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ABSTRACT: Tropical cyclones (TCs) accompanied by an upper-tropospheric cold low (CL) can experience unusual
tracks. Idealized simulations resembling observed scenarios are designed in this study to investigate the impacts of a CL on
TC tracks. The sensitivity of the TC motion to its location relative to the CL is examined. The results show that a TC
follows a counterclockwise semicircle track if initially located east of a CL, while a TC experiences a small southward-
looping track, followed by a sudden northward turn if initially located west of a CL. A TC on the west side experiences
opposing CL and S steering, while they act in the same direction when a TC is on the east side of CL. The steering flow
analyses show that the steering vector is dominated by upper-level flow induced by the CL at an early stage. The influence
of CL extends downward and contributes to the lower-tropospheric asymmetric flow pattern of TC. As these two systems
approach, the TC divergent outflow erodes the CL. The CL circulation is deformed and eventually merged with the TC
when they are close. Since the erosion of CL, the TC motion is primarily related to 8 gyres at a later stage. The sensitivity
of TC motion to the CL depth is also examined. TCs located west of a CL experience a westward track if the CL is shallow.
In contrast, TCs initially located east of a CL all take a smooth track irrespective of the CL depth, and the CL depth mainly
influences the track curvature and the TC translation speed.

SIGNIFICANCE STATEMENT: The purpose of this study is to better understand how an upper-tropospheric cold
low affects the motion of a nearby tropical cyclone. Our findings highlight distinct track patterns based on the relative
positions of the tropical cyclone and the cold low. When the tropical cyclone is located on the east side of a cold low, a
mutual rotation occurs, leading to a counterclockwise semicircle track of tropical cyclone. Conversely, if the tropical
cyclone is located to the west side of a cold low, the cold low approaches and captures it, resulting in an abrupt north-
ward turn when the cold low is eroded by the tropical cyclone. These insights improve the predictability of tropical
cyclones in the vicinity of cold lows.
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1. Introduction Despite significant advances in forecasting TC tracks, pre-
dicting unusual tracks remains challenging (Qian et al. 2012,
2013). It is found that some mid- to lower-tropospheric sys-
tems can lead to sharp TC turns over the WNP (Lander and
Holland 1993; Carr and Elsberry 1995, 1998; Bi et al. 2015;
Liang and Wu 2015; Ge et al. 2018). For instance, the interac-
tion between TC and a nearby monsoon gyre can lead to a
sharp turning of a TC motion over WNP (Carr and Elsberry
1995; Bi et al. 2015; Liang and Wu 2015; Ge et al. 2018). More-
over, the interaction of two TCs, known as the Fujiwara effect,

Tropical cyclone (TC) motions are influenced by large-scale
circulation (e.g., subtropical high pressure, monsoon trough,
etc.) as well as the B effect (Holland 1983; Harr and Elsberry
1995; Lander 1996). TC tracks are usually westward or north-
westward under the prevailing easterly flow at lower latitudes
in the tropics before recurving poleward by the steering of
nearby systems such as subtropical high pressure (Harr and
Elsberry 1991, 1995; Lander 1996; Wu and Wang 2004; Camargo
et al. 2007). TCs can also experience “unusual tracks,” such as
sharp turns or looping, as TCs interact with nearby synoptic or can also lead to unusual TC .tracks (Lander and Holland 19?3;
mesoscale systems and with other TCs (Carr and Elsberry 1995; Car.r and Elsberry 199& Bi et al. 2015). The_above Stuqles
Wau et al. 2011; Bi et al. 2015; Liang and Wu 2015; Ge et al, 201g; ~mainly focus on the mid- to lower-tropospheric systems im-

Liou and Pandey 2020; Yan et al. 2021). pacting TC motions. .
The influence of upper-tropospheric weather systems on

TC motions has gained more attention recently. The upper-
tropospheric cold low (CL) is a prominent weather system af-
fecting TC tracks in the western North Pacific (WNP; Sadler
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DOI: 10.1175/MWR-D-23-0074.1

© 2023 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
reuse of this content and general copyright information, consult the AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by University of Illinois Urbana-Champaign Library | Unauthenticated | Downloaded 07/31/24 09:02 PM UTC


mailto:xuyang@nuist.edu.cn
http://www.ametsoc.org/PUBSReuseLicenses

40 MONTHLY WEATHER REVIEW

Tto et al. 2020; Yan et al. 2021). Wang et al. (2012) classified
CLs into two categories based on their locations and move-
ments: tropical upper-tropospheric trough (TUTT) cells and
cutoff low types. Most CLs are generated out of the TUTT
and move westward, known as TUTT cells (Palmer 1953; Sa-
dler 1976). In contrast, cutoff lows originated from the midlat-
itude westerlies and tend to move eastward (Palmén 1949;
Molinari and Vollaro 1989; Postel and Hitchman 1999). Chen
and Ding (1979) suggested that the interaction between a CL
and a TC is comparable to the Fujiwara interaction between
two TCs. Patla et al. (2009) developed a conceptual model for
TC-CL interactions and suggested that the relative distance,
orientation, intensity, and size of the CL are critical character-
istics in determining the impact of the CL on the TC track.
Chen et al. (2002) found that a TC tends to stagnate, spin, or
move southward when it is located in the southwest quadrant
of a CL, while a TC experiences a sudden westward turn
when it is located in the northeast quadrant of a CL. Li et al.
(2012) found that a CL could trigger a sudden northward turn
by altering the horizontal vorticity advection and the ambient
vertical wind shear. Wei et al. (2016) suggested that TCs lo-
cated on the eastern side of a CL tend to experience an abrupt
left turn when their separation distance is within 5°. The en-
semble analysis by Wen et al. (2019) suggested that track fore-
cast is also sensitive to the CL vertical structure.

Previous studies (Patla et al. 2009; Li et al. 2012; Wen et al.
2019; Lei et al. 2020; Yan et al. 2021) have highlighted that
the failure to simulate the TC-CL interaction can lead to sig-
nificant TC track errors. Recently, Yan et al. (2021) found
that the interaction between Typhoon Jongdari (2018) and a
CL leads to Jongdari’s semicircle track in its early stage using
the piecewise potential vorticity (PV) technique. In light of
these findings, this study aims to better understand unusual
TC tracks under the influence of CLs through idealized numeri-
cal simulations. The environmental backgrounds of Typhoon
Jongdari (2018) and another Typhoon Ken-Lola (1989), both
were subjected to the influence of a nearby CL, serve as the basis
of the study.

The structure of this paper is as follows. Section 2 provides
an overview of Typhoon Jongdari (2018) and Ken-Lola
(1989) with their unusual tracks. The analysis provides some
observational basis for the idealized simulations. Section 3 de-
scribes the model configuration and the experiment design.
Experiments with different TC positions relative to the CL
center are examined in section 4, and the simulations with dif-
ferent CL depths are presented in section 5. The conclusion
and discussion are given in section 6.

