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ABSTRACT

Effects of steep island terrain on typhoon motion and structure changes are studied
by both observational analyses and numerical simulations. The analyses involve
calculation of center position deviations from a second-order polynomial curve fitted to
the best tracks, and an empirical orthogonal function analysis to determine the
terrain-induced surface structures. The simulations use a limited-area model, with a
elliptical-shaped barrier and a "spun-up vortex’ to represent the typhoon, to demonstrate
the sensitivity on track and structure relative to vortex intensity, approach direction and
translation speed. Both observational and simulation studies show that the orography
induces significant track deflections and structure distortions, especially for a weaker and
slowly moving typhoon approaching central or southern Taiwan. As the typhoon
approaches, the outer edge of the circulation accentuates the blocking effect of the
barrier. Asymmetric gyres are induced by a vortex-terrain interaction as the vortex
moves closer to the barrier, which accounts for the significant track deflections from a
simple barrier effect. The simulations suggest that a center-following algorithm based
on the wind field would be more representative than on the pressure field. A track

discontinuity occurs when the secondary vortex created from flow deflections around the
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I. INTRODUCTION

Tropical cyclones are one of the most severe weather systems in the world. Anthes
(1983) reported that an average of 80-100 tropical cyclones occurred annually during
1964-1978 and caused an annual average of 20,000 deaths and a total economic loss of
$US6-7 billion. Some of this property damage, and most of the loss of life, can be
avoided if we have better track and intensity forecasts that allow people to prepare before
the strike. Although each tropical cyclone has its individual detailed characteristics of
wind, precipitation and pressure distributions (Willoughby 1990), the general
axisymmetric framework given in Frank (1977) and Holland (1987) provides a good
description of the typical structure of a tropical cyclone. The tropical cyclone has the
lowest surface pressure in the center, and maximum wind speeds about 30 to 50 km from
the center, which is also the area that has the largest precipitation. Outward from this
area, the surface pressure increases, and the wind speed decreases. It is in this inner
area that the strong wind and heavy precipitation cause the greatest damage. Therefore,
the major focus of a tropical cyclone forecast is the location of this inner core of about
100 km radius.

Elsberry (1987) summarized the tropical cyclone track prediction techniques into
three categories: simple track prediction techniques, statistical models and dynamical
models. The annual mean track forecast errors that he showed indicate very small

improvements on the track forecast during the last decade. Lack of adequate




observations makes the tropical cyclone forecast difficult. Near the coast, interactions
between the tropical cyclone and the orography may make the track forecast even more
difficult.

When a tropical cyclone encounters a flat coast, a surface wind discontinuity is
reported by Powell (1982). He showed that smaller wind speeds and larger inflow angles
over land occurred when Hurricane Federic made landfall on the Alabama-Mississippi
coast. Mean winds immediately inland from the coast were 20% less than mean winds
immediately offshore. Therefore, convergence was found on the right side and
divergence on the left side of the coastal area. Wind asymmetries were also reported
when Hurricane Alice made landfall on the Texas coast (Powell 1987). However,
convergence was found on both sides of the coastal area. The landfall of tropical
cyclones on a flat plain has also been studied in several numerical simulations (e.g.,
Tuleya and Kurihara 1978, Tuleya et al. 1984, and Jones 1987). The simulated low-level
winds, moisture and precipitation fields become notably asymmetric relative to the
coastline at landfall. The major filling of the storm generally occurs several hours after
landing, primarily due to the suppression of the surface moisture flux. Although a
landing without high orography generally produces relatively little change in the vortex
track, some exceptions have also been reported. For example, Tuleya et al. (1984) did
not detect a track change before landing. However, Jones (1987) showed that the storm
is located at about 20 km to the left of the control simulation by the time of landing.

As a storm enters a more complex coastal terrain, more complex changes in the

track and structure may be expected. One of the most significant areas where this




situation arises frequently is over the island of Taiwan, which is dominated by the
Central Mountain Range (CMR). Because the horizontal scale of the CMR is
comparable to the core of damaging winds and heavy precipitation of a typical typhoon,
and has peaks higher than 3900 m, typhoon-terrain interactions produce many interesting
features and forecast difficulties. Hsu (1960) found that a shallow or weak typhoon will
dissipate after contact with the Taiwan terrain. For typhoons with maximum sustained
winds of about 25-50 m/s, or if the vertical extent of the circulation is not much more
than 6 km, one or more secondary lows may form on the opposite side of the CMR from
the landfalling typhoon. One of the secondary lows may later dominate the circulation.
When this occurs, the track of the typhoon center may appear to leap across the island.
For a deeper (circulation extending to higher than 10.7 km) or a stronger (maximum
sustained wind greater than 50 m/s) typhoon, the typhoon center appears to follow a
continuous track even when secondary lows are formed. Hsu’s (1960) results and the
findings of Li (1963) were summarized by Brand and Blelloch (1974) into forecast rules
for tropical cyclones approaching or crossing Taiwan.

Brand and Blelloch (1974) also studied the tracks of 22 typhoons during 1960-1972
that crossed Taiwan on a general westward heading. They found that the average
intensity of typhoons increases during the period 48 h to 24 h prior to hitting Taiwan.
The intensity is then about constant until 12 h prior to landfall and then decreases for
about 12 h. For the period beginning from 6 h prior to hitting Taiwan until 6 h after
leaving, the average intensity decreases by about 41% (from about 47 to 28 m/s). The

average translation speed increases from -48 h to -24 h, then it levels off prior to a slight




acceleration just as the typhoon center is about to cross the island. Based on average
24-h right-angle track forecast errors of the Joint Typhoon Waming Center (JTWC) in
Guam, Brand and Blelloch suggested that the storms start to veer toward the northwest
48 h to 24 h prior to landfall, and then maintain a basically east-to-west direction until
landfall. After leaving the island, the right-angle forecast error is 94 km to the north,
which reflects an average southward displacement of the storms. They also classified the
storms into two groups according to the average initial intensity. They found that the
more intense storms (maximum wind greater than or equal to 50 m/s) move faster, and
experience more weakening in intensity (45% vs 40%) than do less intense storms.

The most comprehensive study of the Taiwan topography effect on typhoons was
by Wang (1980). After examining the behavior of 120 typhoons that threatened Taiwan
between 1949 and 1977, he classified these typhoons into eight categories according to
their motion direction and the way the storm center passed the island. Wang’s study
provides strong evidence that the low-level structure and the movement of typhoons
experience significant modifications as they encounter the Taiwan orography.

For typhoons approaching Taiwan from the east, Wang showed the storm center
can either cross Taiwan continuously, or have a discontinuous track due to the formation
of a secondary low that replaces the terrain-blocked low-level center. He further
classified the track-continuous typhoons into three categories: (i) the track of typhoons
has only minor deflections when it crosses the mountain; (ii) the center of the storm has
a cyclonic circular motion just before it reaches the east side of the mountain, and then

crosses the mountain gradually; and (iii) the upper part of the system is able to cross the




mountain and induces a center in the lower levels even though the lower-level center has
been blocked on the east side of the mountain.

Other westward-moving typhoons include the formation of one or several induced
lows on the west side of the mountain when the typhoon approaches the mountain. These
typhoons were classified into three additional categories: (i) the dominant secondary low
is located to the south of the original center; (ii) the dominant secondary low is located
to the north of the original center; and (iii) dual centers exist, with the secondary low
developing and traveling away from the island while the original center is traveling
parallel to the developed secondary center after having crossed the mountain. The
original center in categories (i) and (ii) dissipates and does not cross the mountain.

In addition to the observational studies, several numerical modeling studies
addressed the effect of the terrain on typhoons crossing Taiwan. Using a 60 km
resolution model and including an idealized topography, Chang (1982) showed that the
mountain-induced flow is mainly confined to the lower levels. The basic (easterly) flow
in the lower levels is blocked so that most of the parcels are unable to go over, and thus
must pass around the mountain. In the upper levels, the flow has only minor deflections.
Due to the different influences in lower and upper levels, the center of vortex is not
vertically aligned. The upper-level center experiences little change as it passes the
mountain ridge. The low-level center accelerates and moves northward as it approaches
the mountain, decelerates and moves southward after it passes the mountain ridge.
Chang suggests that the cumulus heating near and over the mountain is responsible for

generating and maintaining a cyclonic circulation around the topography. This cyclonic




circulation then steers the low-level center to pass the mountain in a cyclonic direction.
In a experiment without cumulus heating, Chang showed the circulation around the
mountain is mostly anticyclonic. The secondary vortex centers form over the leeside
when the low-level vortex center is blocked by the mountain range. One of the
secondary centers develops when it is in phase with the upper-level vortex center.

