Abstract
WITCRAFT, NICHOLAS. THE DYNAMICS OF OROGRAPHIC RAINFALL AND
TRACK DEFLECTION ASSOCIATED WITH THE PASSAGE OF A TROPICAL
CYCLONE TRACK OVER A MESOSCALE MOUNTAIN. (Under the direction of Dr.
Yuh-Lang Lin)
This thesis is composed of two papers concerning tropical cyclones affecting
Taiwan. The first paper investigates the dynamics of heavy orographic rainfall associated
with the passage of a typhoon over the Central Mountain Range (CMR) of Taiwan.
Included in this paper are sensitivity tests of various precipitation parameterizations. The
second paper examines the dynamics of track deflection associated with the passage of
typhoons over the CMR.
In the first paper, the Penn State/NCAR MM5 Mesoscale Model was used to
simulate Supertyphoon Bilis (2000) in order to investigate the dynamics of orographic
rainfall associated with the passage of typhoons over the Central Mountain Range (CMR)
of Taiwan. In the first part, we identified many factors present in this case to support
heavy rainfall, based on Lin et al. (2001). The most important factors appear to be the
presence of potential and convective instability, a very moist air impinging on the CMR,
and a low level wind maximum associated with the outer circulation of the typhoon. A
moisture flux model was also used to estimate rainfall and the relevant dynamics.
The remaining portion of the first paper concerns the sensitivity of track,
intensity, and rainfall to various subgrid-scale cumulus parameterization and resolvable
scale microphysics schemes in simulations of Bilis at 21 and 7 km. The amount of

rainfall over the CMR was sensitive to the cumulus scheme, even though most of the
rainfall over the CMR was generated by the microphysics scheme. The more active
schemes modified and stabilized the environment around Bilis, resulting in less rainfall
over the CMR. The track and intensity were also highly sensitive to the cumulus scheme.
Varying the microphysical parameterization had relatively minor effects on the
simulation.
In the second paper, the Penn State/NCAR MM5 Mesoscale Model was used to
simulate Supertyphoon Bilis (2000) and Typhoon Toraji (2001) in order to investigate the
dynamics of track deflection associated with the passage of typhoons over the Central
Mountain Range (CMR) of Taiwan. Bilis was an intense fast moving storm with a
continuous track over the CMR. The upper and lower level potential vorticity (PV)
centers remained coupled as the center traversed the CMR. The forward speed of Bilis
also helped prevent any significant lee-side cyclone reformation. Toraji was weaker and
slower moving, and had a discontinuous track over the CMR. Partially due to the slower
forward speed, Chinook winds (foehn), a combination of the release of latent heat over
the CMR, followed by adiabatic downsloping and warming, had a longer time to generate
lower heights in the lee of the CMR. The original low-level center made landfall and
dissipated, while the upper level center continued to move northwestward. Without
lower level support, the original upper level center also weakened and dissipated. Over
time, PV banners/filaments wrapped into the secondary center, which ultimately became
dominant. As the secondary center pulled away from Taiwan, it extended into the upper
levels. Control parameters for track continuity from idealized studies are calculated for

Bilis and Toraji. A conceptual model proposed by Lin et al. 2004 is applied to explain
the behavior of the track for each storm.
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1. Introduction
Taiwan is extremely vulnerable to the influences of tropical cyclones (TCs). In a
typical year, three or four typhoons have an impact on the island nation, with one or two
making landfall. However, a typhoon does not need to make direct landfall for Taiwan to
experience damaging winds and heavy rains. The forecasting of typhoons around Taiwan
is complicated by the rugged topography of Taiwan’s Central Mountain Range (CMR),
which has an average elevation of 3000 m and a dimension of 300 km X 100 km. The
isolated nature of Taiwan makes it an ideal environment for research into the orographic
effect on tropical cyclones. Wu and Kuo (1999) provide an excellent review of current
understanding of typhoons that effect Taiwan. The challenge of predicting heavy rainfall
and track associated with TCs affecting Taiwan is the primary motivation of this thesis.
Chapter 2 provides an extensive review of the literature and provides background
to the study of the dynamics of orographic rainfall and track deflection. Prior studies
involving precipitation parameterization are also reviewed.

In Chapter 3 numerical

simulations using the PSU/NCAR MM5 model (Grell et al. 1994) are used to investigate
the dynamics of orographic rainfall associated with the passage of a typhoon over the
CMR. Also, the sensitivity of track, intensity, and rainfall to various subgrid-scale
cumulus parameterization and resolvable-scale microphysics schemes is examined at 21
and 7 km grid spacing. In Chapter 4, numerical simulations using the PSU/NCAR MM5
and analyses are used to study the dynamics of track deflection associated with the
passage of typhoons over the CMR.
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2. Literature Review
2.1 Track Deflection and Orographic Rainfall
There is a rich body of observational and numerical studies concerning the effects
on the circulation of a typhoon as it approaches Taiwan. Lin et al. (1993) and Wu and
Kuo (1996) provided excellent synopses of previous work on typhoons affecting Taiwan.
Brand and Blelloch (1974) conducted one of the earlier observational studies of westward
moving typhoons hitting Taiwan.

They found that these storms typically have a

northward deflection in the track close to Taiwan. They also observed a southward
deflection after the storm crossed over Taiwan. The authors also found that maximum
sustained winds typically decreased around 40% after interaction with Taiwan. The
decay of the systems usually began 12 h prior to landfall of the center. Chu et al. (1977)
used a streamline analysis to show complicated flow structures when a typhoon
approaches Taiwan, including vortex shedding and flow separation.

Wang (1980)

compiled one of the first comprehensive datasets for typhoons affecting Taiwan. He
summarized the path and behavior of 53 typhoons approaching Taiwan between 1946 and
1975.

Similar to Brand and Blelloch (1974), he found that some typhoons took a

cyclonic track when passing over Taiwan. Weaker typhoons tended to ‘pass’ over the
island by forming a secondary circulation center on the lee side, with the original center
blocked by the terrain, making the track discontinuous (Fig. 1). The secondary center
may also remain a separate entity, with the original circulation remaining intact as it
crosses Taiwan. These storms tended to be stronger and would have had a continuous
track (Fig. 2).
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Chang (1982) was one of the first numerical modeling efforts concerning
orographic influences on tropical cyclone.

He used a primitive equation model to

simulate a gradient wind balanced vortex crossing highly idealized topography with 60
km horizontal resolution and 7 vertical levels. Consistent with other studies, the vortex
experienced a forward acceleration while the intensity was reduced. Due to the blocking
effects of the mountain, the air flowed around rather than over the mountain. This pattern
created a ridge on the windward side and a trough on the lee side of the mountain. The
passage of the tropical cyclone induced a mean cyclonic flow around the mountain,
strongest at lower levels. The blocking and general cyclonic flow combine to induce a
cyclonic track around the north end of the mountain. Latent heating was shown to be
responsible for the general cyclonic circulation around the mountain. When it was turned
off, winds were generally anticyclonic, and the vortex was blocked at low-levels. A
secondary vortex formed on the lee side, and was able to develop when the upper level
vortex came in phase. The diabatic effects were also studied via the use of a 700 mb
vorticity budget analysis. Convergence from latent heating and surface friction produce
the strongest vorticity field, and help maintain the vorticity of the cyclone.

A

combination of lee-side vorticity stretching and horizontal positive vorticity advection
creates mean positive vorticity around the mountain. A drawback of the study was the
inability to produce a stronger vortex, which was likely due to the course horizontal
resolution of 60 km.
Bender et al. (1987) investigated track deflection around the islands of
Hispaniola, Taiwan, and Luzon. They used a triply nested mesh model to study the
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behavior of tropical cyclones affecting these islands, each of which has significant
terrain. A vortex was inserted into the model and advected at speeds of 5 and 10 ms-1
into the islands of interest. Each of the islands induced some track deflection, with
Taiwan having the greatest effects. For the 5 ms-1 easterly flow (T5), the simulated storm
accelerated and veered to the north well before reaching Taiwan. From a parallel run
with no vortex, it was shown that the deflection of the storm to the north and subsequent
acceleration was due to the influence of the CMR on the basic flow, and some additional
northward acceleration due to the interaction of the vortex circulation with the mountain
range. In the stronger 10 ms-1 flow (T10), secondary surface lows develop in the lee of
the CMR. In this case, the upper level circulation detached from the original surface low
and eventually couples with the secondary one. Both storms began to decay before
making landfall. During the 10 hours prior to landfall, experiment T5 decayed from 50
ms-1 to 33 ms-1, and was reduced down to 27 ms-1 after interaction with Taiwan. For
experiment T10, decay did not commence until 3 hours prior to landfall. The entrainment
of dry air coming east off the CMR and into the circulation was cited as a primary reason
for the weakening.
Yeh and Elsberry (1993a) used a combination of observations and numerical
modeling results to study the upstream track deflection of tropical cyclones approaching
Taiwan from the east.

From a study of over 50 Typhoons, it was found that the

translation speed accelerates from 4.5 ms-1 to about 6 ms-1, and is more likely due to
accelerations in the environmental flow rather than orographic effects of Taiwan. The
long-track acceleration as seen to be of greater magnitude in weaker storms, as well as in
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slower moving storms moving slower than 6 ms-1. The cross-track deflection was found
to be consistent with a blocking regime, meaning that storms approaching the northern
portion of Taiwan were deflected to the north, and those approaching the south were
deflected to the south. However, storms deflect back toward the island just prior to
landfall. Figure 3 shows the different along-track and cross track deflection regimes. In
region B, storms experienced a zonal deceleration and the track was defected southward.
Nearer the Taiwan in region C, storms approaching from the south were seen to have
larger deflections, due to more of the right side of the circulation impinging on the CMR.
This results in the formation of an asymmetric flow across the center, which deflects the
storm to the north. Removing the vortex from the model simulations revealed this
asymmetric flow, also referred to as a ventilation flow, which causes a slowing of the
forward motion and a deflection to the north for southward approaching storms.
Northward approaching storms experience a zonal acceleration and some southward
deflection from the blocking affects as the storm draws near the CMR. However, recent
studies (Lin et al. 2003) found no evidence to support the ventilation mechanism.
Yeh and Elsberry (1993b) continue their study of typhoon interaction with
Taiwan by discussing the track continuity as a storm crosses the CMR. Numerical
simulations that were performed did a reasonable job of matching observations. Storms
approaching the northern portion of Taiwan are more likely to have a continuous track
around the northern end of the island. The right side of the northern storms interacts less
directly with the CMR. Also, the mean flow tends to be deflected to the north of the
island. As a result, the inner core of the northern storms more likely to remain intact.
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Typhoons approaching the south and central portion of the island are more likely to have
a discontinuous track. For these storms, the right side of the circulation impinges directly
on the CMR. Also, the mean flow tends to be more blocked, so the inner core of the
typhoon must interact and cross over the rugged terrain of the CMR, leading to a slowing
of the winds and a filling of the central pressure. The horizontal and vertical structure of
the storm is greatly distorted, and the lower level circulation will often decouple from the
upper level one. Usually the surface center will be completely destroyed, while the upper
level center will survive. Once across the CMR, the upper level center will tend to build
down to the surface. This type of reorganization is described as “top-down” mechanism.
Another is the “bottom-up" mechanism. For this type, either a new low-level center in
the lee of the CMR or the terrain-induced pressure trough may become the new center as
the typhoon reorganizes.
Lin et al. (1999, LHHH) used a primitive equation model with no moist or
boundary layer processes and idealized terrain to investigate the track deflection problem.
For uniform flows with low Froude number (e.g. Fr = 0.4), the flow tends to split. A pair
of vorticity centers, one positive and one negative, is produced and shed downstream.
Higher Froude numbers (Fr = 0.8) allow some flow to pass over the mountain, producing
breaking waves on the lee slope. For a westward moving cyclone impinging on the
mountain, a northerly surface jet formed upstream of the mountain and between the
cyclone and the mountain, due to blocking and channeling effects. This effect caused a
deceleration and southward deflection of the cyclone.

Some cases of southward

deflection have been noted in prior studies (Wang 1980). An increase in Froude number
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is typically seen as a cyclone closes in on the mountain, Froude number increases. The
low-level vorticity and pressure centers are blocked by the mountain, turning the storm to
the south. An increase in low-level vorticity and the formation of secondary circulation
are attributed to an increase in potential vorticity (PV), caused by wave breaking
associated with severe downslope winds and hydraulic jumps. As a result, the cyclone
appears to accelerate when crossing the mountain. Adiabatic warming from downslope
winds help to push the track of the low pressure center to the south.
Lin et al. (2001) proposes a list of common ingredients for heavy orographic
rainfall.

The list includes the following: 1) a conditionally or potentially unstable

airstream impinging on the mountains, 2) a very moist low-level jet (LLJ), 3) a steep
mountain, and 4) a quasi-stationary synoptic system to slow the convective system over
the threat area. A case study of tropical systems affecting Taiwan and Japan showed that
the first 3 requirements are satisfied and are enough themselves to produce heavy rainfall.
For slow moving systems, even greater amounts of rainfall are produced.
Using the Geophysical Fluid Dynamics Laboratory (GFDL) hurricane model, Wu
(2001) studied the interaction of Typhoon Gladys (1994) with the Taiwan terrain. As in
LHHH, Gladys experienced a southward deflection and deceleration upon approach to
Taiwan. After crossing Taiwan, Gladys accelerated to the northwest. Wu suggested that
moist processes were responsible for this acceleration, since this phenomena was not seen
in LHHH. The weakening during landfall was underestimated, and was due mainly to the
cutoff of the source of water vapor in the boundary layer as the storm approached
Taiwan. Though the predicted precipitation was underestimated, the overall distribution
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and the location of the maxima were well simulated. The location of the secondary
mesolows also matched observations fairly well.

The mesolow located east of the

mountains was shown to be caused by downslope adiabatic warming (foehn) associated
with the circulation of Gladys, and helped to pull the low center slightly south of west
when it crossed Taiwan. A PV budget analysis showed that condensational heating 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. A simulation with no
terrain resulted in the circulation crossing Taiwan further to the south. Increasing the
storm size and strength caused the storm to miss Taiwan to the north, showing the
sensitivity to initial specifications of the bogus vortex.
Wu et al. (2002) used a high-resolution (2.2 km) model to study the track,
intensity, and rainfall distribution associated with Typhoon Herb (1996) over Taiwan.
Herb took a similar track to Gladys, passing over the northern portion of the island. The
model accounted for 70 % of the peak observed rainfall of 1766 mm. The model terrain
was shown to be very important in properly simulating the rainfall distribution. Reducing
the terrain resolution caused a degradation in the predicted rainfall distribution. As in Lin
et al. (2001), topographically induced vertical motions were shown to be a significant
forcing mechanism for the heavy rainfall.
Lin et al. (2002) adopted Naval Research Laboratory's (NRL) 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
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typhoon was found to be discontinuous, while the observed track was continuous. This is
likely due to the lack of specifying a ‘bogus’ vortex at the initialization time, causing the
storm to be too weak at landfall. The model storm and the observed storm were deflected
north before landfall, and then back south afterward, consistent with previous studies.
The general distribution of rainfall generated by the model was good, but total amounts
were overpredicted at both 15 km and 5 km grid spacing. A flux model, proposed by Lin
et al. (2001), is used to help predict rainfall. The vertical moisture flux compare well
with the observed rainfall patterns. The orographic moisture flux showed that most of the
rain over the CMR was due to terrain-induced forcing, rather than with rain bands
associated with the circulation of Bilis.
Chiao and Lin (2003) also used the NRL’s COAMPS to investigate orographic
rainfall enhancement during the passage of Tropical Storm Rachel (1999) over Taiwan
from the southwest.

Sensitivity experiments with no terrain over Taiwan failed to

produce the heavy rainfall that was observed, while experiments with real terrain had
good rainfall distributions with a slight high bias. Prior to Rachel’s landfall, a low-level
jet with high θe air impinged on the CMR, causing heavy rains. Later, much of the
rainfall was due to rain bands interacting the high topography. The general vertical
moisture flux and orographically induced vertical moisture flux were also examined. It
was found that the rainfall distribution over the mountains roughly coincided with the
orographic moisture flux, meaning terrain induced vertical motions were largely
responsible for the heavy rainfall in the mountains.
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Lin et al. (2001,2003) proposed some control parameters for diagnosing track
deflection and continuity for a TC passing over the Central Mountain Range of Taiwan.
From idealized simulations, it was found that larger Vmax/Nh, U/Nh, and Vmax/Rf lead to
larger track deflections, where Vmax and R are the maximum tangential wind and radius of
the tropical cyclone, N the Brunt–Väisälä frequency, h the maximum mountain height, U
is the speed of the basic flow, and f the Coriolis parameter. Larger values are derived
from stronger and/or faster moving storms, leading to a continuous track.

The kinetic

energy associated with the TC makes the orographic blocking relatively weaker, allowing
the original center to maintain its integrity as it crosses the CMR. Smaller values lead to
a discontinuous track. Smaller values are associated with weaker storms and stronger
orographic blocking, which leads the storm to be blocked by the CMR.

2.2 Model Sensitivities
Kuo et al. (1996) conducted a model sensitivity study of the explosive
development of an extra-tropical cyclone.

They found that the model was highly

sensitive to the choice of sub-grid scale (cumulus) scheme at both 60 and 20 km grid
spacing.

The model was not very sensitive to the choice of resolvable-scale

microphysics. Individual schemes had similar levels of activity at both the 60 km and 20
km grid spacing. The Kain-Fritsch (KF) scheme produced the best results for both
domain resolutions. The most active scheme was Anthes-Kuo, followed by Betts-Miller,
KF, and Grell. Simulations using the KF and Grell schemes, along with simulations with
no-cumulus scheme were able to produce mesoscale low pressures along the cold front.
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The amount and intensity of mesolows was related to the activity of the various schemes,
with AK having the least, and no-cumulus having most. Based on this study, it is evident
that the choice of cumulus scheme has a much bigger impact on the prediction of midlatitude system than the choice of microphysical scheme.
Wang and Seaman (1997) also used the MM5 to test the four schemes mentioned
above. The scheme were tested for both warm and cold seasons in the central United
States. The schemes generally produced better results for cold season events than for
warm season ones. This may suggest that cumulus schemes may not work very well in
the tropics, which in general could be considered “warm season”. The KF and Grell
schemes showed better skill in the warm season, likely due to the inclusion of mesoscale
downdrafts in the two schemes. As in Kuo et al. (1996), this study revealed that ratios of
convective to explicit rainfall were consistent between the 36 km and 12 km grid spacing.
For mesoscale convective system (MCS), AK was considered to produce too high a ratio
of convective precipitation, with nearly the entire total rainfall caused by the scheme,
while the Grell scheme had too low a ratio, with nearly all the rainfall from the explicit
scheme.

