
feart-08-00309 July 16, 2020 Time: 19:30 # 1

ORIGINAL RESEARCH
published: 17 July 2020

doi: 10.3389/feart.2020.00309

Edited by:
Ruifen Zhan,

Fudan University, China

Reviewed by:
Jienyi Tu,

National Changhua University
of Education, Taiwan

Si Gao,
Sun Yat-sen University, China

*Correspondence:
Guanghua Chen

cgh@mail.iap.ac.cn

Specialty section:
This article was submitted to

Atmospheric Science,
a section of the journal

Frontiers in Earth Science

Received: 10 April 2020
Accepted: 30 June 2020
Published: 17 July 2020

Citation:
Bi X, Chen G, Shi D, Wang K and

Zhou W (2020) A Statistical Analysis
of the Influences of Multi-Timescale
Waves on Tropical Cyclone Sudden

Track Changes Over the Western
North Pacific. Front. Earth Sci. 8:309.

doi: 10.3389/feart.2020.00309

A Statistical Analysis of the
Influences of Multi-Timescale Waves
on Tropical Cyclone Sudden Track
Changes Over the Western North
Pacific
Xinxin Bi1,2,3, Guanghua Chen4* , Donglei Shi4,5, Ke Wang4,5 and Weican Zhou1,2,3

1 Key Laboratory of Meteorological Disaster Ministry of Education, Nanjing University of Information Science and Technology,
Nanjing, China, 2 Joint International Research Laboratory of Climate and Environmental Change, Nanjing University
of Information Science and Technology, Nanjing, China, 3 Collaborative Innovation Center on Forecast and Evaluation
of Meteorological Disasters, Nanjing University of Information Science and Technology, Nanjing, China, 4 Center for Monsoon
System Research, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, China, 5 University of Chinese
Academy of Sciences, Beijing, China

This study investigates the potential impacts of multi-timescale atmospheric modes on
tropical cyclone (TC) abrupt track turnings over the western North Pacific during the
period of 2000–2019. The composite large-scale environmental flow patterns of the
sudden right-turning (SRT) and left-turning (SLT) TCs show that the SRT process is
generally accompanied by the continuous deepening westerly trough, the weakening
and eastward retreat of subtropical high favoring the strengthening of the asymmetric
southwesterly around TC center, while the SLT cases are mainly steered by the stronger
easterlies to the north which are attributed to the increased pressure meridional gradient.
Furthermore, the TCs with sudden track changes are divided into 5 categories according
to the quantitative contribution of wave modes. The composite analyses indicate that:
(1) The synoptic-scale wave poses influence on most of the SRT cases through a
southeast-northwest-oriented wave train to the northeast of the TC, inducing the
prominent southerly flows in the vicinity of TC center. (2) The intra-seasonal oscillation
(ISO) pattern for the SRT cases is characterized by a southeast-northwest-oriented
circulation dipole, and the TCs embedded between the two dipole components are
impacted by the strengthened southwesterly anomalies. In contrast, the SLT events are
located in the northwest of a zonally-elongated cyclonic ISO circulation, which enhances
the northeasterly flows for the sharply left turning. (3) The SRT cases dominated by
the basic background flow are situated in the western flank of a broad anticyclonic
circulation and subject to the northward steering flow anomalies, while for the SLT
cases, the left track turning is mainly induced by the uniform easterly trade winds at
the lower latitudes.
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INTRODUCTION

The accuracy of track forecast for tropical cyclone (TC) over the
western North Pacific (WNP) has been significantly improved
in recent years, especially since 2010. However, due to the
complexity of influence mechanisms, as well as the existing
fluctuation at lead time of 72 h and beyond, there is still
great difficulty in operational prediction, ensemble forecast,
and numerical simulation for TCs with abrupt track changes
(Rappaport et al., 2009; Magnusson et al., 2019).

Previous studies have shown that the unusual TC tracks
over the tropical WNP can be frequently observed. TC track
characteristics are partly dependent on different large-scale
systems, such as the subtropical high (SH), the monsoon trough
and the nearby TC. The anomalous easterly winds on the south
of the strong SH are conducive to a westward TC track, while
the anomalous westerly winds may be favorable for a recurving
track when the monsoon trough is anomalously strong and
the SH is anomalously weak (Carr and Elsberry, 1995; Harr
and Elsberry, 1995; Hsu et al., 2008). Moreover, Lander (1996)
detected that TCs tend to move northwestward when the axis of
the monsoon trough is oriented along the climatological NW–
SE direction. Otherwise, TCs prefer to move northward within
the roughly reversely-oriented (SW–NE) monsoon trough. TC
sudden track changes are also related to the adjustment of
large-scale circulation, such as the advance and retreat of the
SH and mid-latitude westerly trough. Wu et al. (2009) defined
a parameter of adjoint-derived sensitivity steering vector and
pointed out that typhoon Shanshan (2006) recurved abruptly
under the influence of the steering flow of the mid-latitude
westerly trough. In addition, the Rossby wave energy dispersion
of a TC would generate an anticyclone to its southeast side. Luo
et al. (2011) indicated that the combined effect of the anticyclone
and the SH will make TC track deflect northward. In terms
of binary interaction, Wu et al. (2003) revealed the unusual
southward movement of tropical storm Bopha (2000) and its
interaction with the nearby super typhoon Saomai (2000).