Bender et al. (1987) used a triply-nested high resolution (1/6° lat.) model to study
the effects of island terrain on tropical cyclones in three regions of the tropics: the
Caribbean Sea, Taiwan, and Luzon in the Philippines. As in previous studies, track
deflections are found, with the most prominent upstream northward deflection occurring
when the simulated storm approaches Taiwan. They suggested that the enhanced and
deflected steering flow as well as some unknown vortex-barrier interactions cause the
vortex motion change. The distortion effect on the tropical cyclone structure is also most
conspicuous over Taiwan, and especially, with the formation of secondary lows. The
secondary low is absent in the numerical experiments of the other two regions.
Compared to Chang (1982), the Bender et al. high-resolution simulations produced more
realistic intensity changes during the typhoon approach, landfall and departure from
Taiwan. They found that a region of dry air, which is due to the descending flow over
the land, is advected into the storm and is responsible for the filling of the system before
landfall. According to this mechanism, a slow-moving typhoon may start weakening
several hours earlier before landing than a fast-moving one.

The important scientific problems related to the mountainous topography effects on

typhoon motion and structure, and the approaches that are taken to address these




problems, are first discussed in Chapter II. The numerical model that is used in
conducting the experiments is described in Chapter ITII. Both observational studies and
numerical modeling simulations showing significant terrain-induced track deflections are
given in Chapter IV. Chapter V is an observational study to analyze the terrain effects
on the typhoon structure based on a 20-year data set. The observational studies also
serve to validate a numerical study of the terrain effects on typhoon structure changes.
Demonstration of the formation of secondary low and secondary vortex from the model

simulations is given in Chapter VI. Finally, a summary is given in Chapter VII.




II. SCIENTIFIC PROBLEMS AND STUDY METHODOLOGIES

The previous observational and numerical studies (e.g., Brand and Blelloch 1974;
Wang 1980; Chang 1982; Bender et al. 1987) have shown significant intensity, structure
and movement changes occur when typhoons approach or cross the island of Taiwan.
These studies provide explanations on the mechanisms causing typhoon filling when it
is nearby or landing on Taiwan. However, some important problems are still not well
understood. Some examples are the ’track deflection’ upstream of the mountain, the
modification of the flow structure when a typhoon is nearby, the mechanism that
produces the secondary lows, and the structure of the secondary lows. These problems

are discussed in the following sections.

A. UPSTREAM TRACK DEFLECTIONS

For a westward-approaching typhoon, poleward track deflections upstream of
Taiwan island have been emphasized in both observational (e.g., Brand and Blelloch
1974) and numerical simulations (e.g., Chang 1982; Bender et al. 1987) studies.
However, diverse conclusions have been found as to the magnitude of the deflections and
the upstream range of the terrain effect. For example, Brand and Blelloch showed a
leftward track forecast error of 33 km between -48 h and -24 h prior to a typhoon
making landfall, and a rightward forecast error of 41 km in the period from -24 h to

landfall. If the initial veering of 33 km prior to -24 h can be interpreted as an upstream




terrain-induced deflection, a cross-track velocity of 0.38 m/s is implied. However, if the
net deflection is interpreted as only 25 km in 48 h, the average cross-track velocity is
only 0.14 m/s. Moreover, Chang showed that the average cross-track velocity
component of the storm center in his simulation was northward at 0.8 m/s during the 18
h prior to encountering the terrain, while Bender et al. found that the upstream vortex
deflection in their simulation started relatively close (about 8 h prior to landfall) to the
terrain and the center was deflected more northward. Although the average cross-track
velocity obtained by Bender et al. was about 3.1 m/s, the track deflection was sensitive
to the storm translation speed. A translation speed increase from 5 m/s to 10 m/s almost
eliminated the northward deflection.

The different results on the track deflections between the observational and
numerical simulation studies may be due to the storm structure and the environmental
flow being much more complicated in nature than in the simplified simulations.
Moreover, Brand and Blelloch used the JTWC forecast tracks as a reference to calculate
the deviations. As a result, the calculated deviation may not be due only to the Taiwan
topography effect. Variations due to the large-scale environment flow change and
forecast skill differences may also be involved. Bias may also be introduced because
relatively few cases (22) were examined. In the present study, more cases are included
and a redefinition of the reference track is used.

Bender et al. suggested that the terrain-induced steering flow modification is the
main cause of the typhoon track deflection. According to this conclusion, different

magnitudes of deflections will be expected for typhoons approaching different portions




of Taiwan. The previous studies have not considered such suggestions. If the track
deflection does depend on the landfall region, then the magnitude of the track deflection
may be underestimated by averaging all approaching storms. Large forecast errors are
expected if a forecaster simply applies the average ’poleward deflection’ to a typhoon
approaching the southern portion of Taiwan.

The track deflection upstream of the barrier depends on the intensity of the
approaching vortex (Chang 1982). In addition, Bender et al. showed that the track
deflection was sensitive to the vortex translation speed. The terrain-induced cyclonic
circulation was suggested by Chang to explain the vortex motion near the barrier.
However, it is unclear how the vortex track and the terrain-induced circulation are
related. Bender et al. examined the influence of the mountain range on the basic flow
as a contributor to the vortex motion change. Their Fig. 9 suggests that an unknown
factor contributed to the large vortex track deflections in relation to the steering flow.
More studies are required to understand the physics involved in the upstream track
deflections caused by Taiwan, and the dependence of these track deflections on the vortex
intensity and the translation speed.

This study of the Taiwan terrain effect on typhoon tracks will be focused on the
upstream region and for the generally westward-moving cases. The JTWC best-tracks
of 103 typhoons that approached Taiwan between 1947-1990 are analyzed in Chapter IV.
A polynomial curve-fitting technique is applied to obtain a smooth track for each
typhoon. Position deviations from the smooth track will be referred to as the Taiwan

terrain effect. Cases are also separated into storms that landed on the northern and on
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the southern region to isolate differences in the upstream track deflections. Numerical
modeling simulations are also employed to study the upstream track deflections.
Discussion of the numerical model and the simulation procedure are given in Chapter III.

The simulation results are discussed in Chapter IV.

B. STRUCTURE MODIFICATIONS

As mentioned, interesting structure modifications when a typhoon approaches
Taiwan have been noticed by Taiwan scientists since the 1960s (e.g., Hsu 1960; Li
1963). Wang (1980) collected one of the most complete sets of observations of the
surface pressure and winds over the island when a typhoon was nearby. Many cases of
the formation of a secondary low(s) over the western coast when a storm approached
Taiwan from the east have been shown by his subjective analyses. For example, Wang
observed a secondary low near the northwestern coast at 03 UTC (Fig. 2.1a) prior to the
landfall of Typhoon June on eastern Taiwan. This secondary low was located inland
three hours later (not shown) and became the dominant center at 09 UTC when Typhoon
June was blocked on the east slope of the CMR (Fig. 2.1b). Another secondary low
center was analyzed near the southwestern coast. In another example, three secondary
lows were analyzed when Typhoon Louise (Fig. 2.1c) made landfall on the northern
portion of Taiwan. Later, the secondary low near the west-central coast developed and
became the dominant center (Fig. 2.1d). However, the interpretation of these examples
may be significantly different if an objective analysis is carried out, because most of the

small-scale low centers in Fig. 2.1 are not easy to resolve from the rather sparse
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14 UTC 17 uTcC

Fig. 2.1 Sea-level pressure analyses as Typhoon June (a) made landfall at 03 UTC
7 August 1961 and (b) six hours later when the lowest central pressure was northwest
of Taiwan; and Typhoon Louise (c) made landfall at 14 UTC 3 September 1959 and
(d) three hours later. Dashed line indicates the track (from Wang 1980).
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observations. The gradient wind relationship to infer the pressure field from the wind
distribution was used by Wang to identify the low center in the absence of observations.
More studies are required to verify such an approach and the nature of any balance
between wind and pressure fields.