Tropical cyclones have convective and stratiform regions similar in some

respects to MCSs, suggesting that Grell and AK may not be ideal for simulating tropical
cyclones. The KF scheme generally had the best performance of all the schemes.
Davis and Bosart (2002) performed a sensitivity study on the genesis of hurricane
Diana (1984). They found highly variable results among the CP schemes. The farthest
west storm tracks were associated with schemes that allowed greater and more
widespread explicit precipitation, associated upward mass flux, and divergent outflow
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aloft. The BM, Grell, and explicit only runs produced tracks further west and closer to
observations than the KF scheme. However, it is argued that the further west track was
fortuitous, due to the presence of numerous intense, almost grid-scale vortices.
Initializing the models 12 hours later results in the KF scheme producing the best track.
However, the KF scheme intensified the storm too rapidly. In the meantime, the BM,
Grell, and no-CP simulations produced weaker storms than observations, due with their
lesser amounts of grid-scale overturning seen with the Grell scheme, or no overturning
with BM and no CP simulations. The sensitivity to the explicit scheme was much less
than the sensitivities to the cumulus scheme and sensitivities to initialization.
As model resolution increases, the impact of cumulus parameterization decreases
and that of microphysical parameterization increases. Previous studies have shown that
intensity is very sensitive to cumulus parameterization, so it is advantageous to reduce the
grid-scale small enough so a cumulus scheme is unnecessary. Using a triple-nested
model, Wang (2002) tested three different schemes, one a warm rain scheme, another a
mixed phase 3-ice class scheme with cloud ice, snow, and graupel, and a third with hail
instead of graupel. Each of the three schemes produced similar intensities of tropical
cyclones, showing that intensity of a tropical cyclone is not especially sensitive to the
microphysical parameterization.
Lord et al. (1984) was one of the first studies to cater a microphysics scheme
toward a hurricane environment. Lord et al. modified the Lin et al. (1983) scheme by
changing the density of graupel and the intercept parameter of rain to better represent the
hurricane environment. Model results using the improved scheme were improved over
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those using the Lin et al. scheme. This is due to the use of a slower fall speed for
graupel/hail hydrometeors. These hydrometeors are able to remain above the freezing
level and grow larger, which affects the downdrafts caused by the latent cooling of the
melting graupel/hail.
McCumber et al. (1991) found that a three-ice class scheme produced superior
results compared to a two ice or ice free scheme for tropical convection. The best
scheme used a cloud ice-snow-graupel mix of bulk ice hydrometeors.

Rainfall

predictions using a 3-ice class scheme were shown to be better than that obtained using a
2-ice and an ice-free scheme. Specifically, a 3-ice class scheme, which included graupel
rather than hail, produced the best results. The graupel scheme was the closest to the
observed rainfall, and was able to produce a bright band near the freezing level similar to
that seen in radar observations.
Ferrier (1993, 1994) proposes a 4-class ice scheme, where both graupel and hail
are included in the prognostic equations. Comparisons were made between the 3-ice
schemes of Rutledge and Hobbs (1984), which contains graupel, and Lin et al. (1983),
which contains hail, to the 4-ice scheme which includes both of these. The 4-ice scheme
produced results that were the closest to observations of all the schemes. The drawback
to Ferrier’s scheme is that it is very computationally expensive. A version of Ferrier’s
scheme is available in the operational ETA model, as well as with the WRF model.
The resolution of the model also has a major effect on results. From Molinari and
Dudek (1993) and others, a gray area exists for grid sizes less than 20 km down to
approximately 2 km. In this range, the grid size becomes small enough to resolve some
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mesoscale features.

Convective parameterization is designed to account for such

features, meaning that one has to carefully choose the convective scheme at this
resolution. Recent modifications to the Kain-Fritsch (Kain 2003), Betts-Miller-Janic
(1993), and Grell (Grell 1993) schemes make attempts to resolve this issue. Weisman et
al. (1997) found that grid spacing of 4 km and less is sufficient to explicitly resolve a
convective squall line.

Greater grid-spacing resulted in a slower evolution of the

convective system, from too much upward vertical motion, and not enough downward
motion. Operational models are currently being run with convective schemes with grid
spacing down to 12 km. Between 4 and 12 km, it is unclear whether it is appropriate to
use a convective scheme. Unless a suitable hybrid scheme can be developed, it may be
best to avoid this range of grid spacing if possible.
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Figure 1. 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 (from Wang, 1980).

Figure 2. Paths of selected typhoons that had a continuous track around Taiwan. Also
shown is the terrain of Taiwan, with contours every 1000 m (from Wang, 1980).
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Figure 3. Schematic summary of upstream track deflection in three regions for westmoving tropical cyclones approaching Taiwan (from Yeh and Elsberry, 1993a).
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3. Dynamics of Orographic Rain Associated with the
Passage of a Tropical Cyclone over a Mesoscale Mountain
Abstract
In this study, the Penn State/NCAR MM5 Mesoscale Model was used to simulate
Supertyphoon Bilis (2000) in order to investigate the dynamics of orographic rainfall
associated with the passage of typhoons over the Central Mountain Range (CMR) of
Taiwan. In the first part, we identified many factors present in this case to support heavy
rainfall, based on Lin et al. (2001). The most important factors appear to be the presence
of convective available potential energy (CAPE), a potentially unstable layer, a very
moist airstream impinging on the CMR, and the presence of a low level wind maximum
associated with the outer circulation of the typhoon. A moisture flux model was also
used to estimate rainfall and the relevant dynamics.
The second portion of this study was concerned with the sensitivity of track,
intensity, and rainfall to various subgrid-scale cumulus parameterization and resolvable
scale microphysics schemes in simulations of Bilis at 21 and 7 km. The amount of
rainfall over the CMR was sensitive to the cumulus scheme, even though most of the
rainfall over the CMR was generated by the microphysics scheme. The more active
schemes modified and stabilized the environment around Bilis, resulting in less rainfall
over the CMR. The track and intensity was also highly sensitive to the cumulus scheme.
Varying the microphysical parameterization had relatively minor effects on the
simulation. The inclusion of graupel reduced the amount of rainfall in the lee of the
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CMR, due to its higher fall-speed relative to snow. Also, the structure of the simulated
storms when a 3-ice scheme was used was better than the 2-ice schemes.
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1. Introduction
Taiwan is extremely vulnerable to the influences of tropical cyclones (TCs). In a
typical year, three or four typhoons have an impact on the island nation, with one or two
making landfall. However, a typhoon does not need to make direct landfall for Taiwan to
experience damaging winds and heavy rains. The forecasting of typhoons around Taiwan
is complicated by the rugged topography of Taiwan’s Central Mountain Range (CMR),
which has an average elevation of 3000 m and a dimension of 300 km X 100 km. The
isolated nature of Taiwan makes it an ideal environment for research into the orographic
effect on tropical cyclones. Wu and Kuo (1999) provide an excellent review of current
understanding of typhoons that effect Taiwan. The challenge of predicting heavy rainfall
associated with TCs affecting Taiwan is the primary motivation of this study.
A TC affecting Taiwan satisfies many of the critical ingredients for heavy
orographic rainfall proposed by Lin et al. (2001).

These ingredients are: 1) steep

mountain orography, 2) a low level jet, 3) high moisture upstream, 4) a high precipitation
efficiency of the incoming airstream, 5) a conditionally or potentially unstable airstream
upstream, 6) favorable mountain geometry (i.e. a concave region) to assist in the
convergence of the flow, 7) strong synoptically forced upward vertical motion, 8) a large
convective system, 9) slow movement of the convective system. We will use fine scale
simulations of Supertyphoon Bilis (2000) to demonstrate that most of these ingredients
were satisfied for that case. Based on the above common ingredients, Lin et al. (2002)
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proposed the use of a flux model to estimate orographic rainfall and distribution. One of
these is the orographically induced moisture flux, ( V ⋅ ∇h)q , where V is the flow
impinging on the mountain, h the terrain height, and q the water vapor mixing ratio of the
incoming flow (Lin et al. 2001). This flux, along with the general vertical moisture flux,
wq, will be calculated and compared with both observed and model derived rainfall. We
will also derive and use a more rigorous form of the moisture flux,
Great strides have been made in the numerical modeling of tropical cyclones
(TCs) in the last decade. Major improvements in simulating TCs have been seen by
reducing the grid spacing below 10 km, while grid spacing less than 5 km is able to
resolve fine-scale structure such as the eye wall, feeder bands, and storm outflow (Tripoli
1992; Liu et al. 1997; Braun and Tau 2000; Davis and Bosart 2002).

By using higher

resolution one can avoid the using convective parameterization. This is advantageous
because the track of TCs has been show to be highly sensitive to cumulus
parameterization (Davis and Bosart 2002). Similar sensitivities have been identified for
mid-latitude systems (Kuo et al. 1996). At the same time, the sensitivity of the track,
intensity, and rainfall for microphysical parameterization has been shown to be small
compared to that for cumulus parameterization (Kuo et al. 1996, Wang 2002). However,
Colle et al. (2003) showed that precipitation amount and distribution over mountainous
regions may be sensitive to the microphysics scheme. One focus of this study is to
determine the performance of cumulus and microphysical parameterization schemes for
TCs affecting Taiwan.
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There is a growing body of research concerning the simulation of TCs affecting
Taiwan. Early modeling efforts were mostly idealized simulations (Chang 1982; Yeh
and Elsberry 1993b; Smith and Smith 1995; Lin et al. 1997, 2001). More recently,
mesoscale models have been used to simulate real TCs. Wu (2001) used the GFDL
model to produce an accurate track for Typhoon Gladys (1994). Rainfall amounts were
also well simulated, though the distribution and location was somewhat different from
observations. Wu et al. (2002) used the Penn State/NCAR mesoscale model MM5 to
produce an accurate simulation of Typhoon Herb (1996). Modeled rainfall improved as
the resolution was increased. The 2.2 km domain rainfall was superior, but was still 30%
less than the observed rainfall. Lin et al. (2001) used Rutledge and Hobbs microphysics
in simulations of Bilis using the US Navy COAMPS model. Modeled rainfall in that
study was much greater than what was observed.
In this study we will use a mesoscale model to first identify the physical
mechanisms responsible for heavy rainfall from a TC affecting Taiwan. Then we will
investigate the sensitivity of tropical cyclone strength, track, and rainfall to cumulus and
microphysical parameterization schemes available with the MM5. The experiments are
performed for one case, Typhoon Bilis (2000), which caused heavy rainfall and damage
on Taiwan.

Using the Penn State mesoscale model MM5, we hope to improve upon the

previous studies of TCs affecting Taiwan.
This paper is organized as follows.

Section 2 will discuss the synoptic

environments and the MM5 model configuration. In section 3, we will discuss control
simulation and use it to investigate mechanisms for orographic rainfall. In section 4, we
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will discuss the sensitivity of track, strength, and rainfall to various cumulus
parameterization schemes. In section 5, we will discuss the sensitivity of track, strength,
and rainfall to various microphysical parameterization schemes. Concluding remarks
will be made in section 6.

2. Summary of Supertyphoon Bilis, Model Description, and
Experiment Design
2.1 Summary of the observed tropical cyclone
Supertyphoon Bilis (2000) formed as a tropical depression northwest of Yap
Island at 1200 UTC 18 August 2000. It followed an almost straight northwesterly track
approaching Taiwan and became 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
(121.4oE, 23.1oN) around 1400 UTC 22 August 2000. The best track from the Joint
Typhoon Warning Center is shown in Fig. 2.1. The storm produced a maximum wind of
70 ms-1 and heavy rainfall of 949 mm in 20 h measured at Yu-Li in northeast Taiwan.
Several people died or were seriously hurt by mudslides triggered by the heavy rainfall in
Taiwan. Just before landfall, Bilis turned north and followed a cyclonic track across the
island, which is similar to many previous observed and simulated TCs passing over
Taiwan (Wang 1980; reviewed briefly in Lin et al. 1999). A well-defined eye was noted
with Bilis as it approached Taiwan (Figs 2.2a and 2.3a). After landfall in Taiwan, it
weakened rapidly and made landfall on the southeast coast of China around 1200 UTC 23
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August. The interaction with the high terrain of the CMR helped to significantly weaken
Bilis. Both satellite (Fig. 2.2b) and radar (Fig. 2.3b) imagery illustrate this beautifully.
Figure 2.4a shows the observed synoptic environment across eastern Asia and the
northwestern Pacific Ocean at 0000 UTC 22 August 2000 (denoted as 22/00Z) from
Taiwan’s Central Weather Bureau (CWB). Another tropical system, Tropical Storm
Kaemi, was near the central coast of Vietnam, and made landfall 12 hours later and
dissipated inland on Indo-China Peninsula. To the north and northeast of Bilis there was
a persistent but spatially small area of high pressure that moved generally westward
through the region of the outer coarse model domain into the middle domain by the end
of the simulation period. These high-pressure systems, along with Tropical Storm Kaemi
and the north Pacific high, tended to help advect or steer Bilis northwestward toward
Taiwan. There were no mid-latitude frontal features in the area to influence the track and
rainfall of Bilis. Similar features can be seen in the 700 mb analysis (Fig. 2.4b). On the
700 mb analysis a low level jet (LLJ) can be seen associated with the circulation of Bilis,
impinging on the CMR. It will be shown later that the LLJ was a significant factor in the
formation of heavy rainfall over Taiwan. The 500 mb and 300 mb charts (Figs. 2.4c and
2.4d) show an upper-level high pressure centered halfway between Taiwan and Japan,
with general ridging extending to the east and west. This persistent feature helped to
steer Bilis to the northwest toward Taiwan, and also to shield Bilis from the trough to the
north.
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2.2 Model Description and Experiment Design
To study supertyphoon Bilis, we used the Penn State/NCAR MM5 v3.5 model.
The model solves the fully compressible, nonhydrostatic governing equations in the σ - z
vertical coordinates. Details of the model can be found in Duhdia (1996) and Grell et al.
(1994). The Blackadar scheme is used to parameterize the planetary boundary layer
(PBL) processes including surface fluxes and friction (Zhang and Anthes 1982). The 1km 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 Center 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 conditions during model integration. The sea
surface temperatures were initialized from the navy SST (NAVSST) analysis.

All

experiments are integrated for a period of 48 hours from 1200 UTC 21 August to 1200
UTC 23 August 2000. Because the initial data is too coarse to properly capture a tropical
cyclone, the re-analysis vortex is removed and a bogus vortex with 70 ms-1 maximum
tangential winds is inserted using the bogussing scheme of Low-Nam and Davis (2001)
and Davis and Low-Nam (2001).
There are three nested domains designed for the simulations (Fig. 2.5a). Domain
1 uses a 21-km grid spacing and 200x200 grid points in the horizontal. Domain 2 uses a
7-km grid spacing and 199x199 grid points. Domain 3 uses a 2.33 km grid spacing and
265x244 grid points. The terrain for domain 3 is shown in Fig. 2.5b. There are 33 sigma
levels (1.00, .995, .99, .98, .97, .96, .95, .94, .93, .92, .91, .90, .89, .87, .85, .83, .80, .77,
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.74, .70, .65, .60, .55, .50, .45, .40, .35, .30, .25, .20, .15, .10, .05, .00) with high
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 4 s, respectively.
For the sensitivity tests of subgrid scale moist convective processes, four
different simulations with four different cumulus parameterization schemes, are made at
the 21 km domain. Goddard-Lin microphysics (discussed below) is the resolvable scale
microphysical parameterization used in all the cumulus parameterization sensitivity tests.
The four different schemes tested are: Betts-Miller (case CON21), Anthes-Kuo (AK21),
Grell (GR21), and Kain-Fritsch (KF21). An additional simulation is made with the
cumulus parameterization turned off (case NN21).
The Betts-Miller scheme was first described in Betts and Miller (1986). When
triggered, the scheme adjusts the vertical thermal and moisture profiles toward specific
reference profiles characterized by a quasi-equilibrium state established by deep
convection. The scheme is triggered for either shallow or deep convection. Downdrafts
for deep convection are also included in the scheme (Betts and Miller 1993).
The Anthes-Kuo scheme is a modified version of the Kuo scheme (Kuo 1974,
Anthes et al. 1987, Grell et al. 1994). The scheme uses column-integrated moisture
convergence to determine the amount of rainfall, convective heating, and moistening
within the column. The scheme activates when conditional instability exists and the
moisture convergence exceeds a critical value.
scheme.

Downdrafts are not present in this
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The Grell (1993) scheme is a one-cloud version of the Arakawa-Schubert (1974)
scheme with the inclusion of downdrafts. When activated, the Grell scheme generates a
single deep cloud. The scheme is triggered when a low-level parcel is lifted less than 50
mb before reaching the level of free convection, and the cloud depth exceeds 150 mb.
Entrainment is not considered within the cloud layer. The subgrid precipitation is a
function of the amount of condensate in the updraft, the cloud-base mass flux, and a
precipitation efficiency function calculated from the mean wind shear in the lower
troposphere.
The Kain-Fritsch scheme used in this paper is based on Kain and Fritsch (1993).
Convection is triggered by CAPE at a specific grid point. When convection is triggered,
it consumes the CAPE within the column during a specified advective time period. For
the scheme to activate, the cloud depth must be greater than 4 km whenever the
temperature at the LCL is greater than 20 ˚C (Kain 2003). This is generally the case for
convection around a tropical system. As the cloud base temperature drops, the critical
cloud depth also drops, until at and below 0 ˚C, the critical cloud depth becomes 2 km.
Shallow convection is activated if all parameters are met except for the critical cloud
depth, and work in a similar way to the shallow convection used in the Betts-Miller
scheme (Kain 2003). In older versions, shallow convection was assumed to be handled
by the grid-scale microphysical parameterization. The Kain-Fritsch scheme has the most
sophisticated cloud model, including entrainment, detrainment, and moist downdrafts.
In the sensitivity tests of grid-scale microphysical parameterization, the BettsMiller cumulus scheme is used in the 21 km domain, while no cumulus scheme is used in
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the 7 km domain.

Four different resolvable-scale microphysical parameterization

schemes (MPS) tested are simple ice (cases SI21 and SI7), mixed phase (MP21 and
MP7), Goddard-Lin (CON21, CON7), and Reisner2 (RS21 and RS7). In all model
integrations, the same microphysical parameterization is used in both the 21 km and 7 km
domains. The first scheme is the Simple Ice by Duhdia (1989). Essentially, there are
prognostic equations for cloud ice, cloud water, snow, and rain. The scheme is called
‘simple’ because of the following: 1.) there is no graupel/hail; 2.) any cloud and liquid
water carried upward instantaneously freezes (meaning no supercooled water); and 3.)
snow melts instantaneously once it falls below the freezing level. The mixed phase
scheme, by Reisner et al. (1993), contains prognostic equations for water vapor, cloud
water, cloud ice, rain, and snow. Water and ice can coexist above the freezing level,
allowing the effects of supercooled water drops to be included. Slow melting of snow
below the freezing level is also included. The final schemes used are modifications of the
scheme proposed by Lin et al. (1983). The Goddard-Lin scheme, proposed by Tao and
Simpson (1993), contains six classes of water substances, including graupel. The last
scheme, Reisner 2 (Reisner et al. 1998), is based the older mixed phase scheme, but adds
graupel and ice number concentration prediction equations.
Another set of experiments tested the effect of a cumulus scheme in the 21 km
domain on the model results within the 7 km domain. One set of simulations consisted of
using the BM scheme at 21 km (CON21), and then nesting down to 7 km with the
cumulus scheme turned off (CON7). In another experiment, the cumulus scheme was
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turned off in both domains (NN7). Goddard-Lin grid-explicit microphysics was used
throughout.
A final set of sensitivity tests was made using the 7 km domain to test the effects
of cumulus schemes at that resolution. Using the 21 km simulation with BM CPS and
Goddard-Lin MPS as boundary conditions, three simulations were made with Grell
(GR7), KF (KF7), and no CPS (CON7).

Goddard-Lin MPS was the grid-scale

parameterization for these model integrations. For a complete list of all simulations,
readers are referred to Table 1.

3. Orographic Rain Formation and Distribution
3.1 Comparison of the 3 Control Domains
To obtain accurate rainfall prediction for a tropical system passing over complex
terrain, one needs a cyclone track that is very close to observations. For Typhoon Bilis, a
control run has been established where the model track closely matches the observed
track in the 21 km, 7 km, and 2.33 km domains. Figure 3.1 shows the observed track and
model tracks CON21, CON7, and CON2, which represent the 21 km, 7 km, and 2.33 km
domains, respectively. The timing of model landfalls lags the observed landfall by less
than 1 hour. The farthest point of landfall was approximately 40 km south of observations
for CON-21, while those of CON-7 and CON-2 were even closer. Given the small track
error in all domains, a meaningful rainfall distribution should be obtained for all domains.
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Figure 3.2 shows the observed 24 hour rainfall ending 0000 UTC 23 August
2000. An extensive area of rainfall in excess of 200 mm is present on the east slopes of
the CMR to the north of Taitung, where Bilis made landfall. Of the areas north Taitung,
there were two areas of maximum rainfall. The northern maximum was near 700 mm,
and was associated with outer parts of the typhoon circulation impinging on this portion
of the CMR. A radar image at 1200 UTC 22 August (Fig. 3.3) shows a prominent feeder
band impinging on this general area. A southern maximum of nearly 500 mm is located
just north of the landfall area, where the intense eyewall convection would have made
landfall. Another maximum of approximately 300 mm is located to the south of where
the center crossed Taiwan. This area would have experienced upslope westerly flow on
the south side of the circulation as the typhoon crossed over Taiwan.
The rainfall simulated in case CON21 was generally too low. Figure 3.4 shows
the total 24 hour rainfall, produced by the Betts-Miller convective parameterization
scheme plus the Goddard-Lin grid-explicit microphysical scheme. Maximum rainfall
amounts to the north of Taitung are slightly more than half of observations.

