward

movement. The vortex center when defined as the

FIG. 5. The evolution of vortex center every 3 h defined as the location of minimum surface pressure perturbation. The steering flow is

easterly at 4m s21. The contours represent the terrain height at an interval of 500m (zero-value contours and coastlines are not plotted).

Arrangement of the panels corresponds to that of the experiments in Table 1. The x and y coordinates are from grids 90 to 190 and from

120 to 180, respectively, labeled every 10 grid points, with an interval of 15 km.
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circulation center is closer to the central mountain so

that the vortex track appears less southward.

We further examine the vertical development of the

enhanced wind speed in the vortex. Figure 8 shows

the circulation at the east–west cross section through the

vortex center at 48 and 51h for U1V4R1. At 42h, the

stronger wind (mostly southerly) dominates at lower

levels at the eastern flank of the vortex in association

with stronger updrafts (about 3m s21) that develop to

about 9-km height (figure not shown). At 48 h, the eye-

wall structure is evident at the eastern flank of the vortex

associated with the strong updrafts that roughly follow

the isotherms of equivalent potential temperature.

Stronger wind east of the vortex center remains below

2-km height, while faster wind speed is also present far-

ther outward below about 9-km height in the outer vortex.

At this time, the faster wind at the western flank of the

vortex has been induced along the eastern slope and

extends upward to about 9-km height. The wind en-

hancement below 2-km height near the mountain base

(about 30–50km in Fig. 8a) is mainly associated with the

stronger northerly flow. The enhanced wind zone is also

extended upward along the mountain slope and reaches

to about 6-km height. As the vortex moves closer to the

mountain base at 51 h, such wind speed enhancement is

also extended upward to 9-km height over the mountain

(Fig. 8b), with the strongest northerly wind component

at about 6-km height (figure not shown). In the presence

of the high mountain range, the cyclonic flow of the

upper vortex over the mountain accelerates southward

along the mountain range.

In ideal experiments with an initial intense vortex

(with the maximumwind speed over 75m s21), Wu et al.

(2015) found that the northerly wind component may be

more enhanced in the midtroposphere owing to the ef-

fects of channeling flow, which cause the vortex to de-

flect southward before passing over the mountain range.

The U1V4R1 experiment uses an initial moderate vor-

tex (with the maximum tangential wind speed of

35ms21) past a relatively shorter mountain range. The

developed maximum wind speed of the vortex is only

about 50ms21. To further compare the effects of

channeling flow for a stronger vortex past a similar

mountain range, we further reduce the vortex size R to

80 km, increase the initial vortex intensity V to 50ms21,

and enlarge the length of mountain range Ly to 400 km,

denoted by the experiment WL400. The topography of

the mountain range with Ly 5 400km in WL400 is

similar to that in Wu et al. (2015). Figure 9 shows the

vortex circulations and horizontal wind speed for

WL400 at the time when the vortex is close to the

mountain. The vortex gradually deflects northward, with

FIG. 6. As in Fig. 5, but for the stronger easterly flow of 8 m s21. Arrangement of the panels corresponds to that of the experiments

in Table 2.
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FIG. 7. (a) Horizontal wind vector and wind speed (shaded, m s21) and 12-h precipitation

(thin contours at an interval of 30mm) at the fine domain for U1V4R1 at the height of 1 km at

42 h. (b) As in (a), but at 48 h. Solid thick contours are for 1-, 2-, and 3-km terrain heights, and

dash contours are for 10-m height. The red line with dots is the vortex track every 3 h.
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FIG. 8. The equivalent potential temperature (contours, interval of 2K), horizontal wind

speed (shaded, m s21), and wind vector at the x–z cross section through the vortex center at the

fine domain for U1V4R1 at (a) 48 and (b) 51 h.
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FIG. 9. Horizontal wind vector and wind speed (shaded, m s21) at the fine domain forWL400

at the height of (a) 1 km at 48 h and (b) 5 km at 51 h. The contours represent the terrain heights

as in Fig. 7. The red line with dots is the vortex track every 3 h, and the black line with dots in

(a) and (b) is the vortex track every 3 h in the ocean-only case.
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the largest deflection of about 80km in 45–51h (Figs. 9a,b).

