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Abstract Essential parameters for making a looping track

when a westward-moving tropical cyclone (TC) approa-

ches a mesoscale mountain are investigated by examining

several key nondimensional control parameters with a

series of systematic, idealized numerical experiments, such

as U/Nh, Vmax/Nh, U/fLx, Vmax/fR, h/Lx, and R/Ly. Here U is

the uniform zonal wind velocity, N the Brunt–Vaisala

frequency, h the mountain height, f the Coriolis parameter,

Vmax the maximum tangential velocity at a radius of R from

the cyclone center and Lx is the halfwidth of the mountain

in the east–west direction. It is found that looping tracks (a)

tend to occur under small U/Nh and U/fLx, moderate h/Lx,

and large Vmax/Nh, which correspond to slow movement

(leading to subgeostrophic flow associated with strong

orographic blocking), moderate steepness, and strong tan-

gential wind associated with TC vortex; (b) are often

accompanied by an area of perturbation high pressure to

the northeast of the mountain, which lasts for only a short

period; and (c) do not require the existence of a northerly

jet. The nondimensional control parameters are consoli-

dated into a TC looping index (LI), U2R2

V2
maxhLy

, which is tested

by several historical looping and non-looping typhoons

approaching Taiwan’s Central Mountain Range (CMR)

from east or southeast. It is found that LI\ 0.0125 may

serve as a criterion for looping track to occur.

1 Introduction

When a tropical cyclone (TC) makes a looping track, its

impacts on rainfall and gusty wind are dramatic and much

stronger than a nonlooping TC. A TC may make a looping

track when it is blocked by a synoptic cold front [e.g.,

Hurricanes Dennis (1999), Catarina (2004), Nadine (2012),

etc.] or by a mesoscale mountain [e.g., Typhoons Fung-

wong (2002), Haitang (2005), Krosa (2007), Sinlaku

(2008), etc.]. In previous studies, several mechanisms have

been proposed to explain looping tracks of typhoons when

they approached Taiwan’s Central Mountain Range

(CMR), which include the lee vortex-tropical cyclone

interaction (Yeh et al. 2012), the channel effect (Jian and

Wu 2008; Huang et al. 2011), the vortex–vortex interaction

with another typhoon (Zhang et al. 2011; Yang et al.

2008a), the horizontal advection of potential vorticity (Yu

et al. 2007), and the advection by orographically blocked

basic flow (Lin et al. 2016).

Jian and Wu (2008) investigated the looping track of

Typhoon Haitang (2005) with the Weather Research and

Forecasting (WRF) modeling simulations, which found

that a low-level northerly jet is induced by the channeling

effect between CMR and the TC vortex. The channel effect

was induced by terrain, as originally proposed by Lin et al.

(1999) for explaining the southward deflection of drifting

vortex passing over CMR, which shifts the strongest winds

of the storm to the western side of the eyewall. Based on

real-case and idealized simulations of Typhoon Krosa
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(2007), Huang et al. (2011) found that strong channel

winds were intensified between the storm and the topog-

raphy just before looping occurred. The mountain height

was considered as the most important factor in causing the

looping track, compared to surface properties, details of

topographic shapes, and cloud microphysics. Using piece-

wise potential vorticity inversion analysis and numerical

model simulations, Yeh et al. (2012) attributed the Hai-

tang’s looping to the binary vortex interaction in which a

CMR-induced lee vortex and Typhoon Haitang (2005)

rotate around their system centers. This lee vortex–TC

interaction mechanism suffers from the fact that when a

westward TC approaches Taiwan’s CMR, lee vortex and

northerly jet are often observed, but not looping tracks.

Note that it takes time for a lee vortex to develop when a

TC approaches CMR, which may propose a causality

problem even though intuitively the lee vortex–TC inter-

action mechanism seems working, however, there might be

a causality problem.

Employing the potential vorticity diagnosis of numeri-

cally simulated results, Yang et al. (2008a) researched the

binary interaction of Typhoons Fengshen (2002) and

Fungwong (2002). They found that in the earlier stage, the

looping of Typhoon Fungwong (2002) is mainly forced by

Typhoon Fengshen (2002). Then a mutual interaction

occurs in the later stages. Additionally, the monsoon trough

and subtropical high pressure play a role in the binary

interaction. Utilizing large-scale analyses, satellite obser-

vations, and a nested, cloud-resolving simulation, Zhang

et al. (2011) showed that the vortex–vortex interaction with

Typhoon Danas (2001) resulted in the looping track of

Typhoon Nari (2001). The interaction between Kuroshio

Current and the vortex–vortex interaction controls the

variable intensity of Typhoon Nari (2001) during the

looping. The vortex–vortex interaction also obstructs Nari

accessing convective available potential energy in the

large-scale environment. While the vortex–vortex interac-

tion mechanism may work, it is not a necessary condition

since TC looping did occur without the existence of two

nearby typhoons, such as Haitang (2005), Krosa (2007),

Sinlaku (2009), etc.