Tropical cyclone motion over the WNP is mainly steered
by the large-scale environment flows, which is controlled by
various time-scale atmospheric variabilities, such as the Madden-
Julian oscillation (MJO), the quasi-biweekly oscillation (QBW),
and synoptic-scale disturbance. Each of these modes can make
individual contribution to sudden TC track change. For instance,
Typhoon Morakot (2009) experienced the merging process first
with a quasi-biweekly scale vortex, following with a cyclonic gyre
on the MJO time scale, and the coalescence enhanced synoptic-
scale southwesterly winds leading to the recurving track (Liang
et al., 2011; Wu et al., 2011). Lau and Lau (1990) and Chang
et al. (1996) stated that the northwestward-propagating 3–8-
day disturbances were displaced toward the South China Sea,
accompanied concurrently by the clustered straight-moving TCs.
Besides, by choosing two different reference regions, one located
between Taiwan and Japan, and the other near the South China
Sea, Ko and Hsu (2006, 2009) identified the sub-monthly (7–
30 day) and intra-seasonal oscillation (ISO; 30–80 day) wave
patterns, respectively, and found that most of the recurving TCs
over the WNP were embedded in either the cyclonic circulation

of a sub-monthly northwestward-propagating wave mode or the
westerly phase of the ISO.

In addition, Harr and Elsberry (1991) mentioned that the TC
track were likely controlled by the intra-seasonal variations of the
monsoon circulation (e.g., monsoon gyre, MG) over the WNP.
For the TCs occurring in the eastern semicircle of MG, Carr and
Elsberry (1995), and Liang and Wu (2015) examined the role
of the binary interaction between TCs and MG in the sudden
poleward TC track change, based on a non-divergent barotropic
model and a full-physics Weather Research and Forecasting
model, respectively. The former declared that the sudden track
changes are related to a beta-induced dispersion of the MG
and the latter indicated TC track types are dependent on the
translation speed of a TC relative to the MG center. On the
basis of the numerical simulation of Super Typhoon Megi (2010)
and the vorticity budget analysis, Bi et al. (2015) found that a
low-frequency MG with a time scale of 10–60-day can interact
with Megi by changing the maximum vorticity tendency and
ultimately cause its sudden northward turning. The maximum
vorticity tendency direction changes are consistent with the
sudden changes of TC track, which can be mainly due to the
horizonal advection term.

As discussed above, most of previous studies focused on the
individual case or model simulation to investigate the influence
of different time-scale wave modes on TC movement. However,
less attention is placed on the statistical characteristics and joint
wave influence of unusual TC tracks. Camargo et al. (2007a,b)
found a good correspondence between TC tracks and the large-
scale circulation patterns by the clustering analysis. Specifically,
the steering winds at 500 hPa have a more meridional component
in the recurving track cluster but a more zonal component in
the straight track cluster. Meanwhile, two types of recurving
tracks appeared preferentially when the MJO was active over
the WNP region. In addition, based on the cases with sudden
track changes from 2000 to 2010 over the WNP, Wu et al. (2013)
documented that the abrupt northward-turning and westward-
turning tracks are associated with synoptic-scale disturbance
(including TC circulation) and low-frequency waves with periods
greater than 10 days, respectively. Furthermore, Liu et al. (2018)
investigated the impact of low-frequency steering flows on the
straight northward-moving typhoons over WNP, and found that
the northward motions are mainly affected by the three types
of intra-seasonal (10–60-day) background flow: MG pattern,
wave train pattern and mid-latitude trough pattern. The limited
statistical studies indicated that the characteristics of abrupt TC
track changes over the WNP may be associated with different
time-scale wave modes and the related large-scale circulations.
So far, the quantitative evaluation for the relative contribution
of multiple time-scale wave modes to TC track sudden changes
is still lacking. Furthermore, it is also intriguing to explore
the distinct circulation patterns associated with the dominant
wave mode and the corresponding background circulation
during TC track sudden changes, based on the classification of
extended samples.

Therefore, the objective of this study is to further investigate
the influence of multiple time-scale wave modes on TCs with
sudden track change over the WNP. We intend to illustrate the
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specific characteristics of the surrounding steering flow affecting
the particular group of TC abrupt turning. The data and methods
used are described in section “Data and methodology.” Section
“Case classification and statistical characteristics” presents the
identification and classification of sudden change of TC tracks
and the definition of “the dominant wave” affecting the sudden
change of TC tracks, along with the statistics of different TC track
categories. In section “Composite analysis of the Influence of
environmental flows,” we examine the impacts of the composite
multiple time-scale flows and the relative contributions of
different dominant wave patterns. Finally, section “Summary”
gives the summary.

