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ABSTRACT

A series of numerical simulations are conducted using the advanced research version of the Weather
Research and Forecasting model with a 4-km fine mesh to examine the physical processes responsible for
the significant track deflection and looping motion before the landfall of Supertyphoon Haitang (2005) in
Taiwan, which poses a unique scientific and forecasting issue. In the control experiment, a low-level
northerly jet induced by the channeling effect forms in the western quadrant of the approaching storm,
where the inner-core circulation is constrained by the presence of Taiwan’s terrain. Because of the chan-
neling effect, the strongest winds of the storm are shifted to the western portion of the eyewall. The
northerly advection flow (averaged asymmetric winds within 100-km radius) results in a sharp southward
turn of the westward-moving storm. The time series of the advection flow shows that the advection wind
vectors rotate cyclonically in time and well match the motion of the simulated vortex during the looping
process. A sensitivity study of lowering the Taiwan terrain elevations to 70% or 40% of those in the control
experiment reduces the southward track deflection and loop amplitude. The experiment with the reduced
elevation to 10% of the control experiment does not show a looping track and thus demonstrates the key
role of the terrain-induced channeling effect. Experiments applying different values of the structure pa-
rameter � illustrate that increasing the strength, size, and translation speed of the initial storm results in a
smaller interaction with Taiwan’s terrain and a smaller average steering flow caused by the asymmetric
circulation, which leads to a proportionally smaller southward track deflection without making a loop.

1. Introduction

Landfalling tropical cyclones (TCs) often produce
immense damage through their strong winds, torrential
rains, and storm surges. Recently, the research of TC
landfall has received much attention, especially as one
of the primary foci in the U.S. Weather Research
Program (USWRP; Marks and Shay 1998; Elsberry
and Marks 1999). During the landfall period, the
TC inner core often has a highly asymmetric distribu-
tion of strong winds and deep convection. When the TC
approaches a region with complex terrain, the asym-
metric structures may become more complicated and
result in various types of track deflections. A detailed

investigation of such track deflections is of great impor-
tance to hazard mitigation because the most severe
damage appears to be highly related to the landfall lo-
cation and the landfall time.

During 1958–2005, Taiwan was struck by 161 ty-
phoons, with 86 of them making landfall (TC center
crossed land) on the island. Thus, Taiwan is a region
suffering from a very high frequency of TC strikes. In
addition, Taiwan has a complex terrain (Fig. 1b). Ap-
proximately 70% of the total land area consists of
mountains, with the highest peak of 3952 m above sea
level at Yushan. The impact of the Central Mountain
Range (CMR) of Taiwan on typhoons is an interesting
research topic (Wu and Kuo 1999), in part because of
the complex interactions between the storm and the
topographic barrier. Mesoscale phenomena are be-
lieved to cause deflections and discontinuities of the TC
track (e.g., Brand and Blelloch 1974; Wang 1980), the
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formation of mesoscale leeside vortices (e.g., Wang
1980), and the phase-locked distribution of torrential
rains (e.g., Chang et al. 1993; Wu and Kuo 1999).

Both observational (e.g., Brand and Blelloch 1974;
Wang 1980) and modeling approaches (e.g., Chang
1982; Bender et al. 1987; Yeh and Elsberry 1993a,b; Lin
et al. 1999; Wu 2001; Wu et al. 2002; Peng and Chang
2002; Jian et al. 2006) have been employed to examine
the influence of the CMR on TC track deflection and
continuity, and extensive reviews of these approaches
and results are provided by Wu and Kuo (1999) and Lin
et al. (2005). A large number of the past studies have
revealed that the weaker and slower-moving TC is
more susceptible to the topographic deflection. By con-

trast, more intense and rapidly moving TCs are more
likely to move across the CMR with a continuous track.
Yeh and Elsberry (1993a,b) suggested that a westward-
moving storm tends to be decelerated and deflected
southward upstream of Taiwan when the basic flow and
outer cyclone circulation are blocked and perturbed by
the CMR. The storm will subsequently be deflected
northward as it approaches the southern or central
parts of Taiwan via an advection flow associated with
an asymmetric flow created by an imbalance in the in-
ner-core region.

Lin et al. (1999) found that the orographic blocking
and channeling effects lead to a southward deflection of
the small vortex regardless of its initial strength and
translation speed. Applying the Buckingham-� theo-
rem, Lin et al. (2005) identified six nondimensional
control parameters for diagnosing track deflections and
continuity of a westward-moving vortex across the
CMR. They indicated that the vortex would experience
a larger (smaller) deflection, and the vortex track be-
comes discontinuous (continuous), with a combination
of smaller (larger) values of Vmax/Nh, U/Nh, Rmax/Ly,
U/fLx, and Vmax/fRmax, and a larger (smaller) value of
h/Lx, where Vmax is the maximum tangential wind and
Rmax is the radius of Vmax; N is the Brunt–Väisälä fre-
quency; h is the mountain height; U is the basic flow
speed; f is the Coriolis parameter; and Lx and Ly are the
horizontal scales of the mountain in the x and y direc-
tions, respectively. Physically, Vmax/Nh and Vmax/fRmax

represent the vortex Froude number and nondimen-
sional vorticity of the inner core of the TC, and U/Nh
and U/fLx are the Froude number and Rossby number
associated with the basic flow. The h/Lx and Rmax/Ly

are the measures of topographic steepness and the ratio
of the TC scale to mountain scale.