2. Analysis of two cases with a nearby CL

Typhoon Jongdari in 2018 and Ken-Lola in 1989 are selected
to illustrate the impact of the CL on TC tracks. Figures 1a and 1b
show the tracks of TC and CL for Jongdari and Ken-Lora, respec-
tively. The TC tracks are obtained from the 6-hourly IBTrACS
best track data (Knapp et al. 2010, 2018), and the CL tracks are
determined by the 250-hPa cyclonic circulation center in ERAS
(Hersbach et al. 2020). The primary periods of interest are from
0000 UTC 27 July to 0000 UTC 1 August for Jongdari and from
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0600 UTC 30 July to 1200 UTC 2 August for Ken-Lola
(Figs. 1a,b).

Jongdari experienced two unusual TC tracks during the pe-
riod of interest. At 0000 UTC 27 July, Jongdari was located
approximately 800 km to the southeast of a nearby CL and
exhibited a counterclockwise mutual rotation with the CL. At
1800 UTC 28 July, Jongdari made landfall in Japan and
moved to the north-northwest quadrant of CL, with a separa-
tion distance of 550 km at 0000 UTC 29 July. After moving
off Japan, the CL and Jongdari merged at 1800 UTC 30 July.
Thereafter, the movement of Jongdari changed from eastward
to northwestward, resulting in a small loop motion between
30 July and 1 August (Fig. 1a).

Ken-Lola developed as a tropical depression at 0000 UTC
28 July 1989. At 0600 UTC 30 July, it was situated roughly
450 km to the southeast quadrant of a CL. Thereafter, the two
systems rotated mutually when Ken-Lola experienced a large
cyclonic semicircle track from 30 to 31 July similar to Jongdari.
Ken-Lola was located northwest of CL at 1200 UTC 31 July,
and these two entities eventually merged on 1 August. At
its later stage, Ken-Lola experienced a northward turn from
1800 UTC 31 July to 1200 UTC 2 August (Fig. 1b).

The above analysis suggests that the unusual tracks of
Jongdari and Ken-Lola may be related to a nearby CL and
their relative positions to the CL may be important in deter-
mining the characteristics of the tracks. Furthermore, it is pos-
sible that TC tracks are sensitive to the vertical structure of
the CL. Figures 1c and 1d compare the longitude-height cross
sections of the meridional wind and temperature anomalies of
the CLs in the Jongdari and Ken-Lola cases. The maximum
cold core of the CL in the Jongdari case was located near
400 hPa. The circulation had a deep structure and extended
downward to near the boundary layer (Fig. 1c). In contrast,
the cold core of the CL in the Ken-Lola case peaked at
250 hPa, and its circulation was largely confined above
500 hPa (Fig. 1d). The different depths of the CLs may con-
tribute to the different track behaviors of Jongdari and Ken-
Lola. Idealized simulations are thus conducted to investigate
the sensitivity of TC track to the relative location of the TC to
the CL and the vertical extent of the CL.

3. Methodology and experiment designs
a. Model and experimental designs

The Advanced Research Weather Research and Forecast-
ing (WRF-ARW) Model (version 3.9.1; Skamarock et al.
2008) is used to study the effects of the CL on TC track in an
idealized framework. The model is configured with three two-
way nested domains with horizontal resolutions of 27, 9, and
3 km, respectively. The outer domain covers an area of
6480 km X 6480 km centered at 25°N. The middle and inner-
most domains are of 1620 km X 1620 km and 540 km X 540 km,
respectively. The two inner domains move with the storm during
the integration. The model has 41 levels in the vertical. All ex-
periments are integrated to 72 h on a B-plane, and based on
25°N.
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(a) Typhoon Jongdari (2018)
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(b) Typhoon Ken-Lola (1989)
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F1G. 1. (a),(b) The 6-hourly tracks (gray dashed line) of (a) Jongdari and (b) Ken-Lola. The solid line represents
the period of interest in this study. The red (blue) solid lines represent the tracks of TC (CL). The inset is the
zoomed-in area of the orange square box in (a) and (b). (c),(d) The longitude-height cross sections of the meridional
wind (contours; unit: m s~ '; at 4 m s~ ! intervals), temperature anomalies (shading; unit: K) near the CL at (c) 0000 UTC
27 Jul 2018 along 31.5°N and (d) 0600 UTC 30 Jul 1989 along 28.5°N. The temperature anomalies are defined with respect

to the average over 100°-160°E.

The following physics parameterizations are used: the
WREF single-moment 6-class (WSM6; Hong et al. 2010) mi-
crophysics scheme, the Dudhia (1989) shortwave radiation
scheme, the Rapid Radiative Transfer Model (RRTM;
Mlawer et al. 1997) longwave radiation scheme, the Yonsei
University planetary boundary layer (PBL) scheme (Hong

v xL xSin(wx(r_O'l)
m 2 1-01)
vV = (~0.75) (~0.75)
SRR TR
rm rm

0,

where V, is tangential wind, r is the radius, V,, is maximum
tangential wind, r,, is the radius of V,,, o is the model sigma
level, and ry represents the radius where tangential wind
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et al. 2006), and a modified MMS5 surface layer scheme
(Jiménez et al. 2012). The Kain-Fritsch convective scheme
(Kain and Fritsch 1993) is only applied to the outmost
domain.

The background flow is set to zero in all experiments. The
tangential wind profile of the initial TC is given by Eq. (1):

r=T,,
r—r C[(m  o—0.1 1)
rf’: ><s1n(§><170.1), T, <1 <rg,

r>r0,

equals 0 m s~ ', The TC vortex is initialized with a maximum
tangential wind of 25 m s~! at a radius of 75 km, and its
strength decreases with height and to zero at 100 hPa.
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FIG. 2. (a) Initial radial profiles of tangential wind (unit: m s~ ') near the surface for the TC (red solid line) and at

250 hPa for the CL (blue solid line). (b) Vertical cross section of the tangential wind for the CL in Deep (shading),
Medium (blue dashed contours), and Shallow (black solid contours) experiments. The contour intervals of the
Medium and Shallow CL are the same as that of the deep CL. (c) Vertical cross section of the tangential wind for the
TC (shading; unit: m s '). (d) Vertical cross section of the temperature anomaly (shading; unit: K) for the medium CL.

The tangential wind profile of initial CL is given by Eq. (2):

2

where o, is the height where the tangential wind of the CL
reaches its maximum, and o, specifies the depth of the CL.