The

maximum rainfall in the south is close to observations. The general distribution of
rainfall over 200 mm is also well predicted. The under-prediction of rain in the northern
CMR is likely partly due to resolution.

In section 5, the effects of cumulus

parameterization within the 21 km domain will be further explored.
Reducing the resolution to 7 km has the effect of increasing the rainfall amounts.
Maximum 24 hour rainfall ending 30 Aug 0000 UTC for run CON7 (Fig. 3.5) was 670
mm in the central CMR, with amounts exceeding 500 mm in the highest terrain in both
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the northern CMR and the southern CMR. The maximum of 670 mm was not in the
correct location, but was close to the maximum 24 hour rainfall observed for all of
Taiwan. Amounts in the southern CMR were grossly over predicted, by nearly a factor
of 2. The southern maximum is consistently over predicted no matter what model
configuration is used.

The effects of microphysical parameterization at the 7 km

resolution will be discussed in section 5, while the effects of cumulus parameterization at
7 km resolution will be examined in section 4.2.
Case CON2 produced highly detailed rainfall distribution.

At the 2.33 km

resolution, one can see the individual mountains responsible for local rainfall maximums.
The distribution of 24 hour rainfall (Fig. 3.6) is quite similar to run CON7. The area of
rainfall over 200 mm is similar. Rainfall amounts over the ocean are very similar. The
major differences of CON2 vs. CON21 and CON7 were in the maximum amounts over
the mountains, due to the lower grid-spacing and higher model terrain. The maximum
rainfall was 844 mm, and was located very close to the observed maximum. However, it
was over 100 mm greater than observations. A similar magnitude of over-prediction was
seen throughout the CMR north of the typhoon track. Predicted rainfall in the south was
over predicted even more. Model rainfall was 765 mm, compared to observed rainfall of
near 300 mm.

Despite the over-prediction, we will use run CON2 to analyze the

mechanisms that produce extremely heavy rainfall during typhoon Bilis.
3.2 Common ingredients for heavy orographic rainfall
The majority of the rainfall fell during the 6-hour period from 1200 to 1800 UTC
22 August, during which Bilis made landfall at approximately 1500 UTC. Depicted in
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Figs. 3.7a and 3.7b are the observed 3-hour precipitation amounts ending at 1500 UTC
and 1800 UTC. Corresponding simulated amounts from CON2 are shown in Figs. 3.7c
and 3.7d. The model track of Bilis and position at the end of the 3 hours is also shown in
Fig. 3.7b. In both the observations and model predictions, a dipole pattern is readily
apparent. Rainfall associated with the maximum north of the track is due to the easterly
winds of the outer circulation to the north of the center impinging on the CMR. Near
where the center of Bilis tracked, there is a relative minimum in rainfall, as the northerly
winds associated with the forward part of the circulation would have been parallel to the
CMR, and thus the rainfall would have been more difficult to be produced by orography.
The southern maximum is associated with southwesterly winds on the south of the
circulation, drawing air from the Taiwan Strait east into the south portion of the CMR.
During 1200-1500 UTC, the CON2 predicted rainfall has the maxima in the north and the
south of the CMR, and a minimum in between. Rainfall in the north is over predicted,
generally by about 30-40 mm over the highest terrain. A partial explanation may be the
reduction in resolution of the rain gauges over the highest terrain of the CMR. However,
this fails to explain the over-prediction of rain in the south, by a factor of 2. During
1500-1800 UTC, the rainfall to the south of the track is over predicted by an even greater
amount. Differences to the north of the track are approximately to the same degree as in
the previous 3 hours.
The heavy rainfall can be attributed to a number of parameters described in Lin et
al. (2001a), which proposed that heavy orographic rainfall requires significant
contributions from a set of common ingredients. One ingredient is steep topography,
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which is present all along the eastern side of Taiwan (Fig. 2.5b). The terrain rises from
near sea level to elevations over 3 km in the CMR, with two peaks approaching 4 km.
The change in elevation is over a relatively short distance, yielding an average slope of
~3km/80km. The CMR is an effective mechanism for lifting a low-level jet, another
ingredient identified by Lin el al. (2001a). By their nature, typhoons contain low-level
jets feeding air into the center of low-pressure, and the highest winds within tropical
cyclones are found within the eyewall below 700 mb.

Figure 3.8 shows 850 mb

geopotential height and windspeed at 1500 UTC 22 August. Within the eyewall winds
exceed 70 ms-1, with winds above 30 ms-1 extending well away from the center. North of
the landfall position, low-level winds within the circulation would slam into the high
terrain of the CMR, inducing strong upward vertical motion, which is roughly
proportional to Udh/dx, where U is the wind speed perpendicular to the mountain range,
and dh/dx is the slope of the mountain, in response to lower boundary forcing.

The

same process happened to the south of the track, where southwest winds impinged on the
west side of the CMR.
Another ingredient is the high precipitation efficiency, which can be illustrated by
the amount of rain that fell over the ocean, before the circulation interacted with Taiwan.
Looking at the 24 hour rainfall (Fig. 3.7), a widespread area of rainfall in excess of 100
mm over the open ocean is due to the overall circulation of the typhoon. An area in
excess of 200 mm, with peak amounts near 450 mm, is present near the track of the
typhoon, caused by the inner core of the circulation. Not surprisingly, high precipitable
water values are present in environment around the typhoon (Fig. 3.9). Areas to the east
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of Taiwan have precipitable water exceeding 70 mm. Lin et al. (2001a) showed that high
amounts of moisture upstream is a key ingredient for producing heavy rainfall, and this
condition existed within the expansive circulation of Bilis. With lifting condensation
levels (LCL) below 1000 m (Fig. 3.10), and a moist environment (Fig. 3.11), much of the
precipitable water will be consumed as the airstream is advected over the CMR, which
has peaks over 3000 m. One way to estimate precipitation efficiency E is to divide the
precipitable water present in the atmosphere by the amount of rainfall in 1 hour. Figure
3.12 depicts the estimated precipitation efficiency at 1500 UTC 22 August. The inner
core of the typhoon is very efficient at producing rain, with E>1. In the outer circulation,
E is mostly <1. The CMR helps to improve the precipitation efficiency in the outer
circulation as it impinges on the CMR.
A major factor in the production of heavy rainfall was the existence of
conditionally and/or potentially unstable environment within the typhoon circulation.
When the air is forced up the CMR as the typhoon comes ashore, heavy amounts of
rainfall are inevitable. Essentially, there are two different types of soundings within the
circulation of Bilis: soundings that have been modified by convection, especially within
the inner core of the typhoon, and soundings further away from the center modified less
or not at all by convection. This distribution can be seen in Figs. 3.13a and 3.13b, which
show CAPE at 1500 UTC and 1800 UTC respectively. Near the center and around the
prominent feeder bands, the CAPE is very low. Away from convective modification, the
CAPE approaches 1000 J kg-1. Noteworthy features are the stream of higher values of
CAPE impinging on the north central portion of the CMR during this entire feature. Also
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note the higher CAPE impinging on the south CMR from the southwest at 1800 UTC.
This seems to have been a factor in the model producing such high amounts of rainfall in
the southern CMR.
The parameter that can signal convective instability is values of dθe/dz <0. Figure
3.14 shows dθe/dz at σ = .95, for 1500 and 1800 UTC 22 August. Calculations are made
at levels immediately adjacent to σ=.95. Very low values are present upstream and east
of the central CMR, and these values would have been advected straight into the Mt. Jade
area. In the area upstream and west of southern Taiwan, there is an area of very large
negative dθe/dz, collocated with the area of high CAPE mentioned previously. The
source of this conditionally (high CAPE) and convectively (negative dθe/dz) unstable air
appears to be in the lee of Taiwan, and is a product of the airstream impinging on and
flowing over the northern CMR. This air to the west of the CMR is initially too dry
(RH<60%) to produce convection and rainfall, but is able to pick up enough moisture
(presumably from the ocean) to produce the rainfall in the southern CMR. The Blackadar
PBL parameterization may have made this air too moist, resulting in the drastic
overprediction to the south of the track.
Figure 3.15a is a sounding away from the inner core, just off the northeastern
coast of Taiwan (point A, Fig. 3.7b), for 22 August 15 UTC. The sounding is quite moist
and conditionally unstable. In fact, there exists a deep layer which behaves like a moist
absolutely unstable layer (MAUL) (Bryan and Fritsch, 2000). However, this MAUL may
be a result of the lack of a cumulus scheme in the 7 km domain, which would result in
artificially unstable air being fed into the inner domain. The lifting condensation level
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(LCL) was 927 mb and the level of free convection was at 928 mb. The CAPE was 980 J
kg-1, not much higher than CAPE from an observed sounding from ROIG (Fig. 3.16),
approximately 300 km east northeast of the northern tip of Taiwan. However, amounts
of CAPE were not significantly different among the cumulus parameterization sensitivity
experiments at 7 km grid spacing (see section 4.2), suggesting much of the instability
seen in the model results was real. The winds in the outer circulation average around in
excess of 30 ms-1 in the lower levels, and should allow most of this conditional instability
to be realized as the northern side of the circulation impinges on the CMR.

By

comparison, Fig. 3.15b is a sounding from the western side of the CMR (point B, Fig.
3.7b), where the airflow is modified by the CMR. A prominent pool of warm air near the
surface has been created by the adiabatic warming as the air crossed over the CMR and
descends. The LCL is 763 mb, due to both the adiabatic warming and the consumption
of water vapor as it was condensed into clouds and precipitation over the CMR. This
also leads to very low CAPE, almost near 0 J kg-1. The adiabatic warming and downward
motion in the lee of the CMR cause a sharp gradient in heavy rainfall in the lee of the
mountains, especially in northwest Taiwan (Fig. 3.7). Rainfall in this area was generally
50 mm or less. After impinging on the CMR, the air rises, and cools until saturation.
Moisture in the air condenses into cloud and liquid water below the freezing level, while
it is converted or deposited as cloud ice, snow, and graupel above the freezing level. This
releases large amounts of latent heat into the air. The air warms further from adiabatic
downsloping as it descends the CMR, and dries out dramatically. Relative humidity
(RH) drops below 65% in a large area to the west of the CMR (Fig 3.11). An area of
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lower RH is also present to the south of the landfall position, i.e. to the southeast of the
CMR. These areas are not conducive to the formation of any significant rainfall, due to
descending motion. In fact, dry air entrainment, from the downsloping and adiabatic
warming off the southeast CMR, appears to help weaken Bilis as it approached Taiwan.
Another process acting to mitigate rainfall is the formation of mountain waves.
Figure 3.17 shows a series of cross sections through the northern CMR, where the most
intense mountain wave activity exists. At 1500 UTC 22 August (Fig. 3.17a), Bilis is
making landfall, with the most intense winds impinging on the CMR at that time. Deep
clouds are present on the eastern slopes of the CMR, with shallower clouds to the east of
the CMR over the Pacific Ocean. The latent heat release within the clouds, combined
with the strong winds, leads to the formation of an intense mountain wave, creating
strong downward motion on the west side of the CMR (Raymond 1972; Fraser 1973,
Barcilon et al. 1979, Lin et al. 1998). This leads to an abrupt warming and drying of the
airstream, hence the sharp gradient in precipitation to the west of the CMR.

The

environment in the area remains relatively unchanged 3 hrs later (Fig. 3.17b), with deep
clouds now isolated to the upslope areas. New mountain waves also have been generated
downstream of the CMR due to the westward propagation of Bilis.
3.3 The Use of Moisture Flux for Estimating Rainfall and the Relevant Dynamics
To help understand the processes involved in orographic rain formation, we will
use the finest resolution model output to examine the orographic precipitation efficiency
formula proposed by Lin et al. (2001). From their Eq. (8), the total precipitation P may be
estimated by
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P = ( ρ / ρ w ) E [VH ⋅ ∇ h + wenv ] q Ls / c s ,

(1)

where V H ⋅ ∇h is the vertical motion induced by the horizontal winds impinging on
orography (Doswell et al. 1998; Lin et al. 2001), wenv is the environmentally forced
vertical motion, q is the water vapor mixing ratio, ρ and ρ w are the air density (~1 kg
m-3) and water density (~1000 kg m-3) respectively, cs is the propagation speed of the
convective system, and Ls is the horizontal scale of the mountain. The precipitation
efficiency (E) is defined as the ratio of precipitation water mass over the water mass
inflow (Frankhauser 1988; Doswell et al. 1996). The value of E is difficult to obtain, as it
depends on microphysical processes (such as evaporation of hydrometeors during
descent) and advective processes (such as ice particles escaping through outflow). In
addition, rapid vertical motions at the convective scale can make this number ambiguous
at best. Both Ls and cs can be estimated, but are too sensitive to be taken into account in
Eq. (1). Thus, the precipitation P may be roughly regarded as a function of both the
orographically induced vertical motion and/or the environmentally-induced vertical
motion, each multiplied by the mixing ratio. This will allow us to determine how much
of the heavy rainfall over the CMR can be attributed to the typhoon, and how much is
from orographic processes.
Figure 3.18 shows the orographically induced vertical moisture flux, (V ⋅ ∇h) q ,
and the general moisture flux, wq, estimated from CON-2 from 1500-1800 UTC 22
August. The simulated wind and water vapor fields are used for these calculations. For
both fluxes, an elongated positive area exists along the CMR, with several maxima
associated the highest terrain. Over the ocean, lower values of general moisture flux (wq)
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correlate well with the same areas where the model produced rainfall. These areas are
mainly caused by lower level convergence, and are associated with the eye wall and the
spiral rain bands. The highest areas general moisture flux and orographic moisture flux
match very well, meaning that orographically induced vertical motions were largely
responsible for the heavy rainfall over Taiwan.
3.4 A Simple Moisture Budget Analysis
In order to understand the dynamics of the formation of orographic precipitation,
we perform a moisture budget analysis.

By ignoring the detailed microphysical

processes, the moisture budget may be derived from the conservation equations of water
vapor and liquid water,
M v + M l + E = R + S qv + S ql

,

(2)

where M v and M l are the convergence of water vapor and liquid water, respectively, E the
surface evaporation rate , R is the precipitation rate, and S qv and S ql are the storages of
water vapor and liquid water, respectively. If we assume M l is much less than M v , and
E , S qv ,

and S ql are negligible, then the total precipitation can be estimated by
P = DR ≈ DM v = −

D
g

pS

∫0

∇ ⋅ ( qvV )dp ,

where D is the duration of precipitation and ps is the surface pressure.

(3)
Thus, the

precipitation can be estimated from model results,
P=−
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where pt is the pressure at the top of the model domain. Physically, the first term (Term
A) on the right side represents the moisture convergence induced by flow divergence,
while the second term (Term B) represents the moisture convergence induced by moisture
advection.
Figure 3.19 shows positive areas of Term A, Term B, and P of Eq. (4) from Bilis
simulation results at 1500 UTC 22 August. The results indicate that the positive areas of
P (Fig. 3.19a) estimated for 3h by the above moisture budget is similar to those observed
(Fig. 3.2) and model simulated patterns and amounts (Fig. 3.7). Term A (Fig. 3.19b)
indicates that moisture convergence produced by flow convergence is dominant over the
upslope of CMR, while that produced by moisture advection is dominant over the lee side
of the CMR. The pattern of the precipitation (P) is similar to Term A, which implies that
the generation of upslope orographic rainfall during the passage of a TC over a mesoscale
mountain is controlled by the orographically forced convergence. In addition, comparing
P with the orographic and general moisture fluxes calculated at lower level (Fig. 3.18)
also implies that the upslope orographic precipitation is dominated by lower-level
convergence.

4. Sensitivity to cumulus parameterization
4.1 Sensitivity to cumulus parameterization at 21 km grid resolution
4.1.1 Differences in rainfall amount and distribution over Taiwan
In this set of experiments, the subgrid scale cumulus parameterization (CP)
scheme was varied, while the Goddard-Lin (G-L) scheme was used for generating grid-

43
explicit precipitation in the 21 km domain.
from the different sensitivity tests.

A wide variety of solutions were obtained

Amounts of rainfall over Taiwan were highly

variable, depending on the activity of the convective scheme, as well as the track and
speed of the modeled storm.

Explicit precipitation tended to dominate over the higher

terrain, even in the more active schemes. For CON21, which uses the Betts-Miller (BM)
scheme, the 24 hour maximum rainfall for 22 August 2000 associated with the cyclone
was 379 mm (Fig. 4.1a), far lower than observations, and lower than the other
simulations. Grid explicit precipitation tended to fall along the track and in the higher
terrain, with a maximum of 297 mm in 24 hours (Fig. 4.1b). Convective precipitation
(Fig. 4.1c) was concentrated to the right of the track and in the area to the east of the
CMR, including the eastern slopes. Peak amounts of convective precipitation were just
off the eastern coast. Sub-grid domain averaged precipitation rate (Fig. 4.6) was the
second greatest of all schemes throughout the model integration, below only the AnthesKuo (AK) scheme. Domain averaged grid-scale precipitation rate (Fig. 4.7) was low
relative to the other schemes. Total domain averaged precipitation rate (Fig. 4.8) was at
or near the highest compared to the other simulations throughout the model integration.
It is unclear why high domain averaged precipitation did not translate to higher rainfall
amounts over the CMR. It is possible that the use of mid-latitude rather than tropical
reference profiles led to less efficient precipitation processes over the CMR.

The

percentage of precipitation generated by the cumulus scheme (Fig 4.9) was near 100%
initially, steadily declining to around 72% during passage over Taiwan, and then slowly
increasing to just over 80% at the end of model integration.
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The AK scheme, used in case AK21, was the most active of all, and produced the
highest amounts of rainfall. The 24 hour rainfall for 22 August 2000 over Taiwan was
the highest of all the schemes, with 887 mm of rainfall (Fig. 4.2a). However, the location
of the maximum rainfall was shifted over to the extreme eastern slope of the CMR, due to
the favoring of convective precipitation in this area. A total of 321 mm of grid-explicit
precipitation fell over the CMR, with lesser amounts elsewhere in the CMR and along the
track of the cyclone (Fig. 4.2b). The maximum in convective precipitation is co-located
with the total precipitation maximum (Fig. 4.2c). Throughout most of the domain,
explicit precipitation rate (Fig. 4.6) was almost negligible compared to the convective
precipitation rate (Fig. 4.7), which accounted for over 95% of the total precipitation rate
(Fig. 4.8). The low activity of the microphysics scheme can be attributed to the high
activity of the CP scheme, which runs in the MM5 model before the explicit scheme.
Around a TC, there is a great amount of moisture convergence. As a result, the AK
scheme is triggered very often, altering the vertical profile and making it more difficult
for the microphysics scheme to activate. There is a slight but notable increase in the
explicit precipitation rate as the modeled cyclone crosses over Taiwan around h +25.
This is due to the circulation of Bilis impinging on the CMR. The orographic forcing
allows the microphysics scheme to act more vigorously over the CMR.