The few observations from the central Taiwan region are very valuable to the
determination of the typhoon structure over Taiwan. Unfortunately, three observation
sites in the south-central Taiwan were generally neglected in the previous studies (e.g.,
Wang 1980) because of the difficulty of reducing the surface pressure at these high
mountain stations to sea level. Proper use of the observations in the central Taiwan may
help in clarifying whether: (i) a trough or two secondary lows were produced on west
side of CMR (Fig. 2.1a) when Typhoon June was located on the eastern coast at 03
UTC; and (ii) whether the original center was blocked near the east coast or was located
farther inland at 09 UTC (Fig. 2.1b). New observation stations in the north-central
CMR may be required to identify the separation of the secondary low near the
northwestern coast from the typhoon center on the east, such as in the example in Fig.
2.1c from Wang when Typhoon Louise moved over Taiwan at 14 UTC.

Wang also reported three favorable locations in the north, center and south sections
along the west side of Taiwan (e.g., Fig. 2.1c) for secondary lows to form when a
typhoon approaches. The typhoon approach direction (incident angle) and the wind
direction in northern Taiwan were suggested by Wang to be important factors in the
formation of secondary lows. Some cases indicated that the formation of the northern

and central centers was related to the incident wind direction, whereas the formation of
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the third center was related to the horizontal wind shear in southern Taiwan. The extent
to which these conclusions may be applied is unknown. No detailed upper-air
observations are available to study the terrain-induced structures in three dimensions.
Without knowledge of the vertical structure, an understanding of how the secondary lows
are formed, and whether a secondary low will later become the tropical cyclone center,
is lacking.

In a numerical simulation study, Chang (1982) showed that two secondary centers
were induced and one of the secondary lows developed to form a discontinuous track
when a weak vortex encountered an idealized mountain range. One secondary center was
produced at a location south of the barrier and another secondary center was produced
about 300 km downstream of the barrier. Both center locations were different from the
’favorable positions’ suggested by Wang (1980). Formation of secondary lows was also
simulated by Bender et al. One secondary center was located much closer to the
mountain peak as compared to the location suggested by Wang (1980), and the other
center formed over the ocean. Bender et al. simulations also suggest that the formation
of the secondary center is sensitive to the vortex translation speed. These diverse
conclusions regarding the initial location of the secondary low requires further
clarification, especially since the numerical studies of Chang and Bender et al. have not
examined the secondary low in detail.

In summary, significant modifications of the precipitation, wind and pressure
distributions when typhoons encountered Taiwan island have been reported in both

observational and numerical simulation studies. However, general conclusions on the
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cause and the structure of these modifications have not been reached. This provided the
motivation for this study. Due to the data sparsity, a detailed observational case analysis
is not pursued in this study. Rather, a statistical approach is used to describe the general
features of the Taiwan terrain effect on the surface structure of typhoons. The
observational study is described in Chapter V.

Numerical simulations have been successfully used to study the mountainous terrain
effects on different flow environments (e.g., Smolarkiewicz et al. 1988; Sun et al. 1991).
A similar approach is used here to examine the CMR effects on typhoon structure.
Comparison of the simulations with observational results, simulations of the
three-dimensional structure of the terrain effects, and the mechanisms involved in the

formation of the secondary center are described in Chapter VI.

15




1. NUMERICAL MODEL AND EXPERIMENT DESIGN

A. NUMERICAL MODEL

A version of the Limited-Area Weather Prediction Model of the Naval Research
Laboratory (Madala et al. 1987; Chang et al. 1989; Holt et al. 1990) is employed in this
study. The model physics include internal diffusion, dry convective adjustment, latent
heat release in nonconvective clouds and in convective clouds based on the modified
Kuo-type cumulus parameterization (Kuo 1974; Anthes 1977). A high-resolution
turbulent kinetic energy closure planetary boundary parameterization is also included.
The radiation processes are not considered due to their computational complexity and the
relatively short integration period of these simulations of the terrain-typhoon interaction.

The model has been installed in the VAX computer system in the Interactive Digital
Environmental Analysis Laboratory of the Department of Meteorology after minor
modifications of the input/output modules. Another modification is the calculation of the
ground temperature. The original model prognostic equation for predicting the ground
temperature follows Blackadar (1976) and Chang (1979), in which, diurnal insolation,
cloud amounts, and ground wetness are all required for calculating the net radiation, the
sensible and the latent heat fluxes. Since the radiation processes are not included in the
model, and the precipitation and cloud processes are all simplified, the difference
between the ground surface temperature and the temperature of the lowest model layer

is assumed to be equal to the mean temperature difference over the ocean surface. This
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simplified procedure speeds up the calculation and also eliminates the dependence on the
diumal cycle. Effects due to the differential heating between the ground and ocean
surfaces, such as the land-sea breeze, are minimized. This simplified approach
apparently produces no significant differences as long as the wind speed is not too much
smaller than 5 m/s.

The complete set of equations on the sigma coordinate (Phillips 1957) are
approximated by finite difference methods with a split-explicit time integration scheme
(Madala 1981). A Brown and Campana (1978) temporal filter, and the Perkey and
Kreitzberg (1976) lateral boundary blending technique are included. Details of the model

and computational procedures are given in the above-mentioned references.

B. EXPERIMENT DESIGN

The main purpose of this study is to understand the major mechanisms causing the
general track and structure modifications when a typhoon approaches Taiwan not to
predict the actual typhoon track and structure changes caused by the details of the Taiwan
topography. Therefore, the experiments are based on idealized cases and with the
Coriolis parameter that is assumed constant to exclude the complexity of the beta effect
on the typhoon motion and structure (Elsberry 1987). Simulations are examined for
typhoons approaching different sections (from north to south) of Taiwan with three
translation speeds: 2.5 m/s, 5 m/s and 10 m/s. Comparisons are also made for weak and
intense typhoons. Details of the model domain, gridpoint arrangement, and initial

condition specification are discussed in the following sections.
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1. Model Domain and Grid Arrangement
A 45 km resolution in the horizontal is employed over a domain of 3600 km
by 2250 km in the east-west and north-south directions respectively. In the vertical,
eight of the 16 sigma layers are in the lower 200 mb to allow higher resolution near the
surface. The vertical model levels are shown in TABLE I. The time increment for the
simulation is two minutes. Under these arrangements, the model requires about seven
mega bytes of computer memory and about 21 hours of central processing unit time on

the VAX 3500 workstation for a 24-hour simulation.

2.  The Topography

The topography of Taiwan is greatly simplified such that it is represented by
a smooth, elliptical barrier. All other nearby terrain such as the China mainland,
Philippine islands and islands of Japan are not included. The idealized topography is
centered at (x.,y,) with the height a(x,y) specified as

h(x,y) = R, * cos(x/2 * R/r,,,) JorR <r,,

= 0 (ocean) JorR =2 r,,

Here, A,,, is the maximum terrain height, and r,,, is a parameter to control the size of
the terrain. An elliptical-shaped barrier is produced by defining a weighted distance (R)
between a location (x,y) and the barrier center (x_x.) as

R = (@x) + ((y-y)/e) )
where e is the ratio of the horizontal scaling lengths. In this study, A,,=2500 m,
r...=160 km, and e = 205/160. Therefore, the elliptical-shaped barrier extends 320 km

in the E-W direction and 410 km in the N-S direction with a peak equal to 2500 m. This
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TABLE I VERTICAL MODEL LEVELS.

Model level Sigma level Approximate

pressure (nib)
1 0.05 50
2 0.15 150
3 0.25 250
4 0.35 350
5 0.45 450
6 0.55 550
7 0.65 650
8 0.75 750
9 0.82 820
10 0.86 860
11 0.90 900
12 0.93 935
13 0.96 960
14 0.9775 977
15 0.99 990
16 0.9975 997
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isolated barrier is slightly lower and larger than the CMR cof Taiwan. Notice that the
cosine function produces a well-defined coast line and a steeper terrain slope near the
coast line than does the exponential function that has been used for many theoretical

studies.

