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ABSTRACT

In this study, the fifth-generation Pennsylvania State University—National Center for Atmospheric Re-
search (PSU-NCAR) Mesoscale Model (MMS5) was used to simulate Supertyphoon Bilis (in 2000) and
Typhoon Toraji (in 2001) in order to investigate the dynamics of track deflection caused by the Central
Mountain Range (CMR) of Taiwan. The MMS5 predicted the track of each storm reasonably well. Bilis was
stronger and had a relatively faster forward motion, which helped make the track continuous as it crossed
the CMR. The use of a “bogus” vortex in the initialization process helped produce a storm closer to the
observed strength. Bilis is a classic example of a typhoon crossing Taiwan with a continuous track. For
comparison, Typhoon Toraji, a typical typhoon having a discontinuous track, was also studied. Toraji was
weaker and had a relatively slower forward speed, which prevented the original low center from crossing
over the CMR and forced more air parcels to go around the northern tip of the CMR. As a result, it
produced a vortex and a secondary low center on the lee. Potential vorticity banners on the north side of
the CMR acted to organize the secondary low and the lee vortex. With time, the low-level circulation
extended into the upper levels, completing the formation of the secondary center. Remnants of the initial
center crossed over the CMR and were entrained into the secondary center. Nondimensional control
parameters for track continuity and deflection from idealized studies are calculated for Bilis and Toraji. The
results are consistent with the theory proposed in Lin et al. For tropical cyclones (TCs) approaching Taiwan
from the southeast, the conceptual model proposed by Lin et al. for continuous and discontinuous tracks
was applied. For continuous tracks over the CMR, the blocking effect on the outer circulation of the vortex
is weak and the vorticity advection around the northern tip is strong due to an intense TC. Weak TCs tend
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to be totally blocked by the CMR.

1. Introduction

Taiwan is extremely vulnerable to the passage of
tropical cyclones (TCs). In a typical year, three to four
typhoons passed over the island nation, with one or two
making landfall. However, a typhoon does not need to
make direct landfall for Taiwan to experience damag-
ing winds and heavy rains. The forecasting of typhoons
around Taiwan is complicated by the rugged topogra-
phy of Taiwan’s Central Mountain Range (CMR),
which has an average elevation of 3000 m, a north-

Corresponding author address: Dr. Yuh-Lang Lin, Dept.
MEAS, North Carolina State University, 1125 Jordan Hall, Fau-
cette Dr., Raleigh, NC 27695-8208.

E-mail: yl_lin@ncsu.edu

© 2006 American Meteorological Society

south length of about 300 km, and, an east-west width
of about 100 km. The isolated nature of Taiwan makes
it an ideal environment for research into the orographic
effects on tropical cyclones.

There are a number of past studies concerning the
orographic influence on the tracks of TCs passing over
not only Taiwan but also the islands of Cuba, His-
pafiola, and Puerto Rico in the Caribbean, and Luzon
in the Phillipines. Lin (1993) and Wu and Kuo (1999)
provided synopses of previous work on typhoons affect-
ing Taiwan. Wang (1980) and Brand and Blelloch
(1974) found that some typhoons took a cyclonic track
when passing over Taiwan. Stronger typhoons tended
to have a continuous track (Fig. 1a). On the contrary,
weaker typhoons tended to “jump” over the island by
forming a secondary circulation center on the lee side,
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F1G. 1. (a) Paths of selected typhoons that had a continuous
track around Taiwan. Also shown is the terrain of Taiwan, with
contours every 1000 m. (b) Paths of selected weak typhoons that
had a discontinuous track over Taiwan. The original centers were
blocked by the Central Mountain Range, replaced by secondary
centers on the lee side. (Adapted from Wang 1980.)

with the original center being blocked by the terrain,
making the track discontinuous (Fig. 1b). The second-
ary center may develop and eventually replace the par-
ent typhoon. Chang (1982) verified these observational
studies with one of the first idealized modeling studies
of typhoons passing over Taiwan. Further idealized
simulations (Bender et al. 1985, 1987; Yeh and Elsberry
1993a,b; Huang and Lin 1997; Lin et al. 1999, 2002)
have been made over the years. A drawback of these
studies is the failure to resolve the finescale terrain fea-
tures of Taiwan, which may dictate how and where me-
soscale vortices and lows will form in the lee of the
CMR.

As numerical models are improved, a few real-case
modeling studies have been made. For example, Wu
(2001) used the Geophysical Fluid Dynamics Labora-
tory (GFDL) hurricane model to study the interaction
of Typhoon Gladys with the Taiwan terrain. Gladys
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experienced a southward deflection and deceleration
upon approach to Taiwan similar to that seen in some
of the idealized studies (e.g., Lin et al. 1999). After
crossing Taiwan, Gladys accelerated to the northwest.
The weakening of Gladys during its landfall on Taiwan
was underestimated, which was due primarily to the
cutoff of the supply of water vapor in the boundary
layer. Though the orographic precipitation was under-
predicted, the overall distribution and the locations of
the precipitation maxima were well simulated. The lo-
cation of the secondary mesolows also matched obser-
vations fairly well. The mesolow located east of the
mountains was shown to be caused by downslope adia-
batic warming (foehn) associated with the circulation of
Gladys, and helped to pull the low center slightly south-
westward when it crossed Taiwan. A potential vorticity
(PV) budget analysis showed that condensational heat-
ing plays a significant role in the evolution of PV as the
storm crosses Taiwan. Surface dissipation of PV was
important when Gladys was crossing over Taiwan. Lin
et al. (2002) adopted the Naval Research Laboratory’s
Coupled Ocean—-Atmosphere Mesoscale Prediction
System (COAMPS) model to simulate Supertyphoon
Bilis (2000) to examine the dynamics of orographic
rainfall and track deflection associated with the storm
as it passed over the CMR of Taiwan. The track of the
model typhoon was found to be discontinuous, while
the observed track was continuous. This is likely due to
the lack of implanting a “bogus” vortex at the initial-
ization time, causing the storm to be too weak at land-
fall. The model storm and the observed storm were
deflected northward before landfall, and then back
southward afterward, consistent with previous studies.
Jian et al. (2006) performed numerical simulations of
Typhoon Dot (1990), which had a discontinuous track,
and found that the merge of the adiabatically induced
low and the secondary vortex formed by vorticity
stretching on the lee side dominated the low-level de-
velopment of the surface vortex while the midlevel cy-
clone was still located on the upstream of CMR. This
low-level vortex then coupled vertically with the
midlevel vortex after passing over the CMR and rede-
veloped to a mature typhoon. In this study, we will
focus on studying the control parameters and mecha-
nisms responsible for track deflection and discontinu-
ity, and the organization of secondary low and lee vor-
tex. In addition, Yang and Ching (2005) have applied
the control parameters proposed by Lin et al. (2005,
hereafter LCHH) to their simulation results of Ty-
phoon Toraji and found the westward track discontinu-
ity is consistent with LCHH’s theory.