Based on a typhoon model and potential vorticity (PV)

budget analysis of numerical simulations of Typhoon

Haitang (2005), Yu et al. (2007) shed some lights on the

understanding of the movement of its looping track. Most

of the time, the center of Haitang moves to the region of

maximum wavenumber one PV tendency, which is pre-

dominantly caused by the horizontal advection and dia-

batic heating. The mid-level warm air intrusion and the

breakouts of low-level southwesterly jet lead to phase-lock

diabatic heating on the PV tendency field that eventually

gives rise to the looping track of Haitang. The sensitivity

experiment suggested that the CMR may not be a crucial

factor. The horizontal advection and diabatic heating

mechanism proposed by Yu et al. (2007) for the looping

track is appealing, nonetheless, a couple of questions may

be raised: why are the two loopings over Taiwan Strait

simulated by Yu et al. so different from observations, and

so much more distinct from the looping before landfall on

Taiwan? Is it possible that the unusual looping track was

generated by the specific setting in the numerical simula-

tions? The sensitivity numerical experiments in Yang et al.

(2008b) showed that looping tracks were explained by the

environmental steering flows when the height of CMR was

systematically increased. However, the dramatic change of

the steering flow from the control run to that with 75%

terrain height remains unexplained. Therefore, mechanisms

for TC looping should be regarded as still not well

understood.

In summary, the key question for TC looping is: what

are the environments conducive to the formation of TC

looping, or, specifically, what are the essential dimensional

and/or nondimensional parameters of the TC looping tracks

when a TC approaches a mesoscale mountain? Nondi-

mensional parameters can simplify the governing equa-

tions, provide insight on controlling factors and the nature

of the problem, and help predict the occurrence of TC

looping. The investigation of nondimensional parameters

can be applied to various TC cases rather than only for a

specific case. Previously some key nondimensional

parameters have been proposed to explain TC track

deflection and discontinuity (e.g., Lin et al. 1999, 2005). In

this study, we plan to conduct numerical simulations to

investigate the ranges of essential nondimensional and

dimensional parameters associated with the TC looping.

This will enhance our understanding of the mechanisms for

TC looping tracks caused by orographic forcing. Further-

more, based on the essential nondimensional parameters

and dimensional variables, we will consolidate these

parameters to construct a looping index for TCs.

The rest of this paper is organized as follows. The model

description and numerical experimental design can be

found in Sect. 2. In Sect. 3, we will discuss the ranges of

nondimensional parameters which control the TC looping,

the related regimes, basic physical fields, and a looping

index. Conclusions are in the Sect. 4.

2 Numerical model description, and numerical
experiment design

2.1 Model description

The numerical model utilized in this research is the Geo-

physical Fluid Dynamics Model (GFDM) as described in

Lin et al. (1999), which is based on three-dimensional,
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primitive equations for a dry, stratified, hydrostatic, and

Boussinesq fluid. There is no cloud physics and planetary

boundary layer included in this model. The governing

equations of the models are in the terrain-following coor-

dinates (Gal-Chen and Sommerville 1975) and the char-

acteristics of the GFDM are briefly summarized as follows:

• The atmospheric variables are arranged on an Arakawa

C staggered grid.

• The third-order Adams–Bashforth scheme is used in

time integration.

• The horizontal and vertical advection schemes are

fourth-order and second-order centered difference

schemes, respectively.

• The vertical coordinate is a terrain-following one

defined as r = zT(z - h)/(zT - h), where zT is the

height of vertical domain, and h is the terrain elevation.

• The lower boundary condition is free-slip.

• The upper boundary condition is a radiation boundary

condition (Klemp and Durran 1983).

• Orlanski (1976) radiation condition is used as the

lateral boundary condition.

• Subtracting off the horizontal average of pressure

reduces truncation error due to topographic terms and

diminishes the unrealistic pressure perturbation (Clark

1977).

• A five-point numerical smoothing is employed in both

horizontal and vertical directions (Shapiro 1970).

The initial potential temperature field in GFDM depends

on the basic flow field. For example, when the basic flow

contains constant Brunt–Vaisala frequency (N) and uni-

form zonal wind velocity (U), the potential temperature h

can be calculated from the definition of N, i.e. N2 ¼ g
h
o�h
oz

where �h is given as 273 K at the lowest level. When the

Brunt–Vaisala frequency is constant with height and the

basic wind shear is linear with height, the potential tem-

perature is given by the thermal wind balance Uz ¼ � g
fh

o�h
oy

.

The numerical formulation of the model can be found in

Lin et al. (1999).

2.2 Numerical experiment design

A uniform stably stratified basic flow is assumed for all

simulations conducted in this study. The numerical

experiments are designed for a uniform easterly flow with

constant Brunt–Vaisala frequency (N = 0.01 s-1) over a

bell-shaped topography as represented in Eq. (1) of

mountain height (h), zonal half-width (a), and meridional

half-width (b) on an f-plane approximation

(f = 5.8 9 10-5 s-1). Note that 2a and 2b are used to

represent zonal and meridional horizontal scales of

mountain Lx and Ly, respectively.