V., X :7 X a,, r=r,, The idealized CL has an initial maximum tangential wind of
m 20 m s~! at the radius of 450 km at the upper level, similar to
v, = ﬁ x |1 = COS(lr) Xa,, r, <r=2r, (@) the structure of CL near Jongdari.
2 "'m The initial radial profiles of tangential wind for the ideal-
0, r>2r,. ized TC and the CL are shown in Fig. 2a. The vertical struc-
ture of the CL and the TC are shown in Figs. 2b and 2c, with
The height variation coefficient a,, is given by Eq. (3): the zero tangential wind contour extending down to 700, 500,
0 =01 and 400 hPa for Deep, Medium, and Shallow CL, respectively
' s ’ (Fig. 2b). The structure of the “Deep” CL is to mimic the CL
cos g X (o — cr[)] , 01<o=02, associated with Jongdari, with the maximum wind 20 m s ! lo-
5 cated at 300 hPa. The structure of the CL in the “Medium”
a, ={cos K (o — Ut)] . 02<0=04, (3) and “Shallow” experiments resembles the structure of the CL
2 associated with Ken-Lola, with the maximum tangential wind
cos| T % (o — 0)]8’ Vd<o=o, of 16 m s~! at 200 hPa. Th'e vertical profiles of the environ-
2 ! d mental temperature and moisture are based on the mean trop-
07
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ical sounding (Jordan 1958). By specifying these variables, the
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geopotential height can be obtained by solving a nonlinear bal-
anced equation (Wang 1995). The CL has a cold-core structure
due to the thermal wind balance. Figure 2d shows the cold
core of the medium CL as an example.

Thirteen experiments are set up to investigate the sensitiv-
ity of the TC track to its relative position to a nearby CL and
the depth of the CL (Table 1). “In” indicates that the TC is lo-
cated within the radius of maximum wind (RMW) of the CL
initially, while “Out” indicates the TC is outside of the CL
RMW. “Deep,” “Medium,” and “Shallow” represent CLs of
different depths shown in Fig. 2b. The CL is excluded in the
“noCL” experiment for the comparison with other experi-
ments to show, in general, the role of CL on the TC motion.
“SE” and “NW” indicate that the TC is initially located in the
southeast and northwest quadrant of the CL, respectively. For
reference, the setting of SE_Out_Deep is similar to Jongdari,
whereas SE_Out_Medium is akin to Ken-Lola. We have also
conducted NE and SW experiments. In general, the results of
the SW experiments are similar to those of the SE experi-
ments, while the NE experiments are similar to the NW ex-
periments (not shown). Thus, since the idealized experiments
are based on the real-world cases of Jongdari and Ken-Lola,
we focus only on the NW and SE experiments in this paper.

b. PV-w inversion

The outflow of a TC is an important aspect of its secondary
circulation and can directly interact with the environment
wind. Previous studies demonstrated that the divergent out-
flow associated with deep convections can alter the environ-
mental flow around the TC (Ryglicki et al. 2019; Huang et al.
2022). Wang and Zhang (2003) developed a quasi-balanced
PV-w inversion system to diagnose the TC secondary circula-
tion in response to external forcing. To quantify the CL-TC
interaction, the quasi-balanced PV-w inversion technique
(Wang and Zhang 2003) is applied:

Vo) nl fe, -2 Lie, - 7ol

SN (L R g BN L Qi

0z \0x 0xdz dydyoz 0z \dx dydz  dy 0xdz

d 9
A +f—2 ®

02z, —z "0z

2

d ) P 32 2PV [PV

=f—(V,-Vn) -V -V 22— - [—
S5z Wi V) ”( haz) a0z |ox2 ay>  \oxay

EENG , o[, af) @ [of, oA,
e R it e P A
yoz 6, dz\dox  dy ataz | ox ay
4)
.0
Vix =—(z, — 2) bl - el Q)

where u = ¢, /Ry, V), = Vg + V,, ¥ and x are the total
streamfunction and velocity potential; @, m, and w are the
geopotential height, absolute vorticity, and vertical velocity;
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TABLE 1. Summary of the idealized experiments.

CL Initial distance The quadrant

depth of TC from where the initial
Experiment (hPa) CL’s center (km) TC is located
NW_In_Deep 700 300 NW
NW_In_Medium 500 300 NwW
NW_In_Shallow 400 300 NWwW
NW_Out_Deep 700 800 NW
NW_Out_Medium 500 800 NW
NW_Out_Shallow 400 800 NwW
SE_In_Deep 700 300 SE
SE_In_Medium 500 300 SE
SE_In_Shallow 400 300 SE
SE_Out_Deep 700 800 SE
SE_Out_Medium 500 800 SE
SE_Out_Shallow 400 800 SE

noCL — — —

f. and f, are the latitudinal and meridional friction, respectively;
z = (1 — ©/C,)z, is the pseudo-height coordinate; z, = (C,/Ry)Hj;
H; = po/pog = R,0y/g is the scale height; @ is the reference
potential temperature; py is the surface pressure; and g, is
the diabatic heating. In Eq. (4), the first four terms are the
dynamic forcings, whereas the last three terms are the ther-
modynamical forcings. The thermodynamical forcing primar-
ily refers to the latent heating, mainly attributed to moist
convections in the eyewall and spiral rainbands. In this study,
the relative contribution of the thermodynamic forcing to the
TC outflow will be examined.

¢. PV tendency budget

Previous studies have shown that TCs usually move toward
the maximum of the azimuthal wavenumber one component
of the PV tendency (Holland 1983; Shapiro and Franklin
1995; Wu and Kurihara 1996; Wu and Wang 2000; Chan et al.
2002; Bi et al. 2015). The PV tendency equation (Wu and
Wang 2000) in isobaric coordinates, as expressed below, is
used to diagnose TC motion:

aaij = HAD + VAD + DHT + F., (6)

HAD =~ — 2 )
ox ay

VAD = -0 ®)

op’
0Q , 9Qau Qv

=— + )=

DHT = ~g|(¢ + )=+ 550 = Seanl ©)

where P is the PV in the pressure coordinates; u, v, and w are
the zonal wind, meridional wind, and vertical velocity; { and f are
the relative vorticity and Coriolis parameter; Q = Ql/(C ),
where 7 = (p/100 OOO)R/ %, and O is the total diabatic heatmg
rate and can be obtained from the model simulation. In Eq. (6),
the first term on the left side is the local PV tendency (PVT),
while the right side includes the horizontal advection of the
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(a)NW_In_Deep (b)NW_Out_Deep
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FIG. 3. (a)-(d) The 3-hourly tracks of TC (red lines) and CL (blue lines) relative to the initial CL center (0, 0). (e)—(h) The relative posi-
tions between TC and CL with (0, 0) being the middle point between them at each time. The gray stars denote the initial positions of TC
and CL, and the gray triangles represent their positions when the CL has dissipated or merged with the TC.

potential vorticity (HAD), the vertical advection of the potential
vorticity (VAD), the PV tendency associated with the diabatic
heating (DHT) and friction (F,).

