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ABSTRACT

This study employed a mesoscale numerical model to investigate the evolution of a mesoscale vortex
impinging on symmetric topography. The numerical model consists of higher-order planetary boundary
layer parameterization, cloud microphysics and an initialization method for typhoon simulations. For long
typhoon simulation time, the numerical model employs highly accurate high-order semi-Lagrangian
schemes to reduce the numerical damping. Numerical results from idealized case simulations tend to show
that a westbound vortex as in a smaller typhoon, slow or fast and weak or intense, will be deflected southward
rather than northward as it approaches the center of a symmetric topography and will then rebound slightly
northward to its original latitude after passing the mountain. '

Momentum budget analyses indicate that the mechanism most probably responsible for the southward
deflection is the southward component of the ageostrophic pressure gradient. As the vortex center
approaches the island, it is also retarded by the eastward component of the ageostrophic pressure gradient.
In the mean time, a secondary low is induced at the lee side of the mountain associated with a strong
downslope wind favorable for vorticity generation. The lee secondary low is replaced by the original
vortex center which considerably accelerates after turning around the mountain peak. The reformed low
center then moves straight westward at later times.
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. Introduction

Typhoons and Mei-Yu fronts are two of the major
severe types of weather associated with heavy rainfall
in Taiwan. Moreover, floods caused by intense imping-
ing typhoons have the greatest impact on the island.
Typhoon Herb in July, 1996, the most impressive recent
event, caused agricultural and economic loses of more
than 50 billion NT dollars (~ 2 billion US dollars) as
estimated by the government. Statistically, the yearly
average precipitation is about 2500 mm, almost half
of which is brought by typhoon circulation systems.
This observational data may explain some draught years
in which typhoons do not shoot around the island. On
the other hand, the landfall position of a typhoon center
is closely indicative of the locations associated with
heavy rainfall. Typhoon track forecasting has been a
central issue for the typhoon research group of the
Central Weather Bureau (CWB) (Peng, 1992).

Observations on upstream maritime typhoons
before they impinge on Taiwan have usually been very

insufficient for confident analyses. Despite this ob-
servational drawback, Brand and Blelloch (1974) con-
ducted statistical analyses of westbound typhoons
impinging on Taiwan that exhibited a northward de-
flection and reduced intensity as they approached the
island while the center appeared to accelerate after
landing. An extensive observational study |of 120
typhoons by Wang (1980) suggested that the typhoon
track may be continuous or discontinuous (Fig. 1) when
a westward typhoon impinges on the island at & certain
angle. A detailed analysis of track deflection and
translational speed for westward typhoons was given
by Yeh and Elsberry (1993a). They found that the
increase in the along-track translational speed pprior to
landfall for stronger and faster typhoons wds more
evident than that for weaker and slower typhoons. The
effects of Taiwan’s topography on the evolution of
typhoon circulations were also analyzed by Le¢ (1991)
and Tsay (1993), both of whom suggested an important
role for the topography.

Several numerical studies have also shown track
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Fig. 1. Two types of typhoon tracks: (a) Continuous and (b) discon-
tinuous (after Wang, 1980).

deflection of a westward typhoon toward the Taiwan
island. Chang (1982) found that a typhoon somewhat
larger than the size of the island tended to be deflected
northward and to accelerate prior to landfall; thus, its
track exhibited a cyclonic curvature. It was speculated
that the northward deflection was related to more latent
heat release to the right of the center as the northern
cyclonic flow was lifted by the terrain. Bender er al.
(1987) also found that westward typhoons appeared
to turn rightward in the presence of B-effects, which
are known to drive the vortex poleward and westward
(e.g., Fiorino and Elsberry, 1989). The northward
deflection was also exhibited in the modeling study of
Yeh and Elsberry (1993a, 1993b) and was explained
by the asymmetric southerly flow crossing the island.
They also investigated the generation mechanisms of
observed secondary-low centers using a primitive-equa-
tion numerical model. For weaker typhoons, 4 second-
ary low was induced on the lee side of the mountain
while the upstream low center was blocked. The

secondary circulation center on the lee side of the island
was also very evident in the real case simuilations of
Typhoon Dot [1990] carried out using the NCAR MM35
model (Cho et al., 1996) and of Typhoon Gladys [1989]
using the GFDL hurricane model (Wu and CHuo, 1996).

Both modeling results (e.g., Yeh and Elsberry,
1993a) and observations (e.g., Wang, 1980) indicated
northward (southward) track deflection for Westbound
typhoons impinging on the northern (southern) part of
the island. Some modeling and more observational
evidence indicated northward deflection for typical
tracks moving toward the central point of the topog-
raphy, but there was also a possibility of southward
deflection in this case, e.g., Typhoon Nora [1967] and
Nadine [1971], as shown in Fig. 1. No atempt was
made to dynamically or observationally identify the
possibility of southward or northward deflection for
real cases.

While considerable observational and modeling
efforts have been made in the study of typhoon track
evolution in the vicinity of Taiwan, a comprehensive
typhoon numerical model still needs to be developed
in Taiwan for scientific investigation. Using a native
typhoon model, this study will show that a southward
deflection prior to landfall can be associated with smaller
typhoons, whether strong or weak, slow or (fast. Al-
though we will not frequently expect a westbound
impinging typhoon to move toward the central point
of the CMR despite its asymmetric topography, an
understanding of the basic behavior of track deflection
with comprehensive interpretation is needed. Since
many physical parameters are involved in numerical
experiments, we will concentrate on cases with ideal-
ized topography and simple initial conditions. Also,
there are many issues that can be examined in numerical
simulations; however, we will limit our focus@to vortex
evolution and track deflection. Cloud and rain devel-
opment processes will not be discussed for this reason;
a detailed presentation can be found in Huang (1993).
In Section II, the mesoscale numerical mode] is intro-
duced together with the typhoon initialization scheme.
The modeling results are presented in Section III,
followed by our discussion in Section IV. Brief con-
clusions are given in the last section.

Il. The Numerical Model

1. The Governing Equations

The mesoscale model used in this study was
described by Huang (1993). The model is anelastic and
hydrostatic or nonhydrostatic in a terrain-following
coordinate system with Boussinesq’s approximation.
Since the vortex circulations studied herein are not too
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tiny in size to invalidate the hydrostatic approximation,
all the simulations in this study have used the hydro-
static version for computational efficiency.