As in U1V4R1, the northward track deflection at the

earlier stage is accompanied by the stronger southerly

wind and larger rainfall rates (over 300mmday21) at the

southeastern and eastern flanks of the vortex (figures

not shown). Compared to the slightly northward track in

the ocean-only case (denoted by the black line with

dots), the northward deflection is slightly enhanced in

the presence of the mountain range. We found that in

the ocean-only case the slightly northward deflection

of the vortex undergoes with more precipitation pro-

duced at the southeastern and eastern flanks of the

vortex, in response to the enhanced outer southerly flow

southeast of the vortex. We also found that this north-

ward deflection may start at a later time with the less-

developed convection for an initial weaker vortex.

Similar to U1V4R1 (with a shorter mountain length),

the channeling flow northeast of themountain inWL400

is significantly enhanced at both heights, but the flow

enhancement is stronger at 1-km height (Fig. 9a) than at

3-km height (figure not shown). As in U1V4R1, the

vortex is not ready for taking a south turn at this time

(48 h) even in the presence of such localized strong

northerly wind. The vortex center near the surface then

is suddenly pushed southward along the east coast from

51 to 54h, with a maximum southward deflection of

50 km (below the centerline) (Fig. 9b). Note that the

vortex center as defined by the circulation center (with a

minimum wind speed) at 3-km height is less southward

so that the vortex center appears to jump over the

mountain (figure not shown). At 51h, the cyclonic vor-

tex near the island becomes mostly northerly at the lee

FIG. 10. The evolution of vortex center every 3 h defined as the location of minimum surface pressure perturbation. The contours

represent the terrain height at an interval of 500m (zero-value contours and coastlines are not plotted). Arrangement of the panels

corresponds to that of the experiments in Table 3.
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side and over the mountain, which is much stronger than

the southerly wind east of the mountain at 5-km height

(Fig. 9b). We found that such stronger northerly wind

over the mountain can develop to about 7–8-km height

(similar to the development of the stronger wind speed

in Fig. 8b). The stronger northerly wind over the

mountain range in the midtroposphere supports the

sudden south turn of the vortex at this time. In the past

12 h (39–51 h) and 24h (27–51 h), maximum rainfalls of

about 250 and 600mm, respectively, are produced near

the southwestern and southern slopes (figure not

shown). The simulated vortex track in WL400 is similar

to that in Wu et al. (2015), despite the experiments

having some differences in model physics and initial

vortex intensity. As the length of mountain range Ly

increases to 1000km, the suddenly southward deflection

ahead of the mountain is reduced. Further increase of

Ly to 2000 km results in a completely southward de-

flection without the earlier northward deflection as

seen in WL400.

e. Track sensitivity to mountain width and length

The above results show complicated track deflection

with respect to varying cyclone intensity and size for a

specific smaller mountain range (Figs. 5 and 6). For

such a short mountain range (e.g., less than 400 km), the

vortex tends to slightly move northward prior to landfall

but then suddenly turns southward along the east coast

and then jumps over the central mountain. It appears

that the smaller vortex generally tends to rebound

northward prior to landfall at this specific mountain.

Previous studies (Lin et al. 2005; Huang and Lin 2008)

have hypothesized an important nondimensional pa-

rameter (Rmw/Ly) in the determination of the upstream

track deflection. Both the above studies did not contain

boundary layer turbulent mixing and cloud effects. In

this study, we revisit the track sensitivity to this param-

eter for the cyclone with both physical effects included.

For these sensitivity experiments on track, we use one

single domain at 15-km resolution, choose a fixed Lx 5
100 km but vary both Ly (from L1 5 1000 km to L6 5
3500km) and mountain height h (from H1 5 1500m to

H55 3500m) for a specific vortex with Vmax 5 20m s21

and Rmw 5 80 km.

Figure 10 shows the simulated tracks under the east-

erly steering flow of 4m s21 from the experiments (with

different mountain ranges) in Table 3. The vortex

retains a similar initial intensity and keeps a straight

westward movement when it is not close to the moun-

tain. For this specific vortex, an increase in mountain

height tends to result in increased southward deflection.