4. TC motions with different initial positions relative to
the CL

a. Simulated tracks

In this section, we examine the influence of the CL on the
TC motion when the TC is located initially at different posi-
tions relative to the CL center. We first focus on the “Deep”
simulations as they possess strongest interactions between the
CL and the TC. The “Medium” and “Shallow” experiments
will be discussed in section 5. The tracks and relative positions
of TC and CL in the four experiments with the same deep CL
but different initial positions relative to the CL center are dis-
played in Fig. 3. The CL center is determined by analyzing
the 400-hPa cyclonic circulation. The TC center is determined
based on the location of the minimum sea level pressure. As
the CL initially steers the TC, the different TC-CL orienta-
tions result in varying initial TC movement directions. When
the TC is initially located on the west side of the CL center, it
experiences a small looping track followed by a sudden north-
ward turn (Figs. 3a,b,e.f). If it is initially located to the east of
the CL, it has a cyclonic semicircle track (Figs. 3c,d,g,h).

In the “NW” experiments, the CL moves northwestward
toward the TC (Figs. 3a,b). The two entities engage in a mutu-
ally rotating counterclockwise motion while approaching each
other, and eventually merge (Figs. 3e,f). Similar to the Fuji-
wara effect between two TCs. The direction of the TC motion
in NW_In_Deep changes abruptly at 7 = 27 h from south-
westward to northeastward, while the TC turns at 7 = 54 h in
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the NW_Out_Deep. Both experiments show a decrease in the
TC speed near the turning point, with the moving speed in
NW_Out_Deep dropping more sharply. In NW_In_Deep, the
CL merges with the TC at 7' = 15 h, after which the translation
speed of TC slows down significantly. In NW_Out_Deep, the
TC turns northeastward soon after the merger at 7 = 54 h. In
this study, the merging is defined as when the CL and TC cen-
ters are within 200 km of each other.

In contrast, TCs in the “SE” experiments take a larger-scale
cyclonic semicircle track. The CL moves westward while the
TC moves northeastward in the first few hours (Figs. 3c,d), and
they show a tendency to drift away from each other (Figs. 3g,h).
In SE_In_Deep, the TC motion changes from northeastward to
northwestward during 7 = 0-18 h. The separation distance be-
tween CL and TC increases during this period. After T = 24 h,
their separation distance remains around 450 km, and the
CL dissipates by T = 42 h. In SE_Out_Deep, the distance
between TC and CL fluctuates around 800 km. At 7' = 36 h,
the separation distance between the TC and CL is reduced
to 600 km by 7' = 72 h. In the “SE” experiments, the TC
and CL mainly exhibit mutual rotation without merging
(Figs. 3g,h). We tested different initial separation distances
between 100 and 800 km, and the results are consistent with
those shown in Fig. 3. In short, a TC east of a CL moves in a
cyclonic semicircle track by the steering of the CL circula-
tion, while a TC west of a CL moves southward initially also
steered by the CL anticyclonic circulation but it would expe-
rience an abrupt northward turn at a later stage. Distinctive
differences also occur between when the TC is in and out of
the RMW of the CL as shown in Fig. 3. We will discuss the
dynamics behind these differences in more detail in the fol-
lowing section.
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b. Interactions between TC and CL

PV is a useful parameter for understanding the TC-CL in-
teraction (Wu and Emanuel 1995a,b; Shapiro 1996; Shapiro
and Franklin 1999; Wu and Kurihara 1996; Wu and Wang
2000; Hanley et al. 2001; Chan et al. 2002) and is examined in this
section. Figures 4 and 5 present the evolution of the 400-hPa PV
and wind fields and the cross sections of PV along the TC and
the CL centers in NW_In_Deep and NW_Out_Deep (Fig. 4) and
SE_In_Deep and SE_Out_Deep (Fig. 5).

Since the CL has a larger size than the TC at the upper
level (Figs. 4a,g), it has a larger B-induced westward propaga-
tion speed, ultimately catching up with the TC in the “NW”
experiments (Figs. 3a,b). In NW_In_Deep, as two entities
rotate and approach each other, the structure of the CL is
distorted due to their close proximity (Figs. 3e and 4a—c).
Since the TC is initially located within the RMW of CL, their
PV towers partially overlap (Fig. 4a). By T = 18 h, the circular
PV structure of the CL is stretched into a thin strip (Fig. 4b). As
the filamented PV of the CL merges into the large PV of TC
in the middle to upper levels (Fig. 4f), TC takes a northward
track when the steering from the CL diminished (Figs. 3a and 4c).
The TC-CL interaction displays distinct characteristics above
and below the 300 hPa (Fig. 4f). Below 300 hPa, the residual
PV of the CL is deformed into spiral PV bands wrapping
around the TC, accompanied by an increase in the TC scale
at T = 42 h (Fig. 4c). However, the PV column above 300 hPa
moves away from the TC, and the structure of CL is gradually
eroded (Fig. 4f).

Due to their larger initial distance between TC and CL in
NW_Out_Deep, the approach rate between the TC and the
CL is slower compared with that in NW_In_Deep. In the be-
ginning, an elastic interaction occurs between the CL and the
TC (Fig. 4g). That is, CL and TC only distort slightly without
significant changes in their structure and intensity (Dritschel
and Waugh 1992; Khain et al. 2000). The western side of the
CL circulation deforms further with time (Figs. 4g,h). Below
300 hPa, the PV column of the CL approaches and connects
with that of TC, and its magnitude gradually weakens during
T = 6-18 h (Figs. 4j,k), similar to that of NW_In_Deep
(Figs. 4d,e). At T = 42 h, some PV filaments of the CL approach
and merge with the TC, resulting in a decrease of the TC’s trans-
lation speed (Figs. 3b and 4i,]). Above 300 hPa, the PV remnants
of the CL move away from the TC (Figs. 4k,l), similar to
NW_In_Deep (Figs. 4e.f).

In SE_In_Deep, the TC initially moves with the steering from
the CL circulation (Fig. 3c), and TC and CL rotate around each
other (Fig. 3g). The large separation distance helps to maintain
the CL circulation, and the PV deformation is weaker than those
counterparts in the “NW” experiments (Figs. 4c and 5c). The ap-
proaching rate between TC and CL is slower in SE_In_Deep
than in NW_In_Deep as both the B steering and the steering by
the CL circulation move roughly in the same north-by-northwest
direction (Figs. 3e,g). Likewise, in SE_Out_Deep, the deforma-
tion of CL is weaker than that in NW_Out_Deep, since the sepa-
ration distance remains greater than 700 km (Figs. 3d, 4¢g-i, and
5g—i). The CL structure remains distinct at 7' = 42 h in the “SE”
experiments (Figs. 5c,i), indicating a weaker TC-CL interaction.
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The TC-CL interaction bears many similarities with the bi-
nary TC interaction described by Kuo et al. (2004), although
the TC and the CL circulations peak at different heights. In
particular, when the CL and the TC are far apart, there is an
elastic interaction (Figs. 4g and 5g). Once the two entities
move closer, the CL will be stretched into PV filaments sur-
rounding the TC (Figs. 4b,c and 5b,c), similar to the behavior
of the weaker TC in the binary TC interaction.