Hðx; yÞ ¼ h

x2

a2 þ y2

b2 þ 1
� �3=2

: ð1Þ

An idealized bogus vortex is initialized with a pre-

scribed tangential velocity as Eq. (2) from Chang (1982).

VðrÞ ¼ Vmax

r

R

� �
exp

1

2
1 � r

R

� �2
� �� �

; ð2Þ

where Vmax is the maximum tangential velocity at a radius

of R from the cyclone center. A nonlinear, nondivergent

initialization is applied to obtain the velocity, pressure, and

potential temperature fields of the cyclone. The final bal-

anced velocity field is nondivergent and in gradient wind

balance. The initialization processes, vertical profile of

Vmax, and horizontal structure of surface pressure pertur-

bation, surface vertical vorticity, and wind vectors can be

found in Lin et al. (1999). Because latent heating is not

included in the model, the cyclone vortices in simulations

are given relatively larger radii of maximum tangential

wind to avoid having barotropic instability.

The horizontal grid interval is set to Dx ¼ Dy ¼ 10 km,

while the vertical grid interval is 500 m. The numbers of

grid points are 301 9 241 9 31 in the three-dimensional

domain 3000 km 9 2400 km 9 15 km. In the beginning

the vortex is set at (x/a, y/a) = (7.5, 0) in all cases. The

track is traced by the maximum vorticity center.

In this study, we conducted a series of numerical experi-

ments to identify which nondimensional (or dimensional)

parameter is important for the looping track in a westward

moving cyclone. The key parameters of TC approaching a

mesoscale mountain in the concerned question are the basic

flow speed (U), maximum tangential wind speed of the TC

(Vmax), meridional mountain scale (Ly), zonal mountain scale

(Lx), mountain height (h), radius of Vmax (R), Brunt–Vaisala

frequency (N), and Coriolis parameter (f). We hypothesize

that a looping track is closely related to the orographic

blocking of a TC. The nondimensional parameters, i.e.U/Nh,

Vmax/Nh, U/fLx, Vmax/fR, h/Lx, and R/Ly, were used to study

the relation between looping tracks and orographic blocking.

Note that the nondimensional parameters U/Nh, Vmax/Nh, U/

fLx, Vmax/fR, h/Lx, and R/Ly have been defined as the basic-

flow Froude number, vortex Froude number, Eulerian

Rossby number, Lagrangian Rossby number of a TC, the

steepness of a mountain, and the aspect ratio of the cyclone

scale to the terrain scale perpendicular to the cyclone

movement, respectively.

We started with the control experiment which has

U = 5 m s-1, Vmax = 30 m s-1, Ly = 480 km, Lx = 80 -

km, h = 3.75 km, and R = 90 km, and adjusted values of

the parameters systematically to search for the conditions

under which looping occurs. All the dimensional and non-

dimensional parameters, along with the associated
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Table 1 Dimensional and nondimensional parameters in the numerical experiments

Case U (ms-1) Vmax (ms-1) Ly (km) Lx (km) h (km) R (km) U/Nh Vmax/Nh U/fLx Vmax/fR h/Lx R/Ly L/N