However,

maximum rainfall over the CMR is less than observed. This is due to the extreme
activity of the AK scheme in the convergence area just to the east of Taiwan, which
greatly modifies the incoming air stream. From Kuo et al. (1996), the AK scheme will
condense all the moisture supply through moisture convergence, leaving little to be used
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by the microphysics scheme. Total domain averaged precipitation rate (Fig. 4.9) was
high initially, due to the activity of the cumulus scheme, but later amounts were similar to
that seen with the other schemes.
For GR21, which uses the Grell CP scheme, the peak 24 hour total for 22 August
was 559 mm (Fig. 4.3a), centered in the north central CMR. Most of this amount was
due to the grid-explicit scheme, which accounted for 525 mm of the overall total (Fig.
4.3b). As seen with the other schemes, the convective precipitation was highest to the
east of the CMR (Fig. 4.3c). The Grell scheme was the least active of all, and the amount
of explicit precipitation (Fig. 4.4) was exceeded only by the simulation with no subgridscale parameterization implemented (NN21). The percentage of convective precipitation
(Fig. 4.9) was the lowest of all the CP schemes, peaking at 65% at h +3, and decreasing
to a range of 30-40 % after h +8. A possible explanation is postulated by Kuo et al.
(1999), suggesting that the Grell scheme is very sensitive to the precipitation efficiency
parameterization (PEP), which indirectly determines the strength of the downdrafts. A
low PEP can trigger stronger convective downdrafts, causing excessive cooling at lowlevels. An automatic shutoff switch was included in the scheme to prevent small-scale
instabilities when this occurs. However, due to deficiencies in the scheme, this switch
was found shutoff the scheme too often, and thus forcing the grid-scale scheme to take
over. Other tests with a modified PEP and the removal of the switch produced amounts
comparable to Kain-Fritsch and Betts-Miller. The 24 hour rainfall in KF21, which uses
the Kain-Fritch (KF) CP scheme, was 652 mm, second greatest of the schemes tested
(Fig. 4.4a).

The activity of the KF scheme was in the middle of the spectrum.
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Convective precipitation was about twice as much as in the Grell scheme, and about a
third less than in the BM scheme. The amount of grid-explicit precipitation in KF21 was
comparable to that with CON21. The percentage of convective precipitation (Fig. 4.9)
was 5-10% less than the BM scheme for most of the model integration. The total domain
precipitation rate was on the low end of the range compared to the other 21 km
simulations.
The lack of a cumulus scheme in run NN21 did not seem to be a major hindrance
in the production of precipitation. The 24 hour rainfall for 22 August 2000 were 515 mm
(Fig. 4.5). The rainfall to the east of the CMR is reduced, due to the lack of a cumulus
scheme. Despite having no contribution from rainfall by a subgrid-scale scheme, total
domain averaged precipitation (Fig. 4.8) was similar to the other simulations after the
initial adjustment period. Similar results from model simulations using no cumulus
parameterization for grid spacing greater than 20 km were found in Molinari and Dudek
(1992) and Kuo et al. (1996).
The most consistent area of convective precipitation area for all the simulations
was located just to the northeast of Taiwan. Figure 4.10 depicts a sounding from each of
the sensitivity runs from that area at 1200 UTC 22 August 2000. The sounding from
CON21 (Fig. 4.10a) is conditionally unstable near the surface, with a roughly neutral
profile above. The air is saturated below 700 mb and unsaturated to approximately 300
mb. AK21 (Fig. 4.10b) produced the warmest profile. The sounding is saturated and
conditionally unstable below 850 mb. Above the low levels, the sounding becomes
isothermal to 650 mb, and above that roughly follows the moist adiabat. The column is
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unsaturated above 700mb. The AK scheme is triggered by moisture convergence, and to
the east of Taiwan both moisture and convergence are present, causing the AK scheme to
be highly active in that area. The Grell scheme produces a sounding that is nearly moist
adiabatic and saturated through the entire profile (Fig. 4.10c).

This is a typical

characteristic of Grell profiles, which generate a single, deep cloud. Near the surface, the
sounding shows a moist absolutely unstable layer (or MAUL) between 950 and 800 mb
(Bryan, 2000). For the KF21 sounding (Fig. 10d), the overall sounding generally follows
the moist adiabat, evidence that the scheme has been active. The layer below 750 mb is
unsaturated, with evidence of a downdraft between 850 and 750 mb. From 750 mb up to
550 mb, the sounding is moist and conditionally stable, and above this layer the sounding
dries out. The sounding from NN21 (Fig. 4.10e) is relatively moist below 500 mb, and
becomes drier above. The profile is not saturated for the most part, so little precipitation
was experienced in this area. The sounding possesses the most CAPE of all the profiles.
Overall the sounding is realistic, unlike soundings obtained in other no-cumulus
experiments (such as in Kuo et al. 1996), which were extremely unstable. The warmcore environment likely helps to mitigate the formation of extremely unstable soundings
in the area around tropical cyclones.
4.1.2 Differences in Track
The track of the modeled typhoons was dependent on the cumulus scheme, or lack
thereof. Shown in Figure 11 are the tracks from the 5 sensitivity runs, along with the
observed track. The model run with a track and timing closest to observations used the
Betts-Miller scheme (CON21). Initially, the model cyclone tracks south of the observed
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system, during the approximately 10 hr spin-up period at the start of the model
integration. After crossing Taiwan, the CON21 cyclone edges further south than the
observed track, and the speed is slightly slower.
In order to determine why the modeled storms tracked as they did, we will
examine the height and temperature patterns at 2 different levels, 300 and 850mb (Figs.
4.12 and 4.13, respectively) at 0900 UTC 22 August. The 300 mb pattern of CON21
(Fig. 4.12a) is characterized by an upper level high to the northwest of the storm, and an
upper high over central China, with a ridge extending between the 2 features. At 850 mb
(Fig. 4.13a), the air around the TC is generally between 306-308 K, and a high is centered
to the northwest of the center. Certain model configurations differ in the amount of latent
heat release, determined by the activity of both the grid-scale and subgrid-scale schemes.
Since the track of CON21 is closest to observations, we will use that simulation as a
baseline for comparison.
The next closest run with regards to the track was AK21, which used the AnthesKuo scheme. Initially, the modeled cyclone was south of the observed track. After 18
hours, the cyclone nudged northward and took a track across Taiwan very close to the
observed storm. Once in the Taiwan Strait, the modeled storm tracks somewhat north of
the actual cyclone. Throughout the model integration, the translation speed of the AK
storm was faster than observations, and fastest of all the CP schemes. The faster speed
would tend to be an inhibiting factor, though AK21 still had the highest rainfall around
Taiwan.

At 300 mb (Fig. 4.12b), the AK simulation contains both the warmest

temperatures around the storm, as well as the strongest ridge to the north of the storm.
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Though the absolute strength of the ridge is not the highest, it extends further south and
west of all the simulations. In contrast, the low level thermal field is the coolest of all the
simulations (Fig. 4.13b). The high activity of the AK scheme released a great quantity of
latent heat, mainly in the upper levels, increasing the upper level heights to the north of
the storm, causing the storm to move the farthest south and at the greatest speeds.
The Grell scheme produced a cyclone that tracked slightly slower and to the
north of the observed track, after an initial jog south that was seen in the other
simulations. Due to the slower nature of the GR21 storm, rainfall there would be an
overprediction of rainfall versus if the track and timing were faster and closer to
observations. Through the first 18 hours, total domain averaged precipitation lagged
behind BM and AK. Less amounts of latent heat were released, causing the 300 mb ridge
to be lower to the north of the storm (Fig. 4.12c). The lower latent heat release is also
apparent in both the 300 mb and 850 mb (Fig. 4.13c) thermal pattern, with temperatures
1-2 ˚C colder to the north and northwest of the storm.
The storm in case KF21 was the slowest moving of all the 21 km storms. The
track initially went to the south, and then was very similar to the observed track until
passage over Taiwan. The slow speed would tend to lead to a high bias in precipitation.
Thereafter, the modeled storm veered north and failed to make landfall in China. The
upper level ridge was the weakest of all, and the temperatures to the northwest of the
center were coolest (Fig. 4.12d). As was discussed previously, the total amount of
precipitation over the entire domain after hour +6 was the least of all the simulations. As
a result, the least amount of latent heat was released, leading to lower geopotential
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heights to the north, and thus a slower and farther north track.

The lower level

temperature and geopotential height (Fig. 4.13d) was nearly identical to that for case
CON7. This suggests that the upper level heating profiles generated by the CP schemes
are very important in determining the track and forward speed of a TC.
When turning off the cumulus scheme, the modeled cyclone tracks slightly south
of the observed track prior to striking Taiwan. Afterward, the track was slightly to the
north of observations, and slower. The track was very similar to that seen using the BM
scheme. The 300 mb height and thermal pattern is the coolest of all the simulations,
likely due to the lack of a cumulus scheme (Fig. 4.12e). At 850 mb (Fig. 4.13e),
temperatures are slightly cooler that in CON7.
4.1.3 Differences in Intensity
The five 21 km cumulus sensitivity experiments produced typhoons of varying
intensity and structure. Figure 4.14 shows the evolution of pressure over the 48 hour
model integration time. CON21 attained a minimum pressure of 934 mb prior to landfall,
the second strongest of the simulations, though weaker than observations. The maximum
30m winds were 54.6 ms-1. After landfall, the storm was stronger than observations, and
in the middle of the strengths of the other model runs. However, the other modeled
cyclones that were stronger later in the model integration were also slower than the
CON21 cyclone, allowing more time for strengthening prior to interaction with Taiwan.
With the exception of NN21, the strength of the other typhoons was closely tied
to the activity of the sub-grid scheme. The AK21 cyclone was strongest, and was the
fastest to adjust to the model. The pressure was steady in the 925-930 mb range before
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landfall in Taiwan, but still ~10 mb weaker than the observed storm. Maximum wind
speed was 60.1 ms-1.

The increased strength may be tied to the high amount of

convective precipitation, resulting in the AK21 cyclone having the warmest temperatures
in its core (see Fig. 4.13b). GR21 was the weakest of all the modeled cyclones. The
adjustment time for the storm was the longest, and it failed to strengthen to any degree
after the adjustment period. The lack of activity of the CP scheme resulted in less latent
heat release, and the coolest inner core of all the cases (Fig. 4.13c). Prior to interaction
with Taiwan, the pressure got only as low as 953 mb. The highest winds were 47.0 ms-1.
The Grell scheme was the least active, contributing to the lower intensity of the storm.
The initial weakening of KF21 during the adjustment period was the greatest of all.
However, the pressure recovered and reached a low of 939 mb before landfall in Taiwan.
The highest winds were 54.2 ms-1. The activity of the KF scheme fell between the BM
and GR schemes, and the pressure followed suit. The NN21 cyclone reached a minimum
pressure of 942 mb, and a maximum wind speed of 53.3 ms-1. Overall, the lack of a
cumulus parameterization scheme did not seem to be a major hindrance in producing a
reasonably good track, but kept the storm from gaining the strength seen in more active
schemes.
4.1.4 Differences in Typhoon Structure
Differences in the cumulus parameterization led to differences in Bilis' structure.
Figure 4.15 shows an east-west cross section of PV (contours) and winds speed (shaded)
through the storm center at 0900 UTC 22 August 2000. CON21 (Fig. 4.15a) had the
greatest upper level PV maximum of 26 potential vorticity units (PVU), while the low-
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level PV maximum was a relatively low 32 PVU. The eyewall winds extended to the
greatest altitude. The structure of PV in AK21 (Fig. 4.15b) was very different. The lowlevel PV maximum was greatest of all, at over 67 PVU. There was a complete absence
of an upper level maximum. An explanation for this lies in the 850 mb and 300 mb
thermal patterns. At 300 mb (Fig. 4.12b), the entire area around the storm is warm, likely
modified by the AK CP scheme. The center is warm, but the thermal gradient is weak.
At lower levels (Fig. 4.13b), the thermal gradient is very large.

The low-level

environment around the AK21 storm is the coolest of all the cases, while the center is the
warmest of all the cases. Therefore, the PV maximum is the highest at low levels, while
it is almost non-existent at upper levels. The GR21 storm had the least organized
structure (Fig. 4.15c). The upper and lower level PV maximums were each around 15
PVU. The upper level thermal field was among the coolest, due to the inactivity of the
Grell scheme. The wind field was the weakest and most spread out, due to the weak
thermal gradient throughout all levels. This leads to the smaller values of PV. KF21 (Fig
4.15d) had a low level PV maximum of 45 PVU, while the upper level maximum was 22
PVU. In NN21 (Fig. 4.15e), with the cumulus scheme turned off, the structure was most
similar to KF21.

The upper level maximum was 49 PVU, second greatest of the

sensitivity tests, while the upper level maximum was 16 PVU, comparable to the
maximum seen in GR21.
Figure 4.16 shows soundings from the area of maximum upward vertical motion,
which in every case was near the circulation center, for the different cumulus sensitivity
tests at 0900 UTC 22 August 2000. Figure 16a shows a sounding from the CON21
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cyclone.

The sounding is nearly dry adiabatic near the surface, then nearly moist

adiabatic up to 600 mb. From 600 to 400 mb, the lapse rate is less than moist adiabatic,
and above 400 mb the sounding again follows the moist adiabat. The sounding is
comparable to observed soundings from other tropical cyclones, except that air above 600
mb is slightly warmer (see Willoughby 1998). This is likely due to using reference
profiles from the ‘standard’ BM CP scheme, which are more suited for the midlatitudes.
Using reference profiles based on tropical soundings would like produce soundings more
like those seen in Willoughby (1998). The AK21 sounding (Fig. 4.16b) is by far the
warmest sounding seen in the sensitivity testing. Above a moist conditionally unstable
layer between 910 and 850 mb, there is an inversion up to 500 mb, with temperatures
following the moist adiabat above that to 500 mb. The AK CP scheme is activated by
moisture convergence, which is plentiful near the center of a TC. The latent heat release
is specified by a parabolic heating profile, and produces the maximum heating above 600
mb, and produces a sounding quite different from the other 4 sensitivity runs. The
heating profile does not guarantee a moist neutral sounding, allowing the scheme to be
repeatedly activated. The warmth of the center in AK21 reflects the activity of the AK
scheme. The GR21 sounding (Fig. 4.16c) is cooler overall than the CON21 sounding.
The air between 450 and 200 mb is the driest (by far) of all the simulations, resulting in
no latent heat release at the upper levels, and is the reason for the less organized structure
of the GR21 cyclone. The sounding from KF21 (Fig. 16d) is typical of the KF CP
scheme, which is CAPE-based scheme. This results in a moist sounding nearly following
the moist adiabat. With no cumulus scheme, the sounding in NN21 (Fig. 4.16e) was
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generally most similar to the sounding in KF21. Above 500 mb, the profile dries slightly,
but not the extent seen in GR21. Overall none of the schemes were able to produce the
type of soundings seen in Willoughby 1998.

However, this is likely more due to

resolution than to the behavior of the schemes.

4.2 Sensitivity to cumulus parameterization at 7 km
4.2.1 Rainfall amounts and distribution
Two additional simulations tested the effects of CP at the 7 km resolution, using
CON-21 for boundary conditions. Run KF7 uses the KF scheme, while GR7 uses the
Grell scheme. All other physics options are identical to CON7, which uses no CP
scheme. The total 24 hour rainfall for 22 August 2000 in case GR7 (Fig. 4.18a) and in
case KF7 (Fig. 4.19a) are very similar. The rainfall amounts produced by both schemes
are over 200 mm greater than case CON7 in the central east CMR (see Fig. 4.17). In the
south CMR, amounts are actually slightly less than CON7. This is likely due to the
tracks being more to the south. The distribution of 24 hour convective and explicit
rainfall (Figs. 4.18b/4.19b and 4.18c/4.19c, respectively) were similar for the two
schemes. Maxima of convective precipitation for both schemes were located on the
periphery of the higher terrain, similar to that was seen for CP schemes at the 21 km
resolution.

Judging by the over-prediction in the central east CMR, the grid-explicit and

sub-grid schemes may be ‘double counting’, leading to the model producing too much
precipitation.

55
Overall, the KF scheme was more active than the Grell scheme (Fig. 4.20). This
likely led to the greater strengthening seen in KF7, since the CP scheme would have
released more latent heat into the atmosphere. It is interesting to note that the activity of
the KF scheme rose after landfall, while the activity of the Grell scheme continued to fall.
The overall distribution of grid-explicit precipitation was less in KF7 compared to GR7
(Fig. 4.21). As the circulation of the storm in KF7 got better organized and strengthened,
the amount of grid-explicit precipitation increased.

The peak in grid-explicit

precipitation in GR7 and KF7 coincides with the interaction with the CMR. For both
runs, the percentage of convective precipitation (Fig. 4.22) peaked 4 hours after
initialization time, at around 78% for KF7 and at 59% for GR7.

Thereafter, the

percentage of convective precipitation in GR7 decreases to between 35-40%, and stays at
that level for the remainder of the model run.

In contrast, the percentage in KF7

decreases slowly to 65% by hour 15, and then decreases sharply to around 40% at hour
23, just before landfall in Taiwan. This minima coincides with the maxima in gridexplicit precipitation. Thereafter, the percentage of convective precipitation rises,
reaching a secondary peak of 76% at hour 32. The two maxima in KF7 coincide with
both maxima in convective precipitation and minima in explicit precipitation. Looking
at total domain averaged precipitation (Fig. 4.23), GR7 is generally the highest, with
CON7 slightly behind. Total precipitation in KF7 is generally lowest, with the notable
exception of hours 23-27, when totals were comparable to GR7. This time also coincides
with landfall in Taiwan. Overall, the schemes behaved in a similar fashion at 7km as
they did at 21 km.
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4.2.2 Track and Intensity
The track and timing of the cyclones are very similar, with GR7 being slightly
faster (Fig. 4.24). Both runs were slightly south of both the observed track and CON7.
Figure 4.25 shows the evolution of pressure over time. Each of the 3 runs has an
approximately 8 hour adjustment period, where the pressure rises and then levels off.
Afterward, the KF7 storm deepened much more than either GR7 or CON7.

4.2.3 Structure
A cross section of wind speed and PV is shown in Fig. 4.26 for each of the
cumulus sensitivity runs. The CON7 storm has a low level PV maximum of 30.7 PVU,
associated with the western eyewall. There is also an upper level PV maximum of 32.3
PVU. The cross section of GR7 is similar to CON7, except that the center is less
compact, and the low level wing maximum is slightly higher magnitude. The cross
section through the KF7 storm is quite different. The low level PV maximum approaches
90 PVU, a product of a tighter center and higher wind speeds.

The upper level PV

maximum is higher as well, with a maximum over 50 PVU. The gradient of PV along
the eyewall is tighter than in CON7 and GR7.
Soundings from the area of maximum upward vertical velocity at 2100 UTC 22
August 2000 are shown in Fig. 4.27. These soundings were located near the center in the
eyewall convection. The temperature profile from KF7 (Fig. 4.28c) is the warmest of the
three, especially above 500 mb. Like the cross sections, the soundings from GR7 and
CON7 (Fig. 4.28b and 4.28c, respectively) are very similar to each other. Above 700 mb,
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the GR7 sounding is slightly warmer and drier. Given that the Grell scheme is not very
active, it is no surprise that the sounding from GR7 is similar to the one for CON7. The
layer below 700 mb shows evidence of parameterized downdrafts in cases GR7 and KF7,
while case CON7 is warmer. The added heating seen in KF7 contributes to a stronger
cyclone. The lowest pressure after the adjustment period in KF7 was 912 mb, while
pressures got down to 938 mb and 935 mb in GR7 and CON7 respectively (Fig. 4.25).
These results suggest that some degree of cumulus parameterization is needed at 7 km,
somewhere between the activity of KF and Grell. Molinari and Dudek (1992) and others
have suggested a hybrid scheme may be appropriate for resolutions from 4 to 10 km.
4.2.4 Effect of 21 km CPS on 7 km simulations
The 7 km model simulation nested from a 21 km simulation using BM CPS has
already been previously described (CON7). The 7 km simulation (NN7) nested from the
21 km simulation with no cumulus scheme produced a storm over 10 mb deeper than
CON7 (Fig 4.28). Despite the differences in strength, the tracks of the two simulated
storms are nearly identical. There is a significant difference in the structure of the two
storms.