The model momentum equations in the z-coordi-
nate are given by

===Vl Wi+ V=0, Tt (K it ) s+ (Kprity )y
+(Kpitz)z (1)
V==V, =Wy, —fu—0, T+ (Kpvy) o+ (Kgvy)y
+HEKyv2)z (2)
W= UW— YWy WWy— O, +(Kpwy) .+ (Kpwy)y
+HKuws)zs 3
where Ky and K, are the horizontal and vertical eddy

diffusivities, respectively. The deep continuity equa-
tion used in the model can be written as

(Poie)+(Pov)y+(Pow) =0, C))

where pg=po(z) is the layer-average density, which only
depends on height.
The scaled pressure 7 (Exner function) is derived

from
L Pk
= Cp(Pm) £

where x=R/C,, R is the gas constant and C, is the
specific heat capacity at constant pressure. The virtual
potential temperature 6, is defined as

8,=6(1+0.61g—g.~q,),

where g is the water vapor, g. the cloud water and
g, the rain water. In Egs. (1) and (2), the pressure
terms can be further linearized by replacing 6, with
6,0 (the ambient geostrophic value). The pressure can
also be partitioned into two parts, the hydrostatic and
geostrophic pressure 7o, and the non-geostrophic
pressure perturbation 7’ (hydrostatic or non-hydro-
static): :

T=Tog+ T, Tz =~ - (5
W
Hence, the momentum equations can be given by
uF’““x—v“y_w“z"'(fv_ng)"BVOEIJ:"'(KHux)x

+(Kpty)y+(Kagitz) 2 (6)

V==V ~VVy=wy,~(fu—fug) = 0,07 y+(Kpve)s
+(Kpvy)yH(Kmvy)z (7

WE—UW VW= WW—B,07 -+ g%—i-([{ W+ (Kuwy)y
+(Kpyw,),- ®

The vertical coordinate in the terrain-following
coordinate system is defined as

o) Z_E(X,}’)
C=H_Ekx.y)’ . ®)

where E(x,y) is the terrain height above sea level, and
H is the fixed height of the model domain tgp. The
transformed governing equations, including thermody-
namic and mass-conservative equations, are given by

u=— = Vily= Wit g+ (fr—fvg)— 0,0(7 + 7' O )+HH 4Dy,

(10)
v,:-uvx—vvy—ﬂ?vd—(fu—fug)-Gvg(:fz'y+ﬁgay)HHﬁDv,
aan
W= UW — VW —WW g— O,0 7T 5O+ & \H +D|
= X ¥ GvOngT+w+w’
“’ (12)

[pott(H~E)] o+ pov(H-E)],+[poW(H-E)1o=0, (13)

6,=—u0,—v 0y~ 0s~QcntQcr—Crv+ Qrap+Hg+D,
(14)

q=—uqgy—vq,~Wq~Men+Mer+Mev+Hg+ Dy, (15)

qa:_HQCx_v‘hy_WQCU"'MCN_‘MAC—MR‘.»"‘"Hq;c"‘chy
(16)

4r=—UG Ve WG rot Myt Mact Mrv—Mpy+Hg,

+Dg, an
where Eq. (14) is the thermodynamic equation for
potential temperature; Egs. (15), (16) and (17) the
conservative equations for water vapor, cloud water
and rain water, respectively. When the hydrostatic
approximation is used, Eq. (12) retains only two terms,
the vertical pressure perturbation gradient and the buoy-
ancy force; otherwise, the anelastic continuity eéquation
Eq. (13) is used to derive the pressure perturbation to
eliminate the sound wave mode. The o-coprdinate
vertical velocity w(=do/dt) can be related to the vertical
velocity w(=dz/dt) as w=w(H-E)—(0-1)(uE,+VE,). In
the above prognostic equations, the diffusion terms are

.
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defined as
H,: horizontal u-momentum flux divergences in the
x- and y-directions,
D,: vertical u-momentum flux divergence in the z-
direction,
H,: horizontal v-momentum flux divergences in the
x- and y-directions,
D,: vertical v-momentum flux divergence in the z-
direction,
and so on. Since the mathematical expansions of the
diffusion terms in the o-coordinate are very lengthy,
the detailed expressions are omitted herein. The spatial
x-, y- and z-derivatives of the vertical coordinate are

= 0=
6‘_(H—E)Ex’ (18a)
Gad=l
0, = H-E) E,, (18b)
o= 1 (18¢)
‘ (H-E)’
respectively.

The Ertel’s potential vorticity (PV) in the z-co-
ordinate can be defined as PV=(1/p)(fk+VxV)eV0,
which can be expanded after neglecting the density
variation as

~99 9w _dvy, 90 du_owy 36 v _du
PV‘ax(ay Bz)+8y(az ax)+az(ax ay+f)'
19

With the 6-coordinate in this study, the vertical com-
ponent of the relative vorticity {'in the last parentheses
of Eq. (19) can be expressed as VyxtVoO,—ity—u0,. In
later analyses, the formulation of PV will also be trans-
formed to the o-coordinate.
The sink or source terms in Eqgs. (14)-(17) are
described below:
Ocw: release rate of latent heat by condensation of
water vapor at grid points,
release rate-of latent heat by condensation of
water vapor in subgrid scale clouds,
release rate of latent heat by evaporation of
rain water,
radiational cooling or heating,
moisture contribution due to condensation of
water vapor at grid points,
. moisture contribution due to condensation of
water vapor in subgrid clouds,
: moisture contribution from evaporation of
rain water,
falling rate of raindrops by terminal velocity,
: accretion of cloud water to become rain drops,
: reverted rain water due to autoconversion of
cloud water.

Oci:
Qgv:

Orap:
M CN:

The above physical cloud processes arel based on
Kessler (1969) and can be found in Huang (1990).

The atmospheric PBL is treated separately as the
surface layer and the transition layer. The similarity
stability functions given by Businger et al. (1971) are
used to account for the surface-layer turbulent trans-
port. Above the surface layer, a turbulence closure
scheme (K-theory) based on the prognostic equation
of turbulent kinetic energy (e) and energy dissipation
(¢) is incorporated with the level 2.5 scheme of Mellor
and Yamada (1982) to determine eddy diffusivities, Ky,
and K, in the transition layer. The prognastic equa-
tions for TKE and € (see Duynkerke and Driedonks,
1987) are given by

de__v.T _7=0u _Tov , & Lo
5= VeVe+] uws, v'waz-i-a-';w L]

_ oW+ pTpy) &

oz

£

and (20)

€ V. .Veicfl_7o0U_T7o0v |8 o
5=~ Ve Verarl L(w’az vwaz+a;w9v]

- 04%2 & cséaz(KMg—i) , @1)

respectively, where Cj, Cy4, and Cs are constants
(Duynkerke, 1988), K, is related to Kj as

K9=B_1KM-

and P, is the turbulent Prandtl number determined in
the level 2.5 closure. Using the predicted e and &, Ky
can be parameterized (see Huang, 1990).

The semi-Lagrangian advection scheme using
seventh-order interpolation is adopted in the horizontal
while cubic interpolation is employed in thé vertical
(for more details, see Huang, 1994). The Ekman-
gradient wind is solved for the initial conditions used
in the model (for more information, see Huang and
Raman, 1989). Zero-gradient boundary conditions or
radiation boundary conditions (Miller and Thorpe, 1981)
of Orlanski’s type (Orlanski, 1976) are used for all the
prognostic variables at the lateral boundaries. A sponge
layer is employed in the upper domain to absorb wave
reflection. At the lower boundary, a no-slip dondition
is imposed for the wind.