3. [Initial Condition Specifications

The initial conditions include a specified zonal wind field and a conditionally
unstable vertical profile of temperature and relative humidity (TABLE II). An initial
geopotential height field is derived from the geostrophic equation and the hydrostatic
relation using the layer thicknesses from the specified temperature profile. The initial
surface pressure on the terrain is interpolated vertically assuming hydrostatic balance.
Fields on the constant pressure surfaces are interpolated to the sigma surfaces prior to
the integrations. Since these fields are not in balance, an adjustment occurs during the
first few hours of the simulation.

A typhoon is implanted in the model by adding a "spun-up vortex" to the
background wind, temperature and humidity fields on the constant pressure surfaces.
This vortex is fully three-dimensional and is the result of a 72-h simulation beginning
from an initial wind field with a maximum wind v, (see values in TABLE II) at the
radius of maximum wind r,,,,. The initial radial structure is defined following Chan and
Williams (1987) as

V() = Vu(t/r.Jexpl(1-(v/r,.)°)/b].
Two spun-up vortices are examined in this study. A smaller and weaker vortex, which

is close to a steady state after 72 h of simulation, is generated by assigning r,,,,=90 km
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TABLE II INITIAL PROFILES. The initial temperature (7), relative humidity (RH)
and maximum wind speed (v,,,) profiles for the numerical model.

Level T RH Vyar

(mb) (K) (%) (m/s)
50 216.7 30 0
70 216.7 30 0
100 216.7 30 0
150 216.7 30 -15
200 217.4 30 -30
250 221.0 30 -15
300 228.6 30 0
350 235.5 30 6
400 241.5 40 9
500 251.9 50 21
600 260.8 60 . 30
700 268.6 80 30
850 278.7 80 30
925 287.4 90 30

1000 287.4 90 30

sea surface temperature = 301.0 (K)
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and b=1.2. A more intense vortex is generated with r,,,=135 km and b=1.0. The
more intense vortex is still slightly deepening at the end of the 72-h pre-integration
spin-up period. Some properties of these two spun-up vortices are summarized in
TABLE III and are discussed in Chapter IV. The development of the sea-level pressure
and the lower-troposphere height and wind fields of the two vortices in an ocean-only 5

m/s zonal flow are discussed in Chapter IV and Chapter VI, respectively.

TABLE IIl VORTEX STRUCTURE. The minimum sea surface pressure (P,,,),
the maximum averaged wind speed (v,,..), the radius of maximum wind (r,,..) and
the size (R,,,, radius of 15 m/s wind) of the weak and intense spun-up vortices.
In the table, the maximum averaged wind speed, the radius of maximum wind
and the size are determined from the 900 mb level.

vortex P,., Vinax | - R,

(mb) (m/s) (km) (km)
weak 1001 19 135 200
intense 985 B | 13 50 |

The barrier-modified wind, temperature and relative humidity fields are also
included in the initial fields. These barrier-modified fields are the 48-h model simulation
results beginning from the specified zonal flow and the conditionally unstable atmosphere
in TABLE II. After the 48-h simulation, the flow structure reaches a quasi-steady state
except downstream of the barrier where shedding vortices are found. These

barrier-modified fields are similar to other simulations (e.g., Smolarkiewicz et al. 1988;

22




Sun et al. 1991; Li 1992). Although the barrier-induced flow structure is sensitive to the
imposed flow, detailed discussion of these modifications caused by the barrier is not
included. Deep-layer mean wind fields for a 5 m/s (Fig. 4.13) and a 10 m/s (Fig. 4.16)
zonal flow are discussed later in Chapter IV. These barrier-modified mean flows are
related to the upstream deflections of an approaching vortex.

For a vortex in a 5 m/s basic flow, the barrier is centered 1350 km east of the
western model boundary and the vortex is located 810 km farther upstream. This
arrangement prevents the vortex from being too close to the lateral boundaries at both
the initial and the final stages of the integration. This arrangement also allows about 36
h before the vortex center makes landfall on the barrier. For simulations of a vortex in
a 10 m/s (2.5 m/s) basic flow, the initial vortex is placed 1125 km (585 km) upstream
of the barrier. This interval requires about 27 h (48 h) for the faster (slower) flow case
to make landfall. North-south displacements of the initial vortex center are used to
simulate typhoons making landfall on different portions of the CMR (Chapter IV). In
all cases, both the barrier and the vortex are kept near the center of the computational

domain.
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IV. TERRAIN EFFECTS ON THE MOTION OF VORTEX

A. OBSERVATIONAL EVIDENCE

1.  Track Stratifications

Many additional cases of typhoons striking Taiwan have become available
since the Brand and Blelloch (1974) study. All 103 typhoons between 1947-1990 that
entered a domain (Fig. 4.1) slightly larger than the island of Taiwan were selected.
Locations from the JTWC best tracks at 6-h intervals were utilized. The landing
(departing) time was defined as the first (last) time the typhoon was inside the domain
shown in Fig. 4.1.

The incident angle is defined as the track direction relative to the domain
edge at the landing position. As suggested by Wang (1980), this incident angle will be
used to stratify the cases. In this report, only the storms approaching the eastern domain
edge with an incident angle between 45° and 135° will be considered. That is, these are
generally westward-moving storms that will strike Taiwan relatively perpendicular to the
CMR. This choice of incident angles also will make comparisons with the numerical
model simulations more straight-forward. Only 58 of the 103 typhoons satisfy the
45°-135° incident angle criterion. If the upstream track deflections are due to a blocking
effect of CMR, they should be different for a storm approaching the northern and
southern ends of Taiwan. Thus, 33 typhoons landing north of 23.5° N will be

considered separately from 25 storms with a landing position to the south of this latitude.
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Fig. 4.1 Tracks of 103 typhoons that passed through a trapezoidal selection box
(see insert) surrounding Taiwan. The initial position of each track is indicated
by a circle.
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2. Cross-track and along-track calculations

Notice that many of the tracks in Fig. 4.1 have a curvature that might be
incorrectly interpreted as a track deflection caused by the Taiwan terrain. Thus, a
second-order polynomial curve was fitted to the 6-h track positions from about 72 h
before landing to about 18 h after landing. Holland and Lander (1991) have used a
similar approach to study track oscillations on a number of time scales. A polynomial
fit of the sequence of longitudes in terms of the latitudes and a polynomial fit of the
latitudes as a function of the longitudes were calculated by a least squares method. The
polynomial with the smaller fitting error was selected. Nevertheless, some very irregular
tracks had large fitting errors. A somewhat subjective criteria of 1.0° lat./long. RMS
error was used to reject those tracks that were not well represented by the second-order
polynomial fit. This resulted in a rejection of two and three cases from the northern and
southern landing samples respectively, so that the final sample sizes are 30 and 23
respectively.

Some examples of the polynomial fit of typhoon tracks are in Fig. 4.2.
Typhoon Yancy (storm number 13 during 1990) was a large storm that had some small
track oscillations about 36-72 h prior to the landfall (Fig. 4.2a). A significant track
deflection to the north began about 24 h prior to landfall. However, Yancy resumed a
more westward track just 12 h later and struck northern Taiwan. Detailed surface center
positions near Taipei revealed by the Doppler radar data (Jong-Dao Jou, personal
communication) were not available to JTWC and thus are not included in the 6-h best

track positions. A similar upstream track deflection seemed to be present in Tropical

26




WP1390 s !  WP0884

O 20N--

120E° . 130E

WP1790 o ! wP1475

[l
)
i

120E - 130E 120E°  130E

Fig. 4.2 Positions each 6 h, actual track (solid) and second-order polynomial
track (dashed) within 72 h of landfall and 18 h after leaving Taiwan for (a)
Typhoon Yancy (WP1390); (b) Tropical storm Freda (WP0884); (c) Typhoon Dot
(WP1790); and (d) Typhoon Betty (WP1475). Cross-track displacements and
along-track speeds are calculated from the perpendicular line segments at +3 h
and -3 h from the 6-h position.
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Storm Freda during 1984 (Fig. 4.2b). However, this deflection may be part of a longer
time scale oscillation about the polynomial fit. Typhoon Dot (1990) had a long smooth
track toward a landing position on the southern end of Taiwan (Fig. 4.2c). The
northward track deflection just upstream of Taiwan was no larger than the small
oscillations about the polynomial track during the prior 72 h. The JTWC 6-h positions
do not indicate the discontinuous nature of the track across Taiwan, which was associated
with one or more secondary low pressure centers and was revealed only in hourly surface
analyses (G. Chen, private communication). Typhoon Betty (Fig. 4.2d) during 1975
approached the southern part of Taiwan along a curved path. A southward deflection
upstream of Taiwan may be due to an interaction with the CMR. An alternate
interpretation is that this deflection is part of longer term oscillation about the polynomial
track.