Shown in Fig. 4.29 is sea level pressure and integrated precipitation

hydrometeors, providing a rough view of what the storms would look like on radar. The
convection around the circulation of NN7 is considerably more intense than CON7. The
more intense convection added more latent heat to the atmosphere, and contributed to a
warmer core, intensifying the system. It is apparent that the cumulus scheme in the outer
domain is having a significant influence on the inner domain. Shown in Fig. 4.30 is the
maximum CAPE, from parcels in each column with maximum θe below 3000m above the
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surface, in the environment around the two storms. The environment in simulation
CON21 (Fig. 4.30a) is more stable, as the air entering the boundaries has been acted upon
by the BM scheme. In contrast, the air in NN7 (Fig. 4.30b) is more unstable, due to the
lack of a CP scheme in the outer domain to stabilize the air. The unstable environment
also contributed to more rainfall over Taiwan. For 22 August 2000, a total of 825 mm
fell over the central CMR (Fig 4.31), compared to the total of 670 mm seen in CON7
(Fig. 4.17).
4.2.5 Stability and implications for the 2.33 km domain simulation
There are some slight differences in the modification of the air within the 3 7 km
CP sensitivity simulations. Figure 4.32 shows the CAPE at 0600 UTC 22 August 2000.
With the cumulus scheme turned off, the environment in NN7 (Fig. 4.32a) was allowed
to grow the most unstable, with CAPE exceeding 3500 J kg-1. This may introduce
unrealistic amounts of instability into the 2.33 km domain. In simulation GR7 (Fig.
4.32b), the CAPE overall has been reduced by around 500 J kg-1. As in NN7, there are
large gradients of CAPE, adjacent to the convective bands. However, these gradients are
smoother than in NN7. The CAPE gradients are smoothed even further in KF7 (Fig.
4.32c), due to the more active nature of the KF scheme. However, the CAPE in KF7 is
actually slightly higher than in GR7. The areal extent of CAPE in excess of 1500 J kg-1
is also slightly greater than GR7. Overall, the use of CP at 7 km seemed to have a minor
impact on the stability within that domain, and therefore would have a minor impact on
the 2.33 km domain. However, the high amounts of CAPE observed in the model
simulations are rarely observed within the real tropical atmosphere. This suggests that a
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cumulus scheme needs to be devised for use within a tropical environment, especially
within the vicinity of a tropical cyclone, for grid spacing between 4 and 15 km. Another
alternative is to avoid this grid spacing altogether.

5. Sensitivity to microphysical parameterization
In this set of experiments, the Betts-Miller scheme was used for subgrid-scale
convection in the 21km domain, while the resolvable scale scheme was varied. Results
from the 21km domain were nested down to 7 km resolution, with the subgrid-scale
scheme turned off. The four schemes tested are simple ice (SI), mixed phase (MP),
Goddard-Lin (GL), and Reisner 2 (RS). The track, intensity, and rainfall results using the
four microphysical parameterizations were remarkably similar to one another.
Differences arise in the overall structure of the storm, as well as the amount. Here we
examine the results of the 7 km resolution simulations for the simple ice (SI7), mixed
phase (MP7), Goddard-Lin (CON7), and Reisner 2 (RS7) schemes.
5.1 Differences in Track and Intensity
The tracks (Fig. 5.1) of the four simulations are virtually the same, as are the
speeds of the simulated cyclones. The simulated cyclone tracks were very close to the
observed track, indicating that the choice of microphysics has little effect on track. The
four simulated storms attained pressures down in the 932-940 mb range, about 20 mb
weaker than observed (Fig. 5.2). Experiment CON7 was the strongest, with a pressure of
932 mb, RS7 was the weakest with a minimum pressure down to 940 mb, SI7 and MP7
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fell somewhere between these two. These differences are significantly less than those
seen in the cumulus scheme sensitivity tests. As in the cumulus sensitivity experiments,
the cyclone required 8-12 hours to fully adjust to the model environment. Interaction
with Taiwan's terrain resulted in the weakening of the simulated typhoons by
approximately 25 mb. Thereafter, the cyclone strengthened by an average of 12 mb
before interaction with Taiwan. Once in the Taiwan Strait, the pressure of the modeled
typhoons leveled off.

The behavior of the pressure in the observed typhoon was quite

different, being stronger than the simulations prior to landfall, and weaker than the
simulations after.

The modeled typhoons were unable to gain the strength of the

observed typhoon. The lower pressures of the simulated storms after interaction with
Taiwan may be attributed to the lower mountain height of the CMR within the model due
to the grid resolution.
5.2 Differences in rainfall amount and distribution over Taiwan
The distribution of rainfall, shown in Fig. 5.3, was similar in the four cases,
though the amounts varied somewhat.

Greatest rainfall amounts were simulated in

CON7 (Fig. 5.3a), with a 24 hour amount of 670 mm over the CMR. RS7 and MP7
simulations were the next highest, with 583 and 614 mm respectively (Figs. 5.3b and
5.3c). The lowest 48 hour amounts were seen using simple ice, with 530 mm (Fig. 5.3d),
and may be related to high amounts of snow as well as the lack of graupel. This
phenomenon will be discussed in a later section. The highest observed 48 hour rainfall
over the CMR of Taiwan was in excess of 900 mm.

The hourly domain-averaged

rainfall rates (Fig. 5.4) show similar results. The CON7 produced the greatest rates.
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MP7 and RS7 schemes were around .2 mm/hr below CON7, while SI7 was slightly
below these two. Recently, corrections have been made to the G-L scheme with later
releases of the MM5. Using the updated scheme reduced the 24 hour rainfall to 585 mm,
closer to the amounts seen with the other 3 schemes (Fig. 5.5). Overall, the variation of
rainfall between MP schemes was less than that for CP schemes.
5.3 Differences in Structure
None of the 7 km simulations produced a tight closed eye as seen in satellite and
radar imagery. However, out of the four microphysics schemes tested, the G-L scheme
of CON7 produced a cyclone with the best banding structure consistent with a mature
hurricane. We will compare the structure produced by the four schemes at 21 hours after
the model start, immediately before the circulation begins major interaction with the
mountains of Taiwan.

The column integrated precipitation hydrometeors, in Fig. 5.6,

provides insight into the horizontal structure. CON7 has two prominent feeder bands,
one of which forms a partial eyewall around the center (Fig. 5.6a). The other scheme that
includes graupel, RS7, also has two prominent bands, but one band, to the south of the
center, is much larger and more intense than the other (Fig. 5.6b). The band begins just
to the south of Taiwan, and grows more intense as it gets near the center. MP7 and SI7
(Fig. 5.6c and 5.6d) have similar dominant southern banding as in RS7. In MP7, it is the
only significant band. Curiously, the bands in the simulations without graupel (MP7 and
SI7) are significantly wider than the bands in the simulations that include graupel (CON7
and RS7).

Microphysical schemes with graupel seem to allow greater fallout of

hydrometeors than schemes with only snow. The snow in MP7 and SI7 would stay aloft
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longer, allowing the winds around the circulation to disperse the snow over a wider area.
Figure 5.7 shows cross sections of potential vorticity (PV) and horizontal tangential wind
speed through the center of the storms at 21 hours after the model start. CON7 and SI7
have the highest PV maximums at low-levels (Figs. 5.7a and 5.7d), in part due to the
higher wind speeds seen in these simulations. All simulations except MP7 (Fig. 5.7c)
have upper PV maximums in excess of 30 PVU at around the 400 mb level.
In CON7, cloud ice (Fig. 5.8a) is the most prevalent at higher levels, above
300mb. Once it forms, much of it is advected away from the center as cirrus outflow.
Cloud water mixing ratio (Fig. 5.8b) has a maximum immediately below the freezing
level, which is at around 500 mb near the center. Secondary maximums also occur at
lower levels, varying between 850 and 700 mb. As the air ascends within the convective
updrafts, the cloud water becomes supercooled, and forms one of three ice species.
Below the highest concentrations of cloud ice, and down to just below the freezing level,
graupel is the dominant frozen precipitation. The graupel mixing ratio (Fig. 5.8c) is more
than twice that of the snow mixing ratio. Snow mixing ratio (Fig. 5.8d) is the greatest
above 400mb, and generally above the greatest graupel concentrations.

Higher

concentrations of graupel are found in the core of the updraft, while snow concentrations
are slightly higher outside the core, away from the center. When this snow grows in size,
via collisions with other ice particles, water vapor deposition, and the freezing of
rainwater, the snow becomes graupel. The graupel is heavier and larger than snow, and
thus exists at lower levels due to its greater terminal velocity. As the graupel falls below
the freezing level, it gradually melts away and either becomes rainwater or sublimates
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into water vapor. Rain water (Fig. 5.8e) is found below the freezing level, where it is
generated via the conversion of cloud water, or via the auto-conversion of ice
hydrometeors (mostly graupel) as they fall below the freezing level.
The cloud structure of RS7, is similar to the cloud structure seen using G-L, but
with some notable differences. Cloud water (Fig. 5.9a) has a maximum above the
freezing level, and is present up to 250mb, higher than in the G-L scheme. Conversely,
amounts of cloud ice are less (Fig. 5.9b). Distributions of precipitation species are
similar to that seen in the G-L scheme (Figs. 5.9c-e). The favoring of graupel in the core
of the updraft, and snow radially adjacent and outward, is even more apparent.
Using a two-ice class scheme leads to more notable differences in structure. In
the MP scheme, the behavior of cloud ice (Fig. 5.10a) and cloud water (Fig. 5.10b) is
similar to the 3-ice class schemes (Figs. 5.8a and 5.9b). As the air enters the convective
updrafts, water vapor condenses into cloud water.

In MP7, cloud water is carried

extremely high by the intense updraft near the center, up to 250mb. Above 250 mb, the
cloud ice becomes the dominant cloud hydrometeors. As for precipitation hydrometeors,
rainwater is present in the highest concentrations (Fig. 5.10d). In contrast to the 3-ice
schemes, no rainwater is lost to the formation and growth of graupel particles. Based on
the differences in the rainwater mixing ratios, the freezing of rainwater appears to be an
important process within tropical systems, especially within strong convective updrafts,
such as in the eyewall convection. Above the freezing level, rainwater mixing ratio is the
highest within the updraft core, while snow mixing ratios are low. This rainwater has not
had enough time to be converted into ice hydrometeors, which in the MP scheme is
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exclusively snow. Higher mixing ratios of snow can be found just outside the updraft
core, as snow is created via conversion of cloud water and rainwater. The cloud structure
(Figs 5.11a and 5.11b) of the storm in SI7 is similar to that in MP7, except that any liquid
hydrometeors are converted to ice hydrometeors instantaneously as they ascend above the
freezing level. This leads to the greater amounts of snow seen using SI. In the same
way, ice hydrometeors are converted to liquid species as they descend and/or fall. Snow
has a lesser fall speed than rain, resulting in more hydrometeors being suspended in SI7
and MP7, and also contribute to the wider banding seen in SI7.
5.4 Differences in orographic cloud structure
Notable differences can also be seen in the cloud structure as the simulated
typhoons made landfall. A comparison of orographic clouds among the 4 simulations is
possible due to nearly identical landfall location and timing. Here an examination is
made of an East-West cross section approximately 60 km north of the landfall location,
where strong low-level flow associated with the vortex impinges on the CMR (see Fig.
5.3a for cross section location).
In all simulations, the flow impinges on the mountain and rises up the western
slope of the CMR, condensing the water vapor into cloud water. The highest cloud water
mixing ratios are seen with SI7, with CON7, MP7, and RS7 at slightly lower
concentrations (Fig. 5.12). Rainwater is greatest in the MP7, SI7, and CON7 simulations,
with the RS7 scheme producing much less rain water (Fig. 5.13). Snow is greatest in SI7,
and least in RS7 (Fig 5.14). Of the simulations with graupel, CON7 has much larger
concentrations than RS7 (Fig. 5.15). It is unclear why the graupel mixing ratios in RS7
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are low compared to the other simulations, especially CON7. One possibility is an error
in the auto-conversion of cloud water to rain water, an error that has since been corrected
(from mesouser newsgroup communications). Another possible reason is the lack of ice
species over the CMR in the RS7 simulation. The Bergeron process was never able to
activate fully in this area, resulting in less rainfall. In contrast, graupel is present at
moderate amounts at and above the freezing level, with snow above the graupel. Cold
cloud processes appear to have led to greater amounts of precipitation in the CON7, MP7,
and SI7 simulations.
Simulations without graupel experienced slightly more rainfall on the lee side of
the CMR. With no snow particles being converted to graupel, more hydrometeors are
able to remain aloft and advect a greater distance over the CMR. Snow is seen in MP7
(Fig. 5.14c), and the SI7 has very high amounts of snow (Fig. 5.14d). The high amounts
of snow in SI7 lead to greater amounts of rain on the lee side of the CMR. Snow, having
a smaller fall speed than graupel, will remain aloft longer. Ultimately, the snow converts
back to rain as it falls below the freezing level. Some hydrometeors are lost due to
evaporation on the warmer, drier lee-side, but some precipitation is able to make it to the
surface. Similar results were found by Colle et al. (2003), where simulations containing
more snow versus graupel experienced 10-15% more precipitation on the lee slope of the
Cascades, while there was 10-15% less snow over the high peaks.
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6. Concluding Remarks
In this study, we used a nonhydrostatic mesoscale model (MM5) to simulate
Supertyphoon Bilis (2000) to study orographic rainfall over the Central Mountain Range
(CMR) of Taiwan. In the first portion we establish a control simulation with 2.33 km
grid spacing to investigate the physical mechanisms responsible for heavy orographic
rainfall. For the second portion, we investigate sensitivity of track, strength, and rainfall
for various precipitation physics and 2 different model grid spacing. It is critical to attain
a good forecast track to properly simulate the rainfall.
The orographic rainfall prediction improved as grid spacing decreased. At 21 km,
rainfall was approximately half of observations. The rainfall maximum at 7 km was near
the observed values, and there was a 10-15% over-prediction of rainfall at 2.33 km grid
spacing.

An analysis of the 2.33 km control simulation reveals that nearly all the

common ingredients for heavy orographic rainfall identified by Lin et al. (2001) were
met. A low-level jet associated with the northern circulation of Bilis impinged on the
steep topography of the CMR, and induce strong upward vertical motion.

The

environment in and around Bilis contained high moisture content, another key ingredient.
The environment was also conditionally unstable, with areas of CAPE approaching 1000
J kg-1, and potentially (convectively) unstable, with dθ/dz <<0. The circulation of Bilis
was ripe for the production of heavy rainfall.
A moisture flux model was used to estimate rainfall and the relevant dynamics.
The orographically induced vertical moisture flux, (V ⋅ ∇h) q , was able to provide rainfall
estimates that compared well with observations. By comparing the results with the
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general moisture flux, wq, it was shown that a large portion of the rainfall over the
mountains was from orographically induced vertical motions. A simple moisture budget,
Eq. (4), was used to better understand the dynamics of orographic precipitation. It was
shown that the vertical moisture flux was mainly induced by flow convergence in the
upslope region, while it was mainly induced by moisture advection on the lee side of the
CMR and over the ocean. These terms largely cancel, but the remainder (term P, Eq. (4))
is similar to term A, indicating that the orographic rainfall is largely due to orographically
induced convergence.
At a horizontal grid spacing of 21 km, the simulations of typhoon Bilis proved to
be highly sensitive to the choice of cumulus parameterization schemes.

Rainfall

produced by the schemes was highly variable. The Anthes-Kuo (AK) scheme produced
the most rain, due to the high activity of the scheme, with most of the rainfall generated
by the convective scheme.

However, even in the active AK scheme, grid-explicit

precipitation dominated over the CMR, due to orographic forcing. The domination of
grid-explicit precipitation versus convective precipitation over the CMR held true for all
schemes. The high activity of the AK scheme over the ocean modified the air so that
over the CMR, the grid-explicit scheme produced less rain compared to other schemes,
resulting in less rainfall over the CMR. The next most active scheme was the BettsMiller (BM) scheme. Over the entire domain, the total precipitation (convective plus
explicit) was comparable to the other schemes. However, over Taiwan predicted rainfall
was the lowest of all the 21 km simulations. Similar to the AK simulation, the BM
scheme modified the air while it was over the ocean, and prevented greater amounts of
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precipitation over the CMR.

The simulations using Grell and Kain-Fritsch (KF)

generated the highest amounts of precipitation over the CMR, most of which was
explicit. The run with no convective scheme (NN) generated rainfall amounts over the
CMR were slightly less than the runs using Grell and KF.
The tracks of the 21 km grid spacing simulations were highly variable. The AK
simulation was fastest and furthest south, while the simulation using Grell was slowest
and furthest north. The track seemed to be influence by the way the convective schemes
modified the environment, and the overall activity of the scheme. At upper levels, the
warmest scheme was AK, followed by BM, KF, and Grell. Curiously, case NN21, with
the cumulus schemed turned off, had a track close to BM, yet the upper level
environment was the coolest of all the simulations. This suggests that the models can
achieve a better track by reducing the grid spacing to 1-2 km, where a cumulus scheme
would be unnecessary.
The strength, adjustment time, and structure of the TCs was also related to the
activity of the cumulus scheme. The strongest storm was in the AK simulation, while the
weakest was in the Grell simulation. The AK storm contained the warmest core, while
the environment at 850 mb was the coolest of all the simulations, allowing for a very
strong warm-core cyclone. The high activity of the AK scheme also allowed the TC to
adjust quickly to the model. On the other end of the spectrum was the Grell scheme,
which had the weakest cyclone. The adjust time was the longest, due to the low activity
of the scheme. The temperatures at the core were the coolest, making the thermal
gradient weak, causing the TC in the 21 km Grell case to have the lowest intensity of the
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21 km simulations. Overall, the intensity was dependent on not only how the schemes
modified the TC, but also on how the schemes modified the environment around the TC.
For the 7 km horizontal grid spacing cumulus sensitivity simulations, the Grell
and KF CP schemes were compared to the control run, which used no cumulus
parameterization.

When using cumulus parameterization, rainfall amounts were

overpredicted over the CMR. This may be due to ‘double counting’, since at 7 km much
of the mesoscale precipitation can be resolved. When no CP was used, amounts were
closer to observations. Track was much less sensitive at 7 km grid spacing as compared
to the 21 km grid spacing. The track seems to be largely controlled by conditions in the
outer domain, which is dependent to a large extent on the choice of CP. The KF case
generated a stronger TC with a shorter adjustment time than the Grell and no CP cases. It
seems some degree of CP is needed at 7 km, or perhaps it is best that this grid spacing is
avoided altogether.
Tests of four different microphysical parameterization (grid-explicit) schemes at 7
km grid spacing with no cumulus parameterization reveal that the strength and track are
not very sensitive to the microphysical scheme. The simulation using Goddard-Lin
microphysics (case CON7) was slightly stronger than the other schemes. The inclusion
of graupel in this scheme may have contributed to a slightly deeper storm. Rainfall was
best simulated by schemes which include graupel. Schemes without graupel had too
much precipitation on the lee side of the CMR, due to the lesser fall speed of snow versus
graupel, allowing the precipitation to stay aloft longer.