The southward deflection also becomes more significant

as Ly becomes larger (e.g., the rightmost panels). It is

interesting to observe that the early southward de-

flection, regardless of the lateral extent, is followed by a

northward rebound, which appears to be general for all

the experiments in Table 3, except when Ly is small. For

Ly smaller than 1000km, the vortex turns slightly

northward without an earlier southward deflection as

shown and discussed before. We note that the leftmost

panels with L1 (1000km) exhibit qualitatively similar

track deflection to that in Fig. 2a of Lin and Savage

(2011), where the narrower mountain is used. Some of

the vortices seem to drift away from the centerline, as a

result of strong deformation of the vortices after passing

over a higher and longer mountain range. The trans-

lating vortices may not be constrained closely to the

initial direction of motion. This does not result from the

beta drift since the flow is on an f plane.

It is convenient to highlight the sensitivity of track

deflection to the mountain width Lx for an ideal moun-

tain range. For this purpose, a series of experiments with

fixedLy5 2000km and h5 2000m but differentLxwere

conducted for the same vortex (with Vmax 5 20ms21

and Rmw 5 80km) under the easterly steering flow of

4m s21. As shown in Fig. 11, the vortex deflects slightly

southward prior to landfall, and the deflection is not

sensitive to the width (from W1 5 100 km to W6 5
600 km). As the mountain width increases, the north-

ward extent of the rebound after passing over the

mountain, however, also increases. On the other hand,

the southward deflection is not greatly changed as the

vortex intensity increases (figure not shown). The sim-

ulation results indicate that the mountain slope (i.e.,

steepness) may not be a major factor in the de-

termination of upstream track deflection. The track

deflection is not sensitive to the width of the mountain

range but to its length, which is also shown in the ideal

experiments with an intense cyclone in Wu et al. (2015).

f. The mechanism of upstream track deflection with a
northward rebound

The channeling effects may play a preceding role in

localizing the northerly asymmetric flow near the

northeast coast of the mountain for a moderate vortex

past a shorter mountain range. For a longer mountain

range, the channeling effects may also be responsible for

the early southward deflection as the vortex is close to

the mountain but cannot explain why the southward

deflection is followed by an ensuing northward rebound

as shown in some tracks in Fig. 10. The mechanism for

the vortex rebounding needs to be explored, and we

have chosen W1L3H3 for illustration. As shown in

Fig. 12, the vortex translation is straight westward with a

similar flow structure before closing to the mountain—

for example, by 36 h. At the earlier stage without a track
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deflection, the vortex maintains the stronger wind to the

north of the vortex center. The vortex is about to deflect

southward when the stronger wind rotates to the west

and southwest quadrants of the vortex at 30 h. The

southward deflection increases as the faster-wind zone

(i.e., a speedy core) rotates counterclockwise, and it can

reach to a maximum as this speedy core resides between

the upstream slope of the mountain and the western

FIG. 11. As in Fig. 10, but with the varying widths forLx (fromW15 100 km toW65 600 km). Amountain length

Ly of 2000 km and amountain peak of 2 km are used. The contours represent the terrain height at 1m, 0.5 km, 1 km,

and 1.5 km, respectively. (a)W15 100 km, (b)W25 200 km, (c)W35 300 km, (d)W45 400 km, (e)W55 500 km,

and (f) W6 5 600 km.
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FIG. 12. The evolution of vortex track every 3 h for W1L3H3 overlapped with the wind field averaged by the lowest 11 model levels

(about 2-km depth) and subtracting the steering wind speed. Shading represents the horizontal wind speed at an interval of 5m s21. The

contours represent the terrain heights at 0.5, 1, 1.5, and 2 km, respectively.
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flank of the vortex, where a northerly jet is produced as a

result of the effects of channeling flow. For a shorter

mountain range, the channeling effects are weaker and

more localized near the central barrier, thus limiting the

extent of the northerly jet for driving the vortex south-

ward as seen in the experiments of L1 series in Table 1.

The presence of the northerly jet in the vortex closing to

landfall has been a typical inference for the southward

deflection of some westward translational cyclones, like

Typhoon Krosa (2007) (e.g., Huang et al. 2011; Wu et al.

2015) and the looping track of Typhoon Haitang (2005)

(Jian andWu 2008). The developed height of the speedy

core gradually increases as the vortex is approaching the

mountain and is slightly above the mountain height

when the vortex is near the mountain (figures not

shown). As the outer cyclonic vortex flow passes over

the southern mountain and interacts with the inner

vortex, the speedy core thenmay advect to the southeast

quadrant of the vortex. We found that this process is

generally true for all the cases in this study that the

vortex will rebound northward when the speedy core

rotates counterclockwise into the southeast quadrant of

the vortex (e.g., after 51 h). The northward rebound of

the vortex may be more limited or even disappear in the

presence of a higher and longer mountain range as seen

in Fig. 10.