Along-track speeds are calculated by constructing the shortest distance
between the track at +3 h and -3 h and the fitted curve (Fig. 4.2). Thus, the along-track
speeds at the original synoptic time (00, 06, 12 and 18 UTC) are the displacements per
six hours between these + 3 h and -3 h points. Instead of defining a cross-track speed,
cross-track deflections will be calculated with positive (negative) deflections defined to
be to the right (left) of the polynomial fitted track.

Notice that the -72 h to +18 h time interval is much longer than the time
interval of the upstream track deflections that are to be detected, which should then
appear as perturbations to the smooth track. If all of these 6-h positions are used, the

positive (negative) cross-track deflections that are being sought will be balanced by
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negative (positive) offsets over the remainder of the track to minimize the deviations
relative to the smoothed track in the least-squares fitting routine. Thus, an alternate
approach of excluding the 6-h positions during the period of expected deflections was
tested. That is, only the far upstream positions (-54, -60, -66 and -72 h) and the
positions after leaving Taiwan (+6, +12 and +18 h) were used in the second-order

polynomial curve fitting.

3. Mean Along-track Component

The average along-track speeds relative to the second-order polynomial fit
using all of the 6-h positions between -72 h and +18 h are shown in Fig. 4.3a for the
53 typhoons that approached Taiwan with a westward track within +45° and -45° of a
normal incidence. As in Brand and Blelloch (1974), a downstream acceleration is noted
with along-track speed increases from about 4.5 m/s at 72 h prior to landfall to about 6
m/s at landfall. The total speed (not shown) has a very similar variation with time, but
is slightly larger than the along-track component. The approximate one third increase
in along-track speed from -72 h to the landfall speed of 6 m/s would seem to be a
significant factor for the forecaster to consider.

Some numerical model simulations do indicate an acceleration prior to
landfall. For example, Chang (1982) obtained a speed increase of 0.8 m/s in a 24 h
period prior to landfall of a storm in a 5 m/s basic flow. Bender et al. (1987) also
obtained an acceleration of the tropical cyclone in their high resolution simulations. For

example, the increase in translation speed begins only 8 h prior to landfall in a simulation
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Fig. 4.3 (a) Average along-track speeds (m/s) and + one standard deviation
(dots) from -72 h prior to landfall (right side) to 12 h after leaving Taiwan (left
side). Open circles indicate approximate speeds while over Taiwan. (b) As in
(a), except for 60 storms passing through a trapezoidal box (see inset of Fig. 4.1)
displaced 6° long. to the east and 2° lat. to the south of the box around Taiwan.
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with a 5 m/s basic flow. Prior to this time, the translation speed with a mountain
included in the simulation was slower than for the ocean-only control.

Chang (1982) attributed the translation speed increase in his numerical
simulation to an interaction between the terrain and the tropical cyclone that caused
enhanced easterlies around the north end of the mountain. Bender et al. demonstrated
that the acceleration of the tropical cyclone was greater than the basic flow deflection
around the topography, so they suggested some additional interaction between the storm
circulation and the mountain range.

Notice that the increase in along-track speed in Fig. 4.3a is rather steady
(rather than just prior to landfall). Thus an alternate explanation may be that the
large-scale environmental flow is accelerating in this general region near the east Asian
trough. Consequently, a separate set of typhoon tracks was obtained by displacing the
trapezoidal box in Fig. 4.1 to the east by 6° long. and to the south by 2° lat. The
along-track speeds of 60 typhoons passing through the displaced box are shown in Fig.
4.3b. A general downstream increase is observed from about 5.0 m/s to about 6.0 m/s
over a 72-h period. Consequently, the acceleration near Taiwan in Fig. 4.3a, and in
Brand and Blelloch (1974), is likely to be due to environmental flow changes rather than
to interaction with the topography of Taiwan.

Other possibilities are that large, short-term deflections near the coast would
not be detected with existing observation platforms. or not be considered representative

during the construction of the best track in the post-storm analysis at JTWC. The
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cancellations between different categories of storms may also obscure the CMR effect in
Fig. 4.3a.

As Chang (1982) indicated, the storm track may be sensitive to the storm
intensity. Consequently, a separation of the 103 typhoons into two groups according to
the maximum wind speed is examined. Among the 50 typhoons in which the maximum
wind speed 12 h prior to landfall was less than 40 m/s, 18 typhoons approached Taiwan
with a westward track within +45° and -45° of a normal incidence. The along-track
speeds of the weaker typhoons (Fig. 4.4a) are not increased from about 48 h prior to
landfall. For the remaining 35 more intense westward-moving typhoons (Fig. 4.4b), the
gradual increase of the along-track speeds is relatively similar to those in Fig. 4.3.
These results suggest the CMR has a relatively small effect on the along-track speed of
the more intense storms, but slows the weaker storm.

The storm tracks in the Bender et al. simulation were sensitive to the
translation speed. A similar dependency of the along-track speed on the storm translation
speed is sought in Fig. 4.5, in which two groups are determined according to whether
the translation speed of the typhoon 12 h prior to landfall was smaller or larger than 6.0
m/s. The 27 slower-moving typhoons had an average along-track speed slightly smaller
than 5 m/s from -54 h to -6 h (Fig. 4.5a). The remaining 26 faster-moving typhoons had
an acceleration of along-track speed similar to Fig. 4.3. These results suggest the CMR
decelerates the approaching slower-moving storms and has a relatively small effect on

the along-track speed of the faster-moving typhoons.

32




? e emememaeceagerenseseeceesevessmanensem—n———————
—
° °
—
Glememammmceromcacc e e cccan —/\..-
Y e cacemssamaanensraan
1
9
LB
° °
—
Sfhemccccmmnicnaen
s ) SR, Beeeiwetremmvenmraserrasecesmamemmmsmetenttaane———————a e -
1

e .

12 6 dptaph -6 -12-18 -24 -30 -36 -42 -48 -54 -6 -66 -72

Fig. 4.4 Similar to Fig. 4.3{a), except for (a) 18 weaker typhoons in which the
maximum wind 12 h prior to landfall was less than 40 m/s; and (b) 35 more

intense typhoons in which the maximum wind 12 h prior to landfall was larger
than 40 m/s.
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Fig. 4.5 Similar to Fig. 4.3(a), except for (a) 27 slower-moving typhoons in which
the translation speed 12 h prior to landfall was less than 6.0 m/s; and (b) 26

faster-moving typhoons in which the translation speed 12 h prior to landfall was
larger than 6.0 m/s.
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4. Mean Cross-track Component

When the polynomial curve fit includes all of the 6-h positions, the sum of
the cross-track deflections from -72 h to +18 h tends to zero in the least-squares fitting
routine. The alternative is to include only the positions on either end and exclude the
positions expected to have upstream deflections. Cross-track deflections relative to a
second-order polynomial curve that includes only the -54 h through -72 h and the +6 h
through +18 h positions are shown in Fig. 4.6. As expected, the curve fits to these end
positions is relatively good, as indicated by the near-zero mean values and standard
deviations of about 25 km. The mean values depart from zero and have much larger
standard deviations (not shown if they exceed 50 km) about the mean values for the
intermediate times that have been excluded in the polynomial fitting.

The mean cross-track deflections are positive (northward) relative to the
polynomial curve for storms to the north (Fig. 4.6a) and are negative (southward) for
storms to the south (Fig. 4.6c). Surprisingly, the largest cross-track deflections occur
about 24 h prior to landfall rather than at landfall. The combined sample (Fig. 4.6b) has
smaller mean values due to the tendency for cancellation between the northern and
southern storms. Thus, these cross-track deflections generally appear to be consistent
with a hypothesis of blockage of the low-level steering flow around the island leading to
northward (southward) deflections for storms approaching the northern (southern) ends
of the CMR.