The schemes that included

graupel also had a better structure than those without graupel. Overall, using a more
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rigorous microphysical scheme at 7 km grid spacing appears to allow more accurate
rainfall prediction over the mountainous regions and better simulation of the structure of
a TC. At this grid spacing, fall speeds of hydrometeors become comparable to the
vertical velocities, and thus the inclusion of graupel can be critical.
There are other factors that can influence the simulation of TCs. The intensity a
structure has been shown to be highly sensitive to the choice of PBL scheme (Braun and
Tau, 2000; Davis and Bosart, 2001). Nearly all of the simulations overpredicted rainfall
in the south, possibly due to the Blackadar PBL scheme being too quick to moisten the
boundary layer after traversing the CMR. We would like to try other PBL schemes to see
if rainfall in the south can be reduced. Another major factor is the initial data. Unlike in
the Atlantic, reconnaissance aircraft for the most part have not flow into TCs. However,
the government of Taiwan has initiated the DOTSTAR (Dropsonde Observations for
Typhoon Surveillance near the Taiwan Region) program, which will fly into the outer
circulation typhoons threatening Taiwan. Future studies can determine how much this
reconnaissance data improves the model predictions. Another area of improvement is in
the vortex bogussing. In most of the simulations, the TC weakened significantly from its
specified strength.

A new scheme needs to be developed that is more physically

consistent with the model.
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Table 1. List of Simulations.
Simulations
CON21
KF21
GR21
AK21
NN21
SI21
MP21
RS21
CON7
SI7
MP7
RS7
KF7
GR7
NN7
GLnew7
CON2

Grid spacing
21km
21 km
21 km
21 km
21 km
21 km
21 km
21 km
7 km
7 km
7 km
7 km
7 km
7 km
7 km
7 km
2.33 km

Cumulus
Betts-Miller
Kain-Fritsch (’03)
Grell
Anthes-Kuo
None
Betts-Miller
Betts-Miller
Betts-Miller
None
None
None
None
Kain-Fritsch (’03)
Grell
None
None
None

Microphysics
Goddard-Lin
Goddard-Lin
Goddard-Lin
Goddard-Lin
Goddard-Lin
Simple Ice
Mixed Phase
Reisner2
Goddard-Lin
Simple Ice
Mixed Phase
Reisner2
Goddard-Lin
Goddard-Lin
Goddard-Lin
Goddard-Lin (new)
Goddard-Lin

Nested from
CON21
SI21
MI21
RS21
CON21
CON21
NN21
CON21
CON7
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Figure 2.1. 6-hourly positions of Supertyphoon Bilis (from the Joint Typhoon Warning
Center).
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A

B

Figure 2.2. Visible satellite images of Bilis for (a) before landfall (0830 UTC 22 August
2000) and (b), and after landfall (2300 UTC 22 August 2000).
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A

B

Figure 2.3. Radar images of Bilis at (a) before landfall (1200 UTC 22 August 2000) and
(b) after landfall (2100 UTC 22 August 2000).

79

A

B

Figure 2.4. Analysis fields for 0000 UTC 22 August 2000: (a) surface analysis, (b) 700
mb analysis, (c) 500 mb geopotential height field, and (d) 300 mb geopotential height
field.
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C

D

Figure 2.4. (cont.)
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Figure 2.5a. Domain configuration. Domain 1 (D1) has 21 km grid spacing, 200 X 200,
domain 2 (D2) has 7 km grid spacing, 199 X 199, and domain 3 (D3) has 2.3 km grid
spacing, 265 X 244.

Figure 2.5b. Terrain (contour interval 500m) used for the 2.3 km grid spacing domain.
Shaded areas denote elevations exceeding 2000 m.
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Figure 3.1: Comparison of the 3 hourly low center tracks to observations. Observed
track is denoted by the hurricane symbol, CON-21 by squares, CON-7 by triangles, and
CON-2 by bullets.
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Figure 3.2. Observed 24 hour rainfall over Taiwan on 22 August 2000.

Figure 3.3. Radar image of Bilis at landfall 1400 UTC 22 August 2000.
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Figure 3.4. 24 hour rainfall ending 0000 UTC 23 August 2000 for case CON21.

Figure 3.5. 24 hour rainfall ending 0000 UTC 23 August 2000 for case CON7.
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Figure 3.6. 24 hour rainfall ending 0000 UTC 23 August 2000 for case CON2.
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A

B

C

D

Figure 3.7. 3 hour rainfall from observations (a) and (b) and case CON2 (c) and (d). (a)
and (c) are from 12-15 UTC 22 August, (b) and (d) are from 15-18 UTC 22 August.
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Figure 3.8. 850 mb geopotential height (contours) and windspeed (shaded, ms-1) at 1500
UTC 22 August.

Figure 3.9. Sea level pressure (contours) and precipitable water (shaded, mm) at 1500
UTC 22 August.
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Figure 3.10. Lifting condensation level (LCL, m) at 1500 UTC 22 August.

Figure 3.11. 850 mb geopotential height (contours) and relative humidity (shaded) at
1500 UTC 22 August.
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Figure 3.12. Estimated precipitation efficiency (1 hour rainfall/ precipitable water) at
1500 UTC 22 August.
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Figure 3.13. Convectively Available Potential Energy (CAPE, J Kg-1) at (a) 1500 UTC,
and (b) 1800 UTC 22 August 2000.
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Figure 3.14. dθe/dz (K km-1) at σ=.95, computed from adjacent sigma levels, at (a) 1500
UTC and (b) 1800 UTC 22 August 2000.
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Figure 3.15. (a) Sounding to the east of the CMR, and (b) sounding to the west of CMR,
both at 1500 UTC 22 August 2000.
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Figure 3.16. Actual RAOB sounding from Ishigakijima, Japan, at 1200 UTC 22 August
2000.
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Figure 3.17. Vertical cross section over the central CMR. Shown are cloud mixing ratio
(shaded, g kg-1), potential temperature (contours, K), freezing level (dashed line), and
circulation vectors at (a) 1500 UTC, and (b) 1800 UTC 22 August 2000. Cross section
location is shown in Fig. 3.7b.
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(a)

(b)

Figure 3.18. Orographically induced vertical moisture flux, (V ⋅ ∇h) q (a), and the general
vertical moisture flux (wq) (b), valid at 1500 UTC 22 August 2000, based on CON-2 with
2.33-km grid simulation.
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Figure 3.19. Term P (a), term A (b), and term B (c) of Eq. (4) for 3 hours ending 1500
UTC 22 August 2000 from case CON2.
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Figure 4.1. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case CON21.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.2. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case AK21.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.3. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case GR21.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.4. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case KF21.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.5. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case NN21.
Note: All precipitation in case NN21 is produced by the grid-explicit microphysics
scheme.

Figure 4.6. Domain averaged subgrid-scale (or convective) precipitation rate for the 21
km cumulus sensitivity experiments.
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Figure 4.7. Domain averaged grid-explicit precipitation rate for the 21 km cumulus
sensitivity experiments.

Figure 4.8. Total domain averaged precipitation rate for the 21 km cumulus sensitivity
experiments.

Figure 4.9. Percentage of domain-averaged precipitation generated by the cumulus
scheme during the 21 km cumulus parameterization sensitivity experiments.

103

Figure 4.10. Soundings at 1200 UTC 22 August 2000 off the east coast of Taiwan (see
Figure 1a, point A) for case (a) CON21, (b) AK21, (c) GR21, (d) KF21, and (e) NN21.
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Figure 4.11. Pressure centers from the 21 km cumulus sensitivity simulations. Positions
are every 6 h. Observed track is denoted by outlined TC symbols; CON21-dots; GR21squares; KF21-stars; AK21-triangles; NN21-circles.
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Figure 4.12. 300 mb geopotential height and potential temperature at 0600 UTC 22 Aug
2000 from case (a) CON21, (b) AK21, (c) GR21, (d) KF21, and (e) NN21.
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Figure 4.13. 850 mb geopotential height and potential temperature at 0600 UTC 22 Aug
2000 from case (a) CON21, (b) AK21, (c) GR21, (d) KF21, and (e) NN21.
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Figure 4.14. Minimum sea level pressure for the 21 km cumulus sensitivity experiments.
The black boxes indicate the observed pressure (JMA).
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Figure 4.15. East-west cross section through the center of horizontal windspeed (shaded,
ms-1) and PV (contours, PVU) at 2100 UTC from case (a) CON21, (b) AK21, (c) GR21,
(d) KF21, and (e) NN21.
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Figure 4.16. Sounding from the area of maximum upward vertical velocity at 2100 UTC
22 August 2000 from case (a) CON21, (b) AK21, (c) GR21, (d) KF21, and (e) NN21.
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Figure. 4.17. Total 24 hour rainfall in mm ending 0000 UTC 23 August 2000 for case
CON7.
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Figure 4.18. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case GR7.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.19. Rainfall in mm for 24 hours ending 0000 UTC 23 August from case KF7.
(a) is total rainfall, (b) is precipitation from the grid-explicit microphysics scheme, and
(c) is precipitation from the cumulus parameterization.
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Figure 4.20. Domain averaged subgrid scale (or convective) precipitation for the 7 km
cumulus parameterization sensitivity tests. Note: cumulus parameterization was not used
in case CON7.

Figure. 4.21. Domain averaged grid-explicit precipitation for the 7 km cumulus
parameterization sensitivity tests.
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Figure 4.22. Percentage of domain averaged precipitation generated by the subgrid scale
(or cumulus) scheme.

Figure 4.23. Total domain averaged precipitation generated in the 7 km cumulus
sensitivity tests.
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Figure 4.24. Tracks from the 7 km cumulus parameterization sensitivity testing.
Positions are every 6 hours. The observed track is denoted by the TC symbols; CON7dots; GR7-squares; and KF7-stars.

Figure 4.25. Minimum sea level pressure from the 7 km cumulus parameterization
sensitivity experiments.
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Figure 4.26. East-west cross section through the center of horizontal windspeed (shaded,
ms-1) and PV (contours, PVU) at 2100 UTC from case (a) CON7, (b) GR7, and (c) KF7.
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Figure 4.27. Sounding from the area of maximum upward vertical velocity at 2100 UTC
22 August 2000 from case (a) CON7, (b) GR7, and (c) KF7.
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Figure 4.28. Minimum sea level pressure from the 7 km simulations investigating
sensitivity to outer domain cumulus parameterization.

Figure 4.29. Sea level pressure (contours) and column integrated precipitation
hydrometeors (shaded, mm) for 0900 UTC 22 August 2000 from case (a) CON7 and (b)
NN7.
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Figure 4.30. CAPE at 0600 UTC 22 August 2000 from case (a) CON7 and (b) NN7.

Figure 4.31. Total 24 hour rainfall in mm ending 0000 UTC 23 August 2000 for case
NN7.
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Figure 4.32. CAPE at 0600 UTC 22 August 2000 from case (a) CON7, (b) GR7 and (c)
KF7. Shaded regions are areas where CAPE exceeds 1500 J kg-1.
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Figure 5.1. Tracks of Typhoon Bilis (2000) pressure centers from the 7 km simulations.
Positions are every 6 h. Observed track is denoted by the TC symbols; SI7-squares;
MP7-triangles; CON7-dots; RS7-stars

Figure 5.2. Hourly minimum sea level pressure within the center of the simulated TCs.
Observed pressure from the Japan Meteorological Agency (JMA) is plotted as squares.
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Figure 5.3. 24 hour rainfall ending 0000 UTC 23 August 2000 for (a) CON7, (b) RS7,
(c) MP7, and (d) SI7.
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Figure 5.4. Hourly domain averaged precipitation rate.

Figure 5.5. 24 hour rainfall ending 0000 UTC 23 August 2000 for GLnew.
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Figure 5.6. Column integrated precipitation hydrometeors (rain+snow+graupel), in mm
for (a) CON7, (b) RS7, (c) MP7, and (d) SI7.
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Figure 5.7. Cross section of horizontal wind speed (shaded) and PV (contours) for (a)
CON7, (b) RS7, (c) MP7, and (d) SI7.
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Figure 5.8. East-West cross section through the center of the CON7 storm at 0900 UTC
22 August 2000. Shown are hydrometeor concentrations (shaded, g kg-1), potential
temperature (K), and the freezing level (heavy dashed line). Hydrometeors shown are:
(a) cloud ice mixing ratio (qci), (b) cloud water mixing ratio (qcw), (c) snow mixing ratio
(qgr), (d) rain water mixing ratio (qr), and (e) graupel mixing ratio (qgr).
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Figure 5.9. East-West cross section through the center of the RS7 storm at 0900 UTC 22
August 2000. Shown are hydrometeor concentrations (shaded, g kg-1), potential
temperature (K), and the freezing level (heavy dashed line). Hydrometeors shown are:
(a) cloud ice mixing ratio (qci), (b) cloud water mixing ratio (qcw), (c) snow mixing ratio
(qs), (d) rain water mixing ratio (qr), and (e) graupel mixing ratio (qgr).
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Figure 5.10. East-west cross section through the center of the MP7 storm at 0900 UTC
22 August 2000. Shown are hydrometeor concentrations (shaded, g kg-1), potential
temperature (K), and the freezing level (heavy dashed line). Hydrometeors shown are:
(a) cloud ice mixing ratio (qci), (b) cloud water mixing ratio (qcw), (c) snow mixing ratio
(qs), and (d) rain water mixing ratio (qr).
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Figure 5.11. East-west cross section through the center of the SI7 storm at 0900 UTC 22
August 2000. Shown are hydrometeor concentrations (shaded, g kg-1), potential
temperature (K), and the freezing level (heavy dashed line). Hydrometeors shown are:
(a) cloud ice mixing ratio (qci), (b) cloud water mixing ratio (qcw), (c) snow mixing ratio
(qs), and (d) rain water mixing ratio (qr).
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Figure 5.12. East-west cross section of cloud water mixing ratio (qcw), potential
temperature (K), and the freezing level (thick dashed line) through the central mountain
range (CMR) at 1500 UTC 22 August 2000. Cases shown are: (a) CON7, (b) RS7, (c)
MP7, and (d) SI7.
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Figure 5.13. East-west cross section of rain water mixing ratio (qr), potential temperature
(K), and the freezing level (thick dashed line) through the central mountain range (CMR)
at 1500 UTC 22 August 2000. Cases shown are: (a) CON7, (b) RS7, (c) MP7, and (d)
SI7.
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Figure 5.14. East-west cross section of snow mixing ratio (qs), potential temperature (K),
and the freezing level (thick dashed line) through the central mountain range (CMR) at
1500 UTC 22 August 2000. Cases shown are: (a) CON7, (b) RS7, (c) MP7, and (d) SI7.
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Figure 5.15. East-west cross section of graupel mixing ratio (qgr), potential temperature
(K), and the freezing level (thick dashed line) through the central mountain range (CMR)
at 1500 UTC 22 August 2000. Cases shown are: (a) CON7, and (b) RS7.
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4. Dynamics of Track Deflection Associated with the
Passage of a Tropical Cyclone over a Mesoscale Mountain
Abstract
In this study, the Penn State/NCAR MM5 Mesoscale Model was used to simulate
Supertyphoon Bilis (2000) and Typhoon Toraji (2001) in order to investigate the
dynamics of track deflection associated with the passage of typhoons over the Central
Mountain Range (CMR) of Taiwan. Bilis was an intense fast moving storm with a
continuous track over the CMR. The upper and lower level potential vorticity (PV)
centers remained coupled as the center traversed the CMR. The forward speed of Bilis
also helped prevent any significant lee-side cyclone reformation. Toraji was a weaker
and slower moving storm, and had a discontinuous track over the CMR. Partially due to
the slower forward speed, adiabatic downsloping had a longer time to generate lower
heights in the lee of the CMR.

The original low-level center made landfall and

dissipated, while the upper level center continued to move northwestward. Without
lower level support, the original upper level center also weakened and dissipated. Over
time, PV banners wrapped into the secondary center, which ultimately became dominant.
As the secondary center pulled away from Taiwan, it extended into the upper levels.
Control parameters for track continuity from idealized studies are calculated for Bilis and
Toraji. A conceptual model proposed by Lin et al. 2004 is applied to explain the
behavior of the track for each storm.
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1. Introduction
Taiwan is extremely vulnerable to the influences of tropical cyclones (TCs). In a
typical year, three or four typhoons have an impact on the island nation, with one or two
making landfall. However, a typhoon does not need to make direct landfall for Taiwan to
experience damaging winds and heavy rains. The forecasting of typhoons around Taiwan
is complicated by the rugged topography of Taiwan’s Central Mountain Range (CMR),
which has an average elevation of 3000 m and a dimension of 300 km X 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 not only affecting Taiwan but also the islands of Luzon in the Philippines,
and Cuba, Hispañiola, and Puerto Rico in the Caribbean. Lin et al. (1993) and Wu and
Kuo (1996) provided excellent synopses of previous work on typhoons affecting Taiwan.
Brand and Blelloch (1974) and Wang (1980) found that some typhoons took a cyclonic
track when passing over Taiwan. Weaker typhoons tended to ‘pass’ over the island by
forming a secondary circulation center on the lee side, with the original center blocked by
the terrain, making the track discontinuous (Fig. 1a). The secondary center may also
remain a separate entity, with the original circulation remaining intact as it crosses
Taiwan. These storms tended to be stronger and would have had a continuous track (Fig.
1b). Chang (1982) verified these observational studies with one of the first modeling
studies of typhoons striking Taiwan. Further idealized simulations (Bender et al. 1985,
1987; Yeh and Elsberry 1993 a,b; Sun and Chen 1994; Huang and Lin 1997; Lin et al.
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1999, 2002) have been made over the years. A drawback of these studies is the failure to
resolve the fine-scale terrain features of Taiwan, which will dictate how and where
mesoscale lows will form in the lee of the CMR.
As numerical models have improved, a few real case modeling studies have been
made. Wu (2001) used the GFDL hurricane model to study the interaction of Typhoon
Gladys with the Taiwan terrain.

Gladys 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 during landfall was underestimated, and was due mainly to the cutoff of
the source of water vapor in the boundary layer as the storm approached Taiwan. Though
the predicted precipitation was underestimated, the overall distribution and the location of
the maxima were well simulated. The location of the secondary mesolows also matched
observations fairly well. The mesolow located east of the mountains was shown to be
caused by combination of downslope adiabatic warming (foehn) combined with latent
heat release from convection over the CMR associated with the circulation of Gladys, and
helped to pull the low center slightly south of west when it crossed Taiwan. A PV budget
analysis showed that condensational heating 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 Naval Research Laboratory's (NRL)
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
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track of the model typhoon was found to be discontinuous, while the observed track was
continuous.

This is likely due to the lack of specifying a ‘bogus’ vortex at the

initialization time, causing the storm to be too weak at landfall. The model storm and the
observed storm were deflected north before landfall, and then back south afterward,
consistent with previous studies. In addition, Lin et al. (2001), proposed that the track
continuity is mainly controlled by Vmax/Nh and R/Ly, where Vmax and R are the maximum
tangential wind and radius of the tropical cyclone, N the Brunt–Väisälä frequency, h the
maximum mountain height, and Ly is the north-south length of the mountain.
In this study we will closely analyze two different storms: Supertyphoon Bilis
(2000) and typhoon Toraji (2001). Bilis was near supertyphoon strength as it hit the
southwest of Taiwan, and was typical of typhoons with continuous tracks seen in
previous studies. Typhoon Toraji was of moderate intensity, and had a slower translation
speed as it hit central Taiwan. Toraji was typical of typhoons having a discontinuous
track over Taiwan. The goal of this study is to use high resolution numerical modeling to
investigate the dynamics of track deflection in the vicinity of Taiwan.
This paper is organized as follows. Section 2 will discuss the synoptic and
mesoscale environments and the configuration of the MM5 model simulations. Section 3
discusses model results and investigates the mechanisms causing a continuous and
discontinuous track. In section 4 we will discuss control parameters for track continuity
and deflection for TCs passing over Taiwan from previous studies, and apply these to
Supertyphoon Bilis and typhoon Toraji. Concluding remarks are made in section 5.
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2. Summary of Supertyphoon Bilis and Typhoon Toraji, Model
Description, and Experiment Design
2.1 Summary of the observed Supertyphoon Bilis
Supertyphoon Bilis (2000) formed as a tropical depression northwest of Yap
Island at 1200 UTC 18 August 2000. It followed an almost straight northwesterly 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
(121.4oE, 23.1oN) around 1400 UTC 22 Aug 2000. The best track from the Central
Weather Bureau (CWB) is shown in Fig. 2. The storm produced a maximum wind of 70
ms-1 and heavy rainfall of 949 mm in 20 h measured at Yu-Li in northeast Taiwan.
Several people died or were seriously hurt by mudslides triggered by the heavy rainfall.
Just before landfall, Bilis turned north and followed a cyclonic track across the island,
which is similar to many previous observed and simulated TCs passing over Taiwan. A
well-defined eye was noted with Bilis as it approached Taiwan (Figs. 3a and 4a). After
the landfall it weakened rapidly and made landfall on the southeast coast of China around
1200 UTC 23 August. The interaction with the high terrain of the CMR helped to
significantly weaken Bilis. Both satellite (Fig. 3b) and radar (Fig. 4b) illustrate this
beautifully.
Figure 5a shows the observed synoptic environment across eastern Asia and the
northwestern Pacific Ocean at 0000 UTC 22 August 2000 (22/00Z) from Taiwan’s
Central Weather Bureau (CWB). Another tropical system, Tropical Storm Kaemi, was
near the central coast of Vietnam, and made landfall 12 hours later and dissipated inland
on Indo-China Peninsula. North and northeast of Bilis there was a persistent but spatially
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small areas of high pressure that moved generally westward through the region of the
outer coarse model domain into the middle domain (Fig. 12a) by the end of the simulation
period. These high-pressure systems, along with Tropical Storm Kaemi and the north
Pacific high, tended to help advect or steer Bilis northwestward toward Taiwan. There
were no mid-latitude frontal features in the area to influence the track and rainfall of
Bilis.