We calculated the vorticity tendency budgets associated

with different physical processes for this case (W1L3H3),

which were directly computed in the terrain-following

coordinates to reduce the interpolation errors (for the

vorticity equation, see appendix).As shown in Fig. 13, the

vorticity budgets near the surface at 45h indicate that

the southward deflection is mainly in response to vortex

stretching just near the speedy core, where significant

convergence is produced at low levels with cloud con-

vection (figures not shown). Over the region of positive

vorticity stretching, vorticity advection is negative, in-

dicating that larger cyclonic vorticity is exported. The

southward deflection reaches a maximum at 51h as

the vortex stretching shifts southeastward (figures not

shown). Afterward, the vortex tends to rebound north-

ward coincidently at the time when the speedy core

moves to the eastern flank of the vortex. From 51h,

positive vorticity advection is the dominant term over the

central mountain slope, while the vorticity stretching

becomes negative there. Other effects (titling and diffu-

sion) appear secondary (not shown). (Figures 13d and 13f

show the budget results at 57h when the vortex rebounds

northward. Vorticity stretching, however, is still positive,

and the flow is spiralingwith the convective cloud into the

vortex core. To the northwest of the vortex center, posi-

tive vorticity advection appears overwhelming, owing

to the intense swirling flow past the mountain.) These

results tend to support other studies that southward

(northward) deflection may be associated with dominant

vorticity stretching (vorticity advection) (e.g., Lin et al.

2005; Huang and Lin 2008), despite that this study has

included more physics (surface friction, boundary layer

turbulent mixing, cloud effects, etc.).

g. The impacts of boundary layer turbulent mixing
and cloud effects

Both boundary layer (BL) turbulent mixing and cloud

effects (cumulus parameterization and explicit cloud

microphysics) may change the vortex structure as well as

intensity and thus play a role in the upstream track de-

flection. The impacts of both effects are explored by two

sets of sensitivity experiments. Note that in this study,

the surface fluxes are also deactivated in the experi-

ments without BL turbulent mixing. The first set of ex-

periments is similar to WL400 but without BL turbulent

mixing (denoted byWL400-B) andwithout cloud effects

(denoted by WL400-M). The second set of experiments

is similar to W1L3H3 with V5 50ms21 but without BL

turbulent mixing (denoted by W1L3H3-V50-B) and

without cloud effects (denoted by W1L3H3-V50-M).

The first set of experiments (with the fine domain at

5-km resolution) is intended for comparison on chan-

neling effects with both physics without either of both

physics, and the second set of experiments (at 15-km

resolution) may reveal how the track deflection of the

stronger vortex will be modified when approaching a

longer mountain range.

Figure 14 shows the vortex circulation at 1-km height

at the fine domain and the associated vertically in-

tegrated cloud water for WL400 and WL400-B. At this

time (51 h) when the vortex just makes landfall, most of

the clouds for WL400 are produced at the northeastern

island and the western slope of the mountain. De-

activation of either of the physical processes leads to

similar upstream tracks but somewhat less northward

than that with the complete physics as the vortex is

closer to the mountain. We found that both vortices of

WL400-B andWL400-M are straight westward by about

36 h and begin to deflect northward as the outer vortex

flow passes around the southern mountain range to

converge with the inner vortex flow southeast of the

vortex center. For both cases, the convergence produces

little rainfall southeast of the vortex center in associa-

tion with the less-enhanced southerly wind compared to

that of WL400 with intense rainfall. Interestingly, both

former tracks do not display a rapid south turn as the

vortex is close to the mountain base, compared to the

latter track with both physics. Without BL turbulent

mixing, the vortex produces little clouds over the island

in association with the weaker northerly flow along the
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mountain (Fig. 14b). Because of the weaker channeling

effects, the vortex only undergoes a slightly southward

deflection prior to landfall for WL400-B. With the

weakest intensity of the vortex when the cloud effects

have been deactivated, the southward deflection is fur-

ther reduced for WL400-M. These experiments show

that both physics can modulate the southward deflection

of the vortex past a short mountain range as induced by

the channeling effects.