DATA AND METHODOLOGY

In this study, TC data is derived from the best-track datasets
of the Regional Specialized Meteorological Center (RSMC)
Tokyo-Typhoon Center, which contains the information of TC
position and intensity over the WNP at 6-h intervals. The
large-scale environmental fields with a 1◦ × 1◦ resolution
at every 6 h are obtained from the National Centers for
Environmental Prediction (NCEP) Final (FNL) Operational
Global Analysis data. Moreover, the daily National Oceanic and
Atmospheric Administration (NOAA) Interpolated Outgoing
Longwave Radiation (OLR) data on a 2.5◦ × 2.5◦ global grid is
used as a proxy of the tropical convection associated with TC
movement. The period of interest in this study is May–November
from 2000 to 2019.

As mentioned in the introduction, a certain fraction of TC
movements over the WNP is associated with multi-timescale
waves, ranging from synoptic-scale disturbances (3–10 day) to
ISOs (10–90 day). In this study, the meteorological fields are
decomposed into the synoptic (10-day high-pass filter), sub-
monthly (10–30-day bandpass filter), MJO-scale (30–90-day
bandpass filter), and mean background components (90-day low-
pass filter) using the Lanczos filtering (Duchon, 1979). Besides,
because the TC-related cyclonic circulations may contaminate
the synoptic-scale or low-frequency wave patterns, a TC-
removal algorithm proposed by Kurihara et al. (1993, 1995) is
implemented to subtract TC-related component from the total
fields before the Lanczos filtering. The TC-removal procedure
proposed by Kurihara et al. (1993, 1995) is adopted, in which
the asymmetric filter radius related to tangential disturbed winds
and the reposition of the filtered storm center are the two key
factors in the removal of the vortex circulation. This approach
has also proved valid to remove the main TC vortex and retain
the realistic background wave modes in many previous studies
(Wu et al., 2002; Hsu et al., 2008; Ko and Hsu, 2009).

TC motion is mainly steered by the large-scale environmental
flows in the vicinity of TC center. Gray (1989) documented

that the deep-layer averaged winds within a smaller radius
was a good indicator for the movement of TC. However, TC
intensity generally determines the vertical penetration depth of
a TC and thus the steering layers would vary in different cases.
The Cooperative Institute for Meteorological Satellite Studies
(CIMSS) relied on the minimum central pressure to ascertain the
intensity-dependent steering layers (Table 1). According to this
standard, Shi et al. (2014) identified the steering layer mean wind
within the 4-degree radius from the TC center as the steering flow
of Typhoon Megi (2010). This study also adopted this method.

Environmental steering winds are calculated as follows:

Vsteer =

∑N
n=1

[
wn

(
∫

4
◦
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2π
0

⇀
v dθdr

)
pn

]
∑N

n=1 wn

Where N represents the number of the steering layers for
each TC case, r, and theta mean TC radius and azimuthal angle,
respectively. The weight (wn) for each pressure (pn) level is given
in Table 2:

After the TC-removal and filtering processes, to quantitatively
assess the relative contribution of the different timescale wave
modes to TC abrupt track turning, a metric called along-track
component (AT) was quantified as the normalized projection
of steering flow associated with the different waves into the TC
movement vector (Wu et al., 2003), which is defined as follows:

AT
(
d
)
=
Evsteer(d) · EvBT

| EvBT |
2

where d represents one given wave mode, Evsteer(d) is the steering
vector associated with each wave mode, EvBT is the best-track
movement vector. The value of AT

(
d
)

becomes large if the
given steering flow is strong and aligned with the best-track
vector. The AT values associated with the different waves are
averaged from 12 h before to 12 h after the turning time in
such a way that the steering flow changes in both along-track
and cross-track direction can be captured well. The detailed AT
values for the cases with sudden right-turning tracks (SRT) and
sudden left-turning tracks (SLT) are displayed in Tables 3, 4,
respectively. The dominant wave mode affecting the sudden
turning of each TC can be identified by seeking maximum AT
among the given wave modes.

The statistical significance test for the composite analysis is
conducted following a Monte Carlo test (Camargo et al., 2007a).
The Monte Carlo test uses data resampling with replacement to
estimate the properties of statistics. It is particularly effective in
dealing with small sample sizes.

TABLE 1 | TC central pressures and its corresponding steering layers.

Min central pressure P (hPa) P ≥ 990 970 ≤ P < 990 950 ≤ P < 970 940 ≤ P < 950 P < 940

Steering layer (hPa) 500–850 400–850 300–850 250–850 200–700
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TABLE 2 | The weight for each pressure level.