In this paper we will closely analyze two different
storms: Supertyphoon Bilis (in 2000) and Typhoon
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F1G. 2. Track of Supertyphoon Bilis (in 2000) from the Joint Typhoon Warning Center
JTWCQ).

Toraji (in 2001). Bilis was near supertyphoon strength
when it hit the southeast coast of Taiwan and was a
typical typhoon having a continuous track over Taiwan.
Typhoon Toraji was of moderate intensity and had a
slower translation speed as it hit central-east Taiwan.
Toraji was a typical typhoon having a discontinuous
track over Taiwan. The goal of this study is to use a
high-resolution numerical model to investigate the dy-
namics of track deflection by a mesoscale mountain. In
addition, we will test LCHH’s theory of control param-
eters for cyclone track deflection and continuity over a
mesoscale mountain to Bilis and Toraji. The theory will
be briefly reviewed in section 5.

This paper is organized as follows. Section 2 will dis-
cuss the synoptic and mesoscale environments and the
configuration of the fifth-generation Pennsylvania State
University—National Center for Atmospheric Research
(PSU-NCAR) Mesoscale Model (MMS5) model simu-
lations. Section 3 will describe briefly the model char-
acteristics and experiment design. In section 4, we will
discuss model results and investigate the mechanisms
controlling a continuous and discontinuous track. In
section 5, we will briefly review LCHH’s theory on the
control parameters for track continuity and deflection
for TCs passing over Taiwan and evaluate the applicabil-
ity of their theory to Supertyphoon Bilis and Typhoon
Toraji. Concluding remarks are made in section 6.

2. Synopses of Supertyphoon Bilis and
Typhoon Toraji

a. Synopsis of Supertyphoon Bilis

Supertyphoon Bilis (in 2000) formed as a tropical
depression northwest of Yap Island at 1200 UTC 18
August 2000. It followed an almost straight northwest-
erly track approaching Taiwan and was a very intense
category-5 typhoon with a minimum pressure of 915 mb
as it made landfall on the southeast coast of Taiwan
near Tai-Tung (23.1°N, 121.4°E) around 1400 UTC 22
August 2000. The best track from the Joint Typhoon
Warning Center (JTWC) is shown in Fig. 2. The storm
produced a maximum wind of 70 m s~' and heavy rain-
fall of 949 mm in 20 h measured at Yu-Li in eastern
Taiwan. Several people died or were seriously injured
by landslides triggered by the heavy rainfall. Just before
landfall, Bilis turned northward and followed a cyclonic
track across the island, which is similar to many previ-
ously observed and simulated TCs passing over Taiwan
(Fig. 1a). A well-defined eye of Bilis was noticeable as
it approached Taiwan, as can be seen on satellite im-
agery (Lin et al. 2002). After the landfall over Taiwan it
weakened rapidly. It then continued to move westward
and made landfall on the southeast coast of China
around 1200 UTC 12 August 2000. The high terrain of
the CMR helped weaken Bilis significantly.



3512 MONTHLY WEATHER REVIEW VOLUME 134

T~
G oz
ALYSIS

00z 2000-AUG—22 \ X3
SURFACE; ANALYsiS.) |/ o

500 mb geopotential height 22 Aug 2000 002

NETRT : : ™ NO&A—CIRES/Climate Diagneatica Centar

GON
50N
55N
G0N
45N
40N
35N
0N
25N
1o (e A OO S
10N
SN

EQ— r r ;
8GE  890E  100E  110E

120E  13GE  140E 150E  160E

Fi1G. 3. (a) Surface analysis (hPa), and (b) 500-mb geopotential height (m) field for Supertyphoon Bilis
at 0000 UTC 22 Aug 2000. Panel (a) is from Japan Meteorological Agency (JMA), while (b) is generated
by NOAA-CDC.

Figure 3a shows the observed synoptic environment east of Bilis there was a persistent, but spatially small,
across eastern Asia and the northwestern Pacific Ocean area of high pressure systems that moved generally
at 0000 UTC 22 August 2000. Another tropical system, westward. These high pressure systems, along with
Tropical Storm Kaemi, was near the central coast of Tropical Storm Kaemi and the north Pacific high,
Vietnam, and made landfall 12 h later and dissipated tended to help advect or steer Bilis northwestward to-
inland on the Indo-China Peninsula. North and north- ward Taiwan. There were no significant midlatitude
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Fi1G. 4. Surface analysis for Bilis (in 2000) from the CWB. Times are indicated on the
figures. Values between 00 to 49 indicate pressure between 1000 and 1049 hPa. Values
between 50 and 99 indicate pressure between 950 and 999 hPa.

weather systems in the area to influence the track and
rainfall of Bilis. The 500-mb chart (Fig. 3b) shows an
upper-level high pressure centered halfway between
Taiwan and Japan, with a ridge extending to the east
and west. This persistent system helped steer Bilis to
the northwest toward Taiwan, and also shielded Bilis
from the trough to the north.