The 2005 typhoon season was exceptional because
three named supertyphoons (Haitang, Talim, and
Longwang) made landfall in Taiwan with serious con-
sequences. This study particularly focuses on the cy-
clonic looping motion of Supertyphoon Haitang prior
to its landfall in Taiwan (Fig. 1), which poses a rather
unique scientific and forecasting problem. Although
Haitang moved in a general northwestward direction
from 17 to 20 July 2005 (see Fig. 1a), Doppler radar
observations indicated that Haitang made a counter-
clockwise loop for about 8–9 h as the center was ap-
proximately 50 km east of Hua-Lien (Figs. 1b and 2). A
similar cyclonic loop before landfall in Taiwan has been
found in some other supertyphoons [e.g., Shirley
(1960), Mary (1965), and Sarah (1989)]. Such superty-
phoons pose severe threats to Taiwan because of the
long duration heavy rainfall, sustained strong winds,
devastating flash flooding, and landslides. As a result, it

FIG. 1. (a) Best track of Supertyphoon Haitang (2005) from
0000 UTC 12 Jul to 0600 UTC 20 Jul. Open circles are the 0000
UTC center positions, and large solid circles are the 1200 UTC
positions. (b) Supertyphoon Haitang made a slow cyclonic loop
off the eastern coast of Taiwan. Small solid circles are the best-
track positions at 0600 and 1800 UTC. The two asterisk symbols
are the locations of Wu-Fen-Shan and Hua-Lien Doppler radar
stations. The Taiwan terrain heights (thin lines) start from 200 m
high and have a contour interval of 300 m.
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FIG. 2. Composite of vertical maximum values of radar reflectivity (dBZ ) near the Taiwan area. The times of observations are
shown in UTC in the lower-right corner of each image. The arrows in the last seven images indicate the center of Haitang.
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is important to understand the dynamics involved in the
looping motion during the approach of a TC.

In the present study, a series of high-horizontal-
resolution (4 km) simulations of Haitang are made us-
ing the newly developed advanced research version of
the Weather Research and Forecasting (WRF-ARW)
model (Skamarock et al. 2005). The following questions
are addressed: 1) What dynamical processes are re-
sponsible for Haitang’s track deflection before landfall
in Taiwan? 2) What is the role played by Taiwan’s ter-
rain? 3) What is the impact of the vortex structure, that
is, with different values of structure parameter in the
initial vortex?

This paper is organized as follows. Section 2 gives a
brief overview of Haitang. Section 3 describes the
model setup and experiment design. The numerical re-
sults are discussed in section 4. Discussion and conclu-
sions are provided in section 5.

2. Overview of Supertyphoon Haitang

Haitang developed from a tropical disturbance at the
subtropical latitude (23°N) and was upgraded to a
tropical storm1 (17 m s�1) at 0000 UTC 12 July. A sub-
tropical high centered south of Japan led to a primary
steering current that guided Haitang on a slightly curv-
ing track across the western North Pacific (Fig. 1a).
Haitang was upgraded to typhoon strength (33 m s�1)
at 1800 UTC 13 July while located approximately 900
km north-northeast of Guam. After turning westward
and continuing to strengthen, Haitang became a super-
typhoon (51 m s�1) at 0600 UTC 16 July. Haitang
reached peak intensity at 1500 UTC 16 July with an
estimated maximum sustained wind of 55 m s�1 (10-
min-averaged wind) and a minimum mean sea level pres-
sure (MSLP) of 912 hPa. On 17 July, it veered to a north-
westward track and approached the east coast of Taiwan.

As Haitang approached Taiwan, continuous radar
coverage of the eyewall and the inner rainbands was
provided by the radars at Wu-Fen-Shan [Weather Sur-
veillance Radar-1988 Doppler (WSR-88D)] and Hua-
Lien [Germany’s meteorological Doppler radar
(METEOR 1000S); see Fig. 1b for locations]. The
Doppler observations document the sharp southward
turn and slow cyclonic loop off the eastern coast of
Taiwan between 2300 UTC 17 July and 0700 UTC 18
July (Figs. 1b and 2). The eyewall had a radius of ap-
proximately 40–50 km at around 2200 UTC 17 July.
The center made landfall about 30 km north of Hua-

Lien at around 0650 UTC 18 July and caused 12 deaths
as well as estimated property damage of at least $150
million (U.S. dollars) in the Taiwan area. Thereafter,
Haitang was downgraded to a typhoon while moving
across the CMR, and further weakened to a tropical
storm at 0600 UTC 19 July. Finally, Haitang made a
second landfall over the Fujian province of China and
then became a tropical depression at 1200 UTC 20 July.