CTL 5 30 480 80 3.75 90 0.13 0.8 1.08 5.75 0.047 0.188 N

A4 2.5 30 480 80 3.75 90 0.067 0.8 0.539 5.75 0.047 0.188 N

A5 1.5 30 480 80 3.75 90 0.040 0.8 0.323 5.75 0.047 0.188 N

A6 1 30 480 80 3.75 90 0.027 0.8 0.216 5.75 0.047 0.188 N

A7 0.5 30 480 80 3.75 90 0.013 0.8 0.108 5.75 0.047 0.188 L

C1 2.5 30 480 80 3.0 90 0.083 1.0 0.539 5.75 0.038 0.188 N

C2 2.5 30 480 80 2.5 90 0.10 1.2 0.539 5.75 0.031 0.188 N

C3 2.5 30 480 80 2.0 90 0.125 1.5 0.539 5.75 0.025 0.188 N

C4 2.5 30 480 80 1.0 90 0.25 3.0 0.539 5.75 0.013 0.188 N

C5 1.5 30 480 80 2.0 90 0.075 1.5 0.323 5.75 0.025 0.188 N

C6 1.5 30 480 80 1.5 90 0.10 2.0 0.323 5.75 0.019 0.188 N

C7 1 30 480 80 3.0 90 0.033 1.0 0.216 5.75 0.038 0.188 N

C8 1 30 480 80 2.5 90 0.04 1.2 0.216 5.75 0.031 0.188 N

C9 1 30 480 80 2.0 90 0.05 1.5 0.216 5.75 0.025 0.188 N

C10 1 30 480 80 1.5 90 0.067 2.0 0.216 5.75 0.019 0.188 L

C11 1 30 480 80 1.2 90 0.083 2.5 0.216 5.75 0.015 0.188 N

C12 1 30 480 80 1.0 90 0.1 3.0 0.216 5.75 0.013 0.188 N

C13 0.5 30 480 80 3.0 90 0.017 1.0 0.108 5.75 0.038 0.188 L

C14 0.5 30 480 80 2.5 90 0.02 1.2 0.108 5.75 0.031 0.188 L

C15 0.5 30 480 80 2.0 90 0.025 1.5 0.108 5.75 0.025 0.188 L

C16 0.5 30 480 80 1.5 90 0.033 2.0 0.108 5.75 0.019 0.188 L

C17 0.5 30 480 80 1.2 90 0.042 2.5 0.108 5.75 0.015 0.188 L

C18 0.5 30 480 80 1.0 90 0.050 3.0 0.108 5.75 0.013 0.188 N

C19 0.25 30 480 80 1.2 90 0.021 2.5 0.0539 5.75 0.015 0.188 L

C20 0.25 30 480 80 1.0 90 0.025 3.0 0.0539 5.75 0.013 0.188 N

D6 1 10 480 80 3.0 90 0.033 0.33 0.216 1.92 0.038 0.188 N

D7 1 10 480 80 2.5 90 0.04 0.4 0.216 1.92 0.031 0.188 N

D8 1 50 480 80 3.75 90 0.027 1.33 0.216 9.58 0.047 0.188 N

D9 1 50 480 80 3.0 90 0.033 1.67 0.216 9.58 0.038 0.188 N

D10 1 50 480 80 2.5 90 0.04 2.0 0.216 9.58 0.031 0.188 L

D11 1 40 480 80 2.5 90 0.04 1.6 0.216 7.66 0.031 0.188 N

D12 1 20 480 80 2.5 90 0.04 0.8 0.216 3.83 0.031 0.188 N

D13 0.5 10 480 80 2.5 90 0.02 0.4 0.108 1.92 0.031 0.188 N

E4 1 30 960 80 3.75 90 0.027 0.8 0.216 5.75 0.047 0.0938 N

E5 1 30 960 80 3.0 90 0.033 1.0 0.216 5.75 0.038 0.0938 N

E6 1 30 960 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.0938 L

E7 1 30 960 80 2.5 60 0.040 1.2 0.216 8.62 0.031 0.0625 N

E8 1 30 720 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.125 N

E9 1 30 480 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.188 N

E10 1 30 360 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.250 N

E11 1 30 300 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.300 L

E12 1 30 240 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.375 N

E13 1 30 180 80 2.5 90 0.040 1.2 0.216 5.75 0.031 0.500 N

F4 1 30 480 40 3.75 90 0.026 0.8 0.431 5.75 0.094 0.188 N

F5 1 30 480 40 3 90 0.033 1 0.431 5.75 0.075 0.188 L

F6 1 30 480 160 2.5 90 0.040 1.2 0.108 5.75 0.016 0.188 N

F7 1 30 480 120 2.5 90 0.040 1.2 0.144 5.75 0.021 0.188 N

F8 1 30 480 40 2.5 90 0.040 1.2 0.431 5.75 0.063 0.188 L
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numerical experiments, are summarized in Table 1. The

discussion will be focused on the windward (eastern) side

of the mountain.

3 Essential parameters for looping tracks, looping
and non-looping regimes, and looping index (LI)

Smaller U requires more output and longer dimensional

time in the nondimensional time Ut/a = 8 in the

numerical study. To accommodate small U and give a

big picture in essential parameters of looping tracks, a

looping track is defined as follows: a TC approaches the

mountain and then makes a complete loop, or moves

away from the mountain more than one-half of the track

in x-axis, while with its vertical structure maintained,

and the zonal scale of the track no less than the

meridional scale in the nondimensional time Ut/a = 8

(denoted as L in the legend of Fig. 1). For instance, the

tracks in the left column and case C10 in Fig. 2 are

looping; whereas the others are non-looping. As dis-

cussed above, six nondimensional parameters are con-

sidered in the numerical experiments in this study: U/Nh,

Vmax/Nh, U/fLx, Vmax/fR, R/Ly, and h/Lx. In the numerical

experiments, we have extended the ranges of these

nondimensional control parameters as large as possible

to reveal the necessary conditions to looping tracks. The

purpose of this study is not to determine exact looping

and non-looping regime boundaries since they are

strongly influenced by both physical and numerical

factors; instead, the looping regimes are determined to

help understand the formation mechanisms for looping

tracks.