The Taiwan Central Weather Bureau (CWB) meso-
scale analysis (Fig. 4) provides a good indication as to
what happened at landfall. At 1300 UTC 22 August
2000 (Fig. 4a), Bilis was approaching the southeast
coast of Taiwan. In the northern lee of the CMR, latent
heating and adiabatic warming created an area of lower

pressure. This low pressure in the lee persisted during
the next 3 h (Figs. 4b,c) as the center crossed the CMR.
An inverted ridge (trough) was produced to the north-
east (northwest) of the CMR before Bilis passed over
the CMR (Figs. 4a,b) due to orographic forcing. Only
after the center emerges off the western coast was a
closed secondary center evident in the lee of Taiwan
(Fig. 4d).

b. Synopsis of Typhoon Toraji

Typhoon Toraji was upgraded from a tropical storm
status at 1800 UTC 27 July 2001 when its center was
located approximately 700 km southeast of the south-
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F1G. 5. Track of Typhoon Toraji (in 2001) from CWB.

ern tip of Taiwan. Toraji formed in a weakening sub-
tropical ridge. Initially the TC moved westward and
then followed a general northwesterly to north-
northwesterly track (Fig. 5) similar to that of Bilis but
slightly to the north and slower. The maximum inten-
sity was reached a few hours prior to landfall. The maxi-
mum wind was about 49 ms~! and the minimum pres-
sure reported was 960 mb when Toraji made landfall on
the southeast coast of Taiwan 1800 UTC 29 July 2001.
The initial center of Toraji moved into the CMR and
filled in while a new center formed on the northwest
coast. The new center moved out into the Taiwan Strait
by 0600 UTC 30 July 2001. The interaction with the
CMR and the reformation of the center left Toraji dis-
organized as it crept toward China, as can be seen on
satellite and radar imagery (not shown). The maximum
rainfall recorded was 686 mm in 35 h in southwest Tai-
wan. Toraji produced a death toll of 72 and caused the
most destruction in Taiwan in nearly four decades since
Typhoon Gloria, which left 312 dead in its wake in
1963. Most of the deaths were due to landslides and
mudslides triggered by the heavy orographic rainfall.

The surface synoptic conditions at 0000 UTC 29 July
2001 are shown in Fig. 6. An area of weak high pressure
is located south and east of Toraji, with general ridging
extending north to Japan. Another area of weak high
pressure is also located over northern China. A low
pressure with a trailing cold front is moving northeast-
ward to the east of China. However, the front does not
appear to have much influence on Toraji. At 500 mb
(Fig. 6b), a ridge in excess of 590 dam is located to the
south of Japan, and to the northeast of Toraji. Toraji
appears to be steered around the western periphery of
this ridge. There is an extension of the ridge to the
north of Toraji.

The differences in the track of Toraji versus Bilis can
be seen in the CWB mesoanalyses (Fig. 7). A secondary
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low and vortex have already formed in the lee of CMR
before Toraji made landfall (Fig. 7a) and no secondary
vortex formed during the landfall of Bilis (Fig. 4a). The
primary storm center crosses the CMR and weakens,
while the secondary low and vortex center begins to
strengthen (Figs. 7b,c). By 2300 UTC 29 July 2001 (Fig.
7d), the secondary center has taken over as the main
center of Toraji.

3. Model description and experiment design

To study Supertyphoon Bilis and Typhoon Toraji nu-
merically, we used version 3 of the MM5 (MMS5.v3)
model. The model solves the fully compressible, non-
hydrostatic governing equations in the o—z vertical co-
ordinates. Details of the model can be found in Grell et
al. (1994). The 1-km resolution terrain and land-use
data used in this study provides a much higher terrain
resolution than that used in most previous studies.

The National Centers for Environmental Prediction
(NCEP) operational analysis with a resolution of 2.5° X
2.5° latitude-longitude and 15 standard pressure layers
is used for model initialization and for boundary con-
ditions during model integration. The Bilis experiment
is integrated for a period of 48 h from 1200 UTC 21
August to 1200 UTC 23 August 2000. The Toraji ex-
periment is run for a period of 48 h from 1200 UTC 28
July to 1200 UTC 30 July 2001. Because the initial data
is too coarse to properly capture a tropical cyclone, the
vortices are removed from the analysis and bogus vor-
tices of 70 and 55 ms™ ' for Bilis and Toraji, respec-
tively, are implanted using the bogussing scheme of
Low-Nam and Davis (2001).

There are three nested horizontal domains designed
for the simulations (Fig. 8a). Domain 1 has 200 X 200
grid points with a 21-km resolution, domain 2 has 199 X
199 grid points with a 7-km resolution, and domain 3
has 265 X 244 grid points with a 2.33-km resolution.
The terrain for domain 3 is shown in Fig. 8b. There are
33 stretched o levels used with higher resolution in the
boundary layer. The top of the model is at 50 mb. The
time steps for domains 1, 2, and 3 are 30, 10, and 3.3 s,
respectively.

The Blackadar scheme (see Grell et al. 1994) is used
to parameterize the planetary boundary layer (PBL)
processes including surface fluxes and friction (Zhang
and Anthes 1982). The Goddard Lin-Farley—Orville
(Lin et al. 1983) scheme (Tao and Simpson 1993) is
used to parameterize the microphysical processes in all
domains. For domain 1, the Betts-Miller (Betts and
Miller 1993) scheme is used to parameterize the sub-
grid-scale convection, while no cumulus parameteriza-
tion is used at 7- and 2.3-km resolution simulations.
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FIG. 7. Same as in Fig. 4, but for Toraji (in 2001).

4. Model simulation results and discussion

a. Simulation results of Bilis

As analyzed by CWB, the simulated Typhoon Bilis
had a continuous track across CMR. Figure 9 shows the
sea level pressure center and the 700, 500, and 300 mb
geopotential height centers at 3-h intervals. Also shown
are the observed 6-hourly positions of Bilis. Both of the
tracks start at 0600 22 August 2000. The timing and
track of the simulated typhoon was very close to obser-
vations. The simulated storm, like the observed storm,
took an almost straight-line track over the CMR. By the
time of landfall, the minimum pressure was near 930
mb, close to the observed pressure of around 920 mb as
analyzed by the Japan Meteorological Agency (JMA).