Figure 15 shows the vortex circulation at 1-km height

and the associated vertically integrated cloud water for

the second set of experiments (W1L3H3-V50,W1L3H3-

V50-B, and W1L3H3-V50-M) with a long mountain

range. In this set of experiments, the mountain peak is

2.5 km (H3). An additional set of experiments is also

conducted with the mountain peak increased to 3.5 km

(H5) for comparison. For W1L3H3-V50 (with both

physics), the 24-h maximum rainfall in the vortex is

about 300–400mm when the vortex is not close to the

mountain. The stronger wind in the vortex with BL

turbulent mixing is more localized at 30 h than that

without this effect (Fig. 15a vs Fig. 15c). Without BL

FIG. 13. (a) Vorticity (3104 s21) at the third model level s 5 0.9375 for W1L3H3 at 45 h. (b) As in (a), but at 57 h. (c) As in (a), but for

vorticity advection (3108 s22) at 45 h. (d)As in (c), but at 57 h. (e),(f) As in (c) and (d), respectively, but for vorticity stretching (3108 s22).

The contours represent the mountain heights at 0.5, 1, 1.5, and 2 km, respectively. The blue line with dots in (a) and (b) is the vortex track

every 3 h determined from the minimum surface pressure perturbation.
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FIG. 14. (a) Horizontal wind (m s21) at 1-km height and vertically integrated cloud water

(shaded, mm) at 51 h at the fine domain for WL400. (b) As in (a), but for WL400-B (without

boundary layer turbulent mixing). The red line with dots and the black line marked with ‘‘B’’

represent the vortex tracks near the surface every 3 h forWL400 andWL400-B, respectively. The

dark blue line (marked with ‘‘M’’) is the vortex track every 3 h for WL400-M (without cloud

effects). The contours represent the terrain heights as in Fig. 7. The grid interval is 5 km.
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FIG. 15. (a)Horizontal wind at 1-kmheight andwind speed (shaded,m s21) at 30 h forW1L3H3-V50. (b)As in (a), but at 60 h. (c),(d)As

in (a) and (b), respectively, but for W1L3H3-V50-B (without boundary layer turbulent mixing). (e),(f) As in (a) and (b), respectively, but

forW1L3H3-V50-M (without cloud effects). Solid contours are for 1- and 2-km terrain heights and dash contours are for 10-m height. Red

lines with dots represent the vortex track near the surface every 3 h for the mountain peak H3 (2.5 km) and black lines marked with3 are

for H5 (3.5 km). The grid interval is 15 km.
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turbulent mixing, the vortex produces little rainfall (not

shown) but is slightly stronger (43.5m s21) at this height

at this earlier stage compared to that with BL turbulent

mixing (39.9m s21). Both vortex cores have significantly

shrunk as closer to the mountain, but only the vortex

with BL turbulent mixing gets intensified (e.g., to

56.3m s21 at 60 h). The vortex without BL turbulent

mixing deflects slightly southward and then rebounds

northward as in the weaker-vortex experimentW1L3H3

(see Fig. 12). Without the strong latent heating, the

vortex track is similar to that without BL turbulent

mixing, despite that the former vortex at low levels is

much weaker (e.g., only reaching 22–25ms21 at 1-km

height). For both the experiments, the vortex at much

higher levels (e.g., 5-km height) passes over the moun-

tain as steered by the easterly environmental flow, while

the outer vortex passes over the lower mountain corner

and reforms a circulation center farther downwind of the

mountain. Thus, both the vortex tracks near the surface

appear to jump over the mountain at a speed faster than

the upper vortex.

As the mountain peak increases to 3.5 km (H5), the

vortex with both physics begins to deflect slightly

southward near 30 h and then keeps moving roughly

westward with time. A slight south turn of the vortex is

also present as the vortex is close to the mountain base

owing to the stronger channeling effects associated with

the more consolidated vortex core (Fig. 15d). When BL

turbulent mixing is deactivated in this case, most of the

outer vortex flow at lower levels cannot pass over such a

high mountain and instead remains east of the mountain

with a southward track after 60 h (Fig. 15d) without

forming a downwind circulation center; the vortex at

much higher levels remains westward with time. The

inner vortex at lower levels gradually shrinks and then

disappears southeast of this higher mountain.