Significant northward (southward) deflections are found for the weaker

typhoons (Fig. 4.7a) approaching northern (southern) Taiwan. By contrast, the more
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Fig. 4.6 Similar to Fig. 4.3, except cross-track displacements (km) relative to a
second-order polynomial curve between end points of track (-54 h to -72 h and
+6 h to +18 h) for (a) 26 west-moving storms landing north of 23.5° lat; (b) all
west-moving storms; and (c) 19 west-moving storms landing south of 23.5° lat.
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Fig. 4.7 Similar to Fig. 4.6, except for cross-track displacements of (a) seven
weaker storms to the north (upper panel) and nine weaker storms to the south
(lower panel) of Taiwan; and (b) 19 more intense storms to the north (upper
panel) and 10 more intense storms to the south (lower panel) of Taiwan.
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intense storms (Fig. 4.7b) experienced relatively small deflections. Notice that the
largest cross-track deflections in the weaker typhoons are located closer to the CMR than
for the more intense typhoons, for which the deflections start farther upstream.

The cross-track deflections of the slower-moving typhoons (Fig. 4.8a) have
a similar magnitude as the faster-moving typhoons (Fig. 4.8b), except the faster-moving
typhoons passing through the southern Taiwan have slightly larger southward deflections.
More significant differences between Fig. 4.8a and Fig. 4.8b may be that the large
deflections occurred somewhat closer to Taiwan for the slower-moving storms.

The extent to which these averaged cross-track deflections are caused by the
CMR effect is not known. Relatively large standard deviations are found in all the
calculations. The large variations may due to more complicated environmental flows in
the nature. Numerical model simulations with simplified flow structures will be studied

in the following sections to compare with the observations.

B. SIMULATIONS
1. Design of Experiments
As mentioned, the variability in the upstream track deflections in the above
data analysis requires further verification to reach a conclusion. Numerical model
simulations are applied in this section to promote the general understanding of how the
track may be influenced by an idealized terrain. The model has been described in

Chapter ITII. Studies include:
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Fig. 4.8 Similar to Fig. 4.6, except for cross-track displacements of (a) 12
slower-moving storms to the north (upper panel) and eight slower-moving storms
to the south (lower panel) of Taiwan; and (b) 14 faster-moving storms to the
north (upper panel) and 11 faster-moving storms to the south (lower panel) of

Taiwan.
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i) How does the track behavior depend on the upstream approach (e.g.,
northern, central or southern portions of the terrain)?

ii) How does the upstream track deflection depend on the intensity of storm?
iii) How does the track behavior depend on the translation speed of the
storm?

The dependence of the track behavior on the storm intensity will be examined
with two spun-up vortices representing weak and intense typhoons (Chapter IlI). TABLE
II provides a list of the minimum sea-level pressure, the maximum wind speed, the
radius of maximum wind and the size (radius of 15 m/s wind, following Fiorino and
Elsberry 1989) of the two spun-up vortices. In the table, the maximum wind speed, the
radius of maximum wind (r,,,,) and the size are determined at the 900 mb level. Due to
the model resolution (45 km), the 7, (135 km) is slightly larger than the 100 km values
in the barotropic studies of Chan and Williams (1987) and Fiorino and Elsberry (1989).
The size of the weak (intense) vortex is smaller (larger) than that of the basic vortex (300
km) used by Fiorino and Elsberry (1989), and would be classified as a smaller (medium)
size tropical cyclone according to the study of Merrill (1984). Merrill used the average
radius of the outer closed isobar to define the size of the western North Pacific tropical
cyclones between 1961-1969. He found the average cyclone size was about 4.4° lat.
with a standard deviation of 2.0°, and more than 15% of the tropical cyclones had a size
smaller or equal to 2.0°. Therefore, the weak and intense vortices used in the study are
similar to the small tropical storm and the medium typhoon, respectively, as defined by

Elsberry (1987).



The initial procedure to start a simulation is to superpose a spun-up vortex
on a background flow. The details about the model and the starting procedure are given
in Chapter III.

In this sensitivity study, the intensity of the spun-up vortex, the starting
location of the vortex, and the zonal speed of the background flow will be varied. A
code convention of four characters has been designed to identify each simulation. The
first character of the code indicates the intensity of the spun-up vortex, where W and I
represent the weak and intense vortices, respectively. The second and third characters
of the code indicate the starting location of the spun-up vortex when the mountain barrier
is included, where nN (nS) represents an initial vortex position n grid intervals to the
north (south) of the central plane of the barrier. When the mountain barrier is not
included (ocean-control), OC are the second and third characters. The fourth character
indicates the zonal flow speed, where s is for a slower (2.5 m/s) zonal flow, f is for a
faster (10 m/s) zonal flow. The fourth character is omitted if the simulation is with the

standard zonal flow equal to 5 m/s.

a. Barrier-control
As indicated in Fig. 4.3a, the average along-track speed of the
westward-moving typhoons upstream of Taiwan is about 5 m/s. Therefore, the
background flow for the standard simulation will be a 5 m/s zonal flow that will initially
be perpendicular to an idealized, north-south mountain barrier that is similar to Taiwan

island. The deep-layer mean streamlines in the simulation with the standard 5 m/s
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background flow and no vortex are displayed in Fig. 4.9. The deep-layer mean (V,,,,)
is calculated directly on sigma coordinates as
1

v o= f"’ V(o) do (4.1)

mean _
0,70, Jo,

where V(o) is the velocity at level o and the integration interval (o;, g,) is from sigma
level 0.4 to the surface. This vertical average may be interpreted as the deep-layer mean
through the fow and middle troposphere.

The near-surface disturbances generated in the lee of the barrier (e.g.,
Smolarkiewicz and Rotunno 1989) are not clearly shown in the deep-layer streamlines
in Fig. 4.9 because these leeside disturbances are limited to the lower layers. Significant
flow deflections are found on the upstream of the barrier in the deep-layer mean,
especially near or over the island. To the north of the center-plane through the barrier,
the flow deflections are to the north. Conversely, the flow to the south of the
center-plane is deflected to the south. Notice that the deflections are not symmetrical
even through the flow is on an f-plane. The deep-layer mean flow is a little stronger
around the northern barrier. Near the surface (not shown), a larger fraction of the
upstream flow is deflected southward to pass around the southermn barrier than to the
north, which is similar to Sun et al. (1991). They found an anticyclonic circulation (or
ridge) is produced at the surface level over the mountain barrier when the Coriolis force

is included in the simulation.
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Fig. 4.9 Deep-layer mean (see text) streamlines after 48 h in the simulation of
a 5 m/s easterly zonal flow encountering the mountain barrier (dashed lines
indicate terrain boundary and altitudes of 1,000 m and 2,000 m). The grid
intervals are equal to the model resolution (45 km), with east-west distances (km)
relative to the mountain center. The domain shown (26 X 19 grid points) only
covers a portion of the model domain (71 X 51 grid points) near the mountain

barrier.
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If the tropical cyclone moved with the deep-layer mean flow (as a ’cork
in the stream”), the track would follow the streamlines in Fig. 4.9. That is, a cyclone
would tend to be deflected northward (southward) around the barrier. Track deviations

from this barrier-control steering simulation will be explored below.

b. Ocean-control

The second control simulation is the superposition of the vortex on the
5 m/s basic current without a barrier being present. The tracks and the time variations
of the minimum sea surface pressures of the simulation with the weak vortex in a 5 m/s
environmental flow and only open ocean (WOC) are shown in Fig. 4.10. Because the
spun-up vortex is a near-equilibrium vortex solution from a prior model simulation, the
minimum pressure of the spun-up vortex maintains about the same level (1003 mb)
throughout the simulation.