The lower-, mid, and upper-level storm centers re-
main vertically stacked during and after the passage
over Taiwan. One can also examine the vertical coher-
ent structure of the storm via east-west vertical cross
sections through the storm center of horizontal wind
speed and PV (Figs. 10a—c). These east-west vertical
cross sections were plotted at 3-h intervals while Bilis
was crossing Taiwan. Figure 10a shows the vertical
cross section through the center at 1200 UTC 22 August
2000 when it was still located east of Taiwan. The ver-
tical structure of the storm is quite coherent with upper-
and lower-level PV maxima and a shaft of weaker
winds (the eye) extending the depth of the troposphere.
At 1500 UTC 22 August 2000 (Fig. 10b), the center is
located over the CMR. The eastern flank of PV remains
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FIG. 8. (a) Domain configuration. Domain 1 (D1) has 200 X 200 grid points with 21-km grid resolution, domain 2 (D2) has 199 X
199 grid points with 7-km grid spacing, and domain 3 (D3) has 265 X 244 grid points with 2.3-km grid spacing. (b) Terrain (contour

interval 500 m) used for D1. Shaded areas are above 2000 m.

vertically stacked, with the lower-level PV slightly
weakened by the CMR.

One dramatic impact of the CMR on Bilis was the
destruction of the western flank of the PV, which lost its
vertical coherent structure. The upper-level PV was ad-
vected farther to the west, compared to the extrapo-
lated position; the midlevel PV was weakened due to
reduced low-level cyclonic circulation; and the low-
level PV was severely weakened over the eastern slope
due to orographic blocking. The asymmetry of the PV
affected by the CMR at this time (Fig. 10b) appears to
contribute to the disappearance of the eye on a satellite
picture (not shown). Of note is a tongue of PV between
850 and 900 mb extending westward from the CMR. If
the storm were weaker and/or slower, as in Typhoon
Toraji, this tongue of PV would help spawn a new low-
level center. At 1800 UTC (Fig. 10c), it is evident that
this did not occur, as the lower- and upper-level PV
maxima are once again coupled vertically. However,
the eye is no longer an identifiable feature from satel-
lite imagery. The CMR has weakened the system, with
lower winds and amounts of PV being associated with
the typhoon.

Shown in Figs. 10d—f are east—west cross sections of
total water mixing ratio (g,,), potential temperature,
and wind vectors at identical locations as in Figs. 10a—c.
At 1200 UTC 22 August 2000 (Fig. 10d), the eyewall is
clearly evident based on the shaded regions on either
side of the center. These shaded regions correlate with
higher PV regions (Fig. 10a). It is interesting to note
that the total water mixing ratio shows a vertical up-

right structure, while the PV shows distinct outward tilt
structure. Due to orographic forcing, they do not coin-
cide 100%. The western eyewall convection is larger
than the eastern eyewall convection due to orographic
enhancement, leading to the slight distortion of the PV
toward the west. At 1500 UTC (Fig. 10e), g,, has de-
creased around the center, due to the disruption of the
circulation by the CMR. A corresponding decrease in
PV is seen in Fig. 10b, due to less latent heat release
and frictional effects. However, the upslope wind over
western slope produced clouds and possibly rainfall,
which helps increase the PV there (Fig. 10b). By 1800
UTC (Fig. 10f), g,, is the largest over the CMR, due to
orographic forcing. The g,, on the west side of the cir-
culation is significantly reduced.

Now we will examine the upper- and lower-level
height centers in greater temporal detail. Figure 11
shows the pressure and vector wind fields at the surface,
700 and 300 mb at 1400-1700 UTC 22 August 2000. At
1400 UTC 22 August 2000, the center of Bilis is making
landfall in southeast Taiwan. All of the surface pressure
center, 700- and 300-mb geopotential height centers are
located at the same location. An hour later (1500
UTC), the primary centers remain vertically stacked in
southeast Taiwan. A weak center is located to the west
of the CMR at the surface and 700 mb, likely from
adiabatic warming as implied from the wind field de-
picted in Figs. 11-13. However, there is no evidence of
a closed circulation developing in that area. At 1600
UTGC, slight acceleration of the centers is evident. The
surface and 700-mb centers are now located on the west



126 N

124N

122N

B b b b b b b e e A

F1G. 9. Observed track (TC symbols) and center tracks from the
model simulations for Bilis. The surface, 700-, 500-, and 300-mb
centers are denoted by stars, squares, circles, and triangles, re-
spectively. The observed track is every 6 h; model tracks are every
3 h. All of the tracks start at 0600 UTC 22 Aug 2000.

side of the CMR. The 500- (not shown) and 300-mb
centers appear to be lagging slightly, still located over
the CMR. By 1700 UTC, the centers are once again
perfectly stacked in the vertical. It could be argued that
there was a modification or redevelopment of the cen-
ters, slightly ahead of the original centers. However, the
acceleration of the low-level center as it passed over the
CMR is consistent with previous studies (Yeh and Els-
berry 1993a,b, among others). Basically, the low centers
crossed the mountain continuously without much dis-
turbance.

Similar features can be found by looking at stream-
lines at the same levels. At 1400 and 1500 UTC 22
August 2000 (Fig. 12), the circulation centers of the
original cyclone at different levels are collocated as Bi-
lis makes landfall. There is no evidence of new circula-
tion centers forming on the lee side of the CMR but the
700-mb center is elongated toward the west. By 1600
UTC, the surface and 700-mb centers are all located
west of the CMR. The 300-mb circulation center, like
the height center, is located over the CMR. Much like
the geopotential height centers (not shown), low- and
midlevel circulation centers accelerated toward the
west as they crossed the CMR. By 1700 UTC, the cir-
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culation centers are vertically coupled and in the same
location as the height centers.

One way to determine the mechanisms of track de-
flection and reformation is to look at the horizontal
distribution of PV, especially at lower levels. The low-
level PV can be generated and redistributed in a num-
ber of ways, two of which are from latent heat release
and the turbulence associated with orographic blocking
of the high terrain in the planetary boundary layer
(Schar and Smith 1993a,b). Smith and Smith (1995)
found that a vortex approaching an isolated mountain
wraps a pair of vorticity banners into its circulation
after it passes over the mountain. The potential vortic-
ity production on the lee side as the cyclone approaches
the mountain is explained by the transition from an
irrotational flow regime to the regime of flow over a
mountain with wakes through wave breaking. For a low
Froude number, nonrotating, uniform flow, Schér and
Durran (1997) found that the generation of leeside vor-
ticity is due to the vertical tilting of baroclinically gen-
erated horizontal vorticity upstream at an earlier stage
and due to potential vorticity generation at a later
stage. Lin et al. (1999) showed that the increase in sur-
face vorticity and the contraction of the cyclone scale
on the lee side can be explained by the generation of
new PV due to wave breaking associated with the se-
vere downslope wind and hydraulic jump. The PV can
also be generated from vorticity streamers through the
gaps in the higher terrain of the CMR via stronger flow
around the peaks of the CMR or via increased gap flow
in the Taiwan Strait (Schir and Smith 1993a,b).