Pressure level pn (hPa) 850 700 500 400 300 250 200

Weight value wn 150 175 150 100 75 50 50

CASE CLASSIFICATION AND
STATISTICAL CHARACTERISTICS

Chan et al. (1980) proposed a criterion to identify the
abrupt right-turning and left-turning TC tracks in the West
Indies. In their study, the left-turning (right-turning) tracks
are identified once the change in TC movement direction
exceeds 20◦ clockwise (anti-clockwise) within 12 h. Based on
the standard derivation of direction changes for all TCs in
the WNP basin during 1970–2010, Wu et al. (2013) identified
the SRT and SLT cases as those with the direction change
greater than 40◦ (37◦) within 12 (6) h in a clockwise way and
larger than 25◦ (25◦) within 12 (6) h in a counter-clockwise
way, respectively.

Following the definition of Wu et al. (2013), the SLT,
and SRT cases during 2000–2019 are identified in this study.
Meanwhile, the selected TCs are required to reach the tropical
storm intensity or higher and have no looping track. A total

of 52 TCs experiencing sudden track change are selected,
including 32 SRT and 20 SLT cases (Figure 1), accounting
for about 10.5% of the total TCs during the 20-year period
over the WNP. Figure 1 shows that a large majority of
SRT TCs occur to the east of 120◦E. In contrast, the two
key basins for the SLT track are located to the south and
north of 20◦N, respectively. As shown in Figure 1B, of
interest is that the SLT cases to the south (north) of 20◦N
are basically dominated by mean background wave mode
(ISO including the 10–30-day and 30–90-day wave modes).
Considering the similar wave patterns, the 10–30-day, and
30–90-day wave modes are combined into an ISO. It is also
noted that the synoptic-scale fluctuation has no dominant role
in the SLT cases (Figure 2A). Therefore, we will focus on
five main categories in the following analysis depending on
the track type and the quantitative contribution of dominant
fluctuation: the SRT cases dominated by the synoptic-scale
wave, the ISO wave and the background flow, and the
SLT cases dominated by the ISO wave and the background
flow, which are referred to as R10, R1090, R90, L1090, and
L90, respectively.

Figure 2A displays the number of the SRT and SLT cases
related to the different dominant wave modes. It is clear that the
number of R10 type is largest among the SRT cases, consistent

TABLE 3 | The mean AT value for the SRT cases associated with each wave mode averaging within the sudden track period.

TC number ID 0014 0020 0102 0121 0314 0407 0421 0422

TC name SAOMAI XANGSANE CHEBI HAIYAN MAEMI MINDULE MEARI MAON

AT (10d) 1.09* 0.98* 0.12 1.27* 0.24 0.78* 2.10* –0.56

AT (10− 30d) 0.66 0.39 0.12 0.08 0.54* –0.04 –1.49 0.83*

AT (30− 90d) –0.71 –0.27 0.26 –0.29 0.20 –0.08 0.31 –0.02

AT (90d) 0.30 0.01 0.51* 0.15 0.21 0.30 0.30 0.59

TC number ID 0601 0725 0813 0815 0908 0920 1013 1102

TC name CHANCHU HAGIBIS SINLAKU JANGMI MORAKOT LUPIT MEGI SONGDA

AT (10d) 1.41* 0.85 0.77* 0.96* 0.17 0.78 0.30 –0.31

AT (10− 30d) –0.29 1.00* –0.12 –0.01 0.35 1.20* 0.50* –0.10

AT (30− 90d) –0.23 0.95 –0.25 0.31 –0.01 –0.57 –0.25 –0.26

AT (90d) 0.58 –2.49 0.07 0.01 0.41* –0.20 0.14 1.25*

TC number ID 1108 1111 1204 1221 1319 1327 1416 1510

TC name NOCKTEN NANMADOL GUCHOL PRAPIRON USA GI FRANCISCO FUNGWONG LINFA

AT (10d) 0.21 0.37* 0.19 0.07 0.64* 1.39* 0.63* 0.36

AT (10− 30d) 0.35* –0.02 –0.21 1.26* –0.09 –0.27 0.60 0.04

AT (30− 90d) 0.06 0.19 0.03 –0.39 –0.17 –0.30 0.32 –0.50

AT (90d) 0.07 0.26 0.75* 0.23 0.28 0.38 –0.35 0.88*

TC number ID 1515 1616 1705 1718 1720 1824 1918 1920

TC name GONI MALAKAS NORU TALIM KHANUN TRAMI MITAG NEOGURI

AT (10d) 0.61 –0.34 1.72* 0.40* 0.27 0.12 0.63* 0.28

AT (10− 30d) –0.20 0.56 –0.32 –0.18 0.17 –0.12 0.29 0.61*

AT (30− 90d) 0.65* 0.29 –0.16 0.11 –0.13 0.55* 0.22 –0.32

AT (90d) 0.14 0.60* 0.26 0.30 1.06* 0.19 –0.01 0.25

The AT value with an asterisk denote the impact from dominant wave mode. Each case is represented by the international tropical cyclone number ID and name from the
RSMC best track data.

Frontiers in Earth Science | www.frontiersin.org 4 July 2020 | Volume 8 | Article 309

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00309 July 16, 2020 Time: 19:30 # 5

Bi et al. Multi-Timecale Waves on Sudden TC Tracks

TABLE 4 | The mean AT value for the SLT cases associated with each wave mode averaging within the sudden track period.