When only latent heating is turned off in W1L3H3-

V50-M, the parent vortex at 1-km height still resides east

of the mountain after 60 h (Fig. 15f). As can be seen, the

vortex slightly deflects southward at the earlier stage but

then also rebounds northward and jumps over the

mountain. This jumpover is because a new vortex center

can reform farther downwind of the mountain as dis-

cussed earlier. During the southward track deflection,

the speedy zone also extends between the mountain and

the western flank of the vortex, consistent with the

mechanisms addressed in the previous section for the

weaker-vortex case (W1L3H3). We found that the up-

stream southward track deflection is about the same

when both BL turbulent mixing and cloud effects are

deactivated in this experiment.When the steering flow is

increased to 8m s21, the upstream vortex tracks for the

above three experiments remain similar with a slightly

less southward deflection and then a northward re-

bound. However, the vortex core without BL physics

completely vanishes near the mountain range when the

mountain is higher (H5 5 3.5 km) and the outer vortex

flow cannot form a new center downwind of the moun-

tain. Compared to the effects of latent heating, BL tur-

bulent mixing appears to have a larger influential role in

the track deflection near the mountain.

h. The controlling parameter for track deflection

One objective of this paper is to establish a clear re-

lationship that connects the track deflection to some

potential parameters as previously discussed in Lin et al.

(2005) andHuang and Lin (2008). The track deflection is

generally viewed as a consequence of terrain blocking

that intercepts the cyclonic vortex, more or less, de-

pending on the lateral extension of the terrain perpen-

dicular to the direction of the vortex translation. Thus,

the extent of terrain blocking can be measured by the

ratio of the vortex size and terrain length, or likely their

proxy Rmw/Ly. Herein, Rmw uses the initial value of the

vortex as an effective representative of the vortex size

since the vortex keeps similar intensity and structure

before closing to the mountain (see Fig. 12). The linear

regressions for both steering wind speeds of 4 and

8m s21 between the upstream deflection and the non-

dimensional parameter Rmw/Ly are given in Fig. 16. As

seen for both steering winds, the R2 coefficients are

rather high—all above 0.8 and some over 0.9. The

southward deflection increases with decreasing Rmw/Ly,

FIG. 16. (a) The linear regression between the maximum up-

stream southward deflection distance (km) and the nondimensional

parameter Rmw/Ly for the slower steering wind speed of 4m s21.

(b) As in (a), but for the faster steering wind speed of 8m s21.
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which is enhanced about linearly with mountain height

for a given ratio of Rmw/Ly, except for the slower vortex

past a long and high mountain (h 5 3500m). Thus, the

linear regression is not well established for a vortex

past a large and high mountain range, denoting that

nonlinearity in the regression is possible. Nevertheless,

such Ly over 3000km is hypothetical for investigation.

Figure 16 also indicates a reduction in the vortex track

deflection as the steering-flow intensity increases, which

has been shown in other studies but without giving

such a relationship (e.g., Yeh and Elsberry 1993a; Lin

et al. 2005; Huang and Lin 2008; Wu et al. 2015). From

the systematic experiments, there is about 50% re-

duction in the maximum deflection distance as the

steering-flow speed is doubled (Fig. 16b). Less track

deflection results partially from a shorter passage time

for a faster translational vortex past the mountain bar-

rier. Again, the extent of southward deflection also in-

creases with increased mountain height, in consistency

with stronger terrain blocking.

4. Conclusions

In this paper, we aim to clarify the upstream track

deflection of a propagating cyclonic vortex past a

mountain range by utilizing the WRF Model with ideal

initial conditions for both the steering flow and vortex.

The model experiments include both boundary layer

(BL) turbulent mixing and cloud effects. Our results

with more complete physics are consistent with up-

stream track deflection of the inviscid stratified dry

vortex and shallow-water vortex past similar mountain

ranges (e.g., Lin et al. 2005; Huang and Lin 2008). This

implies that both vortex Froude number (Vmax/Nh) and

steering-flow Froude number (U/Nh) would influence

the degree of deflection but essentially have no control

on the direction of upstream track deflection. The di-

rection of upstream track deflection is found to be

mainly controlled by the nondimensional parameter

(Rmw/Ly) where Rmw is the vortex size (represented by

the radius of the maximum wind) and Ly is the north–

south length scale of the mountain for a westbound

vortex. The results from a series of control experiments

for the frictional, moist vortex reveal that linear re-

gression for given steering flow andmountain height can

be clearly established between the maximum upstream

deflection distance and the nondimensional parameter

Rmw/Ly, with the R2 coefficients reaching around 0.9 or

higher. For a westbound vortex approaching a higher

and longer mountain range, upstream southward deflec-

tion may be induced. The southward deflection distance

increases with smaller Rmw/Ly and higher mountains for

both weaker and stronger steering flow. When the

steering-flow intensity is doubled, the southward de-

flection of the vortex is roughly reduced by 50%.