For Bilis, the adiabatic warming was especially in-
tense. Figure 13 shows the 850-mb geopotential height
and temperature fields at 1400-1700 UTC 22 August
2000. Downstream of the northern CMR, the air is 6-8
K warmer than on the upstream side. This warming has
caused a distortion in the height field, with lower
heights in the same area of adiabatic warming. As the
center crosses the CMR, the center takes a cyclonic
turning and produces adiabatic warming on the west
side (i.e., lee side of the outer circulation). The result-
ant height drop in the area of the adiabatic warming
appears to be partially responsible for the northward
jog of the center as it crossed the CMR.

Further insight can be gathered by looking at back-
ward trajectories from the time when the circulation
became well established on the west side of the CMR.
The backward trajectories are calculated from the path
of a parcel based on the model-derived winds. The re-
sult represents the approximate path a parcel took to
get to its final destination. Backward parcel trajectories
were examined at 0.9, 0.8, 0.7, and 0.6 sigma levels,
going backward 6 h from 1700 UTC 22 August 2000.
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At o

traveled over the central CMR. At

0.6 (Fig. 14d), the southern three parcels originated

north side of the circulation center (parcels 1 and 2) from the east of Taiwan, and traveled over the CMR.

in Fig. 11, but for streamlines.

FIG. 12. Same as

0.9) to the south of the traveled over the CMR.

circulation center (parcels 3 and 4, Fig. 14a) went 14b,c), all parcels

around the north side of the CMR, while parcels on the o

Parcels at the lowest levels (o
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F1G. 13. Simulated 850-mb height (contours), temperature (shaded, K), and wind vector field for Typhoon Bilis at (a) 1400, (b)
1500, (c) 1600, and (d) 1700 UTC 22 Aug 2000. The height contour interval is 60 m.

The northern most parcel traveled around the northern
portion of the CMR, then climbed up the east slope of
the CMR before turning cyclonically around the circu-
lation center. Parcel 2 exhibits a troichoidal motion
throughout its history, indicating that the circulation cen-
ter maintained itself (i.e., it was continuous) at this level.
All parcels at each level originated from near the surface.

Figure 15 shows the 850-mb geopotential height and
PV for the hours when Bilis was crossing the CMR. At

1400 UTC 22 August 2000 the center is making landfall,
and the high PV near the center is easy to identify (Fig.
15a). Areas of negative PV are located on the eastern
slope of the CMR, due to turbulence produced by
strong blocking against the CMR in the planetary
boundary layer. On the western slope of the CMR, cy-
clonic vorticity associated with vorticity stretching over
the lee (western) slope, and downstream advection of
the latent heat released over upslope (Lin et al. 1999)
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created a broad area of positive PV. Flow through the
mountain gaps between mountain peaks creates alter-
nate areas of positive and negative PV banners down-
stream. An impressive PV banner extended from the
north of Taiwan, as the air went around the northern
portion of the CMR. The large PV streamer ultimately

becomes wrapped up into the center once it passes over
the CMR (Fig. 15d).

b. Simulation results of Toraji

The forward speed of Toraji was slower and the in-
tensity was weaker than that of Bilis, allowing a more
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Fi1G. 15. Simulated 850-mb geopotential height, PV, and vector wind fields for Bilis at (a) 1400, (b) 1500, (c) 1600, and (d) 1700 UTC
22 Aug 2000. Areas of PV > 1 PVU are denoted by dark gray, while areas of PV < —1 PVU are denoted by light gray. (1 PVU = 10~°

m?s ' K kg™ ')

complicated interaction with the CMR. Unlike Bilis,
the storm structure did not remain vertically coherent
on its path over the CMR, resulting in a discontinuous
track. The simulated Toraji behaved similarly to the
real Toraji. Figure 16 shows the observed Toraji track
(every 6 h) and the model simulated sea level pressure
center, and the 700-, 500-, and 300-mb geopotential

height centers at 3-h intervals. The centers remain ver-
tically coherent until making landfall in central Taiwan
and new low-level centers form on the west side of the
CMR, to the south of the extrapolated path. This sec-
ondary center soon becomes the dominant center,
while the old low-level center weakens and dissipates.
The upper-level centers dissipate as the old primary



DECEMBER 2006

26 N

24 N

e J22 N

B b b b Lo b b b by
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angles, respectively. The observed track is every 6 h, model tracks
are every 3 h; both start at 0600 UTC 29 Jul 2001. Outlined sym-
bols indicate two centers coexisting simultaneously.

low-level centers die, and reform over the new low-
level center. This will be shown later.

The vertical cross sections also portray the center
reformation on the lee side. At 1200 UTC 29 July 2001,
the storm has robust vertical orientation, with the up-
per-level center located over the lower-level PV maxi-
mum (Fig. 17a). During the next two 3-h increments
(left panels of Figs. 17b,c), the center retains its vertical
structure as it comes ashore. During this period, a new
secondary low-level center is generated in the lee of the
CMR. The right panels of Figs. 17b,c are cross sections
through the new secondary center. A PV maximum at
the low levels was present to the west of the CMR, a
product of adiabatic warming from the downslope flow
and the generation of a secondary vortex, as the outer
circulation of Toraji went around the northern CMR.
In addition, an area of lighter winds was present just
above the low-level PV, with stronger winds to the west
in the Taiwan Strait. By 2100 UTC 29 July 2001 (Fig.
17d), a low-level PV maximum and low-level circula-
tion became established west of the CMR, while the
upper-level PV maximum remained over the CMR. At
0000 UTC 30 July 2001 (Fig. 17¢), the new center has
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extended in the vertical, coupled with the remnant
higher-level PV to the east being all that remains of the
old upper-level center. Note that the cross section at
this time is to the north of Taiwan. Thus, for a weaker
typhoon, the low-level PV is destroyed by the interac-
tion with the CMR. When the low-level support van-
ishes, the mid- and upper-level PV gradually weakens.
As the outer circulation impinges on the CMR, a new
low-level PV center forms on the lee side, ultimately
takes over as the new center, and couples with the rem-
nant of the upper-level PV.