TC number ID 0008 0216 0308 0417 0423 0604 0613 0615 0715 0722

TC name JELAWAT SINLAKU KONI AERE TOKAGE BILIS SHANSHAN XANGSANE LIKEMA PEIPAH

AT (10d) –0.39 –0.28 0.04 –0.12 0.18 –0.42 0.20 0.18 –0.15 0.47

AT (10− 30d) 1.06* 0.41 –0.18 0.55* 0.03 1.03* 0.26 0.32 0.33 –0.91

AT (30− 90d) 0.04 1.04* 0.34 0.09 0.04 –0.11 –0.06 0.04 –0.03 –0.09

AT (90d) 0.08 –0.28 0.49* 0.37 0.54* 0.38 0.34* 0.36* 0.69* 1.02*

TC number ID 0916 1002 1104 1109 1214 1323 1329 1510 1709 1814

TC name KETSANA KONSON HAIMA MUIFA TEMBIN FITOW KROSA LINFA NESAT YAGI

AT (10d) –0.39 0.20 0.06 –0.12 –0.42 –0.20 0.16 0.40 0.09 0.03

AT (10− 30d) –0.01 0.07 0.35* 0.27 0.01 0.38 0.14 0.76* 0.44* 0.36*

AT (30− 90d) 0.33 0.17 0.25 0.25 0.25 0.56* 0.57* –0.48 0.08 –0.02

AT (90d) 0.84* 0.33* –0.25 0.62* 0.79* 0.29 0.16 0.54 0.30 0.33

The AT value with an asterisk denote the impact from dominant wave mode. Each case is represented by the international tropical cyclone number ID and name from the
RSMC best track data.

FIGURE 1 | The track segments of (A) SRT and (B) SLT cases around the
turning time during the period of 2000–2019. Here each track segment is
connected by three points which representing the TC positions before/at/after
turning time, respectively. The dominant waves related to each sudden turning
process are shown with the different symbols.

with the findings of Wu et al. (2013). The number of the
L90 cases is almost equal to that of L1090 cases associated
with the ISOs. In terms of monthly distribution (Figure 2B),

FIGURE 2 | The number of the SRT and SLT cases dominated by the different
wave modes (A) and the monthly distribution (B). Blue and red bars represent
the numbers of SRT and SLT, respectively.

the cases with sudden track change associated with the active
multi-timescale wave are frequently observed in July-October
(Ko and Hsu, 2006, 2009; Chen et al., 2009), with around 75%
SRT cases occurring from August to October. The frequency
of the SRT cases peaks in September and October but drops
in other months. In contrast, the SLT cases have a relatively
even distribution from July to October, similar to the results of
Gong et al. (2018).
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FIGURE 3 | Box-and-whisker plots of the mean (A) latitude and (B) longitude of the five-category sudden TC cases. The vertical bar displays the interquartile range
of 25–75% of the all cases. The middle horizontal line denotes the mean.

Figure 3 exhibits the distribution of mean latitude and
longitude of TC abrupt turning points in the different categories.
The mean locations in the three SRT categories have no
distinct difference, with an average latitude (longitude) of about
20◦N (122◦E). Besides, half of the R10 (R1090) cases occur
between 17◦N (18◦N), and 25◦ N (22◦N) where tropical waves
are active and vital for TC unusual motion (Figure 3A).
Figure 3B shows that most of the TC sudden turning positions
in the R10/R90 category are concentrated within a narrowest

longitudinal band between 120◦E and 125◦E. It is also clear
in Figure 3B that 75% R90 TCs are distributed to the east
of 120◦E where the climatological mean flow could exert a
more significant influence. In contrast, the mean latitudes
are obviously distinct between the two SLT categories and
proved to be significant at 95% confidence level by a t-test.
Consistent with the dash line shown in Figure 1B, the
TCs in L1090 occur in higher latitude (>20◦N) than the
L90 cases.
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COMPOSITE ANALYSIS OF THE
INFLUENCE OF ENVIRONMENTAL
FLOWS

Composite Steering-Flow Patterns for
the SRT and SLT TCs
It is widely known that the large-scale environmental flows in the
vicinity of TC center can considerably impact on TC movement.
First of all, the composite analysis is performed to obtain the
detailed structural and temporal evolution of the large-scale
circulation associated with the SRT and SLT cases.