2. Typhoon Initialization

A three-dimensional (3-D) wind field V can be
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theoretically decomposed into two components, a non-
divergent part, V. and a irrotational part, V,, where

VeV =0, and VxV =0. (22)

Observed typhoon circulations are essentially domi-
nated by a rotational wind, which can be obtained from
the gradient-wind balance equation. A 2-D wind field
can be described by a streamfunction ¥ such that

kawi, (23)
and, thus,
wy=-3¥, v=4. (24)

which gives the vertical component of the relative
vorticity vector:

(=ke(VxV,)=Vy, (25)
which is the vorticity, which will be discussed later.
Replacing the wind with the non-divergent wind, the
horizontal momentum equation can be expressed as

av,

_.E_}.rz.].(vW.V)Vw.[.kavv‘,:—Bv(ijf, (26)

which is equivalent to

av,,
o

V,+V,
2

T v )= 6,0V —kxVl+ ). (27)

Taking the divergence operation of Eq. (27), i.e., V+(27),
one obtains

0VAT I L (VY= Ve [(F + VPWVYL,  (28)
which is the nonlinear balance equation dictating the
relationship between the pressure and the wind. Once
the streamfunction is known, Eq. (28) as a Poisson
equation can be solved for the perturbation pressure,
7. However, the relationship between the horizontal
pressure and the wind lacks a vertical link between each
layer. In this study, the potential temperature pertur-
bation is related to the pressure perturbation by the
hydrostatic approximation as

‘l’f_ugg 29)
iz 6

where 6' is the potential temperature perturbation.
The steps of the typhoon initialization can be

described in detail:

(1) Assume the 2-D tangential wind and then obtain
the vorticity field;

(2) Use Eq. (25) to solve for the streamfunctipn with

 presumed zero circulation on the boundary;

(3) Use Eq. (24) to obtain the non-divergent wind
field;

(4)Employ the alternating-direction-implicit
(A.D.I.) method to solve Eq. (28) for the pressure
perturbation on each vertical level;

(5) Use Eq. (29) to obtain the potential temperature
perturbation;

(6) Set the environmental flow in thermal wind
balance and obtain the steady-state Ekman-gra-
dient wind using an 1-D PBL closure model
(Huang and Raman, 1989);

(7) Superimpose the typhoon circulation on the en-
vironmental flow.

The initialization procedures first require a pre-
scribed tangential wind field. In this study, the tan-
gential wind following Chang (1982) is assumed to be

Ve=Vmax(r/rmax)exp{0.5[1-(r/rmsx)’1}, (30)
where Vi, is the maximum tangential wind speed, and
Tmax 18 the radius to the vortex center. Witk Eq. (30),
the vorticity is given by

C=[2~(117max)") (Vimax/ Tmax)€Xp{ 0.5 [1=(r/rmy)*1},
(1)

which determines the vortex to have negative vorticity
at the radial larger than v2 ry,,, despite the fact that the
tangential wind remains positive (i.e., counter{clock-
wise). The radial gradient of the tangential wind re-
flects the horizontal variation of the pressure pertur-

" bation while its vertical shear indicates the vertical

pressure gradient and thus vertical potential tempera-
ture gradient. Usually, this simplification will résult in
a dynamically unbalanced 3-D vortex implanted into
the full-primitive equation model since there is no
inward or outward divergent (radial) component. The
vortex is, however, quickly adjusted by producing flow
divergence and vertical motions to redistribute the
thermodynamic fields.

The typhoon vortex initialized by the |above
nonlinear balance equation used in most hurricane
numerical models serves only as a first approximation
of a real typhoon in the full-physics model, and the
balanced typhoon should be obtained by model inte-
gration. Indeed, hurricane numerical models usually
pre-run a set of cases for initial balanced flow that
would take another equal computation time as for the
model integration. The GFDL hurricane model uses
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the simplified axis-symmetric version of the 3-D model
to save computer time spent on initialization. A more
feasible large-scale typhoon circulation (without the
topography) could be obtained using the recently
developed PV inversion technique for a balanced flow
that exhibits reasonable 3-D hurricane structures (see
Davis, 1992). However, this type of initialization
scheme relies on specific model equations and cannot
be immediately incorporated into the mesoscale model.
It may be worthwhile to investigate the model perfor-
mance using the new initialization scheme in the future,
but at this time we will follow previous modeling
studies (e.g., Yeh and Elsberry, 1993a, 1993b; Wu and
Kurihara, 1996).

lll. Results

In this study, the simulation domain is designed
to include the entire typhoon circulation and the topog-
raphy, both being put away to allow the vortex to have
enough adjustment time prior to landfall. For all the
cases presented in this paper, the grid numbers in the
x, y and z directions (NX, NY, NZ)=(120, 101, 30),
respectively, with horizontal grid intervals of Ax=20
km and Ay=20 km. The time step of integration is
chosen to be 60 s. Table 1 presents the vertical profiles
of the vortex settings at each vertical level. Two
vertical moisture profiles, the moist RH; and the dryer
RH,, are taken into account. We have found that the
vortex development is sensitive to different ambient
moisture conditions as should be expected, and that a
dryer gradient-wind balanced vortex tends to decay
gradually within one day. A stronger vortex requires
more feasible ambient moisture profiles for justified
development. This does not mean that the degree of
moistening can be used to control the strength of the
vortex, but instead that a stronger vortex will not allow
an oversupply of moisture and, thus, latent heat if the
dissipation is not increased in the model.

Five numerical experiments were conducted in
this study and are briefly summarized in Table 2. A
weaker typhoon was imposed in Case 1. Case 1F was
the same as Case 1 except for a faster translational
speed of the vortex. Case 1B was a sensitivity test on
boundary conditions for Case 1 while Case 1G inves-
tigated the effects of non-separated pressure. All the
cases of weaker typhoons employed the moisture pro-
file of RH,. Case 2 was for a stronger typhoon but
with the moisture profile of RH, as described in Table
1. In all the above cases, an elliptical mountain was
put on the grid (50, 51) with a peak height of 2.5 km.
In addition, a land-sea contrast was included so that
the topography represented an island geography. The
coastline was defined at an elevation height of 10 cm.

Table 1. Vertical Profiles of the Implanted Vortex

Height (m) Viax(M/8) rog(km) (I, J)* 6 (K) RH\*(%) RH, (%)

0 20 120 (80, 51) 301.4 90 90
50 20 120 (80, 51) 3004 90 90
100 20 120 (80, 51) 300.8 90 90
250 20 120 (80, 51) 301.4 90 90
500 20 120 (80, 51) 3024 90 90
750 20 120 (80, 51) 303.4 90 90
1000 20 120 (80, 51) 3044 90 90
1500 20 120 (80, 51) 306.4 90 50
2000 20 120 (80, 51) 308.4 90| 50
2500 20 120 (80, 51) 3104 90 50
3000 20 120 (80, 51) 3124 90 50
3500 20 120 (80, 51) 3144 90 50
4000 20 120 (80, 51) 316.4 90 50
4500 20 120 (80, 51) 3184 90 50
5000 15 120 (80, 51) 3204 90 50
6000 10 120 (80, 51) 3244 90 50
7000 0 120 (80, 51) 3284 90 50
8000 -5 120 (80, 51) 3324 90 50
9000 -10 120 (80, 51) 3364 70 50
10000 -5 120 (80, 51) 3404 50 50
11000 0 120 (80, 51) 3504 30 30
12000 0 120 (80, 51) 360.4 30 30
13000 0 120 (80, 51) 370.4 30 30
14000 0 120 (80, 51) 380.4 30 30
15000 0 120 (80, 51) 3904 30 30
16000 0 120 (80, 51) 400.4 30 30
17000 0 120 (80, 51) 4104 30 30
18000 0 120 (80, 51) 4204 30 30
19000 0 120 (80, 51) 430.4 30 30
20000 0 120 (80, 51) 4404 30| 30

“The horizontal location of the typhoon center.
®*Two vertical profiles of relative humidity.