The 500 mb chart (Fig. 5b) show an upper-level high pressure centered halfway

between Taiwan and Japan, with general ridging extending to the east and west. This
persistent feature helped to steer Bilis to the northwest toward Taiwan, and also to shield
Bilis from the trough to the north.
The CWB mesoscale analysis (Fig. 6) can provide a good indication as to what
happened at landfall. At 1300 UTC 22 August (Fig. 6a), Bilis was approaching the coast
of Taiwan. In the northern lee of the CMR, adiabatic warming has created an area of
lower pressure. This area persists during the next 3 h (Figs. 6b and 6c) as the center
crosses the CMR. An inverted ridge is produced to the northeast of the CMR due to
mountain wave formation. Only after the center emerges off the western coast is a closed
secondary center evident in the lee of Taiwan (Fig. 6d).
2.2 Summary of the observed Typhoon Toraji
Typhoon Toraji was upgraded from Tropical Storm at 1800 UTC 27 July 2001,
when its center was located approximately 700 km southeast of the southern tip of
Taiwan.

Toraji formed in a weakening subtropical ridge.

Initially the TC moved

westward, and then followed a general northwesterly to north-northwesterly track (Fig.
7), similar to that of Bilis, but slightly to the north and slower. Maximum intensity was
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reached a few hours prior to landfall, and a well defined circulation can be seen on both
satellite and radar (Fig. 8a and 9a). The maximum wind reached about 49 ms-1 and the
minimum pressure reported was 960 mb when Toraji made landfall on the southeast coast
of Taiwan at 1800 UTC 29 July. The initial center of Toraji moved into the CMR and
filled in, while a new center formed on the northeast coast. The new center moved out
into the Taiwan Strait by 0600 UTC 30 July. The interaction with the CMR and the
reformation of the center left Toraji disorganized as it crept toward China, as seen on
satellite and radar (Figs. 8b and 9b.) The maximum rainfall recorded was 686 mm in 35
hours in southwest Taiwan. The death toll from Toraji was 72, and caused the most
destruction in nearly four decades when Typhoon Gloria 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 July 29 2001 are shown in Figure
10a. A weak area of high pressure is located south and east of Toraji, with general
ridging extending north to Japan. A weak area of high pressure is also located over
northern China. A low pressure with a trailing cold front is moving northeastward to the
east of China. However, the front does not appear to have much influence on Toraji. At
500 mb (Fig. 10b), a ridge in excess of 590 dm 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. 11). A low has already formed in the lee of Taiwan before Toraji has
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made landfall (Fig. 11a). Due to the slower movement of Toraji compared to Bilis, the
secondary low has a longer time to form. The primary center crosses the CMR and
weakens, while the secondary low begins to take hold (Figs. 11b and 11c). By 2300 UTC
29 July (Fig. 11d), the secondary center has taken over as the main center of Toraji.

2.3 Model Description and Experiment Design
To study supertyphoon Bilis, we used the Penn State/NCAR MM5.v3.5 model.
The model solves the fully compressible, nonhydrostatic governing equations in the σ-z
vertical coordinates. Details of the model can be found in Duhdia (1996) and 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 Center 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 conditions during model integration. The sea
surface temperatures were initialized from the navy SST (NAVSST) analysis. The Bilis
experiment is integrated for a period of 48 hours from 1200 UTC 21 August to 1200 UTC
23 August 2000. The Toraji experiment is run for a period of 48 hours 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 re-analysis vortex is removed and a bogus vortex of 70
ms-1 and 55 ms-1, for Bilis and Toraji respectively, is inserted using the bogussing scheme
of Low-Nam and Davis (2001) and Davis and Low-Nam (2001).
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There are three nested domains designed for the simulations (Fig. 12a). Domain 1
uses a 21-km grid spacing and 200x200 grid points in the horizontal. Domain 2 uses a 7km grid spacing and 199x199 grid points. Domain 3 uses a 2.33 km grid spacing and
265x244 grid points. The terrain for domain 3 is shown in Fig. 12b. There are 33 σ
levels (1.00, .995, .99, .98, .97, .96, .95, .94, .93, .92, .91, .90, .89, .87, .85, .83, .80, .77,
.74, .70, .65, .60, .55, .50, .45, .40, .35, .30, .25, .20, .15, .10, .05, .00) with high
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 4 s, respectively.
The Blackadar scheme is used to parameterize the planetary boundary layer
(PBL) processes including surface fluxes and friction (Zhang and Anthes 1982). The
Goddard-Lin scheme (Lin, Farley, and Orville 1983; Tao and Simpson 1993) is used to
parameterize the microphysics. For the 21 km domain, the Betts-Miller scheme (Betts
and Miller 1988, 1993) is used to parameterize sub-grid scale convection, while no
cumulus parameterization is used at 7 and 2.3 km.

3. Model Simulation Results and Discussion
3.1 Bilis model results and discussion
As analyzed by CWB, the simulated typhoon Bilis had a continuous track across
Taiwan. Figure 13 is a plot of the sea level pressure center, and the 700, 500, and 300 mb
geopotential height centers at 3 hour intervals. Also plotted are the observed 6 hourly
positions of Bilis. The timing and track of the simulated typhoon was very close to
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observations. The simulated storm, like the observed storm, took a cyclonic 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 from the Japan Meteorological Agency (JMA).
The lower, mid, and upper level centers remain coupled during and after passage
over Taiwan. One can also examine the vertical coupling of the system via east-west
vertical cross sections through the storm center of horizontal wind speed and potential
vorticity (PV), shown in Fig. 14. The vertical cross sections are plotted at 3 hour
intervals while Bilis was crossing Taiwan. Figure 14a shows the vertical cross section
though the center when it was still located east of Taiwan at 1200 UTC 22 August 2000.
The vertical coupling is excellent, with an upper level and lower level PV maximum, and
a shaft of weaker winds (the eye) extending the depth of the troposphere. At 1500 UTC
(Fig. 14b), the center is located over the CMR.

The eastern flank of PV remains

vertically stacked, with the lower level PV slightly weakened by the CMR. One dramatic
impact of the CMR on Bilis is the destruction of the western flank of the PV, which has
lost its vertical structure. The upper level PV has been advected farther to the west,
compared to the extrapolated position, the middle level PV is severely weakened, and the
low-level PV keeps its strength, but spreads further to the west. The asymmetry of the
PV affected by the CMR at this time (Fig. 14b) appears to contribute to the disappearance
of the eye (Figs. 3b and 4b). Of note is a tongue of PV between 850 and 900 mb
extending west from the CMR. This likely due to PV filaments/banners caused by flow
though the mountain gaps of the CMR. Another possible source is the advection of
higher PV from the higher peaks of the CMR. Over the CMR, the latent heat release, a
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product of the orographically enhanced rainfall, could have generated a PV maximum in
the layer of air just above the mountain peaks. 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. 14c), it is evident this did not occur, as the lower level and upper level
PV maxima are once again vertically stacked.

However, the eye is no longer an

identifiable feature (Figs. 3b and 4b). The interaction with the CMR has weakened the
system, with lower winds and amounts of PV being associated with the typhoon.
Shown in Fig. 15 are cross sections of total water mixing ratio (qw, shaded,

g

kg-1), potential temperature (thin lines), and circulation vectors at identical locations as in
Fig. 14. From these fields we can infer the advection and destruction of PV. The
production of PV will be immediately below the maximum latent heat release, where the
air becomes more stable. At 1200 UTC 22 August (Fig. 15a), the eye wall is clearly
evident based on the shaded regions on either side of the center. These shaded regions
correlate with the areas of higher PV shown in Fig. 14a. 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 (Fig. 14a). At 1500 UTC (Fig. 15b), qw
has decreased around the center, due to the disruption of the circulation by the CMR. A
corresponding decrease in PV is seen in Fig. 14b, due to less latent heat release and
frictional effects.

By 1800 UTC (Fig. 15c), qw is largest over the CMR, due to

orographic forcing. The qw in the west side of the circulation is significantly reduced.
Lesser amounts of latent heating, and continued frictional effects have further reduced the
PV, which is now tilted to the east toward the convection over the CMR.
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Now we will examine the upper and lower level height centers in greater temporal
detail. At 1400 UTC 22 August 2000, the center of Bilis is making landfall in southeast
Taiwan. As shown in Fig. 16, the surface pressure center, 700 mb, 500 mb, and 300 mb
geopotential height centers are located at the same position. An hour later (Fig. 17), the
primary centers remain vertically stacked, in southeast Taiwan. A weak center is noted
just to the west of the CMR at the surface and 700 mb (Figs 17a and 17b), likely from
adiabatic warming. However, there is no evidence of a circulation center developing in
that area. At 1600 UTC (Fig. 18), slight acceleration of the centers is evident. The
surface and 700 mb centers are now located on the west side of the CMR. The 500 mb
and 300 mb centers appear to be lagging slightly, still located over the CMR. By 1700
UTC (Fig. 19), the centers are once again perfectly stacked in the vertical. It could be
argued that there was a modification or redevelopment of the centers, slightly ahead of
the original centers. However, the acceleration of the low-level center as it passes over
the CMR is consistent with previous studies (Yeh and Elsberry 1993a,b, among others).
Basically, the low centers cross the mountain continuously without much disturbance.
Similar findings can be made by looking at streamlines for the same levels. At
1400 and 1500 UTC (Figs 20 and 21), the streamline centers are colocated as Bilis makes
landfall. There is no evidence of any new circulation centers forming on the lee side of
the CMR, but the 700 and 500 mb centers are elongated toward the west. By 1600 UTC
(Fig. 22), the surface, 700 mb, and 500 mb centers are all west of the CMR, with the 700
mb center being farthest west. The 300 mb streamline center, like the height center, is
located over the CMR. Much like the geopotential height centers, low and mid level
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streamline centers accelerated toward the west as they crossed the CMR. By 1700 UTC
(Fig. 23), the streamline centers are vertically coupled and in the same location as the
height centers.
One way to determine the mechanisms of track deflection and reformation is to
look at the horizontal distribution of PV, especially at lower levels. The low level PV can
be generated in 2 ways: from latent heat release, and the blocking effects of the high
terrain. 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 vorticity 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, non-rotating,
uniform flow, Schar and Durran (1997) found that the generation of leeside vorticity is
due to the vertical tilting of baroclinically generated horizontal vorticity upstream. Lin et
al. (1999) determined that the increase in surface 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 severe downslope wind and hydraulic jump. PV can also be
generated from vorticity streamers through the gaps in the higher terrain of the CMR, via
higher flow around the ends of the CMR, or via increased gap flow in the Taiwan Strait.
Bilis and Toraji were affected in different ways by these features, leading to a continuous
track for Bilis and a discontinuous track for Toraji.
For supertyphoon Bilis, the warming due to the Chinook (or foehn) effect was
especially intense. Figure 24 shows the 850 mb geopotential height and temperature
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(shaded, in K). Since the 850 mb pressure surface cuts through the CMR, meteorological
fields are extrapolated from higher levels whenever the 850 mb level is below ground.
The primary area of interest are regions away from the highest terrain, so this is not a
significant problem. 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 crossed the CMR, the center
took cyclonic track, toward the area of maximum warming. The resultant height drop in
the area of the adiabatic warming likely was partially responsible for the northward jog of
the center as it crossed the CMR.
The Chinook or (foehn) effect appears to be the main source of the warming in
the lee of the CMR. Shown in Fig. 25 is a sounding to the east of the CMR (Fig. 25a)
and to the west of the CMR (Fig. 25b). Initiating upward motion and moist ascent to the
maximum height of the CMR, and then dry adiabatic ascent in the lee of the CMR shows
that the warming is mostly due to latent heat release. The end result would be a sounding
slightly warmer than what was simulated to the west of the CMR, but very close.
Further insight can be gathered by looking at backward trajectories from the time
when the circulation became well established on the east side of the CMR. The backward
trajectories are calculated from the path of a parcel based on the model-derived winds.
The result 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 hours from 1700 UTC 22 August 2000. Parcels at the lowest levels to the
south of the circulation center (parcels 3 and 4, Fig. 26a) went around the north side of
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the CMR, while parcels on the north side of the circulation (parcels 1 and 2) traveled over
the CMR. At σ=0.8 and 0.7 (Figs. 26b and 26c), all parcels traveled over the central
CMR. At σ=0.6 (Fig. 26d), the southern 3 parcels originate from the east of Taiwan, and
travel over the CMR. The northern most parcel travels around the northern portion of the
CMR, then rises up the east slope of the CMR before turning cyclonically around the
circulation center.

Parcel 2 exhibits a troichoidal motion throughout its history,

indicating that the circulation center maintained itself (i.e. it was continuous) at this level.
All parcels at each level originated from near the surface.
Figure 27 shows the 850 mb geopotential height and PV for the hours when Bilis
was crossing the CMR. At 1400 UTC 22 August the center is making landfall, and the
high PV near the center is easy to identify (Fig. 27a). Areas of negative PV are located
on the eastern slope of the CMR, due to anticyclonic vorticity being generated by friction
against the CMR. On the west slope of the CMR, cyclonic vorticity caused by the same
phenomena creates a broad area of positive PV. Flow through the mountain gaps creates
complimentary areas of positive and negative PV downstream.

An impressive PV

streamer extends from the north of Taiwan, as the air rounds the northern portion of the
CMR. As the cyclone center crosses the CMR (Figs. 27b and 27c), pairs of positive and
negative PV streamers are produced by the major gaps between the mountain peaks of the
CMR. The large PV streamer ultimately becomes wrapped up into the center once it
passes over the CMR (Fig. 27d). The entrainment of this PV streamer into the circulation
may help draw the center back to the south after it crosses the CMR, and is a topic of
future research.
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3.2 Toraji model results and discussion
The forward speed of Toraji was slower and the intensity weaker, allowing a more
complicated interaction with the CMR. Unlike Bilis, the system did not remain vertically
coupled on its path over the CMR, resulting in a discontinuous track. The simulated
Toraji behaved similarly to the real Toraji. Figure 28 is a plot of the sea level pressure
center, and the 700, 500, and 300 mb geopotential height centers at 3 hour intervals. The
centers remain coupled until making landfall in central Taiwan. Thereafter, a new low
level center forms on the lee side of the CMR, but to the south of the extrapolated path.
This secondary center soon becomes the dominant center, while the old low level center
weakens and dissipates. The upper level centers dissipate as the old primary low level
centers die, and reform over the new low level center.
The vertical cross sections also portray the cyclone reformation. At 1200 UTC 29
July 2000, the storm has good vertical coupling, with the upper level located over the
lower level PV maximum (Fig. 29a). During the next two 3 h increments (left panels of
Figs. 29b and 29c), the center retains its vertical coupling as it makes landfall. During
these same times, a new secondary low level center is evident in the lee of the CMR. The
right panels of Figs. 29b-d are cross sections through the new secondary center. A PV
maximum at the low levels is present to the west of the CMR, possibly a product of
adiabatic warming (over a cold surface layer) from the downslope flow, as well as the
generation of a secondary vortex as the outer circulation of Toraji rounded the northern
CMR. In addition, an area of lighter winds is present just above the low level PV, with
higher winds to the west in the Taiwan Strait. By 2100 UTC, a low level PV maximum
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and low level circulation has become established west of the CMR, while the upper level
PV maximum remains over the CMR. At 0000 UTC July 30, the new center has
extended in the vertical, with a remnant area of higher PV to the east being all that
remains of the old upper level center. Thus, for a weaker typhoon, the low-level PV is
destroyed by the interaction with the CMR. With the low-level support having vanished,
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, and ultimately takes over as the
new center, and if conditions are favorable, the PV re-extends into the upper levels.
Shown in Fig. 30 are cross sections of total water mixing ratio (qw, shaded, in g
kg-1), potential temperature (thin lines), and circulation vectors at identical locations as in
Fig. 29. When the center if offshore (Fig. 30a) concentrations of qw are asymmetric, with
greater concentrations above the CMR, which correspond nicely with the tilt of the PV
toward the west. By the end of the next 3 hrs (Fig. 30b), the greatest qw are in the eastern
eyewall, with lesser concentrations over the CMR. The eyewall convection has been
disrupted significantly, allowing the greatest latent heat release, and resultant PV, to be
concentrated in the eastern eyewall. At the time of landfall (Fig. 30c), higher qw is
located almost entirely over the CMR. At 2100 UTC July 29 (Fig. 30d), concentrations
of qw remain greatest over and above the CMR, keeping the highest PV in that area.
Little, if any, concentrations of qw are associated with the new low level center in the lee
of the CMR (right panel, Fig. 30d). This means that the low level PV of the new center is
due to PV filaments around the northern end of the CMR, or from the advection of high
PV air from the peaks of the CMR. By 0000 UTC July 30 (Fig. 30e), the highest qw
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remains 300 to 500 mb, supporting an eastward extension of PV in that layer. Below 500
mb, concentrations of qw are now associated with the secondary center, helping to extend
the PV maximum to greater altitudes. However, concentrations of qw are much less
compared to those present prior to landfall, resulting in a weaker PV maximum at low
levels.
Taking a closer look at the reformation of Toraji, we inspect the evolution of the
height centers as the storm crossed the CMR. At 1700 UTC July 29 (Fig. 31), Toraji is
making landfall in central Taiwan. The lower and upper level centers are still co-located.
There is evidence of a new surface low forming to the west of the CMR At 1900 UTC
(Fig. 32), the primary center still has good vertical cohesion, now over the CMR. The
secondary low has strengthened, now having a weak circulation at the surface and a weak
reflection at 700 mb.