3. Model description and experiment design

a. Model configuration and initial conditions

The numerical simulations presented in this study
have been conducted with the WRF-ARW modeling
system, version 2.0.3 (Skamarock et al. 2005). The
WRF-ARW system solves the compressible, nonhydro-
static, flux-form Euler equations in a terrain-following,
hydrostatic-pressure vertical coordinate (� coordinate).
The model domains (Fig. 3a) are a stationary 4-km
mesh (121 � 121) nested within a 12-km (191 � 191)
mesh using a two-way interactive method. Both do-
mains extend vertically to 100 hPa and are resolved by
31 � levels, with 8 levels in the lowest 1 km. The model
topography (see Fig. 1b for Taiwan’s terrain in the in-
ner domain with 4-km resolution) is interpolated from
terrain data with 30� resolution. Information on
land use is obtained from the U.S. Geological Survey
(USGS) with the same resolution as for the topography.

The physics of the model include the WRF single-
moment five-class microphysics (Hong et al. 2004),
Yosei University planetary boundary layer (PBL)
scheme (Hong et al. 2003), five-layer soil model (Chen
and Dudhia 2000), Rapid Radiative Transfer Model
longwave radiation (Mlawer et al. 1997), and Dudhia
shortwave radiation scheme (Dudhia 1989). The modi-
fied version of Kain–Fritsch convective parameteriza-
tion (Kain 2004) is also used in outer domain. The
model initial conditions are taken from the operational
Central Weather Bureau (CWB) Nonhydrostatic Fore-
casting System (NFS) analyses, which are available ev-
ery 12 h on a 15 km � 15 km grid. A typhoon bogusing
scheme [National Center for Atmospheric Research–
Air Force Weather Agency (NCAR–AFWA) scheme;
Davis and Low-Nam 2001] is employed in this study to
enhance the description of the initial model vortex. The
lateral boundary conditions are obtained from the op-
erational NFS forecast at 6-h intervals.

b. Design of numerical experiments

A series of 72-h integration experiments (Table 1)
are initialized at 0000 UTC 17 July 2005 when Haitang
was at its most developed stage, which is favorable for
implanting the synthetic vortex into the model. In ad-

1 Tropical storm: wind speed of 17–32 m s�1; typhoon: wind
speed of 33–50 m s�1; supertyphoon: wind speed of 51 m s�1 or
higher.
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dition, the main interest of this study is the looping
motion before Haitang’s landfall in Taiwan, which took
place at 2300 UTC 17 July. The initial time chosen
appears appropriate for studying the dynamics involved
in the significant track deflection. Details of all the ex-
periments are described as below (see Table 1).

• CTRL: this control experiment includes the full Tai-
wan terrain and applies the NCAR–AFWA bogusing

scheme (Davis and Low-Nam 2001) to implant an
initial Rankine vortex into the operational CWB NFS
analysis. The Rankine vortex is

V�r� 	 Vmax� r

Rmax
�, 0 � r � Rmax , �1�

V�r� 	 Vmax�Rmax

r ��

, Rmax � r, �2�

FIG. 3. Simulated wind vectors (one full wind barb 	 5 m s�1) at the lowest model level and sea level pressure (contour interval of
4 hPa) from experiments (a) CTRL and (b) NT after a 12-h model simulation. Domain configuration for WRF-ARW simulations is also
shown in (a). Vertical cross sections of tangential winds (contour interval of 5 m s�1) along AA
 and BB
 from experiments (c) CTRL
and (d) NT.
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where Vmax is the maximum tangential wind speed,
Rmax is the radius of maximum wind (RMW). The
shape parameter � in (2) varies typically between 0.5
and 0.7 (Miller 1967). In CTRL, Vmax, Rmax, and � for
a typical supertyphoon are specified as 53 m s�1, 50
km, and 0.6, respectively.

• H70, H40, and H10: these experiments are the same
as in CTRL, except the terrain height of Taiwan at
each grid point is reduced to 70%, 40%, and 10% of
the value in CTRL, respectively.

• FLAT: this experiment is the same as in CTRL, ex-
cept that the Taiwan terrain is set to 1-m elevation,
while the land–sea attributes remain unchanged.

• NT: this experiment is the same as in CTRL, except
that the Taiwan terrain is switched to the ocean con-
ditions.

• A35 and A47: these experiments are the same as in
CTRL, except that the value of � in the bogused
vortex is set to 0.35 and 0.47, respectively.

• A35_NT and A47_NT: these experiments are the
same as in NT, except that the value of � in the
bogused vortex is set to 0.35 and 0.47, respectively.

Comparisons of the above numerical experiments are
expected to improve understanding of the factors af-
fecting Haitang’s track near Taiwan, such as the role of
the terrain height of Taiwan, and the impact of the
vortex structure, that is, with different values of � in the
initial vortex.

4. Results

a. Experiments CTRL and NT

After a 12-h integration for the model to adjust the
mass and wind fields, the MSLP and wind fields are well
simulated by the CTRL (Figs. 3a,c) and NT experi-
ments (Figs. 3b,d), except for the region near Taiwan
where the outer storm circulation of CTRL is markedly
perturbed by the CMR. Before making landfall in Tai-

wan, the simulated typhoon center is defined if both the
minimum MSLP center and circulation center at the
lowest model level exist and are collocated. Because
these centers are not collocated while the typhoon is
moving across the CMR, the typhoon center is then
defined as the circulation center based on the stream-
line analysis.