Table-2. Descriptions of the Case Experimerts

Case 11 Ug=-5 m's™, Vppe=20 m-s™,

zero gradient b. ¢. for u and v,

radiation b. c. for 6,

moisture profile RH;.

Case 1B: Ugy=-5 m's™, Vppy=20 m-s7™",
radiation b. c. for u and v,
zero gradient b. c. for 6,
moisture profile RH;.

Case 1G: Ug=-5 m's™", Vppae=20 m-s™",
radiation b. c. for u and v,
zero gradient b. c¢. for 8,
moisture profile RH,.
non-separated pressure treatment.

Case 1F: Up=-10 m's™, V;p0x=20 m-s™",

zero gradient b. c. for u and v,

radiation b. c. for 8,

moisture profile RH,,

Up=-5 ms7!, Viae=40 m-s™,

zero gradient b. c¢. for u and v,

radiation b. c. for 6,

moisture profile RH;.

Case 2:
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Fig. 2. The initial fields for Case 1 (weaker typhoon). (a) Stream-
lines at 50 m above the surface, (b) streamlines at 1 km above
the surface. The topography height is plotted using bold lines
with a contour interval of 500 m. The outermost bold line
represents the coastline.

0.0 585.0

For simplicity, the sea surface temperature was as-
sumed to be constant with the model integration time
while a neutral surface layer was assumed over the
ground. The surface roughness used in the PBL closure
was prescribed as a constant of 4 cm. There were no
diurnal effects or radiation processes in this study.
Since it was rather difficult to initialize the model
with a prescribed non-homogeneous flow, the vertical
profiles of the potential temperature and moisture for
the vortex were also used for the ambient conditions
in this study. Hence, the moisture profile of the water
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(Z=0 M.HR=00)
2000.0

1600.0

1200.0

Y (KM)

&00.0

LI S S 7 B T YT S e 710 O et Prae e 3 M P e -y

T N[ T S TS T T 8 T O (AN T T WY P A B

0.0 L SR Y N N NN N OOy S AN Y T O T LS PO L
1180.0 2380.0
X (kM)

TO 0,0000DE+00 INTERVAL OF 0,10000

[=]
=}
w
w
.
=}

CONTOUR FROM  =2.4000

(a) v

(2=3 KM.HR=00) .
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Fig. 3. The initial fields for Case 1 (weaker typhoon). (a) Pressure
perturbation at the surface with a contour interval of 0.1 mb,
(b) the east-west wind component (x) at 3 km above the
surface with a contour interval of 2.0 m-s™..

0.0 595.0 1785.0

WTERVAL OF  2.0000

vapor RH; enabled the ambient environment to supply
high moisture content for vortex intensification. The
near-surface unstable flow over the ocean, typical of
conditions for hurricane development, however, be-
came neutral over the ground with an assumed zero
vertical heat flux.

1. Weaker Vortex

The weaker vortex had a maximum tangential
wind of 20 m-s™. Case 1 was the control run with
an environmental easterly wind of 5 m-s™. Figure 2
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shows the superimposed streamlines of the vortex
circulation and the environmental flow, the former in
gradient-wind balance and the latter in Ekman wind
balance. Both flows were non-divergent; hence, their
superimposition was also non-divergent. Due to the
boundary-layer frictional effects, the near-surface
easterly flow became east-northeasterly across the
isobars and toward the low. Note that the entire
horizontal plane shown in this study is on the surface
of constant o; hence, the real streamlines may not be
closelyindicated. The associated pressure perturbation
at the surface is shown in Fig. 3(a). A negative value
of -2.4 mb was produced at the vortex center. The east-
west wind component above the boundary layer was

STREAMLINE
(2=50 M HR=12)

2000.0

1600.0

S, 12000 ===
S
800.0
400.0
0.0
Q.0 585.0 1180.0 1785.0 2380.0
X (KM)
(a)
STREAMLINE
(Z=1 KM,HR=12)
2000.0
1600.0
o 1200.0
et
B800.0
400.0
= e e ——
0.0 595.0 1180.0 1785.0 2380.0
X (KM)
(b)

Fig. 4. As in Fig. 2 but at 12 h.

—292 -

nearly symmetric about the vortex center, with negative
values to the north and positive values to the south (Fig.
3(b)). Due to the existence of the steering flow, the
maximum wind speed was present to the morth of
the vortex center. The vortex circulation moved
westward at 12 h (integration time), with a near-surface
flow spiraling into its center (Fig. 4(a)). The large
angle of the streamlines incident to the isobars reflects
the effective mass pumping through the turbulent
mixture. At this time, the topographical circulation,
e.g., the leeside vortex, was induced (Fig. 4). Since
we are more interested in the track evolution, the
processes of the cloud bands in the vortex circulation
are not shown here, but they can be found in Huang
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Fig. 5. As in Fig. 2 but at 24 h.
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(1993).

At 24 h, the vortex center was approaching land
but, its position at all vertical levels remained at about
the same latitude. This result of an almost straight track
is quite interesting since the near-surface flow some-
what pointed to the south, as shown in Fig. 5. Com-
paring Figs. 4 and 5, one can find that the low-level
vortex shrank somewhat as it approached the island.
Also, the lee vortex moved further offshore due pos-
sibly to the changed angle of the impinging flow. As
a consequence, the associated low center intensified to
-4.6 mb (not shown).

The vortex center made landfall by 30 h but had
been deflected to the south of its original latitude as
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Fig. 6. As in Fig. 2 but at 30 h.
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“shown in Fig. 6. The outer vortex circulation sur-

rounded the whole island and appeared to dominate the
lee vortices since they were no longer supported by an
upstream straight flow. Indeed, a secondary low was
produced at the leeside of the island and will be dis-
cussed in the next section. The low-level vortex had
further shrunk in size as the center approached closer
to the topography. The vortex center passed around
the southern ring of the steep slope and reacdhed the
southwestern side of the mountain peak at 36 h, with
a well aligned low-level structure as shown in Fig. 7.

The vortex center migrated to its initial latitude
at 42 h and then overshot slightly northward at 48 h
as shown in Figs. 8 and 9, respectively. The center
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Fig. 8. As in Fig. 2 but at 42 h.

then remained situated at the same latitude before the
end of the simulation time of 60 h (not shown). Hence,
it appears that the northward movement of the center
by leaving time may have been due to the strong south-
erly flow to the east, but as a result, this tendency was
quickly offset by the south-westward flow to the west
of the center after leaving.