To further investigate the underlying mechanisms, the
quasi-balanced PV-w inversion technique is applied to quan-
tify the TC-CL interaction (see section 3b). This method
computes the divergent flow forced by the diabatic heating
(Wang and Zhang 2003). Since the CL is generally observed
as a clear-sky region with a weak downward motion (Kelley
and Mock 1982; Chen and Chou 1994; Patla et al. 2009; Wen
et al. 2018), the divergent outflow in the upper troposphere is
largely driven by the diabatic forcing associated with the TC.
Hence, we derive the divergent wind forced by the diabatic
heating of the TC to investigate the role of TC upper-level di-
vergent flows in affecting the CL circulation.

Figure 6 displays the distribution of the divergent wind, the
diabatic heating, and the PV field at 14-km height at 7 =33 h
in our four major experiments. In NW_In_Deep, the maxi-
mum of upper-level averaged diabatic heating (black con-
tours) can reach up to 1.1 K h™! and extend up to 200 km
from the TC center. In contrast, the maximum of averaged di-
abatic heating in SE_In_Deep is only 0.6 K h™! and is con-
fined within 100 km of the TC center. The greater and wider
diabatic heating in NW_In_Deep thus induces stronger and
wider divergent winds than in SE_In_Deep (Figs. 6a,c). As a
result, under the Coriolis force, the upper-level divergent out-
flow will form an anticyclonic component, which ultimately
erodes the CL, especially when CL and TC are in close proxim-
ity (Figs. 6e,g). Since the TC outflow is mainly above 300 hPa,
the CL circulation is susceptible to a rapid decay therein. In
contrast, the CL circulation below 300 hPa can persist for a lon-
ger time. This outflow erosion process is highly sensitive to the
TC position, and the impact is greater when TC is located closer
to the CL center (Figs. 6e-h). For instance, although the TC di-
vergent outflow is strong due to the strong diabatic heating
of TC (Fig. 6b), the larger separation distance between the TC
and the CL is the reason for the slower erosion rate of the CL
compared to NW_In_Deep (Figs. 6e.f).

c. Steering flow

It has been well realized that the TC motion is largely de-
termined by the steering flow of its environment (Chan and
Gray 1982; Velden and Leslie 1991; Galarneau and Davis
2013). The top of each panel in Fig. 7 presents the evolution
of the steering vectors between 850 and 200 hPa by the mean
flow averaged within a radius of 600 km following the TC cen-
ter in the four experiments. The bottom of each panel in
Fig. 7 includes the movement vector of the TC (red arrows at
the bottom) and the total steering flow (black arrows at the
bottom). The total steering flow is determined by the vertical
average of the steering vectors at each level between 850
and 200 hPa for the “NW” experiments and between 850 and
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FIG. 4. (a)—(c) Evolutions of 400-hPa potential vorticity (shading; units: 0.1 PVU) and wind field (vectors;
unit: m s~ '). (d)=(f) The oblique cross sections of potential vorticity along the TC and the CL center in
NW_In_Deep. (g)-(1) As in (a)—(f), but for NW_Out_Deep, all from 7 = 6-42 h. The point (0, 0) in the hori-
zontal plane is the TC center and the red solid line indicates the position where the cross section is taken.
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FIG. 6. (a)—(d) The 14-km divergent wind (vectors; units: m s ') and the 13-15-km vertically averaged diabatic heating (black contours

at0.1,0.6,1.1,1.6,2.1 K h™*; units: K h™*) at T = 33 h. (e)~(h) The

14-km total wind (vectors; units: m s~ '), the potential vorticity (shad-

ing; units: 0.1 PVU), and the diabatic heating (white contours at 0.1, 0.6, 1.1, 1.6, 2.1 K h™%; units: K h™!) at 7' = 33 h. The point (0, 0) is
the TC center, and the thicker cyan contours in (e)-(h) denote the large PV of the CL defined as the PV larger than 2 PVU.

350 hPa for the “SE” experiments. The determination of steer-
ing flows follows the methodology introduced by Galarneau
and Davis (2013). With mean deviations all less than 1.5 m s ™!,
the vertical averaged total steering vectors (black arrows at the
bottom) well represent the TC motions in all simulations. The
strong upper-tropospheric steering flow driven by the CL circu-
lation has a larger contribution to the total steering flow in the
early stage in all simulations (Fig. 7). With the erosion of the
CL (Figs. 4-6), the upper-tropospheric steering flow (above
550 hPa) decreases and the lower-tropospheric steering flow
(below 550 hPa) increases at the later stage in most experi-
ments. The increasing contribution of the lower-level flow to
the total steering flow results in the shift of TC motion vector,
especially in the “NW” experiments (Figs. 7a,b). This transition
of the steering flow contributions from different layers was also
found in the steering flows of TC Rex2 (1998) by Patla et al.
(2009) and Jongdari (2018) by Yan et al. (2021).

To quantitatively compare the evolution of the steering flow,
Fig. 8 presents the temporal evolution of the upper-tropospheric
steering flow, lower-tropospheric steering flow, and the total steer-
ing flow in four “Deep” experiments. The upper-tropospheric
and lower-tropospheric steering flow is defined as the height-
averaged steering flow above and below 550 hPa, respectively. In
NW_In_Deep, the upper-tropospheric steering flow contributes
more to the TC movement at the early stage (7 = 0-24 h). Since
the CL is mainly confined above 700 hPa initially, the associated
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upper-tropospheric steering flow is southward and cyclonic
in this experiment (Figs. 8a,e). During 18-36 h (Fig. 3a),
the CL structure is rapidly eroded as it approaches the TC
(Figs. 4b,c.e.f). The upper-tropospheric steering flow thus weak-
ens and changes from northeasterly to southwesterly flow. More
specifically, the southeasterly flow at the lower tropospheric
strengthens and counters the southwesterly flow at the upper-
tropospheric after T = 24 h. The zonal component of the upper-
tropospheric and lower-tropospheric steering flows are opposite
during 7' = 24-72 h. Accompanying this change, there is a shift
in the TC motion vector from northeastward to northward
(Figs. 8a,e). In NW_Out_Deep, the meridional component of
lower-tropospheric steering flow provides a larger contribution
to the total steering flow after 7' = 54 h (Fig. 8f). The lower-
tropospheric steering gradually increases, together with the
weakening of the upper-tropospheric steering flow, causing a
small looping track after T = 54 h (Fig. 5).