Figure 4 shows the composite unfiltered wind and
geopotential height for the SRT cases at three different levels
for three days centered on the turning time. On one day before
the SRT occurrence, TC generally maintains a westward or
northwestward track, which is steered by the southeasterly
flows primarily induced by a wider range of anti-cyclonic
circulation to the north or northeast over the entire troposphere
(Figures 4A,D,G). At the time of SRT, the northern westerly
trough at the mid-upper troposphere commences to deepen, and
the anticyclonic high to the south is separated into two parts
(Figures 4B,E). As a result, the enhancement of trough and
the eastward withdrawing of SH jointly lead to a strengthened

northward steering flow. In addition, the low-level cyclonic
circulation around TC becomes more asymmetric arising from
the stronger southwesterly jet on the southeast side of the TC and
also contributes to the sharply northward deflection (Figure 4H),
which may be related to the southwesterly monsoon surge as
previous studies (Guard, 1983; Carr and Elsberry, 1995). In
the subsequent day, the upper-level westerly trough continues
to deepen as the TC moves to the northwestern flank of the
SH, evidently affected by the southwesterly steering flow in
the middle and upper troposphere (Figures 4C,F). Meanwhile,
the asymmetry related to the lower-level southwesterly flows
around TC center keeps sustained to facilitate the northeastward
track (Figure 4I).

The above composite environmental patterns reveal that the
SRT process is usually accompanied by the deepened upper-
tropospheric westerly trough and the eastward-retreating SH
in the middle-upper troposphere, along with the strengthened
lower-level asymmetric southwesterlies in the vicinity of TC
center, consistent with the observation for individual TCs (Carr
and Elsberry, 1995; Wu et al., 2009).

In contrast, the SLT tracks experience abrupt directional
change from the northwestward to the westward first. Figure 5
exhibits the composite environmental fields for the SLT cases.
Compared with the SRT process, the deepened westerly trough

FIGURE 4 | Composite unfiltered winds (vectors, m s−1) and geopotential height (contour, gpm) for the SRT cases (left) 1 day before, (middle) at and (right) 1 day
after the turning time. Pressure levels are (A–C) 300 hPa; (D–F) 500 hPa; and (G–I) 850 hPa, respectively. The areas larger than 9700, 5870, and 1510 gpm at
respective level are shaded. Red vectors represent wind speeds larger than 8 m s−1. The coordinates are the latitudes and longitudes centered on TC center. The
brown vector means the composite steering flow averaged in the brown circle.
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FIGURE 5 | Composite unfiltered winds (vectors, m s−1) and geopotential height (contour, gpm) for the SLT cases (left) 1 day before, (middle) at and (right) 1 day
after the turning time. Pressure levels are (A–C) 300 hPa; (D–F) 500 hPa; and (G–I) 850 hPa, respectively. The areas larger than 9700, 5870, and 1510 gpm at
respective level are shaded. Red vectors represent wind speeds larger than 8 m s−1. The coordinates are the latitudes and longitudes centered on TC center. The
brown vector means the composite steering flow averaged in the brown circle.

at the upper troposphere is absent, and thus the zonally
elongated anticyclone to the northwest of TC maintains the
strength with more asymmetric northeasterly around TC center,
favorable for the TC left deflection (Figures 5A–C). At the
lower-to-mid troposphere, the strong anticyclonic circulation
associated with the SH is persistent to the northeast of TC.
Moreover, the eastward extension of the lower-level monsoon
trough can enhance the pressure meridional gradient to the
north of TC, leading to the strengthening of the easterly
flows. Overall, in contrast the counterparts in the SRT cases,
the asymmetric southwesterly flows around TC center are
significantly weakened while the westward components of
the steering flows are increased. As a result, this upper-to-
lower tropospheric configuration is more conducive to the TC
sudden left turning.

It is obvious that TCs with abrupt track changes are usually
surrounded and steered by specific environmental field with
deep circulation structure. As indicated by Elsberry (2004)
and Luo et al. (2011), each of the surrounding environmental
factors varies in time and the complex atmospheric variability
impacts TC movement in a non-linear manner. Therefore,
the next section will continue to explore the dynamic process
of TC sudden track change from the viewpoint of multiple
timescale flows.

FIGURE 6 | The best tracks of the straight track cases of 2000–2019.

Roles of the Different Dominant Wave
Modes
As described in section “Case classification and statistical
characteristics,” the sudden TC track turnings in the WNP can be
grouped into the five dominant wave categories. The composite
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FIGURE 7 | (A) The composite filtered deep-layer averaged winds (vector, m s−1) with the dotted area exceeding 95% significance, overlaid by the corresponding
OLR field (shaded, W m−2) and (B) Unfiltered 700-hPa winds (vector, m s−1), and 500-hPa geopotential height (contour, gpm) for the R10 cases at the turning time.
Red line denotes the orientation of synoptic-scale wave train. Red vectors in (B) represent wind speeds larger than 8 m s−1 and areas more than 5870 (gpm) in (B)
are shaded. The coordinates are the latitudes and longitudes based on TC center.

analysis is performed to explain the individual roles of the five
major waves. To conduct the Monte Carlo test, the additional 59
TC cases with straight track were selected as the normal samples
to check the statistical significance of circulation pattern in the
SRT and SLT samples (Figure 6). Referring to the definition in
previous studies (Chan et al., 1980; Miller et al., 1988; Chen et al.,
2009), the straight TC cases are identified as those in which the
TC movement direction varies less than 10◦ within any 24 h and
the general direction of movement need to head between the
southwest and northwest throughout the lifespan of the TC.