3.1 Essential parameters associated with looping

tracks

Figure 1 reveals the necessary conditions for looping tracks

to occur based on a large number of numerical experiments

(Table 1), which shows that the necessary conditions for

looping tracks to occur are: U/Nh B 0.067, 0.8 B Vmax/

Nh B 2.5, U/fLx B 0.43, Vmax/fR C 5.7, 0.094 B R/

Ly B 0.3, and 0.013 B h/Lx B 0.075. The physical mean-

ing of requiring relatively smaller U/Nh, R/Ly and a large

enough h/Lx is that looping tracks require strong oro-

graphic blocking. In particular, looping tracks demands

very small U/Nh, and U/fLx (Fig. 1a), which correspond to

very small U dimensionally (Table 1). Also, the

Table 1 continued

Case U (ms-1) Vmax (ms-1) Ly (km) Lx (km) h (km) R (km) U/Nh Vmax/Nh U/fLx Vmax/fR h/Lx R/Ly L/N

F9 0.5 30 480 40 3 90 0.017 1 0.216 5.75 0.075 0.188 L

F10 0.5 30 480 40 2.5 90 0.020 1.2 0.216 5.75 0.063 0.188 L

U, Vmax, Ly, Lx, h, and R are basic flow speed, maximum tangential wind speed of the tropical cyclone, meridional mountain scale, zonal

mountain scale, mountain height, and the radius of Vmax, respectively. The Brunt–Vaisala frequency (N) is 0.01 s-1 and Coriolis parameter (f) is

5.8 9 10-5 s-1. L and N stand for a looping, and non-looping track, respectively

Fig. 1 Looping (triangles), and non-looping (circles) tracks in the

parameter spaces of a (U/Nh, U/fLx), b (Vmax/Nh, Vmax/fR), and c (h/Lx,

R/Ly)
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distribution of looping cases shown in Fig. 1b indicates

that looping tracks occur under relatively larger Vmax/fR,

moderate Vmax/Nh, and h/Lx, which reflects the need of

large Vmax. Physically, large Vmax means that the strong

spinning of the typhoon vortex will help prevent the

typhoon structure from being destroyed.

Generally speaking, at a given h/Lx it requires stronger

orographic blocking to have a looping track than a non-

looping track (Fig. 2). We studied the cyclone tracks by

varying U/Nh and U/fLx for several h/Lx’s. Figure 2 clearly

shows that at a fixed Vmax/Nh, Vmax/fR, h/Lx, and R/Ly in

every row, looping tracks tend to occur and become more

pronounced as U/Nh and U/fLx decrease. In other words,

looping tracks become more apparent as orographic

blocking and Coriolis force increase. When a TC is

strongly influenced by orographic blocking, the TC

movement is reduced significantly, leading to a weaker

Coriolis force. Therefore, the TC movement is driven by

subgeostrophic flow. This is consistent with theoretical

studies (e.g., reviews in Smith 1979; Lin 2007) and the

bFig. 2 Several cyclone tracks with nondimensional time interval

DUt/a changing with h/Lx, U/Nh, and U/fLx show two regimes:

looping (cases in the left column and C10), and non-looping (the other

cases). In these numerical experiments, h/Lx increases downward; U/

Nh and U/fLx increases rightward. Both x-axis and y-axis are

nondimensionalized by the half-width of the topography in the x-

direction (a) hereafter. The cyclone in all cases starts at (7.5, 0). The

oval contours denote terrain with interval 1000 m

Fig. 3 Surface pressure perturbation of cases a C16, b C10, c A7, and d A6. The T in every panel denotes the nondimensional time Ut/

a. Positive contours are shown as solid lines; while negative contours are dashed lines. The terrain contour interval is 1000 m
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observation that TCs slowed down before changing moving

directions dramatically.

Furthermore, moderate steepness (h/Lx) favors looping

tracks. In the left and central column cases of Fig. 2, looping

tracks are more obvious as h/Lx decreases (dimensional

h decreases), and U/Nh and Vmax/Nh increase when other

parameters are the same. There is no looping if a TC

approaches a mountain with a very gentle slope (small h/Lx)

(e.g., cases C11–C12 vs. C7–10 in Table 1). Also, a TC

encountering a mountain with a steep mountain (larger h/Lx)

(e.g., cases A7 and A6 in Fig. 2) causes stronger perturbation

high pressure existing for a longer time over the northeastern

part of mountain, thus the cyclone is pushed farther away

from the mountain and stays southward than the cases with

smaller value of h/Lx (e.g., cases C16 vs. A7, and C10 vs. A6

in Fig. 3), and then brings on a less obvious looping track

than those with a smaller value of h/Lx (e.g., cases C16 vs.

A7, and C10 vs. A6 in Fig. 2). Therefore, moderate steepness

(h/Lx) favors looping tracks. This is consistent with the

looping pattern of Vmax/Nh in that the conditions with very

large or very small value of Vmax/Nh or h/Lx cannot have a

looping track (Fig. 1b, c).