In SE_In_Deep, the upper-tropospheric steering flow con-
tributes more to the total steering flow during 7 = 0-42 h
(Figs. 8c,g) due to the longer persistence of the CL (Figs. 3a,c).
As a result, the TC moves northeastward and northwestward
following the circulation of the CL. The upper-tropospheric
steering flow gradually diminishes as the CL circulation de-
cays, and the contribution of lower-tropospheric steering flow
enhances after 7 = 42 h (Figs. 5b,c and 8c,g). The meridional
component of lower-tropospheric steering flow exceeds that of
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FIG. 7. (top) The time-height profiles of the steering flow (unit: m s™!) averaged within a 600 km X 600 km box
following the TC center. (bottom) The evolutions of optimal steering flow for each experiment. At the bottom of the
figure, “T” denotes the TC movement (red vectors), and “Vs” denotes the total steering flow (black vectors).

the upper-tropospheric steering flow after 7 = 60 h (Fig. 8g).
This lower-tropospheric steering flow mainly comes from the
B-steering and it will be discussed further in section 4e. The
variations of the TC track and steering flow during this stage
are similar to the real-case study of Jongdari by Yan et al
(2021). In SE_Out_Deep, the steering vector is mainly influ-
enced by the steering at the upper levels above 550 hPa before
T = 24 h, and the upper and lower tropospheric make compa-
rable contributions afterward (Figs. 7d and 8d,h). The larger
initial distance between the CL and the TC helps maintain the
CL structure. As a result, the meridional component of upper-
tropospheric steering flow stays around 1 m s~ ! during 7= 0-72 h
(Fig. 8h).

d. PV tendency analysis

To examine the contributions of different processes to TC
motion, the PV tendency method is applied (see section 3c).
Figure 9 shows the distribution of wavenumber-1 PVT, HAD,
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VAD, and DHT during the periods before and after the sud-
den track change of TCs in NW_In_Deep and NW_Out_Deep
experiments. As expected, the orientations of PVT terms vary
with time, and the direction of TC motion points to the region
of maximum PVT. The pattern of HAD is similar to PVT, in-
dicating a dominant contribution of HAD to the PVT in both
simulations. In NW_In_Deep, the maximum positive HAD is
to the southwest of the TC center at 7' = 12 h, indicating a
southward movement. Thereafter, the location of maximum
positive HAD rotated by nearly 180° counterclockwise be-
tween 7 = 12-42 h. Both VAD and DHT are small and their
effect on TC motion is thus minimal (Figs. 9¢c,d,g,h). In con-
trast, the maximum positive HAD in NW_Out_Deep is much
weaker, which is consistent with the slower TC motion. The
maximum DHT exhibits a direction approximately 90° away
from that of the HAD, thereby influencing the pattern of PVT at
T = 33 h. In both NW_In_Deep and NW_Out_Deep, each term
that contributes to PVT intensifies after the TC experiences a



50

MONTHLY WEATHER REVIEW

VOLUME 152

NW_In_Dee NW_Out_Deg SE_In_Dee; SE_Out_Dege
1P (a) —OULDCP () NP (o) —OULDCCP (d)
20 20 20 20
—o—Vlow
10 4 ——Vup 10 1 10 4 1o ’NM
2 .17 e
E 001 0.0 00 - 00
=1
10 10 4 10 4 10 4
20 -T—T—T—T—T—T—T T T—T7 20 T TT—T—T T T—T7 20 - —T—T—T—T—T—T—T—T—T7 20 - T—T—TT—T—T—T T T—T 7
6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72
3.0 () 3.0 (® 3.0 (G4 3.0 (h)
20 20 4 20 -m 20 _M
2 10 A 1.0 1.0 10
E
> 00 4 00 00 00
10 4 10 4 10 4 10 4
20 T—TT—T—T—T T T T T 7 20 T—T—T—T—T—T—T T T—T7T 20 —TT—TT—T—T T T—T7 20 TTTTT—T—T T T—T7
6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72 6 12 18 24 30 36 42 48 54 60 66 72
Time (h) Time (h) Time (h) Time (h)

FIG. 8. Evolutions of the (top) zonal and (bottom) meridional components of the steering flow averaged within different heights in
(a),(e) NW_In_Deep; (b),(f) NW_Out_Deep; (c),(g) SE_In_Deep; and (d),(h) SE_Out_Deep. The black line with circles is the total steer-
ing flow (bottom of Fig. 7), the red line with triangles is the height-averaged steering flow above 550 hPa, and the green line with squares

is the height-averaged steering flow below 550 hPa.

sudden northward turn. The maximum HAD shifts from the
west flank of TC to the northeast flank during 7" = 33-72 h.
The angle between maximum DHT and HAD decreases
by T = 72 h, and the contribution of DHT to the overall
PVT distribution diminishes due to the increase of HAD.
The contribution of VAD remains insignificant in the
NW_Out_Deep.

For the “SE” experiments (Fig. 10), the maximum positive
HAD is located in the north (northeast) quadrant of the TC
in SE_In_Deep (SE_Out_Deep) at T = 12 h. The maximum
HAD in SE_In_Deep then rotates roughly 90° counterclock-
wise and is situated to the west of the TC center by T = 72 h.
The maximum values for VAD and DHT are 1.5 X 10> and
12 X 103 PVU s~ !, respectively (1 PVU = 10 * K kg ' m?s™ 1),
indicating their smaller contributions to the total PVT
distribution in SE_In_Deep. Nevertheless, the HAD in
SE_Out_Deep rotates more slowly due to the persistence
of the CL. The location of the maximum HAD correlates
well with the direction of steering flow in all simulations
(Figs. 9b,f,j,n and 10b.f,j,n). The DHT and VAD terms
have minor contributions to the distribution of PVT at
T =72h.

In short, the HAD term plays the dominant role in the PVT
tendency in all simulations. Physically, the changes of HAD
can be attributed to two factors [Eq. (7)]: the horizontal gradi-
ent of PV and the asymmetric flow across the TC center. First,
the CL provides a positive PV anomaly (or, gradient) for the
TC in the upper level, in the early stage. The interaction be-
tween CL and TC redistributes the PV field, leading to a modi-
fication of the PV gradient near the TC and consequently
altering the HAD. Second, since the location of the maximum
HAD largely coincides with the direction of the steering flow
(Figs. 9b,f,j,n and 10b,f,j,n), the HAD pattern is mainly related
to the asymmetric flow across the TC center. The above results
motivate us to investigate the possible processes accounting
for the asymmetric HAD.
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e. Lower-tropospheric circulation

Figure 11 shows the evolution of the wavenumber-1 pattern
of the 700-hPa wind fields, which consists of a cyclonic gyre
and an anticyclonic gyre. In addition to the B effect, the CL
also contributes to the development of the wavenumber-1
asymmetry. The initial orientation of the wavenumber-1 pattern
is strongly influenced by the relative position of the CL and the
TC. The cyclonic gyre typically appeared southeast or south of
the TC center in the NW experiments and appeared northwest
of the TC in the SE experiments (Figs. 11a,e.,im), and the gyre
couplet rotates counterclockwise. With the weakening of the CL
circulation at the later stage, the contribution of the B effect in-
creases, and the associated ventilation flow becomes dominant in
steering the TC. The ventilation flow refers to the asymmetric
flow over the TC core region between a pair of counterrotating
asymmetric gyres (the B gyres; Fiorino and Elsberry 1989).