Since one goal of this study was to show the
performance of typhoon initialization, a vertical cross-
section of the potential temperature at J=51 (cutting
through the central peak) is shown in Fig. 10. At the
initial time, a rather warm core was produced at the
middle-level vortex center. As previously mentioned,
this warm core was present in response to the hydro-
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Fig. 9. As in Fig. 2 but at 48 h.

static balance without the inward (to the center) vertical
motion. Due to this weak vortex, an initial non-diver-
gent gradient-wind approximation seems to be fea sible.
The warm core was quickly modified during the inte-
gration time. As can be seen in this figure, the vortex
deepened and overshot greatly. The modeled vortex
structure was similar to that observed hurricanes dis-
cussed in Anthes (1982). Indeed, the vortex intensity
did not vary very much before hitting the tcrrjin. ;
For this weaker steering flow, the associated lateral
boundary conditions were tested. When the Orlanski
radiation condition was applied for the momentum and
thermodynamic variables in the simulation, it was found
that abnormal disturbances were produced near the
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upstream boundary as the vortex hit the terrain (not
shown). The abnormal disturbances may have been
caused by our imperfect numerical schemes. However,
the radiation boundary condition was successfully ap-
plied to 2-D simulations of strong mountain waves with
little distortion (not shown). The result may be ex-

plained by the fact that the inflow was well dlsfined
for the 2-D flow so that both the phase speed and
direction were easier to determine. For 3-D simula-
tions, the inflow may vary with time and the associated
phase speed may be inaccurately estimated, particu-
larly near the weak flow zone as in the northern and
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southern boundaries for our cases. To avoid this
problem, it might be better to allow no horizontal
gradient of the predicted variables at the boundary or
to use a larger model domain.

The reason why the lateral boundary condition
was tested appears to be important since our research
was rather limited to current computer efficiency.
Before the advent of a perfect lateral boundary con-
dition, we should compromise to use a more economi-
cal scheme. As described in Table 1, Case 1B
exchanged the boundary conditions for wind and po-
tential temperature. Figure 11 shows the results of Case
1B at 60 h. As can be seen, the lateral flow at 60 h
Wwas still less wavy as compared to that at 48 h for Case
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Fig. 11. As in Fig. 2 but at 60 h for Case 1B (weaker typhoon).
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1. However, the positions of the vortex centers and
the circulations for the two cases were very similar,
Hence, we conclude that the imperfection of our bound-
ary conditions did not play a crucial role in determinin g
the track.

Another interesting case (Case 1F) dxamined
whether the track deflection was different if the same
conditions were retained except for the steering wind
speed, which was doubled. The doubled stee ing wind
speed resulted in a doubled vortex translational speed
(10 m:s™) prior to landfall. Figure 12 shows the simu-
lation results for Case 1F at 12 h. It is quite clear in
this figure that the vortex was slightly deflected to the
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Fig. 12. As in Fig. 2 but at 12 h for Case 1F (weaker a|+1 faster
typhoon).
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south at this time and the deflection was further south-
ward than that at 24 h for Case 1 (Fig. 5), but that both
vortex centers for the two cases advected by about the
same distance. This seems to show that the transla-
tional speed of the vortex was completely dominated
by the ambient wind in the absence of PB-effects. The
vortex center indeed experienced a similar track for
Cases 1 and 1F. The results at 24 h for Case 1F are
shown in Fig. 13. Compared to Fig. 9, both vortex
centers are quite close in position.

2. Stronger Vortex

Case 2 employed the same conditions of Case 1
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Fig. 13. As in Fig. 2 but at 24 h for Case 1F (weaker and faster
typhoon). '

except that the maximum tangential wind speed was
doubled to 40 m-s™, and a dryer moisture profile (RH,)
was used. As mentioned before, we have at mpted
to use the more moist RH; profile, but this resulted in
an unreasonably strong and larger vortex that a peared
to be not well balanced by internal nonlinear issipa-
tion. Observationally, stronger typhoons are frequently
associated with larger sizes. However, the typhoon
circulated close to the upstream boundary when the
radius of its maximum tangential wind was doubled in
our cases, which employed a horizontal resolution of
20 km. In this study, the typhoon size thus was fixed
for all the cases.

The stronger vortex exhibited a much wider cir-
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Fig. 14. As in Fig. 2 but for Case 2 (stronger typhoon).
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culation obtained from the initialization scheme as
shown in Fig. 14. The pressure perturbation induced
at the vortex center also increased to -8.5 mb. The
increase in the size of the induced vortex resulted from
the gradient-wind balance, in which a larger distance
was required for the pressure gradient to decay in
response to the doubled maximum tangential wind speed.
Close examination of this figure also reveals that there
was a deflection region of the steering flow as it was
superimposed on the vortex circulation. Note that both
the frictional near-surface flow and the initial inviscid
vortex circulation were non-divergent. This initialized
vortex structure is somewhat unrealistic for observed
typhoons but appears to be feasible since it does not
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at J=51 is shown in Fig. 16. As can be seen, an
extraordinary super warm core was generated at the
mid-levels of the vortex center. This warm core in the
region of maximum vertical shear of the tangential
wind was present due to the hydrostatic balance when
the pressure perturbation was determined by the hori-
zontal distribution of the tangential wind. The abnor-
mal vortex structure was quickly modified during the
time integration when the full model physics were
involved. At 12 h, the extremely warm core had been
completely neutralized. The warm center region was
wider and deeper than that for the weaker case (Fig.
10). As seen in Fig. 15, the low-level vortex after
adjustment was similar in shape and size to the weaker
one. It is not clear at this point whether the similar
adjustment solely resulted from the same radius of the
maximum tangential wind. This issue should be further
investigated in the future.

Although there were some deviations between the
stronger and weaker vortices, they exhibited similar
tracks when they reached land. Prior to landfall, the
positions of both vortex centers were very similar
(not shown). Figure 17 shows the results for Case 2
at 30 h. As can be seen, the vortex center deflected
slightly to the south, very similar to Case 1 (see Fig.
6). The warm-center structures for the two cases were
also similar by the time (not shown). Since the stronger
vortex circulation was similar to the weaker one, the
former track was also similar to the latter after land-
fall as shown before.

IV. Discussions

1. Vortex Tracks

Past numerical studies using symmetric topogra-
phy (as in this study) have obtained valuable findings
for westbound typhoons. Chang (1982) and Yeh and
Elsberry (1993a, 1993b) found that the vortex centers
tended to be deflected northward as an easterly typhoon
translated toward the northern or central part of an
idealized topography. Bender et al. (1987), in simu-
lations with a realistic Taiwan topography in the S-
plane, also found an upstream northward deflection and
suggested that it correlated with the increase in the
southerly wind component of the low-level average
inner vortex. However, our simulation results indicate
that a southward deflection could also exist for the same
problem. A close check of the simulation parameters
reveals that the mountain sizes in Chang (1982) and
Yeh and Elsberry (1993a, 1993b) were nearly double
those in this study, and that the implanted vortex was
also larger. Furthermore, the horizontal resolutions of
60 km for Chang (1982) and 45 km for Yeh and
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Fig. 17. As in Fig. 2 but at 30 h for Case 2 (stronger typhoon).

Elsberry (1993a, 1993b) are much larger than 20 km
used in this study. The effects of this resolutién dif-
ference need to be investigated.