The statistical results in Figure 2A indicates that the synoptic
wave mode with the removal of TC-related circulation can be
responsible for almost half of the SRT cases. Figure 7A gives
the composite 10-day-highpass filtered wind and OLR for the
R10 cases. It is evident that the filtered deep-layer averaged wind
field exhibits a northwest-southwest-oriented wave train to the
northeast of the TC center (depicted by the red line in Figure 7A).
The TC is sandwiched by the anticyclonic circulation in the
wave train and the cyclonic circulation to the southwest. As a
result, the vigorous southerly flows pass across the TC center,
responsible for the sudden northward turning in the R10 cases.
Meanwhile, the negative OLR anomaly is southwest-northeast-
oriented, basically aligned with the SRT direction.

Similar synoptic wave train feature is also found by the
idealized simulation in Luo et al. (2011), who demonstrated
the influence from the Rossby energy dispersion at a synoptic
scale. Their results documented that, for a TC located at the
southern flank of SH, the anticyclonic anomaly formed by the
Rossby energy dispersion may connect with the SH system
and thus increase the meridional extent of SH allowing for a

poleward TC track deflection. Verified by the unfiltered large-
scale environmental field in the R10 category as displayed in
Figure 7B, the west Pacific SH presents an abnormal north-south
extension to the east of TC circulation, producing the asymmetric
southerly steering flows at 700 hPa.

In addition, previous studies also pointed out that a
considerable fraction of TC movement changes can be attributed
to monsoon activity and lower-frequency oscillations (Carr and
Elsberry, 1995; Liang et al., 2011; Bi et al., 2015; Liang and
Wu, 2015; Ge et al., 2018; Liu et al., 2019). Therefore, it is
necessary to investigate the differences in ISO mode patterns
affecting the SRT and SLT cases, respectively. In the R1090
category, the ISO circulation around the TC is characterized
by the alternating northwest-southeast-oriented cyclonic and
anticyclonic vortices (Figure 8A). The composite TC center is
sandwiched by the ISO cyclonic circulation to the northwest
and the ISO anticyclonic circulation to the southeast, where
the strong southwesterly flows favor the TC right turning track.
Corresponding to the robust southwesterly flows, the active ISO
convective anomaly represented by OLR is oriented southwest-
northeastward, matching the direction of TC track change.
Moreover, the unfiltered circulation field shows that the SH is
located on the southeastern side of the TC, and the relevant
anticyclonic circulation have a considerable poleward component
(Figure 8C). At the same time, the TC is embedded in a
well-developed cyclonic circulation related to the deep-layer
trough with the strong asymmetric southwesterlies. Such a typical
circulation pattern is analogous to the MG type as described
in Liang and Wu (2015) and Ge et al. (2018). As a smaller
TC approaches gradually a huge MG, the energy dispersion is
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FIGURE 8 | (A,B) The composite filtered deep-layer averaged winds (vector, m s−1) with the dotted area exceeding 95% significance, overlaid by the corresponding
OLR field (shaded, W m−2) and (C,D) unfiltered 700-hPa winds (vector, m s−1), and 500-hPa geopotential height (contour, gpm) for the R1090 and L1090 cases at
the turning time respectively. Red vectors in (C) and (D) represent wind speeds larger than 8 m s−1 and areas more than 5870 (gpm) in (C) and (D) are shaded. The
coordinates are the latitudes and longitudes based on TC center.

strengthened, and an anticyclonic anomaly is established in the
southeast side of the TC. As a result, the southwesterly steering
flows associated with the MG make the TC suddenly turn right.

Composite analysis for the ISO wave mode affecting the SLT
cases is also conducted. It is clear that the TC center is situated
in the northwest of ISO-related cyclonic circulation that is
zonally elongated, where the northeasterly flows are predominant
(Figure 8B). The unfiltered fields in the SLT cases are distinct
from those in the SRT (c.f., Figures 8C,D). To the east of TC, the
SH takes on a more zonal pattern in the SLT cases compared with
that in the SRT cases. The southwesterly flows are weakened while
the easterly flows to the north of TC center become enhanced, in
good agreement with the track left turning.

To sum up, a southeast-northwest-oriented circulation dipole
characterizes the ISO pattern for R1090 cases. The TC located
between the two dipole components encounters the uniform
southwesterly anomalies, which are more likely to turn TC track
right. In contrast, the SLT events in the L1090 category tend
to occur on the northwest flank of a zonally-elongated ISO
cyclonic circulation. During the period of track change, the

different orientations of R1090 and L1090 TCs relative to the
ISO circulation are in good agreement with the statistics of TC
turning latitude shown in Figure 3A, in which about 75% SRT
(SLT) cases dominated by ISO wave mode turn abruptly to the
south (north) of 21◦N. In addition, the southeast-northwest-
oriented circulation dipole for R1090 cases is similar with the
northwestward-propagating bi-weekly oscillation (BWO) and the
large zonally-elongated ISO cyclone for L1090 shows one more
eastward-propagating MJO-scale pattern, as mentioned in the
previous research (Gao and Li, 2011; Liang et al., 2011; Wu et al.,
2011). It reveals that a TC experiencing more influence from
the BWO (MJO) wave mode lead to a northward (westward)
deflection.