The southward deflection of a westbound vortex near

the mountain base is primarily controlled by the con-

vergence (stretching) effect due to the combination of

the speedy core at the southwestern flank of the vortex

and a northerly jet between the vortex and the moun-

tain stemming from the effects of channeling flow. The

vortex then starts to rebound northward to pass over

the mountain as the speedy core rotates counter-

clockwise to the eastern flank of the vortex, regardless

of the degree of southward deflection. Deactivation of

BL turbulent mixing and/or cloud effects may reduce

the southward track deflection due to the weaker

channeling effects. In the absence of BL turbulent

mixing, the vortex at low levels deflects southward and is

blocked upstream of the high mountain, whether or not

cloud effects are activated.

In this study, we also examine the influence of the

channeling effect on vortex track deflection. In our

simulation for a shorter mountain range, the northward

deflected vortex takes a sudden south turn when it is

close to the mountain base. The sudden south turn of

the vortex can be attributed to the generalized effects of

the channeling flow at upper levels that induce the

stronger northerly wind over the mountain range rather

than east of the mountain to drive the vortex southward

as shown in Wu et al. (2015). In contrast to Wu et al.,

however, when the mountain range is much longer (e.g.,

2000 km long), the channeling effects are essentially

stronger at lower levels but are more localized near the

mountain base and will not lead to such a sudden south

turn of the vortex without the induced stronger north-

erly wind over the mountain range. On the other hand,

in the presence of a shorter mountain range, the outer

cyclonic vortex at low levels can pass over and around

the northern mountain range and thus the vortex does

not turn south.

In this study, we have not explicitly included the role

of Vmax in upstream track deflection. The track de-

flection for an inviscid vortex has been connected with

the vortex Froude number (Vmax/Nh) (Lin et al. 2005;

Huang and Lin 2008). In general, a stronger vortex

with a larger Froude number tends to deflect rightward

as more cyclonic flow can be less blocked as to pass

around or over the mountain barrier. The vortex may

get stronger through development of convective in-

tensification (Nolan et al. 2007) or favorable underlying

conditions (e.g., Emanuel 1988). It is thus less attribut-

able to a fixed intensity in the regression for a de-

veloping cyclone. In addition, an intense tropical

cyclone may also undergo a curved track when strong

asymmetric convection is being produced in the eyewall
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and the outer vortex, leading to an uncertainty inmetrics

of the track deflection. Nevertheless, track deflection

of a quasi-steady intense typhoonlike vortex past a

mountain in various steering environments is another

challenging issue to be tackled in a future study.
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APPENDIX

The Equation of Vorticity Budgets in the
Terrain-Following Coordinate

The equation of absolute vorticity (z1 f ) in the height

coordinate is given by

›
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where z is relative vorticity, f is the planetary vorticity,U

is the wind vector (u, y, w), r is the density, p is pressure,

and Fu and Fy are turbulent mixing in the u- and

y-momentum equations, respectively. The term on the

left side of (A1) represents the local time change rate of

absolute vorticity, and the terms on the right side rep-

resent contributions from advection, stretching, tilting,

solenoidal effects, and turbulent mixing, respectively.

For the definition of the terrain-following coordinate s

in WRF,

s(x, y, z) 5
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where the model dry pressure m5 phs 2 pt, ph is the

hydrostatic pressure, phs is the surface hydrostatic

pressure along the terrain, and pt is the pressure at the

model top. All the terms in (A1) can be transformed to

the s coordinate:
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where z5 yx 2 uy is computed in s coordinate as

yxsx 2 uysy, _s5Ds/Dt denotes the equivalent vertical

velocity in the s coordinate, and the above coordinate

derivatives are given by
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Calculation of the vorticity budgets in s coordinates can

avoid the interpolation errors since the model variables

as well as Fu and Fy are given in s coordinates.
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