A strong vortex (large Vmax/Nh) favors looping tracks,

too (Fig. 1b). Stronger maximum tangential velocity (e.g.,

50 m s-1 in D10 vs. 30 m s-1 in C8) leads to weakening of

the cyclone dramatically (from 200 to 50 Pa in Fig. 4b–d

vs. 100 Pa in Fig. 5a–c), which in turn causes greatly

weakening orographic blocking (Fig. 4d) although at first

the perturbation high pressure is much stronger (Fig. 4b)

than in case C8 (Fig. 5a–d). Thus, the track of case D10

Fig. 4 a The cyclone tracks (black) and the surface pressure

perturbation (Pa) of case D10 at nondimensional time, b Ut/a = 2,

c Ut/a = 3, and d Ut/a = 4. Positive contours of surface pressure

perturbation at intervals of 40 Pa are shown as solid lines; while

negative contours are dashed lines. The terrain contour interval is

1000 m
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(Fig. 4a) is looping in a different way from case C8 (as in

Fig. 2), although these two cases share the same basic flow

speed (U = 1 m s-1). Due to the impacts of steep steep-

ness (h/Lx), cases D8 and D9 with strong maximum tan-

gential velocity do not have a clear looping track as case

D10 (Table 1). However, the influence of large maximum

tangential velocity in cases D8–D10 on looping tracks are

prominent especially compared with small maximum tan-

gential velocity in cases D5–D7 (not shown). Note the

importance of strong vortex requires a condition that oro-

graphic blocking is strong enough to keep the TC from

passing over the mountain (e.g., Vmax/Nh = 3 in Fig. 2b

and cases B5 C4, C12, C18, C20 in Table 1).

Briefly speaking, small basic flow, moderate steepness,

and large maximum tangential velocity are three critical

parameters for generating a looping track and share the

same dynamical process as the blocking exerted by the

perturbation high pressure to the east of the mountain.

3.2 The comparison between looping, and non-

looping regimes

In the previous subsection, we found small U/Nh and U/fLx
are two most essential necessary criteria for looping tracks

among the six non-dimensional parameters (Fig. 1).

Physically, small U/Nh indicates the importance of strong

orographic blocking; while small U/fLx shows that looping

is greatly affected by the Coriolis force. The combination

of strong orographic blocking and the Coriolis force is

closely associated with a looping track. Based on the

orographic blocking and force balances, a concep-

tual model for looping tracks is as follows: (1) weak

Fig. 5 The surface pressure perturbation of case C8 at the nondi-

mensional time a Ut/a = 2, b Ut/a = 3, c Ut/a = 4, and d Ut/a = 5

from the GFDM. Positive pressure perturbation is contoured every

40 Pa (solid) while negative pressure perturbation is with varying

contour intervals (dashed). The terrain contour interval is 1000 m
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orographic blocking. When orographic blocking is weak,

advection dominates and the cyclone simply passes over

the mountain with insignificant deflection. The cyclone

track belongs to the non-looping regime. (2) Moderate

orographic blocking. When both orographic blocking and

advection are moderate (e.g., 0.1 C U/Nh C 0.067,

0.539 C U/fLx C 0.323 in cases A4, C1, C2, C5, and C6 in

Fig. 2), the cyclone deflects southward along the mountain.

The cyclone track belongs to the non-looping regime. (3)

Strong orographic blocking. When orographic blocking

is important (e.g., U/Nh B 0.067, 0.216 C U/fLx C 0.108

in cases A7, C13–C16, and C10 in Fig. 2), originally the

cyclone movement is in geostrophic balance but become

subgeostrophic due to strong orographic blocking. The

zonal displacement reduces as the TC moves closer to the

mountain. That the excessive pressure gradient force out-

weighs the reduced the Coriolis force produces a cyclonic

looping track (Fig. 6a). A roughly estimated track at

nondimensional time interval DUt/a driven by net pressure

gradient force or the net Coriolis force within the radius of

170 km justify the conceptual model (Fig. 6b–d). There-

fore, the strong orographic blocking and subgeostrophic

flow result in a looping track (e.g., cases A7, C13–C16 in

Fig. 2). The cyclone track belongs to the looping regime.

Figures 7 and 8 illustrate the differences in pressure

field between looping and non-looping regimes. Given

Fig. 6 a Conceptual model illustrating the effects of excessive

pressure gradient force (PGF) over the Coriolis force as a tropical

cyclone (TC) passes over a mesoscale mountain. The solid and dash

lines denote positive and negative pressure perturbation, respectively,

of case C14 at nondimensional time Ut/a = 2 as an example. The

incoming flow (Vg) is in geostrophic balance. The curve denotes the

TC track. The TC is steered to loop by the excessive PGF over the

Coriolis force. The roughly estimated tracks at nondimensional time

interval DUt/a driven by b PGF, and c both PGF and the Coriolis

force within the radius of 170 km justify the conceptual model. d The

cyclone track of case C14 from nondimensional time Ut/a = 0 to Ut/

a = 8. The terrain contour interval is 1000 m
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smaller U/Nh (=0.02), U/fLx (=0.108), and h/Lx (=0.0313)

with larger Vmax/Nh (=1.2) (e.g., case C14), the advection

of cyclone can be ignored, and the orographic blocking is

so strong as to slow down and change the direction of the

cyclone movement (i.e. the change in track from Ut/a = 2

to Ut/a = 3 in Fig. 2), and gradually makes a cyclonic

looping as a result of strong orographic blocking and the

subgeostrophic flow. The perturbation high pressure over

the northeastern part of the mountain weakens and then

disappears because the cyclone moves away in the looping

(Fig. 7). It is very different that given larger U/Nh

(=0.067), U/fLx (=0.539), and h/Lx (=0.0469), together with

smaller Vmax/Nh (=0.8) (e.g., case A4), in which the basic

flow is strong leading to stronger inertial force, the inertial

force is important. Also, the orographic blocking is strong.