To understand the sensitivity of the track deflec-
tion to steering flow variation, another numerical test
(Case 1G) was conducted. In this case, the pr'essure
was not separated into geostrophic and non-geostrophic
parts, the former being kept unchanged with t{me in
the previous cases. The advantage of the non-separated
pressure treatment was simplicity of modeling, but this
could introduce some variation of the steering flow as
exhibited in Fig. 18. As can be seen, the low-level
center in this case deflected slightly to the ndrth at
24 h. Indeed, the steering flow turned som_kwhat
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northward and was probably responsible for the north-
ward track deflection prior to landfall. Note that the
initial flow was completely easterly; thus, the upstream
flow deflection was entirely due to the adjustment in
the thermal wind approximation. :

We have found that it is difficult to maintain a
long-term non-deflected flow if the initial geostrophic
wind is not retained intact. Although the total wind
above the PBL should remain geostrophic if no me-
soscale force is involved, the thermal wind balance
tested is not completely satisfied in the initialization
with a prescribed homogeneous temperature field.
Assuming a perfect thermal wind balance initially, the
geostrophic part from the non-separated treatment of

the pressure may also be affected by gravity waves
propagating upstream. This would requir¢ a much
larger upsiream domain in the vortex-terrain interac-
tion cases. - The split geostrophic part is not modified
by the mesoscale effects; thus, the upstream steering
flow structure can be kept intact. With no sig 1 ificantly
disturbed upstream flow, the treatments shoulg produce
similar results since Coriolis forcing is not dominant
in the mesoscale topographic region. As expected, both
Cases 1G and 1 exhibited similar flow patterns as their
vortices approached the island although, in the former
case, the upstream flow turned slightly. At latcr times,
the track for Case 1G also turned southward similar
to that for Case 1 (not shown).

The far upstream track deflection was algo present
in the numerical simulations of easterly drifting vor-
tices carried out by Chang (1982) and Yeh and Elsberry
(1993a). Their deflection angle was about 5 degrees
to the north, which is nearly equal to that in|our Case
1G. Indeed, the track deviation from the ambient wind
direction was also present in the only-ocean control run
of Yeh and Elsberry (1993a) in the absence of B-effects.
Hence, the far upstream track deflection is not related
to either terrain effects or f-effects. Here,|we have
reported on the sensitivity of the vortex movement to
geostrophic wind variation as evident in the results for
Case 1G where southward deflection after the landfall
was present in spite of the northward deflected steering
flow.

The track deflections for different cases have been
explained in the previous section. For Case 1, the
positions of the vortex center at a 1 km height deter-
mined by maximum vorticity were (80, 51) at 0 h, (74,
50) at 6 h, (71, 52) at 12 h, (65, 50) at 18 h, (60, 50)

culation center, which is rather subjective,
landfall time. As can be seen, there was a small
departure of the center position from the original lati-
tude during the adjustment period as the vartex was
introduced; however, the vortex center iﬂ general
moved straight ahead in response to the easterly am-
bient flow. The southward deflection of the vortex
center was detected at a near-surface height and at a
3 km height just prior to landfall (at 27 h). During
the track deflection time, the movement of the near-
surface vortex center appeared to be slowed down, but
only slightly. The vortex center tended to pais around
the mountain peak and to then move northvl‘_'ard as it
left the island, exhibiting a considerably faster trans-
lational speed as can be seen from the larger spacing
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Fig. 19. The positions of the vortex center every 3 h for Case 1 (a)
at a2 50 m height; (b) at a 3 km height. The vortex center
is defined as the circulation center positioned by a subjec-
tive judgment.

of the tracking points over the island in Fig. 19. During
the offshore time, the vortex center translated straight
westward.

2. Vortex Dynamics

To understand the relative importance of the
dynamical forces and their roles in track deflection, the
budgets of the momentum equations were analyzed in
this study. The v-momentum budgets at the vortex
center (71, 52) at 12 h are shown in Fig. 20. To inspect
the sensitivity of the tiny core, the average forcing of
5x5 grid points (NG=2, 2 expanded grids on both sides
of the x- and y-directions) in the square-area centered
at the vortex center is also shown in this figure. As

o M BUD,GETS [HU'E"’" 12’C‘IC=71' JC=5H2, NGTO%D
r \r o b |
2000 ; 3 - 3000
TEaed i /.f
8000+ P "T®B CN - 8000
v L L
— 7000+ P GETC " A | F 7000
Sl AN ., F
6000+ P GBNCT A - 5000
- | el VN
T 50004 |- 5000
= ) tt(%
— 4000 'y | 4000
w i1 T, |
T 30004 P
- P
2000+ P
P
1ono—ﬁ?ﬂ |
50 -H—8— T Tt &
-.003 -.0014 001 003 005
MS™
(2) ‘

V-BUDGETS, (HA:

=A 2 IC= 7_1 JC=52, NB!%L

10000 AU =)
50004 3 - 9000
80004 - BOOO
— 70004 -
= 1 7000
5000 - 000
-
T 50004 - 5000
Ias) L
4000+ - 4000
L 4
+ 3000 A - 3000 -
A\
2000+ A - 2000
1000+ Aﬁ - 1000
50 e £ 50
-.002 .02 .Qo3

Fig. 20. The vertical profiles of the average v-momentum ;budgets
in the vicinity of the vortex center at 12 h. (a) at the vortex
core, (b) in the square region of 5 % 5 grid points dentered
on the vortex core. The symbols used are A: at.‘n:vection
terms, B: boundary layer vertical diffusion, C: Coriolis
forcing, G: geostrophic forcing, N: nonlinear hoi-izontal
diffusion, P: ageostrophic pressure gradient , and T the total
net forcing.

can be seen from the v-momentum budgets at the yortex
center, the advection term (denoted as A) was offset
primarily by the ageostrophic pressure gradient (n{arked
by P) in the maritime vortex core, in which the Cmnolls
force (marked by C) and geostrophic pressure gradlent
(marked by G) were secondary. The nonlineat hori-
zontal diffusion (marked by N) was also unimportant.
As a result, there was net northward (southward)
acceleration (marked by T) at low (high) levels, indi-
cating that the wind acceleration on average was not
symmetric. The vortex, viewed as a whole, tended to
move northward if the wind acceleration at low levels
played a steering role. However, the vortex at this time
was not pushed to the north of the original latitude.
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Fig. 21. As in Fig. 20 but for the square regions of (a) 15 x 15 grid
points at 27 hand (b) 5 x 5 grid points at 30 h. The symbols
used are the same as those in Fig. 20. '

The primary balance between the advection and
the ageostrophic pressure gradient in the core region
was also evident at 27 h and 30 h when the track began
to deflect southward. As the average square-area was
increased to 15x15 grid points (NG=7) centered at the
vortex center, the importance of the Coriolis force and
ambient geostrophic forcing became apparent as shown
in Fig. 21; the forcings together with the advection
dominated the flow at upper levels, indicating a good
approximation of the gradient-wind balance. A close
look reveals that the net average forcing was well
represented by the advection term. This indicates that
the average vortex circulation did not accelerate north-
ward or southward in a Lagrangian view. The boundary
layer forcing (marked by B) was important only at
lower levels while exhibiting northward acceleration.
Hence, no southward movement could be inferred if
the vortex center primarily responsed to the inner core
dynamics or average forcing of its adjacent area. The

vortex center, however, exhibited a southward move-
ment just prior to landfall. A remarkable tendency
shown by the budgets in Figs. 20 and 21 was the
southward ageostrophic forcing. Indeed, only the
ageostrophic forcing showed a strong southward ten-
dency of the flow. For uniform small-Froude number
mesoscale flow over meso-f scale topong;aphy, the
upstream flow of the mountain will be deflected more
southward than northward in the presence of the Coriolis
force (Smith, 1979).