The storm track in CTRL (Fig. 4) generally mimics
the best-track positions (Fig. 1b) throughout the 72-h
simulation. The cyclonic looping path and the landfall
location agree well with the observed best track. Be-
cause the model storm motion in CTRL is slower than
the best track during the first 18 h of the integration
(the model spinup period), the landfall in Taiwan is
about 10 h later than observed. Despite this slow bias,
the simulation results still provide useful information in
evaluating the physical processes causing Haitang’s
track deflection when the simulated storm approaches
the east coast of Taiwan. In the absence of the Taiwan
terrain (NT), the simulated storm moves toward the
northwest following a straight track (Fig. 4). Haitang’s
looping motion is not predicted in the NT simulation.

It is noteworthy that a more northward track is simu-
lated before the looping motion in the CTRL (from 15
to 24 h; see Fig. 4) compared with the northwestward
track for the storm in the NT experiment. One may
infer that the initialization of the flow with the Taiwan
terrain may introduce an imbalance and lead to a long-
term oscillation in the simulated track (i.e., northward
during the first 18 h and then southward in the next 18

TABLE 1. Description of numerical experiments.

Expt Topography in Taiwan Bogused vortex

CTRL Full topography Control vortex structure
(� 	 0.60)

H70 70% of the CTRL As in CTRL
H40 40% of the CTRL As in CTRL
H10 10% of the CTRL As in CTRL
FLAT 1-m terrain As in CTRL
NT No terrain (ocean) As in CTRL
A35 As in CTRL � 	 0.35
A47 As in CTRL � 	 0.47
A35_NT No terrain (ocean) As in A35
A47_NT No terrain (ocean) As in A47

FIG. 4. Simulated tracks in the CTRL (solid circles) and NT
(open circles) experiments. The asterisk symbols are the best-
track positions every 1 h from 0000 UTC 17 Jul to 0600 UTC 19
Jul. The Taiwan terrain heights (thin lines) in experiment CTRL
start from 200 m high and have a contour interval of 300 m. Both
of the 72-h model simulations begin at 0000 UTC 17 Jul 2005.
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h). To examine this possible factor, two additional ex-
periments are performed by starting the integration 24
h earlier than the CTRL and NT simulations. A more
northward track and a cyclonic looping path still exist in
the modified CTRL when the simulated storm moves
closer to the Taiwan terrain (not shown). This suggests
that the more northward track deflection before the
loop in the CTRL is mainly caused by a northward
circulation to the east of Taiwan that results from the
interaction between the flow and the Taiwan terrain
(e.g., Chang 1982; Bender et al. 1987).

The simulated reflectivity (composite of vertical
maximum values), wind vectors (at the lowest model
level), and MSLP distributions in experiment CTRL
are shown in Fig. 5 every 3 h from 27 to 42 h. Between
27 and 33 h, the CTRL simulation has realistic terrain-
enhanced rainbands over northeastern Taiwan as com-
pared with the observed radar reflectivity from 1800 to
2300 UTC 17 July (Fig. 2). When the terrain of Taiwan
is removed, the eyewall convection and the convective
bands over windward mountain slopes are weaker (not
shown). At 30 h, the simulated storm center in CTRL
(Fig. 5b) is at about 70 km east of Hua-Lien, with stron-
ger spiral bands along the northeastern and southeast-
ern quadrants of the eyewall. These inner rainbands are
quite similar to those observed by Doppler radar at
2200 UTC (Fig. 2). During the next few hours, both the
CTRL (Figs. 5c–f) and the actual storm (after 2200
UTC; Fig. 2) are suddenly deflected southward and
make a cyclonic loop before finally making landfall in
Taiwan. Since the CTRL is able to reasonably simulate
Haitang’s movement, the CTRL simulation is studied
to understand the physical mechanisms responsible for
the impact of the presence of Taiwan’s terrain on the
looping motion of Haitang.

The west–east vertical cross section of tangential
wind speed through the storm center for the CTRL is
displayed at 1-h intervals in Fig. 6. Before 30 h, the
region of stronger winds is on the eastern side of vortex
center. During 31 to 33 h, the region of stronger winds
in the CTRL simulation shifts to the western side of the
vortex center (Figs. 6d–f) just as the storm is beginning
to be deflected southward (see Fig. 4). The low-level
winds on the western side of the eyewall are strongly
enhanced between the CMR and the storm, which re-
sults in a low-level northerly jet as shown in Fig. 6. This
simulation is in agreement with Lin et al. (1999), who
showed that the formation of the northerly jet is related
to the orographic blocking and channeling effects. No
northerly jet is present when the Taiwan terrain is ex-
cluded in the NT simulation (not shown).

The low-level jet is hypothesized to have an impor-
tant role in the Haitang track deflection as it ap-

proaches Taiwan. Simple mass conservation principles
imply that the along-streamflow is inversely proportion
to the size of the cross section between the storm and
the terrain. Lagrangian trajectory diagnostics of the
hourly WRF-ARW output is used as the input to the
read/interpolate/plot (RIP; see http://www.mmm.ucar.
edu/wrf/users/docs/ripug.htm) utility to perform the
backward trajectory calculation. The 3-h backward tra-
jectories (starting at 33-h simulation time) for air par-
cels between 900- and 850-hPa pressure levels reach the
western side of the storm in CTRL (Fig. 7) while expe-
riencing substantial confluence. These parcels also un-
dergo gradual ascent associated with the storm outer
circulation, as the backward trajectories ending at 32 h
(marked by small solid dots in Fig. 7) show that the
parcels originally released from 900- and 850-hPa pres-
sure levels can be traced back to be between 965 (Fig.
7a) and 950 hPa (Fig. 7b), respectively. Whereas the
mean wind speed of the parcels at 32 h is around 35
m s�1, the parcels at 33 h have speeds near 55 m s�1.