Consequently, the cyclone gradually moves slightly

southward, and finally weakens. The perturbation high

pressure becomes larger and larger in response to the wind

field of the long-staying cyclone (Fig. 8).

Figure 9 shows the differences in surface vertical vor-

ticity, wind vectors, and vertical cross sections of pertur-

bation vertical velocity and potential temperature between

looping and non-looping regimes. An environmental neg-

ative vorticity accompanying the cyclone is originally

generated by vorticity shrinking to southeast of the

mountain in both looping (C14, Fig. 9a) and non-looping

(A4, Fig. 9b) cases stemmed from mass accumulation in

lower layers (Fig. 9c, d) due to the orographic blocking and

formation of the northerly jet (Fig. 9a, b). Then one child

vorticity splits from the negative vorticity and moves along

with the cyclone after Ut/a = 3 in case C14 (not shown).

The northerly jet and negative vorticity around the

Fig. 7 As in Fig. 5, but for case C14

Looping tracks associated with tropical cyclones approaching an isolated mountain… 343

123



southwestern mountain exist in both looping and non-

looping cases. In fact, the northerly jet is a common phe-

nomenon as a TC approaches a mesoscale mountain rather

than a specialty of looping typhoons (e.g., Jian and Wu

2008; Huang et al. 2011), thus does not serve as a neces-

sary condition or criterion.

3.3 The looping index

As discussed earlier, the occurrence of looping tracks is

controlled by the six nondimensional parameters. Can these

six nondimensional parameters, U/Nh, Vmax/Nh, U/fLx, V/

fR, h/Lx, and R/Ly, be consolidated into a single control

parameter or index for looping tracks? This may be

addressed by conducting scatterplot matrix of the looping

or non-looping tracks. The procedures of finding out such

an index are as follows. First, we conducted scatterplot

matrix to find the correlation between these nondimen-

sional parameters. The matrix actually shows that these

nondimensional parameters are independent (not shown).

Second, we constructed a number of potential looping

indices by combining nondimensional parameters accord-

ing to our numerical experiments, or dimensional variables

based on empirical tests. Third, we verified these index

candidates by observational data of looping and non-

looping typhoons to decide the best one as the looping

index.

Based on the necessary conditions of looping tracks as

presented in Sect. 3.1, we propose the looping index (LI) as

the following

Fig. 8 The surface pressure perturbation of case A4 at the nondi-

mensional time a Ut/a = 5, b Ut/a = 6, c Ut/a = 7, and d Ut/a = 8.

Positive pressure perturbation is contoured every 40 Pa (solid) while

negative pressure perturbation is with varying contour intervals

(dashed). The terrain contour interval is 1000 m
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LI ¼
U
Nh

U
fLx

R
Ly

Vmax

Nh
Vmax

fR
h
Lx

¼ U2R2

V2
maxhLy

: ð3Þ

For a TC approaches CMR at an angle h, the updated

meridional half-width in the looping index becomes

cLy ¼ Ly cosðh� p=6Þ; ; ð4Þ

where h is the angle between incident TC and the horizon

as measured from the west, and the p/6 is the approximate

orientation of CMR measured from the north. To investi-

gate the importance of these six nondimensional parame-

ters, we calculated the looping index according to Eqs. (3)

and (4), for several real typhoon cases. The maximum

computed looping index in the looping cases and the

minimum estimated looping index in the non-looping cases

in the numerous numerical experiments serve as a criterion

of looping typhoons and non-looping typhoons, respec-

tively. The typhoon data are obtained from the Digital

Typhoon (Kitamoto 2005). The Vmax and the radius of Vmax

were acquired from the Joint Typhoon Warning Center.

Previous studies have shown the looping tracks of Sin-

laku (2008) (Fig. 3 in Wu et al. 2013), Krosa (2007), and

Haitang (2005) (Fig. 1a in Huang et al. 2011). The looping

index, an application of the necessary conditions, is pow-

erful since in general, it is able to successfully differentiate

the looping Typhoons Sinlaku (2008), Krosa (2007), and

Hitang (2005) (Fig. 10), from the non-looping Typhoons

Matmo (2014), Soulik (2013), Nanmadol (2011), and

Fig. 9 a The surface vertical vorticity and wind vectors, and

c vertical cross sections of perturbation vertical velocity and potential

temperature of case C14 at x/a = 1 at the nondimensional time Ut/

a = 2. b, d Similar to a, c, respectively, except for case A4 at x/a = 2

at the nondimensional time Ut/a = 6. Positive contours are shown as

solid lines while negative contours are dashed lines. The x and

y scales are nondimensionalized by a, the mountain half-width in the

x-axis. The terrain contour interval is 1000 m
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Morakot (2009) (Fig. 11) especially when the TC was

close to Taiwan. Based on the tests in looping and non-

looping cases (Figs. 10, 11), overall, we may adopt

LI\ 0.0125 as the criterion for TC looping track to occur.