Rather large amplitudes of track fluctuations in the early period of the
simulation are shown in Fig. 4.10, which indicates an adjustment process is taking place
after the spun-up vortex has been superposed into a new environment. Throughout the
simulation, the two low-level centers (700 mb and surface) are very close to each other.
However, the 500 mb center is slightly to the south of the low-level centers. Even
through this solution is on a f-plane, the low-level centers move slightly faster and to the
north of the mean flow as in beta-plane solutions (e.g., Elsberry 1987). At 60 h, the
center is located about 70 km to the north and 45 km to the west of the location due only
to the imposed zonal flow. If the first 15 h is considered to be the adjustment period,

then the averaged northward (westward) speed is 0.6 (5.2) m/s for a 45 h period.
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Fig. 4.10 Track (top panel, from right to left) and minimum sea-level pressure
(bottom, mb) for the weak-vortex, ocean-control simulation (WOC).
Three-hourly positions of the height centers at 500 mb and 700 mb and the
sea-level pressure centers are shown with lines connecting ’S’, circles and ’s’,
respectively. The 700 mb center locations are also labeled in 6-h intervals. The
cross (+) signs with number (in h) indicate the center positions if the vortex was
being advected by the zonal flow. The abscissa is labeled as in Fig. 4.9 even
though no mountain barrier is included.
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Since the simulation is on a constant f-plane, these northward and
westward accelerations are clearly not due to the beta-effect (Chan and Williams 1987,
Fiorino and Elsberry 1989). In the barotropic model without horizontal wind shear,
diabatic and friction effects, the vortex would be simply advected along with the
background flow. Thus, these departures must be due to the combination of diabatic and
friction effects that cause asymmetric circulations and propagation relative to the mean
flow. For example, the frictional effects in the planetary boundary layer may promote
an asymmetric distribution of low-level convergence, which would lead to clouds in the
parameterization scheme, and thus an asymmetric heating distribution. At the end of the
simulation, the 500 mb center is located about 80 km to the south and slightly behind the
lower-level centers. This result indicates the upper-level center has less northward and
westward acceleration than the lower-level circulation.

After the 15-h adjustment period, small track oscillations with a period
of about 12 h continue (Fig. 4.10). This phenomenon is better shown in the simulation
of an intense, slow-moving vortex (IOCs, Fig. 4.40). These short-time scale track
oscillations appear to be related to the asymmetric latent heating effects, and will be
discussed in Section F.

In summary, the vortex motion is different from the steering flow in
which it is embedded due to the inclusion of friction and diabatic effects. To isolate the
mountain effects on the vortex motion, these faster and rightward track deviations in the
ocean-control must be subtracted from the cases including the mountain barrier. The

"barrier-induced deflections’ (or simply track deflections) will be defined as the track

46




difference between the case result and its corresponding ocean-control. Part of this track
deflection may be due to the change of steering flow (zonal flow is deflected by the
mountain barrier, e.g., Fig. 4.9). By a linear assumption, that portion of the track
deflection that is not associated with the steering effect (e.g., Fig. 4.9) must be produced
by the vortex-barrier interaction. The term ’vortex-barrier deflection’ will be used to

describe this part of the track deflection.

2. Vortex Tracks under the Influence of a Mountain Barrier

The mountain barrier is now inserted 810 ki downstream of the vortex initial
position. A group of simulations that start the vortex at different north-south distances
from the center-plane is performed. To simulate the track behavior of a typhoon
approaching the northern or southem mountain barrier, the initial vortex positions will
be varied from 180 km to the north of center-plane (code named W4N) to 360 km to the
south of the center-plane (W8S). For example, the track of the vortex started 45 km to
the south (W1S) is examined in detail in Fig. 4.11. In the figure and all subsequent
discussions, the vortex center will refer to the 700 mb height center unless otherwise
specified. Similar to the simulations of Bender et al., significant northward deflections
and an increased westward speed are found in the W1S case as the vortex approaches the
barrier from the east. The largest displacement at 45 h is about 100 km to the north
relative to the ocean-control when the vortex center is about to pass the long-axis of the
barrier. After the vortex passes over the long-axis of barrier, southward deflections and
decelerations are found. At the end of the simulation (60 h), the center is located only

about 10 km north of the ocean-control.
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Fig. 4.11 Tracks (top panel) and the minimum sea-level pressures (bottom as in
Fig. 4.10) for simulation W1S (line with circles) and the ocean-control simulation
WOC (line with boxes, shifted in north-south direction, in light solid line for the
same initial position as W1S). The dashed lines indicating the mountain barrier
are as in Fig. 4.9, and the barrier center-plane (dashed line in east-west direction
passing through the mountain center) is also plotted.
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Bender et al. explained the northward deflection and acceleration of the
typhoon upstream of the barrier as being due to the topographical effect that changes the
basic flow that advects the typhoon. However, significant differences between the
velocity of the background flow and the movement of the vortex existed. As shown in
Fig. 9 of Bender et al., the typhoon moved with a speed about twice as fast (about 12
m/s) as the mean flow (6 m/s) near the time of landfall. Chang (1982) simulated a
similar cyclonic path, but the displacements were smaller in his coarse resolution (60 km)
model that also included a larger scale mountain barrier than in Bender et al. Chang
proposed that an increased cyclonic circulation around the mountain barrier may cause
the cyclonic deflection of the storm track. However, a detailed examination of how this
circulation change could affect the typhoon motion has not been given.

Other effects besides the advection may be contributing to the vortex motion.
Well upstream of the region in which the vortex has been deflected to the north, both
Fig. 4.11 and the simulations of Bender et al. (their Fig. 6 and Fig. 10) show the vortex
is located slightly to the south and to the east of ocean-control. This southward
displacement and deceleration of the vortex motion well upstream of the barrier has not
been discussed previously by Bender et al. As this phenomenon persisted for more than
nine hours, it is not likely to be a small error arising from computational problems.

Tracks from other simulations (Fig. 4.12) also indicate these systematic
southward displacements for vortices approaching the southern portion of the island. All
six simulations are started with the same procedure, same weak spun-up vortex, same 5

m/s background flow and same initial distance (810 km) to the east of the mountain
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Fig. 4.12 Tracks as in Fig. 4.11 of six simulations (lines with circles each 3 h) and
the ocean-control (line with boxes at bottom and also thin lines shifted to initial
positions) of the weak vortex in S m/s easterly zonal flow. The code (see text)
of each simulation is indicated on the right side of their initial location.
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barrier center. The only differences are in the initial distance from the center-plane.
From north to south, the vortices have been displaced four grid intervals to the north
(W4N), two grid intervals to the north (W2N), one grid interval to the south (W1S), etc.
from the center-plane. The track of ocean-control (WOC) has been superposed in seven
locations for easy reference.

As the vortices approach different portions of the mountain barrier from the
east, different track deflections (compared to the ocean-control) are found. Similar to
WIS, the other two northern vortices (W4N and W2N) turn cyclonically as they move
close to the barrier. Vortex W2N initially approaches the northern island where the
terrain is relatively low (less than 1,000 m). Due to the smaller northward movement
than vortex W18, the center passes the northern coast without a landfall. Vortex W4N
starts farther north of the barrier center-plane so that a path along the ocean-control will
not directly pass over the island. Nevertheless, the terrain still has an influence on the
vortex motion. The center of W4N is deflected to the north, but the displacements are
smaller compared to W2N. Southward displacements far upstream are not found for
vortices W2N and W4N as in W1S. However, decelerations in the zonal component are
found when these northern vortices are still far upstream of the island. The westward
speeds only increase after the vortices turn to the north. These speed changes become
larger as the vortices are closer to the barrier center-plane. At the end of the simulation,
the center of W18 is behind the other two northern vortices.

The other three vortices that approach the southern portion of the island also

have systematic track deflections. As in W1S, all of them have southward displacements
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starting about 400 km upstream of the mountain barrier. These southward displacements
persist longer for the more southern vortices. For example, the southward motion in
W8S lasts about one day, from about 18 h to about 42 h. During this 24-h period, the
center moves about 60 km to the south of the ocean-control. However, these southward
motions do not continue as expected from the deep-layer mean steering flow (Fig. 4.9).
Rather, all of the southern vortices are deflected to the north beginning about 150 km
upstream of the coastline.

Similar track deflections are observed in Fig. 4.6c, which shows the average
cross-track deflections of 19 storms landing south of 23 °N. The southern storms are
first deflected southward about 48 h prior to landfall, but then turn back toward the
island 24 h prior to landfall.

Notice that the center of W8S continues to move toward the north in a rather
smooth path around the southern end of the barrier (Fig. 4.12). However, large
fluctuations in the center positions for W4S and W6S are found after the landfall. These
fluctuations when the vortex is over or near the mountain barrier are due to other effects
besides the advection, and will be discussed separately later.