These backward trajectories support the hypothesis
that the channeling effect has a dominant role in the
formation of the low-level northerly jet on the western
side of the eyewall when these low-level air parcels
accelerate from a wider to a narrower cross section. In
the experiment without the Taiwan terrain (not
shown), the trajectories are almost parallel. Conse-
quently, the interaction of Taiwan’s terrain with the
typhoon circulation is critical to the formation of the
low-level northerly jet. It is noteworthy that the above
comparison of CTRL and NT cannot immediately dis-
tinguish which of the following two factors is the dom-
inant effect: the removal of the Taiwan terrain or the
change of the land attributes of the island to ocean. To
address this issue, a detailed comparison of CTRL with
FLAT is discussed in section 4b.

It is generally considered that to first-order the tropi-
cal cyclone motion is governed by the environmental
steering or advection flow, which Chan and Gray
(1982) defined as the tropospheric-average wind in a
ring with a radius of 5°–7° latitude. Neumann (1979)
showed that the steering concept can account for about
80% of the variability in the 24-h tropical cyclone mo-
tion. Previous studies (e.g., Chan and Williams 1987;
Fiorino and Elsberry 1989; Willoughby 1990, 1992; Yeh
and Elsberry 1993b; Wu and Wang 2001a,b) have de-
scribed mechanisms responsible for the change of the
steering (advection) flow. For example, Chan and Wil-
liams (1987) and Fiorino and Elsberry (1989) showed
that a pair of asymmetric gyres (beta gyres) causes the
northwestward movement of the TC in a zero back-
ground flow on a beta plane. Several other physical
processes, such as the interaction of the background
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FIG. 5. Simulated radar reflectivity (composite of vertical maximum values; dBZ ), wind vectors (one full
wind barb 	 5 m s�1) at the lowest model level, and sea level pressure (contour interval of 4 hPa) from the
CTRL at (a) 27, (b) 30, (c) 33, (d) 36, (e) 39, and (f) 42 h.
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FIG. 6. West–east vertical cross sections of tangential wind speed (with contour interval of 5 m s�1) cutting
through the storm center in the CTRL at (a) 28, (b) 29, (c) 30, (d) 31, (e) 32, and (f) 33 h.
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vertical wind shear with the baroclinic hurricane vortex
(Wu and Emanuel 1993), asymmetric convection in the
eyewall (e.g., Wu and Wang 2001a), the vertical tilt of a
TC (e.g., Wu and Wang 2001b), and the imbalance in
the inner structure of a TC approaching the mountain
range (e.g., Yeh and Elsberry 1993b), may also play
important roles in changing the advection flow.

In this study, another possible mechanism that results
in an asymmetric (advection) flow is examined. The
simulated winds at 700 hPa in the CTRL (Fig. 8a) are
quite asymmetric with a local wind maximum of around
51 m s�1 to the west-northwest. Because the storm in
CTRL is centered approximately 50–60 km east of Tai-

wan at 33 h, the strong winds (e.g., �45 m s�1) appear
to be enhanced within the channel between the Taiwan
terrain and the storm. To quantitatively assess the im-
pact of the induced asymmetric flow in steering the

FIG. 7. Backward trajectories based on the WRF-ARW simu-
lated winds from experiment CTRL. Parcels (small solid circles)
are released at (a) 900- and (b) 850-hPa pressure levels at 33 h and
calculated backward for 3 h. Horizontal wind speeds are shaded
for values greater than 36 m s�1 (as shown in the grayscale). The
large solid circle is the location of storm center at 33 h.

FIG. 8. (a) Simulated total wind fields (contour interval of 5
m s�1) and (b) the asymmetric wind fields (contour interval of 2
m s�1) at 700 hPa from experiment CTRL after 33-h model simu-
lation (one full wind barb 	 5 m s�1). The boldface arrow in (b)
indicates the storm motion vector (3.3 m s�1). The open arrows
show the average asymmetric flow within 100-km radius from the
storm center at the indicated vertical levels (hPa). The domain in
each panel is 200 km � 200 km.
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storm motion, the asymmetric components of the wind
fields are calculated by subtracting the symmetric com-
ponent of the wind (relative to the center with the mini-
mum wind speed) from the total wind field. An “ad-
vection wind vector” is thus defined as the average
asymmetric flow within the inner circle (e.g., 100-km
radius from the center2) of the storm. The asymmetric
advection wind vectors at different pressure levels
(open arrows in Fig. 8b) indicate the primary steering
current for the storm in CTRL is below 500 hPa, which
is in good agreement with the motion direction of the
simulated storm (bold arrow in Fig. 8b). The magnitude
of the average asymmetric winds (4.0 m s�1 at 700 hPa
and 3.2 m s�1 at 600 hPa) is also close to the storm
translation speed in CTRL (3.3 m s�1). This close
agreement suggests that the low-level northerly jet and
the associated advection flow are crucial in deflecting
the storm motion from westward to southward. The
storm motion in CTRL then gradually slows and turns
back to the north during the following hours (Figs. 5c–
f). The meridional deflection during the simulated cy-
clonic loop is roughly 60 km before the storm makes
landfall in Taiwan (Fig. 4). It will be shown (later in Fig.
14a) that the advection wind vectors match most closely
the moving vectors of the simulated vortex when it is
making the looping motion.