The deceleration of the vortex movement at the
beginning of its deflection can be explaincc?. in terms
of the u-momentum budgets as shown in Fig. 22. As
can be seen, the inner core region (NG=2j at lower
levels at 30 h was dominated by the ageostrophic pres-
sure gradient force, marking a pronounced| eastward
acceleration. The expanded area (NG=7) alsoexhibited
dominance of the eastward ageostrophic forcing but
only at the lowest levels, above which both the advec-
tion term and Coriolis forcing were able to offset the
westward ageostrophic forcing (not shown)| In gen-
eral, the average net forcing in the expanded area was

- one order weaker than that in the inner core| but both

showed eastward acceleration at the lower leyels. The
analyzed budgets tended to indicate that the combined
effect of the topography was to retard the westward
movement of the larger or smaller portion of the vortex
circulation upon their approach. Without %upstream
blocking of the original vortex center, the translational
speed of the vortex after landfall was considerably
faster than its initial speed as can be seen in Fig. 19.

The vorticity budget analyses may also provide
an explanation for the vortex center advection south-
ward. However, we found that the vorticity budgets
were subject to interpolation errors in the coordinate
transformation and only indicated the relative impor-
tance of the vorticity generation mechanismsl In fact,
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the transformed vorticity budgets in the o-coordinate
were rather complex, particularly near the surface where
the vertical wind shear was very large. As shown by
the momentum budgets, the importance of the advec-
tion implied dominance of the vorticity advection and
stretching as found by Yeh and Elsberry (1993b).

Smith and Smith (1995) also presented a leftward
deflection as the upstream drifting vortex in the shallow
water upon approaching the terrain. Lin e al.” have
speculated the southward deflection in relation to
upstream blocking of the flow and the channeling effects
of the stronger northerly wind to the west of the center
as the vortex center neared landfall. However, as
shown in Fig. 19, the 3 km height vortex center was
still deflected southward. From our v-momentum bud-
gets where the net advection was northward, it is not
clear how the northerly flow to the west of the center
could offset the southerly advection and move the
center southward. There should have been net south-
ward forcing at some time for the southward movement
of the major vortex circulation, and, intuitively, the
sustained stronger northerly wind to the northwest prior
to landfall seems to be a good candidate. The average
north-south wind speeds of the large square-area (NG=7)
in the inner vortex at 27 h were found to be northerly
below a height of 5 km, with -0.104 m-s™ at 50 m,
-1.467 m-s™" at 1 km, -0.917 m-s™! at 3 km, and a
maximum speed of -1.82 m-s™" at 1.5 km. This maxi-
mum northerly wind resulted in a southward drifting
deflection of about 40 km in 6 h, which is quite close
to the deflection distance of two grid intervals between
24 h and 30 h as in the model results. However, the
average low-level northerly wind at 30 h was not present
for NG=7 but is for NG=2, indicating that the deflection
was not supported by the broad vortex circulation
extending to the leeside of the island (see Fig. 6).
Hence, the net low-level northerly wind component
existing during the track deflection time in our case
was in consistent with the results of Bender et al.
(1987), where a net low-level southerly wind compo-
nent was closely related to the northward deflection in
their simulations. Here, it seems to be easier to explain
the track deflection in terms of the correlated wind
component rather than its acceleration. However, it
is also possible that the selective average zone in this
study does not account for the vortex movement, and/
or that the track deflection is a complex nonlinear result
that cannot be properly reflected by the average forc-
ing. A more elaborate momentum analysis method
needs to be developed to discover the inside complex
dynamics responsible for the track deflection of smaller
vortices.

The dynamic of vortex evolution is usually illus-
trated by the vorticity field. Recently, a potential
vorticity concept has been brought into the modeling
investigation as presented by Wu and Kurihara|(1996)
and Lin et al.” The interaction of a landfalling| vortex
with the terrain appears to be more complex in dynamic
interpretation. Nevertheless, this study also provides
some model results for the vorticity and potentail
vorticity. Figure 23 shows the results of thesse two
fields at a height of 100 m at 27 and 30 h (for reference,
the horizontal winds are also plotted). Note that all
the results presented in this figure are in 6-coordinates.
In general, the geometric patterns of the vorticity and
potential vorticity are similar, indicating that the low-
level vortex dynamics may be well explained by the
vorticity, and that the effect of vertical stability pro-
duces the dominant contribution. The potential vor-
ticity was more concentrated than the vorti¢ity in
the vortex core. Negative regions appeared at the
upstream slopes due to the blocking effect. The
mountain blocking deformed the structure of the
impinging vortex, which remains cyclonic. A promi-
nent feature during these times is the region of pbsitive
vorticity and potential vorticity along the western slope,
which moved further westward at 33 h as the vortex
was deflected southeast of the slope (to be shown
later).

The vertical structure of the impinging vortex are
further shown by the cross-sectional results as shown
for Case 1 in Fig. 24. The cross section is in|the x-
z plane and cuts through the vortex center. As can be
seen, there is a remarkable similarity in the geometric
distributions between the vorticity and potential vor-
ticity. In this case, positive vorticity developed slightly
higher than did positive potential vorticity. The sup-
pression of the positive potential vorticity generation
resulted from the destabilization effects in the over-
shooting region of the vortex core as can be seen in
the 24 h results (see Fig. 10). Negative values of both
fields were present in the outflow region of the upper-
level vortex where anticyclonic vorticity contribution
existed. Just over the upstream slope of the mountain,
a negative strip region for both fields was also evident
as shown in Fig. 23. In general, the concentrated
vorticity field indicates that the impinging vortex re-
mained well organized except near the surface where
the blocking effect of the mountain seem to dominate
the vorticity transport. At the downslope side, small
positive vorticity was generated but only in the very
thin layer attached to the slope since the vortex flow
circulated primarily along the mountain during the
time.

Lin, Y. L., D. W. Hamilton, and C. Y. Huang (1997) Influence of orography cyclones. Submitted to J. Atmos. Sci.
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Fig. 23. (a) The horizontal wind and vertical vorticity at 100 m for Case 1 at 27 h, (b) as in (a) but at 30 h, (c) the horizontal wind and
potential vorticity at 100 m for Case 1 at 27 h, and (d) as in (c) but at 30 h. The physical units for potential vorticity are K
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3. Secondary Low

Although this study did not particularly focus on
the problem of secondary-low formation, the model
results are beneficial to earlier understanding. An
empirical orthogonal function (EOF) analysis of 82
observed westbound typhoons (Chang ef al., 1993)
showed that lee secondary lows tended to occur only
when the typhoon center was in a rather narrow region

of southeastern Taiwan, whether the typhoon was strong
or weak. According to the observational results (Wang,
1980; Chang ef al., 1993), one or several secondary
lows may have been induced at the lee side of the island
as westbound typhoons neared land. As mentioned
previously, secondary lows have been well simulated
using several different models (e.g., Bender et al.,
1987; Chang, 1982; Yeh and Elsberry, 1993a; Cho et
al., 1996; Wu and Chuo, 1996). The types of modeled
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Fig. 24. The x-z cross-sectional results of Case 1 for (a) vertical vorticity at 27 h, (b) as in (a) but at 30 h, (c) potential vorticity at 27
h, and (d) as in (c) but at 30 h. The x-z cross section cuts through the vortex center. Note that the results at the lo@est two

levels are not plotted.

secondary lows have varied with complex dynamics
and require careful inspection in each case. For ex-
ample, Yeh and Elsberry (1993b) proposed that some
secondary lows may develope as an upward growth of
the low-level vorticity and replace the original vortex
center, and that some may be taken over through
downward extension of the upper level vorticity once
the original vortex center passes over the mountain.