Figure 18 shows total water mixing ratio ¢,,, potential
temperature, and wind vector fields on the same cross
sections in Fig. 17. When the center is offshore (Fig.
18a), the distribution of ¢,, is asymmetric with greater
concentrations above the CMR, corresponding with the
tilt of the PV toward the west. By the end of the next 3
h (Fig. 18b), the greatest g,, are in the eastern eyewall,
with lesser concentrations over the CMR. The convec-
tion on the western eyewall has been disrupted signifi-
cantly, allowing the greatest latent heat release, and
resulting PV, to be concentrated on the eastern eyewall.
At the time of landfall (Fig. 18c), higher ¢,, was located
almost entirely over the CMR. At 2100 UTC 29 July
2001 (Fig. 18d), concentrations of ¢, remain greatest
over and above the CMR, keeping the highest PV in
that area. Little if any concentrations of g,, are associ-
ated with the new low-level center to the west of the
CMR (right panel of Fig. 18d). By 0000 UTC 30 July
2001 (Fig. 18e), the highest g,, remained in the layer of
300-500 mb, supporting an eastward extension of PV in
that layer. Lower concentrations of g,, are now associ-
ated with the secondary center, helping to extend the
PV maximum to greater altitudes due to latent heating.

To investigate the reformation mechanism of the sec-
ondary low and vortex of Toraji, we take a closer look
at the evolution of the height centers as the storm
crossed the CMR. At 1700 UTC 29 July 2001 (Fig. 19),
Toraji makes landfall in central Taiwan. The lower- and
upper-level centers are still collocated at this time.
However, a new surface low has formed to the west of
the CMR. Note that the surface flow started to circle
around the secondary low on the lee side due to more
flow going around the northern tip of the CMR, but the
wind blew straight through over the surface secondary
vortex. This agrees with the mechanism proposed by
LCHH that the secondary vortex on the lee side is
mainly produced by vorticity advection, similar to ide-
alized simulations (LCHH). At 1900 UTC, the primary
centers still have good vertical coherence, now over the
CMR. The secondary low has strengthened, now having
a weak circulation at the surface and a weak wake vor-
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FiG. 17. (Continued)

tex at 700 mb. The upper-level lows weakened signifi-
cantly at this time. At 2100 UTC, the secondary circu-
lation has strengthened further, while the primary cen-
ter continues to weaken. The secondary center now
extends to 500 mb (not shown). By 2300 UTC, the sur-
face secondary center has taken over the original cy-
clone.

The reformation process shows up even more clearly
in the streamline plots (Fig. 20). At 1700 UTC 29 July
2001, the streamline centers were all just off the central-
east coast of Taiwan. At the surface, there is significant
curvature to the streamlines on the west side of the
CMR where the secondary center forms. At 1900 UTC,
the primary streamline centers have just come onshore.
On the lee side a closed center at the surface has just
formed, while the circulation at 700 mb (and to a lesser
extent the 500-mb center) has significantly elongated to

the west, toward, and over the new circulation. At 2100
UTC, the secondary streamline center has become
dominant at the surface and 700 mb. At 500 mb (not
shown), the center is roughly halfway between the pri-
mary and secondary centers. The 300-mb center re-
mains over the CMR with the primary center with little
reflection of the secondary center at that level. By 2300
UTC, the new center becomes coupled with upper-level
centers.

For Toraji, the area of downslope winds, as depicted
by the 850-mb temperature field (Fig. 21), was not as
extensive as for Bilis due to the weaker winds associ-
ated with it. At 1700 UTC 29 July 2001, Toraji was
making landfall. A large area of adiabatic warming was
present off the northwest coast with a smaller area of
adiabatic warming located at the southeastern corner of
the CMR to the south of the center. Over time, the area
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F1G. 18. (Continued)

to the northwest became the focus for the formation levels. Once the parcels crossed the CMR, the convec-
and development of the secondary circulation center.  tion released latent heat, raising the potential tempera-
The parcels for Toraji behaved in a different fashion. ture. On the lee side of the CMR, the parcels remained
Figure 22 shows 6-h backward trajectories for parcels at a higher level due to their higher potential tempera-
ending at 2100 UTC 29 July 2001. At lower levels (Figs. ture.
22a,b), the parcels tended to go around the northern Similar to Bilis, a banner of PV at 850 mb was present
portion of the CMR. Parcels 3 and 4 traveled in a slight extending from the north tip of the CMR as Toraji
cyclonic path before ascending over the CMR, around made landfall at 1700 UTC 29 July 2001 (Fig. 23a). The
the circulation of the primary center. Once over the primary difference is that the PV banner extended more
CMR, the trajectories curved sharply toward the sec- northwestward than for Bilis. The PV banner was also
ondary center. Parcel 2 had the shortest path of all, as located closer to the area of greatest adiabatic warming.
it was very near the secondary center after crossing the By 2100 UTC (Fig. 23c), the PV banner had wrapped
CMR. Parcel 1 initially orbited the primary center but into the secondary circulation center and by 2300 UTC
was quickly drawn into the secondary center once the (Fig. 23d) it had become the primary center. The com-
primary center made landfall. At the midlevels (Figs. bination of adiabatic warming and the vorticity banner
22¢,d) the parcels initially wrapped around the primary appear to have generated a PV maximum on the lee
circulation but then became entrained into the second- side of the northern CMR, helping to generate the sec-
ary circulation. As in Bilis, the parcels originated at low ondary center, which ultimately became dominant.
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FI1G. 19. Simulated sea level pressure and wind vectors for Typhoon Toraji at (left column) surface, (middle
column 700 mb, and (right column) 300 mb for (first row) 1700, (second row) 1900, (third row) 2100, and (fourth
row) 2300 UTC 29 Jul 2001. Contour intervals at surface, 700 hPa, and 300 hPa are 4 hPa, 30 m, and 30 m,

respectively.
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Fi1G. 21. The 850-mb height (contours), temperature (shaded, K), and wind vector fields for Typhoon Toraji at (a) 1700, (b) 1900,
(c) 2100, and (d) 2300 UTC 29 Jul 2001.