b. Sensitivity of storm-track deflection to the terrain
height

Four sensitivity experiments, denoted H70, H40,
H10, and FLAT, are conducted in which the terrain
height of Taiwan at each grid is reduced to 70%, 40%,
10%, and 0% of the terrain height in CTRL, respec-
tively, to demonstrate the impact of the Taiwan terrain
on the track deflection. In FLAT, the Taiwan terrain is
set to 1 m in elevation, while the land–sea attributes
remain unchanged.

When the terrain height is reduced in the H70 and
H40 simulations, the storm still experiences a looped

path prior to landfall in Taiwan (Figs. 9a,b), except that
the magnitude of the track deflection is smaller than
that in the CTRL simulation. With further reductions
of the terrain height in the H10 and FLAT simulations,
a relatively straight-moving storm track toward Taiwan
is predicted with a very small deflection (Figs. 9c,d). It
will be shown later in this section that the differences in
simulated tracks may be attributed to the different in-
tensity of the low-level northerly jet on the western side
of storm.

As indicated in the Hovmöller diagrams in Fig. 10a
for the CTRL simulation, the area of higher Vmax be-
fore about 31 h is on the northeastern to north-
northeastern quadrant. Between 31 and 35 h, the maxi-
mum shifts to the western side of the storm (Fig. 10a),
which is attributed above to the channeling effect that
then has an impact on the storm motion. When the
storm moves closer to the Taiwan coast, the low-level
northerly jet decreases quickly since the western quad-
rant of the eyewall is weakened by surface friction. As
a result, the area of higher Vmax shifts back to the east-
ern side of the storm in CTRL after about 38 h (Fig.
10a).

In H70 and H40 (Figs. 10b,c), a low-level northerly
jet is also simulated during the period when the higher
Vmax area shifts from the north-northeastern side to the
west of the storm center. The peak 900-hPa wind speeds
of the low-level northerly jet in H70 and H40 reach
around 55.4 and 54.9 m s�1, respectively, which are
slightly weaker than that of the CTRL experiment
(about 56.0 m s�1; Fig. 10a). The presence of peak
winds in the west sector of the eyewall suggests that the
channeling effect in the H70 and H40 simulations re-
mains strong enough to induce a northerly advection
flow, and thus leads to the looping motion of the storm
(Figs. 9a,b). After the looping motion, the area of
higher Vmax in both H70 and H40 also shifts back to the
eastern side of the storm as it moves closer to Taiwan.

When the terrain height is drastically reduced in H10,
the channeling northerly winds become much weaker
(Fig. 10d). Hence, the storm H10 exhibits a relatively
straight track with only a slightly southward deflection
before landfall (Fig. 9c). A similar result is found in the
sensitivity experiment with a flat terrain (FLAT; see
Figs. 10e and 9d). When the Taiwan terrain is removed
(experiment NT), the area of higher Vmax is generally
located on the northeastern and eastern sides of the
simulated storm throughout the 24–43-h period. In
summary, the reduction of the height of the Taiwan
terrain weakens the low-level northerly jet in a manner
consistent with the reduced magnitude of the track de-
flection.

At 33 h, the simulated storms in both H70 and H40

2 It is well known that the TC basically moves following the
large-scale steering flow, generally defined as the environmental
current horizontally and vertically averaged over the area sur-
rounding the storm center (therefore removing the symmetric
component of the strong cyclonic flow) (Chan and Gray 1982).
Other studies (e.g., Wu and Emanuel 1995a,b) suggested that with
very high-quality data (such as the radar data in Roux and Marks
1991), the averaged flow within the inner-core region can be used
to represent the steering flow. In this study, because the asym-
metric winds associated with the terrain-induced low-level north-
erly jet are primarily confined within the inner-core region of the
storm, the asymmetric flow within a TC inner core (a radius of 100
km) should be representative in steering the storm as it moves
close to the east coast of Taiwan.
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are moving southwestward with the strongest winds in
the western semicircles. The advection wind vectors be-
low 600 hPa (see open arrows in Figs. 11a,b) are also
pointing to the southwest, which agrees reasonably well
with the storm movement in H70 and H40 (boldface
arrows in Figs. 11a,b). However, the region of stronger
winds in the H10 and FLAT simulations generally ap-
pears in the north-northeastern and northern quadrants
(Figs. 10d,e). The model storms in H10 and FLAT are
moving westward with translation speed of 1.5 and 2.3
m s�1, respectively, which agree well with the advection
wind vectors estimated from the asymmetric winds of
about 1.6 and 2.0 m s�1 at 700 hPa (Figs. 11c,d).