The model results show that the outer vortex

circulation surrounded the island during the track de-
flection time, as can be seen in Figs. 6 and 7. Al close-
up picture of the island circulation at 33 h is shown
in Fig. 25. As seen, the original vortex center was in
the southeastern region of the steep mountain, associ-
ated with a secondary low to the middle western island.
The horizontal winds associated with the vorticity at
a 100 m height (the third vertical level) are shown in
Fig. 26. The vorticity pattern at near-surface (not
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Fig. 25. The simulation results at a 50 m height for Case 1 at 33
h. (a) the horizontal wind, (b) the pressure perturbation with
a contour interval of 0.1 mb.

shown) is similar to that in Fig. 26 but with consid-
erably larger magnitudes in the slope regions due to
the strong vertical shear. As expected, positive vor-
ticity was significantly produced in the inner vortex.
A bent positive vorticity field resulting from the
downslope wind is also evident. The low was slightly
located to the outer region of the bent vorticity field
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Fig. 26. The horizontal wind and vertical vorticity at 100 m for Case

1 at 33 h. The contour interval for the vorticity is 0.0008

s”'. Maximum wind speed is 23.2 m's™.

northwest of the vortex. Note that the negativ? regions
at 27 h and 30 h disappeared at 33 h as the vortex
became more integrated above the slope.

The modeling position of the secondary low is in
good agreement with observations (see Fig. 1(d) of Yeh
and Elsberry, 1993b). For this case, the secondary low
did not first appear as a pronounced cyclone, probably
due to the tiny and weak outer vortex circulation.
However, the transient flow at the secondary low
developed quickly as a cyclonic vortex at 36/h when
the 3 km vortex center neared. In this case,|the up-
stream original near-surface center did not disappear.

Our model results seem to agree with the obser-
vational findings of Chang et al. (1993). Based on
detailed analyses, Wang (1980) suggested that the
secondary low was related to the adiabatic warming of
the downslope wind. There is no doubt that the strong
downslope wind crossing the mountain peak, shown in
Fig. 24, is a beneficial factor for formation of the
secondary low. For uniform upstream flow ppast an
isolated mountain as in the Taiwan topography, the
formation mechanisms of the meso vortex at the leeside
have been attributed to vorticity stretching (eig., Sun
et al., 1991) or to vorticity tilting in the invisdid flow
through baroclinic processes (e.g., Lin er al., 1992).
However, the evolution of the secondary low| in this
vortex case can not be explained solely by either of
the above mechanisms since no uniform upstream flow
is maintained. Lin et al.' found that there was|a close
link between the severe downslope wind and the vor-
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ticity strengthening as the vortex translated over the
terrain, and that the rapid increase of the severe
downslope wind was coexistent with the hydraulic jump
in the inviscid flow. In other words, there was a flow
transition regime from a splitting flow to an intense
downslope wind or jump. Hence, in the latter flow type,
there was potential vorticity generation as breaking
mountain waves occurred.

While it appears to be more complex in the sec-
ondary-low development with the full boundary-layer
physics in this study, some vorticity transport mecha-
nisms may have been involved in the low evolution as
the vortex turned southward around the steep slope and
enhanced the cross-mountain flow, which was just at
the radius of the strongest inner vortex region.. This
enhanced downslope wind in turn strengthened the
vorticity generation and aided evolution into a new
vortex where the old lee low was formed. Hence, both
vorticity transport and vertical stretching could be two
coexisting sources responsible for formation of the
secondary lee vortex as discussed by Yeh and Elsberry
(1993b) and Cho et al. (1996). In terms of potential
vorticity, the PV source from nonlinear mixing by
breaking mountain waves also provides another con-
sistent explanation for the secondary-low formation in
the case of inviscid flow as suggested by Lin er al.!
It should be noted that different conclusions have been
made based on different mode‘i;_assumptions and simu-
lation parameters. The formation mechanisms of
observed secondary lows remain to be discovered and
deserve continuing study.

V. Conclusions

This study has presented a numerical investiga-
tion of vortex-terrain interaction using anative typhoon
numerical model, which includes cloud microphysics
and higher-order planetary boundary parameterization,
In this comprehensive model, the seventh-order semi-
Lagrangian advection scheme is employed to minimize
numerical dissipation during long-term vortex revolu-
tions. The numerical model has been applied to in-
vestigate the effects of island terrain on the track
deflection of an idealized westbound vortex. The
numerical results from idealized case simulations exhibit
the evolution of the vortex as it approaches the island.
It was found in tests that for a smaller size of vortex,
whatever weak or strong, slow or fast, the vortex center
was somewhat deflected southward prior to landfall
and returned to its upstream original latitude and then
kept moving straight westward.

The southward track deflection in this study
differed from some previous results showing a north-
ward deflection of a somewhat larger vortex (e.g..

Chang, 1982; Yeh and Elsberry, 1993a, 1993b); how-
ever, it is consistent with the results of Lin et|al.’, in
which prescribed heating was utilized to spin|up the
inviscid vortex to a size similar to that of the smaller
vortex used in this study. In addition, Lin ez al.! also
found that the deflection of the typhoon track depended
on its size, with a northward tendency for larger ty-
phoons. Our preliminary results of a stronger and
larger vortex from the same model also showed a.énorth-
ward deflection during landfall and will be reported in
another paper.

The vortex initialization scheme solves the simple
nonlinear-balance equation for a gradient wind, in which
the horizontal distribution and vertical shear of a tan-
gential wind are presumed. It was found that some
prescribed winds at the gradient-wind balance | could
result in unrealistic vortex structures which can be,
however, quickly modified by the model full-physics
after the time integration. Hence, this initialization
scheme works to constraint an expected vortex in size
and intensity, but is unable to create a precise one. We
also found that the vortex development was sensitive
to the ambient moisture conditions, and that a|dryer
gradient-wind balanced vortex tended to decay gradu-
ally within one day. With feasible ambient moisture
conditions, the vortex may be sustained due to bound-
ary-layer flux convergence.

The numerical tests tend to show the importance
of reliable vortex modification in the model integration
when an initial vortex is implanted. Despite the un-
certainty of the vortex dynamics in the balance between
internal dissipation and external forcing, some of our
conclusions based on the model simulations are, con-
sistent with those of other modeling studies and with
observations. There are many physical paramleters
which have not been addressed in this study. In jus-
tification of the complexity of the island-vortex inter-
action, lots of spaces, e.g., budget analyses of vorticity
and potential vorticity in the G-coordinate, are left for
future investigation.
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