5. Mechanisms of track continuity and deflection

a. A review of control parameters for track
continuity and deflection

Based on idealized simulations of westward-moving
cyclones over a north-south-oriented mesoscale moun-
tain range, LCHH found that the cyclone track be-
comes discontinuous (continuous) and the cyclone ex-
periences more (less) deflection with a combination of

small (large) values of V,,,./Nh, U/Nh, R/L,, U/fL,, and
Vimax/fR, and a large (small) value of A/L,, where V..
is the maximum tangential wind, N is the Brunt-Véisala
frequency, 4 is the mountain height, U is the basic wind
speed, R is the radius of V,,,,, fis the Coriolis param-
eter, and L, and L, are the horizontal scales of the
mountain in x and y directions, respectively. The pa-
rameter U/Nh can be viewed as the Froude number of
the basic flow. For TCs, U may be taken as the forward
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FiG. 22. Backward trajectories from 2100 UTC 29 Jul 2001 for Typhoon Toraji at o = (a) 0.9, (b) 0.8, (c) 0.7, and (d) 0.6. Thinner

ribbons are lower; wider ribbons are higher.
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Fi1G. 23. The 850-mb geopotential height, PV, and wind vectors for Typhoon Toraji at (a) 1700, (b) 1900, (c) 2100,
and (d) 2300 UTC 29 Jul 2001. Areas of PV > 1 PVU are denoted by dark gray, while areas of PV < —1 PVU are

denoted by light gray. (1 PVU = 10 °m?s™ ' K kg™ ")

translation speed. In fast-moving TCs, U/Nh is large
and the track tends to be continuous. For slowly (fast)
moving TCs, U/Nh is small (large), and the track tends
to be discontinuous (continuous). The parameter V,,,./
Nh can be physically regarded as the vortex Froude
number of the airstream associated with the typhoon
tangential circulation. This number measures the ability
of a tropical cyclone circulation to pass over a moun-
tain. When V.. /Nh is large, more parcels within the

TC circulation are able to cross over the mountain.

With a weaker TC, the parcels cannot cross over the
mountain, and the flow is blocked. In the case of Tai-
wan, the parcels tend to flow around the CMR. In this
situation, the center either goes around the mountain
or it reforms on the lee side, depending on where the
TC impinges on the mountain. The parameter R/L, is a
ratio of the size of the TC versus the length of the
mountain chain. A smaller TC encounters a stronger
orographic blocking and thus a discontinuous track re-
sults when R/L, is small. When R/L, is moderate to
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large, as in larger TCs, the track tends to be continuous
since the air parcels are able to be advected around the
northern tip of CMR, as in Taiwan’s case. Control pa-
rameters U/fL, and V. /fR represent Eulerian and
Lagrangian Rossby numbers, respectively, and A/L,
represents the mountain slope steepness.

Under the situation with discontinuous track, a sec-
ondary cyclone develops on the lee side of the moun-
tain range and eventually replaces the parent cyclone,
as has been observed in reality. Dynamically, this im-
plies that strong (weak) orographic blocking will lead
the cyclone track to be discontinuous (continuous).
Orographic blocking will result in greater deflection of
the moving cyclone to the left or right. In cases featur-
ing very strong blocking, with very small values of
Vmax!/Nh, U/Nh, R/L,, U/fL,, and V,,,./fR, and a very
large value of A/L,, a westward-moving cyclone will
tend to be deflected southward.

Although in principle, all the above six nondimen-
sional parameters play roles in controlling the track
deflection and continuity for cyclones crossing over a
mesoscale mountain, LCHH found that the track con-
tinuity is controlled more by V.,,/Nh and R/L, and the
degree of deflection is controlled more by U/Nh for
TCs over Taiwan’s CMR. Figure 24 shows continuous
and discontinuous tracks in the parameter space of
(U/Nh, Vax!fR, W/L,, R/L,) versus V,,../Nh, based on
idealized simulations with a simple model performed in
LCHH.

b. Application of control parameters for track
continuity and deflection to Bilis and Toraji

Based on the numerical simulations of Bilis and
Toraji, the dimensional flow parameters are estimated
tobe (Vx> U, N, R) = (1) (65ms™, 8 ms ™, 0.01s7 ",
50 km) for Bilis; and (i) (50 ms™', 5.9 ms™ ', 0.01 s™",
50 km) for Toraji. The orographic parameters are as-
sumed to be (h, L,, L,) = (3 km, 80 km, 240 km) and
f=5.8x10"°s"'. Based on these dimensional param-
eters, we obtain (V,,,«/Nh, U/Nh, R/L,, V ..../fR) = (i)
(2.17,0.27,0.21, 22.4) for Bilis; and (ii) (1.67, 0.20, 0.21,
20.6) for Toraji. The steepness of CMR is h/L, =
0.0375.

In Fig. 24, the nondimensional control parameters of
Bilis and Toraji are estimated and denoted by “B” and
“T,” respectively. Compared with the regime diagram
of (Vmax/Nh, UINh; Fig. 24a) proposed by LCHH,
clearly Bilis belongs to the regime of continuous track,
while Toraji belongs to the regime of discontinuous
track. Note the estimated vortex Froude number (V,,,./
Nh) is 1.67 for Toraji, which falls very close to the upper
boundary of the critical zone of V,,,,/Nh = 1.6. In ad-

max
dition, the estimated V,,../fR exceeds the parameter
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space laid out for idealized numerical simulations per-
formed in LCHH. This is due to the fact that as latent
heating effects were not included in that study, simu-
lated cyclone vortices were prescribed with relatively
large radii of maximum wind (R), in order to ensure
barotropic stability with the simulated vortex. In gen-
eral, the simulated results appear to be consistent with
the theory proposed in LCHH. As seen in the low-level
wind vector field (Fig. 21c), the remnant of the low-
level vortex of Toraji was blocked, dissipated, and a
new one formed on the lee side. In addition, based on
the above estimated control parameters and the flow
regimes proposed by LCHH, Bilis and Toraji will turn
to north upstream (east) of CMR. This is consistent
with observations.