It is worth noting that the HAD maxima are largely located
between the gyre couplet, suggesting that the advection of the
wavenumber-1 PV by the azimuthal mean tangential flow
plays a dominant role in the wavenumber-1 HAD. The venti-
lation flow is thus generally consistent with the HAD distribu-
tion, pointing from negative HAD to positive HAD and
consistent with the TC motion vector (Figs. 9-11).

In NW_Out_Deep, the CL can be maintained longer due to
the larger distance between the CL and the TC (Fig. 3b). The
superposition of the CL and the TC circulations generates an
asymmetric flow similar to the one in NW_In_Deep during
T = 12-33 h (Figs. 11a,f). Due to the merging of the two sys-
tems, the asymmetric flow associated with the CL diminishes
and the scale of the TC increases, thereby enhancing the 8
gyres (Figs. 4 and 1la-d,f-h). In NW_In_Deep, the faster
merging of TC and CL results in faster development of 8
gyres than in NW_Out_Deep (Figs. 11d,h).

In SE_In_Deep, the small initial separation distance between
CL and TC enables a partial merging of the two systems, resulting
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FIG. 9. The wavenumber-1 component of total PV tendency (PVT), horizontal advection (HAD), vertical advection (VAD), and dia-
batic heating (DHT) terms (units: 107> PVU s !) (a)—(d) at 7 = 12 h and (e)~(h) at T = 42 h in NW_In_Deep; (i)-(1) at T = 33 h, and
(m)—(p) at 7= 72 h in NW_Out_Deep. These terms are averaged over 850-350 hPa. The black vector indicates the direction of TC mo-
tion, the green vector indicates the direction of steering flow, and (0, 0) is the center of the TC. The purple diamond represents the loca-

tion of the maximum value for each term.

in the enhancement of asymmetry (Figs. Sa—). Since the CL is
located on the northwest flank of the TC, the meridional compo-
nent of the asymmetric flow induced by CL aligns with that of
the ventilation flow brought by 8 gyres. This alignment strength-
ens the southerly asymmetric flow across the TC (Figs. 11i-k).
After T = 42 h, the circulation of CL dissipates, and the
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ventilation of 8 gyres dominates the TC motion (Fig. 111). In
SE_Out_Deep, the asymmetric flow depends more on the
strength of the CL because the CL and TC remain far apart
until 7 = 72 h (Fig. 3h), even though B gyres also evolve.
In summary, due to the longer persistence of the CL, the asym-
metric flow across the TC is more pronounced in the
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FI1G. 10. As in Fig. 9, but for (a)—~(h) SE_In_Deep at (a)~(d) 7= 12 h and (e)—(h) 7' = 72 h and for (i)-(p) SE_Out_Deep at (i)~(1) 7= 12 h
and (m)-(p) 7= 72 h.

“SE_Deep” experiments than in the “NW_Deep” experiments.
Meanwhile, as the asymmetric flow induced by CL decreases
with height, the contribution of ventilation flow brought by
gyres will quickly dominate in all simulations.

5. TC influenced by CL with different depths

In this section, we examine the sensitivity of the TC motion
to the CL depth. Figure 12 shows the simulated TC tracks
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from T = 0-72 h with “Deep,” “Medium,” and “Shallow”
CLs (Table 1). The TC track in the absence of a CL is also
shown in Fig. 12b (black line) for comparison. For the “NW”
experiments, the TC tracks in the “Medium” and “Shallow” ex-
periments are similar and different from the “Deep” experiment
(Fig. 12a). In both NW_In_Medium and NW_In_Shallow, the
TCs primarily move westward slowly during 7 = 0-33 h and
shifted to northwestward The TC tracks in NW_Out_Medium
and NW_Out_Shallow move mainly westward at early stage and
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FIG. 11. Evolutions of the simulated wavenumber-1 700-hPa asymmetric wind field (vectors; unit: m s~ ') in the (a)~(d) NW_In_Deep,
(e)-(h) NW_Out_Deep, (i)—(1) SE_In_Deep, and (m)-(p) SE_Out_Deep. The black vector indicates the direction of TC motion, and
(0, 0) is the center of the TC. The pink diamond represents the direction of maximum positive HAD.

then turn northwestward at different times (Fig. 12a). The major The TC undergoes a smooth cyclonic or north-by-
difference from the different depth of CL is that circulation of a  northwest track for all depths of the CL in “SE_In” experi-
deep CL controls the TC motion to move southward in early ments (Fig. 12b). In contrast, in the absence of background
stage while circulation of a shallower CL combines with the 8 flow, the TC in noCL moves slowly northwestward due to
steering to cause a westward TC motion. Furthermore, with a  the § effect. In SE_Out_Medium and SE_Out_Shallow, the
shallower CL, the TC and CL have less interaction and the CL ~ TCs primarily move northward during 7 = 0-33 h and the
persists longer even when the TC is resided within the CL. “Medium” CL makes the TC track more northward. After

Brought to you by University of Illinois Urbana-Champaign Library | Unauthenticated | Downloaded 07/31/24 09:02 PM UTC



54

(a)

MONTHLY WEATHER REVIEW

R R U R S
g ———NW_Out_Shallow [
800 NW_Out_Medium |-
g ——NW_Out_Deep |
1 NW_In_Shallow
1 ——NW_In_Medium
’é 600 - ——NW_In_Deep
é : L
q) 1 -
Q:) : L
8 400
.4 1
Q : \Y\ K L
200
0 L I L
-1000  -800 -600 -400 -200
Distance(km)

VOLUME 152

(b)

R B BV RSN RN R
400 - -
200 -

0 - -

[ -200 1 -

L ] ——ggfgutfﬂlacl‘l.ow [

L 400 1 R B e ™ C

1 SE_In_Shallow 3
1 ——SE_In_ Medium 3
-600 | ——SE_In Deep -
1 ——noCL I
L I L BB BB B
-400 -200 O 200 400 600 800
Distance(km)

FIG. 12. Simulated 3-hourly tracks of the TC relative to the initial CL center in (a) NW experiments and (b) SE ex-
periments with different depths of CL (Fig. 2b) and noCL experiment. The gray star symbols indicate the positions of
the initial TC, and the gray dashed circle represents the RMW of the initial CL. The point (0, 0) is the initial location

of CL.