Decelerations in the westward translation speed also are found in Fig. 4.12
as the southem vortices are far upstream of the island. The westward speeds start to
accelerate only when the vortices are very close to the island. For W8S, the very long
period of deceleration upstream of the barrier results in the center being significantly
behind the ocean-control at the end of the simulation. By contrast, the center of W4S

is about 70 km to the west of the ocean-control at 60 h. The track of W6S is very
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irregular at 60 h as adjustment processes are still occurring after the vortex has moved
to the southwest of the island. More studies are required to explain this irregular track.

In summary, this group of simulations provides a more complete view of how
the storm tracks are influenced by the mountain barrier. Distinct differences are found
as each vortex approaches a different portion of the mountain barrier. These different
track behaviors may be a reason (large-scale flow changes are another) for the large
deviations in the storm speeds and cross-track displacements in the observations (Fig.
4.3a and Fig. 4.6). In general, the vortices approaching the northern island experienced
northward deflections, and the vortices approaching the southern island first experienced
southward deflections and then moved toward the north. Similar track deflections appear
in the observations (Fig. 4.6). Although the northern storms (Fig. 4.6a) are first
deflected northward beginning about 48 h prior to landfall, the cross-track deflections
decrease (beginning about 24 h prior to landfall) toward zero prior to striking Taiwan.
Similarly, the southern storms (Fig. 4.6¢) are first deflected southward but then turn back
toward the island prior to landfall. The physical processes involved in these track
deflections are to be examined in the following sections.

From the forecaster’s point of view, it is important to know when the
southward-deflected storm will turn back to the north. The observations in Fig. 4.6¢c
suggest the average maximum southward displacement of the center occurs about 24 h
before landfall. These model simulations with idealized terrain, zonal flow equal to §

m/s and simplified vortex structure, suggest the maximum southward displacement is
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about 12 h before landfall. How this timing may vary due to the intensity and the

translation speed of the vortex will be examined with more simulations later.

C. UPSTREAM TRACK DEFLECTIONS

As mentioned above, Bender et al. (1987) suggested the northward deflection and
the acceleration of the typhoon when it approaches a mountain barrier may be explained
by the topographical effect on the environmental flow that advects the typhoon. In their
study, the steering flow was selected from a particular layer. Many studies (see Elsberry
1987) have found that a deep-layer mean is best related to the typhoon motion.
Therefore, a deep-layer mean as defined by equation (4.1) will be used to examine
whether the vortex motion under the influence of a mountain barrier can be explained in
terms of the mean steering flow modifications.

The deviations (or barrier-modified mean steering flow) from the 5 m/s zonal flow
due to the inclusion of the mountain barrier (barrier-control simulation in Fig. 4.9) is
shown in Fig. 4.13. In general, the mean easterly flow (Fig. 4.13a) is reduced over the
mountain and increased to the north and to the south. The maximum decelerations
exceeding 3 m/s occur west of the island where the return flow in the low-level leeside
vortices is found. Upstream of the barrier, the mean zonal flow decelerations are mainly
limited to a zone with a north-south length that is about equal to the width of the
mountain. An area with more than 0.4 m/s deceleration (which would cause a reduction
of about 35 km in vortex motion per day) extends to about 200 km east of the east coast.

Beyond 400 km from the east coast, the deceleration is less than 0.2 m/s. The areas of
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Fig. 4.13 Deviations (contour interval, 0.2 m/s) of the deep-layer mean flow of
simulation with mountain included (Fig. 4.9) from the 5 m/s easterly zonal flow.
A positive (solid line) value for the east-west (u-) component in (a) indicates the
easterly flow has been slowed down by the mountain, and for the north-south (v-)
component in (b) indicates a northward deflection relative to the mean flow. The
map background is similar to Fig. 4.9, except on a different scale.
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easterly acceleration extend from the island tips to the nearby ocean. A maximum of
0.75 m/s is located about 50 km to the south of the south coast. As found in previous
simulations (e.g., Sun et al. 1991), the Coriolis effect causes the flow patterns to not be
symmetric with respect to the barrier center-plane.

The large north-south (v-) deviations (Fig. 4.13b) on the west side of the island are
associated with the shedding of the lee vortices. Because of the highly time-dependent
nature of these vortices, the pattern may be different at other times. Upstream of the .
island, which is the focus of this study, the flow pattern is relatively steady. East of the
mountain, the zero contour line is generally very close to the barrier center-plane. North
(south) of the center-plane, the flows are deflected around the barrier with maximum
deviations on the coast. Notice that the maximum flow deflections of 1.6 m/s northward
and 1.1 m/s southward are not equal due to the Coriolis effect. The area in which the
southward flow deflections are more than 0.4 m/s is within 200 km from the coast. The
area with northward deflections is slightly larger and extends farther to the north.

If the north-south track deflections are to be explained by this barrier-modified
mean steering flow, significant northward (southward) deflections of the vortex tracks
should be found within a distance 200 km from the coast. The vortex translation velocity
is computed as the mean of velocities calculated in 2-h, 4-h and 6-h intervals by central
difference. Even in the case of the ocean-control with a constant background flow, the
vortex center does not move with a constant speed (Fig. 4.10). The average
u(v)-component speed of the WOC simulation during 18 h to 57 h is -5.2 (0.6) m/s with

a standard deviation of 0.5 (0.7) m/s.
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Prior to 18 h, all of the vortices shown in Fig. 4.12 have a similar track as the
ocean-control, even though a mountain barrier is included in the downstream. After 18
h, the distance between the center from the ocean-control and the center from a
simulation with the mountain included may exceed 100 km. Because the translation
speeds in the ocean-control are not constant, and the vortex centers may be displaced
from that of the ocean-control, the computation of the vortex deflections due to the
inclusion of the mountain barrier becomes a little complicated. If a constant velocity is
subtracted, the short time-scale variations (especially in the early period of the
simulations) may be incorrectly interpreted as mountain effects. If the difference
between the vortex translation velocity with mountain barrier included and that of the
-ocean-control is calculated at a given time, an error may be introduced because the two
centers are not at the same location. In the following sections, the track deflection due
to the inclusion of the mountain barrier is calculated as the difference between the
translation velocities of the case and the corresponding ocean-control before 18 h. After
18 h, the mean translation velocity of the ocean-control (5.2 m/s westward and 0.6 m/s
northward) is subtracted from the case translation velocity.

Differences between the track deflections for the six simulations and the
barrier-modified mean steering flow (Fig. 4.13) are shown in Fig. 4.14. In Fig 4.14a,
the vector differences are calculated hourly, and the results are shown as vectors
originating at the vortex centers from 12 h to 56 h. These vectors indicate the direction
and speed of the vortex motion deviations from the mean flow steering (vortex-barrier

deflections). In regions where the vectors are small, the changes of vortex motion when
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Fig. 4.14 Hourly vectors of the vortex-barrier deflections (see text) for the six
simulations in Fig. 4.12 from 12 h to 57 h. Deflections are shown for (a) the total
vectors originating from the position each hour; (b) east-west (u-) components;
and (c) north-south (v-) components. Plots (b) and (c) are on a smaller scale and
the values are given in 2-h intervals. The scale for the vectors in (a) is shown in
the lower right corner of the figure. A positive value in (b) indicates the vortex
moves slower than the mean steering flow, and in (c) indicates the vortex moves
to the north of the mean steering flow. Lines AA’ and BB’ divide the domain
into three regions (Region-A, Region-B and Region-C) discussed in the text.
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the mountain barrier is included can be attributed to the barrier-modified mean steering
flow. The u- and v- component speed differences (Figs. 4.14b and 4.14c, respectively)
illustrate the magnitudes of the speed differences.
1. Region-A

Lines AA’ and BB’ in Fig. 4.14 separate the domain into three regions. To
the east of line AA’, the vortex-barrier deflections in both u- and v-components are
relatively small. Although the values range from -0.3 m/s to 0.5 m/s, most of the
magnitudes (absolute value) are close to or smaller than 0.2 m/s. Such a speed
difference of 0.2 m/s would only produce a vortex displacement of 8.8 km in a 12-h
period. If the signs are changing along the track within this period, then the position
differences would be even smaller. In this region (Region-A), advection by the

background stee