6. Concluding remarks

In this study, we used a nonhydrostatic mesoscale
model (MMS5) to simulate Supertyphoon Bilis (2000)
and Typhoon Toraji (2001) and investigated the dy-
namics of track deflection caused by the CMR of Tai-
wan. The MMS predicted the track of each storm rea-
sonably well. For Bilis, the center made landfall in
southeast Taiwan and made a cyclonic track over the
CMR, similar to that found in previous studies. Bilis
was stronger in strength and had a relatively faster for-
ward motion. This helped preserve the vertical integrity
of the cyclone center as it crossed the CMR and to
make the track continuous. The use of a “bogus” vortex
in the initialization process helped to produce a storm
closer to the observed strength. Bilis is a classic ex-
ample of a typhoon crossing Taiwan with a continuous
track.

For comparison, we also studied Typhoon Toraji, a
typical typhoon having a discontinuous track. Toraji
was weaker and had a relatively slower forward speed
that prevented the original low center from surviving
the trip across the CMR, and forced more air parcels to
go around the northern tip of CMR. This produced a
secondary lee vortex and generated downslope winds
north of the center and a secondary low center. From
the streamline and geopotential height analyses, one
can clearly see a new low-level center forming in north-
west Taiwan even before the primary center made land-
fall. The PV banners on the north side of the CMR
acted to organize the secondary low and the vortex.
Over time, the low-level circulation extended into the
upper levels, completing the formation of the second-
ary center. Remnants of the initial upper-level center
crossed over the CMR and were entrained into the sec-
ondary center.

The formation of the secondary low was examined
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for Toraji. The first step in the low formation is from
the adiabatic warming, which occurs in the lee of the
CMR. This warming produced an area of lower heights
to the north of the original typhoon center and west of
the CMR. For a weaker TC, such as Toraji, the pressure
depression generated by the adiabatic warming can be
of a similar magnitude to that of the primary center. As
the primary center impinges on the CMR, it is weak-
ened, and the secondary low is allowed to take over.
For Toraji, the entrainment of PV banners from the
north side of the CMR into the secondary circulation
center appears to help make it the dominant center
over time. More research is needed to see if this process
occurs in other typhoons. In Bilis, the strength and for-
ward speed prevented the formation of a significant
secondary low.

Based on the numerical simulations of Bilis and
Toraji, the nondimensional flow parameters are esti-
mated to be (Vi./Nh, U/Nh, R/L,, V,../fR) = (i)
(2.17,0.27,0.21, 22.4) for Bilis; and (ii) (1.67, 0.20, 0.21,
20.6) for Toraji. The steepness of CMR is W/L, =
0.0375. Compared with the regime diagram of (V,../
Nh, U/Nh) proposed by LCHH, clearly Bilis belongs to
the regime of continuous track, while Toraji belongs to
the regime of discontinuous track. In general, the simu-
lated results appear to be consistent with the theory
proposed in LCHH. In addition, based on the above
estimated control parameters and the flow regimes pro-
posed by LCHH, Bilis and Toraji will turn to north
upstream (east) of CMR. This is also consistent with
observations.

For TCs approaching Taiwan from the southeast,
LCHH proposed a conceptual model for continuous
and discontinuous tracks which is shown in Fig. 25. For
a continuous track (Fig. 25a), the circulation remains
vertically coupled at all levels. Weak secondary lows
may form in the lee of the CMR, but the primary cir-
culation remains intact after crossing the CMR. The
kinetic energy associated with the original center is suf-
ficiently high to allow the center to cross the CMR
remaining intact. For continuous tracks over the CMR,
the blocking effect on the outer circulation of the vor-
tex is weak and the vorticity advection around the
northern tip is strong as a result of an intense TC. TCs
with moderate intensity will tend to have a discontinu-
ous track (Fig. 25b). With these TCs, the blocking is
moderate. The original center weakens as it crosses the
CMR while a new center forms in the lee of the CMR
from adiabatic warming and PV advection. Weak TCs
tend to be totally blocked by the CMR (Fig. 25¢). The
primary low weakens and dissipates as it impinges on
the CMR. A combination of adiabatic warming from
downslope winds and the formation of vorticity fila-
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F1G. 25. A conceptual model depicting three different responses
of a westward-propagating cyclone to orographic forcing by the
CMR: (a) weak blocking: the cyclone is deflected slightly north-
ward upstream of the CMR, and deflected back to the south after
crossing the CMR, leading to a continuous track; (b) moderate
blocking: the cyclone is deflected northward upstream of the
CMR, while a secondary vortex forms in the lee of the CMR due
to adiabatic warming and vortex stretching of the outer circulation
of the cyclone, leading to a discontinuous track; and (c) strong
blocking: similar to (b) except that the cyclone is deflected to the
south and a secondary cyclone is developed at the northwest slope
of the CMR. This leads to a discontinuous track. The strength of
the blocking by the CMR is dependent on the intensity and for-
ward speed of the cyclone. (Adapted from LCHH.)
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ments as the low-level flow is deflected around the
north side of the CMR help to generate a stronger sec-
ondary low on the northwest slope of the CMR, which
ultimately becomes the primary low center. Bilis ap-
pears to be most similar to the schematic in Fig. 25a,
while Toraji falls somewhere between Figs. 25b,c.

In future studies we plan on calculating vorticity and
potential vorticity budgets for the TCs in this study, as
well as other TCs. Similar calculations have been per-
formed on idealized simulations (see Lin et al. 1999),
and it will be interesting to see if similarities can be
found with real and theoretical cases. The budget cal-
culations will allow us to examine the physical mecha-
nisms involved for lee cyclogenesis for discontinuous
cyclone tracks across the CMR, as well as track deflec-
tions for continuous cyclone tracks. Effects of planetary
boundary layer, latent heating, impinging angles, and
landfalling locations need to be further investigated to
fully understand the dynamics.
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