Two hours later (Fig. 33), the secondary circulation has

strengthened further, while the primary center continues to weaken. The secondary
center can now be seen at 500 mb. By 2300 UTC (Fig. 34), the secondary center has
taken over.
The reformation process shows up even more clearly in the streamline plots. At
1700 UTC, the streamline centers are all just off the central east coast of Taiwan (Fig.
35). 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 (Fig. 36), 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
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UTC (Fig. 37a), the secondary streamline center has become dominant at the surface and
700 mb. At 500 mb (Fig. 37c), the center is roughly halfway between the primary and
secondary centers. The upper level (Fig. 37d) center remains over the CMR with the
primary center, with little or reflection of the secondary center at that level. By 2300
UTC (Fig. 38), the new center has fully redeveloped and replaced the old center at all
levels.
For Toraji, the area of downslope winds, as shown in the 850 mb temperatures
(Fig. 39) was not as extensive as for Bilis (Fig. 24), due to the weaker winds associated
with it. At 1700 UTC 29 July the center is making landfall. A large area of adiabatic
warming is present off the northwest coast, with a smaller area in the south tip of the
CMR, to the south of the center. The deformation of the geopotential height field is
greater for Toraji than in Bilis due to stronger blocking. Over time, the area to the
northwest becomes the focus for the formation and development of the secondary center.
As for Bilis, the Chinook effect appears to be the main source of the warming. Shown in
Fig. 40 is a sounding to the east of the CMR (Fig. 40a) and to the west of the CMR (Fig.
40b). Initiating upward motion and moist ascent to the maximum height of the CMR,
and then dry adiabatic ascent in the lee of the CMR shows that the warming is mostly due
to latent heat release.
The parcels for Toraji behaved in a different fashion from those for Bilis (Fig.
26). Figure 41 shows 6 h backwards trajectories for parcels ending at 2100 UTC 29 July
2001. At lower levels (Figs. 41a and 41b), the parcels tend to cross the northern portion
of the CMR. Parcels 3 and 4 travel in a slight cyclonic path before ascending the CMR,
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around the circulation of the primary center. Once over the CMR, the trajectories curve
sharply toward the secondary center. Parcel 2 has the shortest path of all, as it is very
near the secondary center after crossing the CMR. Parcel 1 initially orbits the primary
center, but quickly becomes drawn into the secondary center once the primary center
makes landfall. At middle levels (Figs. 41c and 41d) the parcels initially wrap into the
primary circulation, then become entrained into the secondary circulation. As in Bilis
(Fig. 26), the parcels originate at low levels. Once the parcels cross the CMR, convection
releases latent heat, raising the potential temperature. On the lee side of the CMR, the
parcels remain at a higher level, due to their higher potential temperature.
Similar to Bilis (Fig. 27), a banner/filament of PV at 850 mb is present extending
from the north tip of the CMR as Toraji makes landfall at 1700 UTC 29 July (Fig 42a).
The primary difference is that the banner extends in a more northwesterly direction than
for Bilis. The PV banner is also located closer to the area of greatest adiabatic warming.
By 2100 UTC (Fig 42c), the PV banner has wrapped into the secondary center, and by
2300 UTC (Fig. 42d) it has become the primary center. The combination of adiabatic
warming and the vorticity banner appear to have generated a PV maximum on the lee
side of the northern CMR, helping to generate the secondary center, which ultimately
become dominant.
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4. Mechanisms of Track Deflection and Lee-Low formation
4.1 A Review of control parameters for track continuity and deflection
Lin et al. (2004) made a hypothesis on the control parameters for track continuity
and deflection based on previous studies of tropical cyclones that pass over Taiwan's
Central Mountain Range (CMR), and then test it by performing idealized numerical
simulations. They found that the track continuity is dependent on Vmax/Nh and R/Ly, where
N the buoyancy frequency, h the mountain height, Vmax the maximum tangential wind

speed at radius R, and Ly the mountain scale perpendicular to the basic wind. The
parameter Vmax/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 (TC) circulation to pass over a mountain. When Vmax/Nh is
large, more parcels within the TC circulation are able to cross over the mountain. With a
weaker TC, the parcels cannot make it across the mountain, and the flow experiences
stronger blocking. In the case of Taiwan, the parcels will tend to flow around the CMR.
A stronger TC will have a larger value of Vmax/Nh. The circulation of the TC has enough
kinetic energy to cross over the mountain, allowing for the TC to pass over the mountain
with a continuous track. Conversely, the circulation around a weaker TC doesn't possess
enough kinetic energy for the center to make it over the mountain. In this situation, the
center either goes around the mountain or it reforms on the lee side, depending on the
where the TC impinges on the mountain. The parameter R/Ly is a ratio of the size of the
TC versus the length of the mountain chain. Smaller TCs have a more difficult time
climbing over the mountain, and thus a discontinuous track is expected when R/Ly is
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small. When R/Ly is moderate to large, as in larger TCs, the track tends to be continuous.
Many other parameters can be derived, but previous studies have shown these to be the
main predictors of track continuity.
To accurately predict track continuity, both parameters must be considered
together. For example, when R/Ly is moderate, such as a moderate or strong typhoon past
over idealized CMR, and when Vmax/Nh is small, a cyclone track tends to be
discontinuous; otherwise, it tends to be continuous. Under this situation, the impinging
fluid particles associated with both the basic flow and the outer circulation of the
westward propagating cyclone are blocked and forced to flow around the northern tip of
the finite-length mountain, forming a secondary vortex on the lee side and making the
track discontinuous.
The degree track deflection for a cyclone passing over an idealized CMR is
dependent on U/Nh, Vmax/Nh, and R/Ly. When R/Ly is moderate, the majority of the
westward propagating cyclones are deflected to the north before they impinge on the
mountain and then pass over the mountain cyclonically. The smaller the values of U/ Nh
and Vmax/Nh, the larger the northward deflection of the cyclone.

For smaller values of

U/Nh and Vmax/Nh, more flow passes around the northern tip of the mountain due to

blocking, which results in stronger northward vorticity advection. Figure 43 shows
continuous and discontinuous tracks in the parameter space of (Vmax/Nh, U/Nh), based on
idealized simulations with a simple model performed in Lin et al. (2002b).

4.2 Control parameters for Bilis and Toraji
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Based on the control experiments, the nondimensional control parameters proposed
in Lin et al. (2004) are estimated as (Vmax/Nh, U/Nh)=(2.0, .27) and (1.67, .20) for
Typhoons Bilis and Toraji, respectively. The dimensional parameters used are: (a) Vmax =
65 ms-1, U = 8 ms-1, h = 3000 m, and N = 0.01 s-1 for Bilis; and (b) Vmax = 50 ms-1, U = 5.9 ms-1,
h = 3000 m, and N = 0.01 s-1 for Toraji.

These flow parameters are estimated when the

typhoons moved close to Taiwan, but before they made the landfall. The third control
parameter, R/Ly, is estimated to be 0.26 for Bilis and 0.22 for Toraji, which may be
considered to be moderate, comparing with other typhoons impinging on Taiwan's CMR.
The dimensional parameters are (R/Ly)= (60 km, 230 km ) for Bilis and (50 km, 230 km ) for
Toraji, estimated from satellite and radar imagery. Compared with the regime diagrams
of (Vmax/Nh, U/Nh) and (Vmax/Nh, R/Ly)(see Fig. 43) proposed by Lin et al. (2004), both
Bilis and Toraji belonged to the regime of continuous track. For Bilis this is consistent
with observations and MM5 numerical modeling results, while for Toraji the observed
and model track was discontinuous.

However, Toraji was near the threshold for a

discontinuous vs. discontinuous track. As seen in the low level streamline analysis (Fig.
39c), the remnants of the low-level survived the transit over the CMR to become
entrained into the secondary center. For convenience, we have also denoted Bilis and
Toraji in the parameter space of Fig. 43, based on estimated (Vmax/Nh, U/Nh) and (Vmax/Nh,
R/Ly). In addition, based on the above estimated control parameters and the flow regimes

proposed by Lin et al. (2002b), Bilis and Toraji will turn to north upstream (east) of
CMR.

This is consistent with observations.

Note that the track deflection is also

dependent on the impinging angle and landing location (e.g. see Wang 1980 for
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observations), and effects of planetary boundary layer (PBL) friction (Huang and Lin)
and latent heating (Chang 1982).

We also hypothesize that the effects of these factors

could be measured by the above 3 control parameters. To isolate the effects of PBL
friction, future runs will be made setting the surface characteristics of Taiwan to that of
the surrounding water. Investigating the effects of latent heating are more problematic,
as simply turning off the latent heat release will weaken and dissipate a tropical system in
a matter of hours. The best option is likely to use a PV budget analysis to isolate the
effects of latent heating on the overall PV. These results will appear in future studies.

5. Concluding Remarks
In this study, we used a nonhydrostatic mesoscale model (MM5) to simulate
Supertyphoon Bilis (2000) and Typhoon Toraji (2001) and investigated the dynamics of
track deflection caused by the central mountain range (CMR) of Taiwan for each case.
The MM5 predicted the track of each storm reasonably 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. The rapid forward motion of Bilis prevented the formation of
a secondary low in the lee of Taiwan. The strength of Bilis also helped preserve the
vertical integrity of the center as it crossed the CMR. Unlike in a previous study (Lin et
al. 2002), the simulated storm track was continuous, like the observed storm. The use of
a "bogus" vortex in the initialization process helped to produce a storm closer to the
observed strength, allowing for the continuous track. Bilis was a classic example of a
typhoon crossing Taiwan with a continuous track.
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For comparison, we also looked at typhoon Toraji, a typical typhoon having a
discontinuous track. Toraji had a relatively slower forward speed and weaker strength,
allowing the downslope winds north of the center, along with potential vorticity banners
on the north side of the CMR, to act to generate a secondary low center. The weaker
strength also prevented the original low center from surviving the trip across the CMR.
From the streamline and geopotential height analyses, you can clearly see a new low
level center forming in northwest Taiwan even before the primary center made landfall.
Over 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.
The formation of the secondary low (and lack thereof) was examined for each
case. The first step in the low formation is from the adiabatic warming, which occurs in
the lee of the CMR. This warming produces an area of lower heights to the north of the
center and west of the CMR. For a slower or weaker TC, the lower heights generated by
the adiabatic warming can be of a similar magnitude to the primary center. As the
primary center impinges on the CMR, then it weakens, and the secondary low is allowed
to take over. For Toraji, the entrainment of PV banners from the northern side of the
CMR into the secondary center seem to help it become the dominant center over time.
More research is needed to see if this process occurs in other typhoons. In Bilis, the
strength and forward speed prevented the formation of a significant secondary low.
Previous studies have shown that for tropical cyclones passing over Taiwan's
CMR, three nondimensional control parameters, Vmax/Nh, U/Nh, and R/Ly, can be used to
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help determine track continuity. From Lin et al. (2004), larger values of Vmax/Nh, and
R/Ly tend to lead to a continuous track. When Vmax/Nh is small, the kinetic energy of the
storm is not enough for the circulation to cross the mountain barrier.
For Bilis, Vmax/Nh=2.0 and R/Ly=.26, sufficiently large for the track to be
continuous, as was seen in both observations and model simulations. Bilis made a
continuous, cyclonic track over the CMR. For Toraji, Vmax/Nh=1.67 and R/Ly=.22, on
the threshold of a continuous vs. discontinuous track. The parameters would suggest a
continuous track. The observations and model results show Toraji making discontinuous
track over the CMR, with a secondary low forming on the northwest coast and ultimately
becoming the new primary center. However, given the fact that the parameters are
largely based on idealized simulations, it is not surprising that the observed and modeled
track would be discontinuous when the parameters were marginally large enough to
suggest a continuous track.

Overall though, our results are consistent with those

proposed by Lin et al. (2004). Running the idealized model with real terrain should
rectify this discrepancy.
For TCs approaching Taiwan from the southeast, we apply the conceptual model
proposed by Lin et al. (2004) to help explain the dynamics controlling the continuous and
discontinuous tracks (Fig. 44). For a continuous track (Fig. 44a), the circulation remains
vertically coupled at all levels. Weak secondary lows may form in the lee of the CMR,
but the primary circulation remains intact after crossing the CMR. The kinetic energy
associated with the original center is sufficient for it to cross the CMR intact. For
continuous tracks over the CMR, it is necessary to have a fast moving and/or an intense
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TC. TCs with moderately intensity and/or moderate translation speeds will tend to have a
discontinuous track (Fig. 44b). 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 and slow moving TCs tend to be
totally blocked by the CMR (Fig. 44c).

The primary low weakens and dissipates as it

impinges on the CMR. A combination of adiabatic warming from downsloping, and the
formation of vorticity filaments as the low-level flow is deflected around the north side of
the CMR help to generate a stronger secondary low on the northwest slope of the CMR,
which ultimately becomes the primary low center. Bilis appears to be most similar to the
schematic in Fig. 44a, while Toraji falls somewhere between Figs. 44b and 44c.
In future studies we plan on calculating vorticity and potential vorticity (PV)
budgets for the TCs in this study, as well as other TCs. Similar calculations have been
performed on idealized simulations (see Lin et al. 2004), and it will be interesting to see
if similarities can be found with real and theoretical cases. The budget calculations will
allow us to see the physical mechanisms involved for lee cyclogenesis for discontinuous
cyclone tracks across the CMR, as well as track deflections for continuous cyclone
tracks.
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Figure 1a. Paths of selected typhoons that had a continuous track around Taiwan. Also
shown is the terrain of Taiwan, with contours every 1000 m (from Wang, 1980).

Figure 1b. 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 (from Wang, 1980).
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Figure 2. Track of Supertyphoon Bilis (2000) from the Central Weather Bureau (CWB).
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(a)

(b)

Figure 3. Visible satellite images of Bilis (a) before landfall at 0830 UTC 22 August
2000, and (b) after landfall 2300 UTC 22 August 2000.
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(a)

(b)

Figure 4. Radar images of Bilis (a) before landfall at 1200 UTC 22 August 2000 and (b)
after landfall at 2100 UTC 22 August 2000.
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(a)

(b)

Figure 5. (a) Surface analysis, and (b) is the 500 mb geopotential height field for 00 UTC
22 August 2000.
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(a)

(b)

(c)

(d)

Figure 6. Surface analysis from the CWB. Times are indicated on the figures.
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Figure 7. Track of Typhoon Toraji (2001) from CWB.
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(a)

(b)

Figure 8. Visible satellite images of Toraji (a) before landfall at 0930 UTC 29 July 2001,
and (b) after landfall 0730 UTC 30 July 2001.
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(a)

(b)

Figure 9. Radar images of Toraji (a) before landfall at 1300 UTC 29 July 2001, and (b)
after landfall 0600 UTC 30 July 2001.
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(a)

(b)

Figure 10. (a) Surface analysis, and (b) is the 500 mb geopotential height field for 00
UTC 29 July 2001.
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(a)

(b)

(c)

(d)

Figure 11. Surface analysis from the CWB. Times are indicated on the maps.
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Figure 12a. Domain configuration. Domain 1 (D1) is 21 km grid spacing, 200 X 200,
Domain 2 (D2) is 7 km grid spacing, 199 X 199, and Domain 3 (D3) is 2.3 km grid
spacing, 265 X 244.

Figure 12b. Terrain (contour interval 500m) used for the 2.3 km resolution domain.
Shaded areas are above 2000 m.
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Figure 13. Observed track (TC symbols) and center tracks from the model simulations
for Bilis. Stars denote the surface center, squares the 700 mb center, circles the 500 mb
center, and triangles the 300 mb center. Observed track is every 6 hours, model tracks
every 3 hours.
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Figure 14. Cross sections through the primary of horizontal wind speed (shaded) and PV
(contours, PVU) for Typhoon Bilis (2000) at (a) 1200 UTC, (b) 1500 UTC, and (c) 1800
UTC 29 July 2000.
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Figure 15. Cross section through the center of total water mixing ratio (qw, shaded, g kg1
), potential temperature (K, thin lines), freezing level (thick dashed line), and circulation
vectors for Typhoon Bilis (2000) at (a) 1200 UTC, (b) 1500 UTC, and (c) 1800 UTC 22
August 2000.
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Figure 16. Sea level pressure (a), geopotential height (b-d), and wind vectors (a-d) for
1400 UTC 22 August 2000. (a) surface, (b) 700 mb, (c) 500 mb, and (d) 300 mb.
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Figure 17. As in Fig. 16 except for 1500 UTC 22 August 2000.
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Figure 18. As in Fig. 16 except for 1600 UTC 22 August 2000.
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Figure 19. As in Fig. 16 except for 1700 UTC 22 August 2000.

182

Figure 20. Streamlines for 1400 UTC 22 August 2000 at (a) surface, (b) 700 mb, (c) 500
mb, and (d) 300 mb.
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Figure 21. As in Fig. 20 except for 1500 UTC 22 August 2000.
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Figure 22. As in Fig. 20 except for 1600 UTC 22 August 2000.

185

Figure 23. As in Fig. 20 except for 1700 UTC 22 August 2000.
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Figure 24. 850 mb height (contours), temperature (shaded, K), and wind vectors at (a)
1400 UTC, (b) 1500 UTC, (c) 1600 UTC, and (d) 1700 UTC 22 August 2000.
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Figure 25. (a) Sounding to the east of the CMR, and (b) sounding to the west of CMR,
both at 1500 UTC 22 August 2000 to the north of where Bilis made landfall.
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Figure 26. Backwards trajectories from 1700 UTC 22 August 2000. The heights are σ=
(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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Figure 27. 850 mb geopotential height, PV, and wind vectors at (a) 1400 UTC, (b) 1500
UTC, (c) 1600 UTC, and (d) 1700 UTC 22 August 2000.
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Figure 28. Observed track (TC symbols) and center tracks from the model simulations
for Toraji. Stars denote the surface center, squares the 700 mb center, circles the 500 mb
center, and triangles the 300 mb center. Observed track is every 6 hours, model tracks
every 3 hours. Outlined symbols indicate two centers co-existing simultaneously
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Figure 29. Cross sections through the primary (center and left panels) and secondary
centers (right panels) of horizontal wind speed (shaded) and PV (contours, PVU) for
Typhoon Toraji at (a) 1200 UTC, (b) 1500 UTC, (c) 1800 UTC, (d) 2100 UTC 29 July
2001 and (e) 0000 UTC 30 July 2001. Note that the secondary center at earlier time, (b)(d), develops into the primary center at 0000 UTC 30 July 2001 (e).
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Figure 29. (Cont).
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Figure 30. Same as Fig. 29 except for total water mixing ratio (qw, shaded, g kg-1),
potential temperature (K, thin lines), freezing level (thick dashed line), and wind vectors.
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Figure 30. (Cont).
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Figure 31. Sea level pressure (a), geopotential height (b-d), and wind vectors (a-d) for
1700 UTC 29 July 2001. (a) the surface, (b) 700 mb, (c) 500 mb, and (d) 300 mb.
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Figure 32. As in Fig. 31 except for 1900 UTC 29 July 2001.
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Figure 33. As in Fig. 31 except for 2100 UTC 29 July 2001.
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Figure 34. As in Fig. 31 except for 2300 UTC 29 July 2001.
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Figure 35. Streamlines for 1700 UTC 29 July 2001 at (a) surface, (b) 700 mb, (c) 500
mb, and (d) 300 mb.
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Figure 36. As in Fig. 35 except for 1900 UTC 29 July 2001.
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Figure 37. As in Fig. 35 except for 2100 UTC 29 July 2001.
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Figure 38. As in Fig. 35 except for 2300 UTC 29 July 2001.
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Figure 39. 850 mb height (contours), temperature (shaded, K), and wind vectors at (a)
1700 UTC, (b) 1900 UTC, (c) 2100 UTC, and (d) 2300 UTC 29 July 2001.
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Figure 40. (a) Sounding to the east of the CMR, and (b) sounding to the west of CMR,
both at 1800 UTC 29 July 2000, to north of the point of landfall of the original center.
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Figure 41. Backwards trajectories from 2100 UTC 29 July 2001 for σ= (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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Figure 42. 850 mb geopotential height, PV, and wind vectors at (a) 1700 UTC, (b) 1900
UTC, (c) 2100 UTC, and (d) 2300 UTC 29 July 2001.
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Figure 43. Continuous (triangles) and discontinuous (circles) tracks in the parameter
spaces of (a) (Vmax/Nh, U/Nh), and (b) (Vmax/Nh, R/Ly), based on idealized simulations of Lin
et al. (2004). Bilis and Toraji are plotted in the parameter space.

208

Figure 44. 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 northward 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 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 forward speed of
the cyclone (adapted from Lin et al. 2004).