The above sensitivity tests demonstrate that the
storm motion near Taiwan is sensitive to the terrain
height because the reduced terrain height experiments
generate a weaker low-level northerly jet and therefore
smaller magnitude of the southward deflections.

c. Impact of the initial vortex structure

Changing the structure parameter (�) of the Rankine
vortex changes the horizontal scale of the tangential
wind component of the initial vortex. In this section,
four sensitivity experiments, denoted A35, A47,
A35_NT, and A47_NT, which correspond to � values of
0.35 and 0.47 (see Table 1), are performed to study the

FIG. 9. Comparison of the simulated tracks in the NT experiment (open circles) and the (a) H70, (b) H40, (c)
H10, and (d) FLAT experiments (solid circles). The terrain heights (thin lines) in these sensitivity studies start from
200 m high and have a contour interval of 300 m.
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FIG. 10. Time–azimuth Hovmöller diagram of simulated maximum tangential wind speed inside the
100-km radius (with contour interval of 3 m s�1) at (left) 900 and (right) 700 hPa from 24 to 43 h of
experiments (a) CTRL, (b) H70, (c) H40, (d) H10, (e) FLAT, and (f) NT.
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impact of the different vortex structures on the track
deflection as the storm vortex approaches Taiwan. The
experiment setup in A35_NT and A47_NT is the same
as in A35 and A47, except that the Taiwan terrain is
removed.

The azimuthal mean tangential wind speed at the
lowest model level of the vortex (after a 12-h model
integration) for the three experiments are compared in
Fig. 12. Experiments A35 and A47 have stronger and
larger vortices with maximum mean tangential winds at
the lowest model level of about 52.3 and 47.4 m s�1

compared with the maximum mean tangential wind

speed of about 42.1 m s�1 in CTRL. The corresponding
minimum MSLPs for the A35, A47, and CTRL are 941,
952, and 960 hPa, respectively. The RMWs of the
storms in A35 (about 70 km) and A47 (about 65 km)
are also slightly larger than that of the storm in CTRL
(about 60 km).

Past studies (e.g., Elsberry 1995) have shown that
storms of different intensities are steered by different
atmospheric steering flows (e.g., shallower for weaker
and deeper for stronger storms), and the beta drift de-
pends on the storm size. In comparing Fig. 13 with Fig.
4, it is seen that these larger storms move faster and

FIG. 11. Simulated asymmetric wind fields (contour interval of 2 m s�1) at 700 hPa after 33-h model simulation
for experiments (a) H70, (b) H40, (c) H10, and (d) FLAT (one full wind barb 	 5 m s�1). The boldface arrows
indicate the storm motion vector (H70: 2.5 m s�1, H40: 2.4 m s�1, H10: 1.5 m s�1, and FLAT: 2.3 m s�1). The open
arrows in each panel show the average asymmetric flow within 100-km radius from the storm center at the indicated
vertical levels (hPa). The domain in each panel is 200 km � 200 km.
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have earlier landfall times. Although the A35 and A47
storms are deflected southward compared with the
tracks in A35_NT and A47_NT, the simulated tracks
are toward the west-northwest without making a loop
during the prelandfall period.

The relatively straight tracks in the A35 and A47
experiments are primarily associated with two factors.
First, the larger and stronger storms in the A35 and
A47 are less susceptible to the topographic deflection
than the storm in CTRL as suggested by previous stud-
ies (e.g., Yeh and Elsberry 1993a,b; Lin et al. 2005). A
faster-moving vortex has less time to interact with the

terrain and experiences smaller track deflection as it
approaches Taiwan (e.g., Chang 1982; Bender et al.
1987). In this study, for a given magnitude of southward
advection flow (e.g., 3.0 m s�1), the faster-moving A35
storm (about 4.9 m s�1 during 12–24-h integration)
would experience less southward turn as compared with
the slower-moving storm in CTRL (about 3.5 m s�1

during 12–24-h integration) and thus has a relatively
straight track toward Taiwan without making a loop.
Second, the average southward steering flow associated
with the A35 and A47 storms is smaller than that of
CTRL. Recall the looping motion of the storm in
CTRL is initiated through a sharp southward turn (Fig.
4) when the region of strongest winds shifts from the
eastern side to the western side of the eyewall (see Fig.
6). In CTRL, the low-level northerly jet in the western
quadrant is the strongest wind and these asymmetric
winds lead to a northerly asymmetric advection flow
that effectively steers the storm southward (Fig. 14a).
Similar to the CTRL, the maximum horizontal winds of
greater than 50 m s�1 are simulated between the Tai-
wan terrain and the storm in A35 and A47 as well (not
shown), which deflects the simulated storm southward
compared with the simulations without the Taiwan ter-
rain (see Fig. 13). However, the strongest winds (in the
range of 60–65 m s�1) are in the eastern quadrant of the
storms in both the A35 and A47 simulations so that the
southward components of the advection flow in A35
are much less than in the CTRL (Fig. 14b; similar for
A47, not shown).

In summary, the first factor implies that the faster-

FIG. 13. Simulated tracks of (a) A35 (solid circles) and A35_NT (open circles) and (b) A47 (solid circles) and
A47_NT (open circles). Taiwan’s terrain heights (thin lines) in experiments A35 and A47 start from 200 m high and
have a contour interval of 300 m.

FIG. 12. Radial distribution of azimuthal mean tangential wind
speeds (m s�1) for A35 (open circles), A47 (triangles), and CTRL
(solid circles) experiments after 12-h model simulation.
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moving storm has less time to deflect southward, which
is the key mechanism to prevent the looping path. The
second factor contributes to a smaller southward de-
flection since the southward steering flow is weaker.