T = 48 h, the translation speed of TCs in both experiments
slowed and shifted to move northwestward (Fig. 12b).
Among the three different CLs, the deeper the CL, the
stronger influence it exerts on the TC through its steering
flow, resulting in a longer counterclockwise track.

Figure 13 presents the evolutions of the upper-tropospheric
steering flow, lower-tropospheric steering flow, and the total
steering flow in the “NW_Medium” and “NW_Shallow” ex-
periments. Combined with Fig. 8, the upper-tropospheric
steering flows in NW experiments all experience a transition
from the northeasterly to the southwesterly flow (Figs. 8a,b,e.f
and 13). Due to the different wind profiles of the CL (Fig. 2b),
the initial upper-tropospheric steering flows in the “Shallow”
and “Medium” experiments are accordingly reduced by nearly

NW_In_Medi NW_Out_Medi
2.O_n_ edium () YW ut_Medium (1)

half and one-quarter compared to those in the “Deep” experi-
ments (Figs. 8 and 13). As a result, the developing southerly
lower-tropospheric steering flows can counteract the north-
easterly upper-tropospheric steering flows, leading to the
westward movement of TCs during 7 = 0-30 h in the
“NW_Medium” and “NW_Shallow” experiments (Figs. 13e-h).
After T = 30 h, as the B gyres develop, the zonal components of
the upper- and low-tropospheric steering flow offset, while the
meridional components are in the same direction, leading to
enhanced northwestward movement of TCs. These scenarios
resemble the “NW_Deep” experiments. In contrast, the upper-
tropospheric steering flows are weaker, resulting in a domi-
nant contribution of the 3 effect to the TC motion in the later
stage. Overall, the steering flows in the “NW_Medium” and
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FI1G. 13. Asin Fig. 8, but for (a),(e) NW_In_Medium; (b),(f) NW_Out_Medium; (c),(g) NW_In_Shallow; and (d),(h) NW_Out_Shallow.
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FIG. 14. As in Fig. 8, but for (a),(e) SE_In_Medium; (b),(f) SE_Out_Medium; (c),(g) SE_In_Shallow; and (d),(h) SE_Out_Shallow.

“NW_Shallow” are very similar (Fig. 13), likely resulting in a
similar TC track in these four experiments irrespective of
their relative distances to the CL.

Figure 14 compares the evolutions of total steering flow,
upper- and lower-tropospheric steering flow in the “SE_
Medium” and “SE_Shallow” experiments. Despite differences
in the initial CL depth, the evolutions of the steering flow
show remarkable similarities across all “SE” experiments
(Figs. 8c,d,g,h and 14), resulting in similar TC tracks (Fig. 12b).
Compared to the “Deep” experiments, the meridional compo-
nents of the lower-tropospheric steering flows in the “Medium”
and “Shallow” experiments are approximately half at later stage
(Figs. 8e-h, 13e-h, and 14e-h). This reduction in magnitude is
attributed to the weaker B gyres. In the “Deep” experiments,
the stronger TC-CL interaction results in stronger 3 gyres,
which contribute to meridional components of the lower-
tropospheric steering flow reaching or even exceeding 1 m s™*
(Figs. 8e-h). As a result, the TC exhibits faster movement in the
“Deep” experiments.

6. Discussion and conclusions

TCs under the influence of an upper-tropospheric cold low
(CL) can develop unusual tracks, such as Typhoon Jongdari
(2018) and Typhoon Ken-Lola (1989). In this study, idealized
simulations are conducted to investigate the TC—-CL interac-
tions and how TC tracks vary with the initial position of the
TC relative to the CL and with different depths of the CL. A
TC initially located east of CL moves northward/northwest-
ward following a smooth counterclockwise semicircle track
around the CL, a combined effect of the CL steering and the
B effect (Figs. 3c,d). In contrast, a TC initially located west of
CL is steered south and southwestward by the CL in the early
stage. When the TC is close to the CL, the CL approaches the
TC quickly with the TC moving southward and the CL moving
northward. With a deep CL, TC-CL interactions are strong
enough to erode the CL so that its steering effect on TC weak-
ens and the TC experiences a small looping track from moving
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southward under CL steering in the early stage to moving
northward under S steering at the later stage (Figs. 3a,b).

The upper-tropospheric flow from the CL contributes more
to the TC motion in all simulations at the early stage. At
the later stage, the divergent outflow of TC erodes the CL cir-
culation as the CL approaches the TC (Figs. 3 and 6). The
contribution of upper-tropospheric steering flow thus dimin-
ishes while that of the lower-tropospheric steering flow in-
creases (Figs. 7 and 8). This transition plays a key role in the
changes of TC’s movement direction, especially the stagnation
points when the TC is located west of the CL. The PV ten-
dency diagnosis shows that the horizontal advection (HAD) is
the primary contributor to the TC motion (Figs. 9 and 10).
The different spatial patterns of HAD terms are mainly attrib-
uted to the asymmetric flow across the TC center, which is
influenced by the CL. The CL circulation can induce the
cyclonic asymmetric gyres near the TC, resulting in a differ-
ent asymmetric flow pattern based on the position of CL at
early stage. As the complete/partial merging of CL and TC,
the TC scale increases (Fig. 4), and the asymmetric flow con-
sists of the asymmetric flow induced by the CL and the 8
gyres. After the CL’s circulation breaks down or merges with the
TC (Figs. 4 and 5), the contribution of the lower-tropospheric
asymmetric flow due to the B gyres becomes dominant in most
of the experiments (Fig. 11).

The separation distance between CL and TC is a critical
factor in determining the TC-CL interaction and the TC mo-
tion through the strength of the steering flow. When the TC is
initially located within the radius of maximum wind (RMW)
of the CL, the stronger TC-CL interaction leads to a change
in TC track in the “NW?” cases. In contrast, for the “SE”
cases, the TC follows a counterclockwise semicircle track, ir-
respective of the separation distance. The main reason is that
the steering from the CL is opposing the B steering when the
TC is on the west side, and they are more parallel when the
TCis on the east side of CL.

The sensitivity of the TC track to the depth of the CL is
also examined. In the “NW” experiments, a shallower CL
leads to a more zonal TC track at the early stage, followed by
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more northwestward motion (Fig. 12a). If the TC is located
east of a CL, the CL depth mainly affects the speed of the TC
motion and the curvature of the cyclonic track (Fig. 12b). The
TC exhibits faster movement in the “Deep” experiments. As
the influence of the upper-tropospheric steering flow dimin-
ishes with the decrease of the CL depth, the contribution of
lower-tropospheric steering flow induced by the B gyres
increases.

In summary, our idealized simulations explain well differ-
ent behaviors of TC tracks in the presence of a nearby CL in
real cases. The TC-CL interaction is also expected to affect
the TC intensity evolution. A thorough investigation of TC in-
tensity evolution in these experiments is underway and will be
reported in a separate paper.
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