Note that the overlapping region between 0.0125 and

0.0047 indicates that our understanding of looping tracks is

not quite complete and the construction of the TC LI is not

perfect. Therefore, more investigation into the looping

track dynamics and better constructions of the looping

index are needed.

4 Conclusions and discussion

In this study, we employed the Geophysical Fluid

Dynamics Model to conduct idealized numerical experi-

ments to explore the looping track of a westward moving

tropical cyclone approaching a mesoscale topography

based on a set of nondimensional parameters, U/Nh, Vmax/

Nh, U/fLx, Vmax/fR, h/Lx, and R/Ly.

It is found that looping tracks tend to occur under (1)

small U/Nh and U/fLx, (2) moderate h/Lx, and (3) large

Vmax. Physically, the first criterion, i.e. small U/Nh and U/

fLx, corresponds to slow movement (small U), which leads

to subgeostrophic flow associated with strong orographic

blocking. The cyclonic turning is explained by strong

orographic blocking and track deflection associated with

the subgeostrophic flow to make a cyclonic turning due to

strong orographic blocking, i.e. small U/Nh and R/Ly, along

with sufficient large h/Lx. Briefly speaking, the combina-

tion of strong orographic blocking and the subgeostrophic

flow, in which the excessive pressure gradient force

exceeds the reduced Coriolis force, results in a looping

track. In addition, looping tracks are more pronounced as h/

Lx decreases, U/Nh increases, and Vmax/Nh increases.

The second criterion, moderate h/Lx, is an interesting

finding. Looping tracks require a moderate steep mountain,

instead of a very steep mountain, because the TC tends to

move southward, instead of making a loop, when it

encounters a very steep mountain. The third nondimen-

sional criterion, large Vmax/Nh, corresponds large maxi-

mum tangential wind (Vmax) associated a strong TC vortex,

which helps maintain the vertical alignment of a TC and

prevents the TC structure from being destroyed while it

approaches the steep mountain. In summary, the essential

nondimensional control parameters listed in (1)–(3) corre-

spond to slow movement, moderate steepness, and strong

TC vortex.

It is also found that looping tracks are often accompa-

nied by an area of perturbation high pressure located to the

northeast of the mountain, which lasts for only a short

period. It appears that the perturbation high pressure tends

to push the approaching TC away from the mountain.

When this excessive pressure gradient force combines with

the southward deflection associated with the sub-

geostrophic flow induced by strong blocking, the TC tends

to go southeastward and starts to make a loop. In addition,

it is found that the northerly jet and negative vorticity

around the southwestern mountain exist in both looping

and non-looping cases. Since the northerly jet is a common

Fig. 10 The calculated looping indexes (square) of a Typhoon

Sinlaku (2008), b Typhoon Krosa (2007), and c Typhoon Hitang

(2005). The maximum computed looping index (0.0125, diamond) in

the looping cases of the numerous numerical experiments serves as a

criterion. The estimated looping indexes from real cyclones below the

criterion indicate looping tracks. If the movements of typhoon did not

head to CMR at some points, then the looping index was not

calculated
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phenomenon as a TC approaches a mesoscale mountain, it

does not serve as a necessary condition or criterion. Based

on the above finding, a conceptual model is proposed: (1)

weak orographic blocking: the cyclone track belongs to the

non-looping regime. (2) Moderate orographic blocking:

The cyclone track belongs to the non-looping regime. (3)

Strong orographic blocking: The cyclone track belongs to

looping regime.

To give a sense of the importance of these six nondi-

mensional parameters, we conducted scatterplot matrix and

consolidated the nondimensional control parameters into a

TC looping index (LI), U2R2

V2
maxhLy

, which was successfully

tested by several historical looping and non-looping

typhoons approaching Taiwan’s CMR from east or south-

east. Generally, we may adopt LI\ 0.0125 as the criterion

for TC looping tracks to occur. Note that even though the

proposed looping index is constructed by the six key

nondimensional parameters and has been tested by several

looping and non-looping typhoon tracks, more testing and

improvement are needed.

A complete discussion of the looping track of TCs

should further include latent heat, planetary boundary layer

processes, sea surface temperature, the variation of Coriolis

parameter (i.e., b effect), etc. Nevertheless, the systematic

idealized numerical experiments conducted in this study

can help understand fundamental dynamics of TC looping

tracks and the associated dimensional and nondimensional

parameters.
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