It should be noted that the proper value of parameter
� for a typhoon can be estimated by the observations
from an unmanned aerial vehicle. Lin (2006) notes the
first-ever eyewall penetration by Aerosonde was made
in Supertyphoon Longwang (2005) on 1 October. Lin
(2006) found that the optimal value of � for Longwang
is about 0.4 by analyzing the tangential wind profile
associated with the flight mission. An interesting fea-
ture is that Longwang followed a straight track without
making a loop prior to its landfall on the shoreline near
Hua-Lien, Taiwan. The track of Longwang is consistent
with the simulation results in A35 and A47.

5. Discussion and conclusions

This series of numerical simulations examines the
physical processes responsible for the significant track
deflection and peculiar looping motion of Superty-
phoon Haitang (2005) prior to its landfall in Taiwan.
All experiments are performed with the highest hori-
zontal resolution of 4 km using the WRF-ARW mod-
eling system, version 2.0.3. All the 72-h model simula-
tions begin at 0000 UTC 17 July 2005.

In the control experiment with full Taiwan terrain,
the simulated track agrees well with Haitang’s best
track during the 72-h integration, especially during the
looping motion off the east coast of Taiwan and the
landfall location north of Hua-Lien, Taiwan. In the
simulation without the Taiwan terrain, the looping mo-
tion disappears, which suggests that the presence of the
Taiwan terrain plays a significant role in the track de-
flection. When Haitang was about 60 km east of Tai-
wan, the low-level flow on the western side of storm
center accelerated because the air parcels originate
from a relatively wider area. This channeling effect as
the inner-core circulation of the approaching typhoon is
constrained because of the presence of the Taiwan ter-
rain (e.g., Lin et al. 2005). Through the channeling ef-
fect, a low-level northerly jet forms in the western
quadrant of the storm that eventually becomes the
strongest winds of the CTRL storm. The asymmetric
winds induce a southward advection flow that causes
the storm to turn sharply southward. During this stage,
the movement of the simulated storm agrees well with
the advection wind vectors at the 700- and 600-hPa
pressure levels. Moreover, the time series of the advec-
tion flow illustrates that the advection wind vectors ro-
tate cyclonically with time in a similar manner as the
motion vectors of the simulated vortex. These simula-
tions demonstrate that the advection flow caused by the
inner-core asymmetric winds is important in causing the
looping motion of Haitang prior to the landfall.

Sensitivity experiments in which the Taiwan terrain is
artificially modified indicate that as the terrain height
decreases, the magnitude of the storm-track deflection
is reduced. For experiments with the terrain height de-
creased to 70% or 40% of that in CTRL, the simulated
storm still exhibits a looping path before landfall as
long as the low-level northerly jet has the strongest
winds in the storm and the advection wind vectors ro-
tate cyclonically in time. When the terrain height is
further reduced to 10% or less of that in CTRL, the
looping motion of Haitang disappears since the chan-
neling of winds in the western side of the storm is not
strong enough to establish the southward advection
flow. In these latter experiments, the strongest winds in
the storm are generally in the north-northeastern and
northern quadrants. The wind asymmetries tend to cor-
respond to an easterly advection flow that tends to steer
the simulated storm westward. These simulations con-
firm that the high terrain in Taiwan plays a critical role
in inducing the strong low-level northerly jet to the west
of the center of Haitang, and thus a southward advec-
tion flow that leads to the southward drift.

Further experiments are conducted to assess the im-
pact of storms with different intensities and sizes on the

FIG. 14. Time series of (top row) simulated storm motion (open
arrows) and (bottom row) the area-mean asymmetric flow within
100-km radius from the storm center at 700 hPa (solid arrows) for
experiments (a) CTRL and (b) A35. The circle shows the scale of
1.5 m s�1.
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Taiwan-terrain effect. A stronger and larger storm is
simulated by using a smaller value of structure param-
eter (�) in the initial Rankine vortex. The storm in A35
(� 	 0.35) tends to move faster and has an earlier land-
fall time than that of CTRL (� 	 0.6). Because the
strength of the low-level northerly jet (approximately
55–56 m s�1) in A35 is similar to that of CTRL, a strong
channeling effect occurs in both simulations as the
storm approaches Taiwan. The track differences be-
tween the storms of A35 and CTRL are primarily due
to two main causes. First, the storm in A35 is a larger,
more intense, and more rapidly moving vortex and
therefore would be more likely to move across the Tai-
wan terrain with less track deflection (e.g., Chang 1982;
Bender et al. 1987). This factor implies that the faster-
moving storm has less time to deflect southward, which
is the key mechanism to prevent the looping motion.
Second, although a low-level northerly jet is also pre-
dicted in the western portion of the A35 storm, the
strongest winds associated with the storm are on the
eastern side of the storm. In contrast to the CTRL
simulation, the wind distribution in the A35 storm has
smaller average southward steering (advection), which
leads to a smaller southward deflection. These simula-
tions suggest that the two above factors are important
for determining the sharp track deflection associated
with a typhoon (e.g., Supertyphoon Haitang) moving
westward toward the east coast of Taiwan.
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