The statistics also showed that about 33% of sudden track
events over the WNP can be affected by the background flows
with the timescale more than 90 days (Figure 2A). Therefore,
the background patterns responsible for the R90 and L90 cases
are further explored, respectively. Figure 9 performs a composite
analysis for the cases with abrupt track changes dominated by the
background field. The TCs in the R90 group tend to be situated
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FIGURE 9 | (A,B) The composite filtered deep-layer averaged winds (vector, m s−1) with the dotted area exceeding 95% significance, overlaid by the corresponding
OLR field (shaded, W m−2) and (C,D) unfiltered 700-hPa winds (vector, m s−1), and 500-hPa geopotential height (contour, gpm) for the R90 and L90 cases at the
turning time respectively. The gray areas in (A) and (B) indicate the corresponding filtered OLR less than 220 W m−2. Red vectors in (C) and (D) represent wind
speeds larger than 8 m s−1 and areas more than 5870 (gpm) in (C) and (D) are shaded. The coordinates are the latitudes and longitudes based on TC center.

in the region where the southwesterly flows in the western flank
of the large-scale anticyclonic circulation are confluent with the
westerly flows to the north. As a result, the SRT tracks are
more likely to occur due to the vigorous southwesterly steering
flows (Figure 9A). Moreover, the unfiltered environmental field
illustrates that TC is anchored to the northwest of a large
anticyclone, and the lower-level flows are enhanced between
them, leading to the TC subsequent northeastward movement
(Figure 9C). As found in Liu et al. (2018), the seasonal mean
steering flows associated with the northward-moving tracks
are primarily dependent on the location and intensity of the
SH. The strengthened northerly steering flows east of 120◦E
and weakened easterly steering flows due to the eastward
retreat SH favor more frequent northward tracks, similar to the
atmospheric background pattern at the turning time as shown in
Figures 9A,C.

However, in the L90 cases, TC is mainly guided by the
statistically significant easterly flows from the bottom of a zonally
elongated anticyclonic circulation to the north (Figure 9B).
Besides, the unfiltered atmospheric pattern features a zonal
extension of the SH to the north of TC and hence the northerly

winds on the north side of TC are enhanced, contributing
to the SLT tracks (Figure 9D). It is noted that the TCs in
L90 group generally occur to the south of 20◦N (Figures 1B,
3A). Therefore, the mean background flow in this circumstance
dominates the TC track anti-clockwise deflection mainly by
the uniform trade easterlies at the lower latitudes and a stable
westward extended anti-cyclonic circulation on the northern
side of the TC.

SUMMARY

In this study, the statistics of the TCs with sudden track changes
during the period of May to November in 2000–2019 over the
WNP are investigated. On the basis of the different sudden
track types and dominant wave modes, five main categories are
classified including three types of SRT cases dominated by the
synoptic-scale, ISO, and background wave modes and two kinds
of SLT cases dominated by the ISO and background wave modes.
Composite analysis was performed to explore the influences of
multi-timescale waves on the TC sudden track changes.
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The comparison of the composite unfiltered fields of the SRT
and SLT track types indicates that the SRT track is generally
accompanied by the continuous deepening of the mid-to-upper
tropospheric trough, the weakening and eastward retreat of
the SH, which results in the strengthening of the asymmetric
southwesterly jet around TC center and thus promotes the
SRT track. In contrast, the SLT cases have the stronger easterly
steering flows to the north of TC center, which is due to the
increased meridional pressure gradient between the monsoon
trough and the SH.

The composite analysis of filtered and unfiltered
environmental fields for the five TC categories is carried out
to investigate the individual roles of five types of waves during
the abrupt TC track changes. For the R10 cases, the composite
field features a synoptic-scale northwest-southeast-oriented wave
train to the northeast of the TC, inducing the significant southerly
flows in the vicinity of TC center accounting for the TC sudden
northward turning. The orientation of active convection is
basically aligned with the movement of the TC and the direction
of the steering flow.

In terms of the ISO wave mode, it is found that the large-
scale ISO wave mode takes quite different effects on the SRT and
SLT cases. For the SRT cases, there exists a southeast-northwest-
oriented circulation dipole at the turning period, the TC of R1090
group located between the two dipole components is steered by
the uniform southwesterly anomalies, which may be related to the
enhanced energy dispersion in the southeastern side. In contrast,
the SLT events in the L1090 group are more likely to occur on the
northwest flank of a zonally-elongated ISO cyclonic circulation
and be steered by the strengthen northeasterly flows.

Finally, for the R90 cases dominated by the basic background
flows, the TCs are situated on the western flank of the broad
anticyclonic flows related to the eastward retreat of the SH and
have the tendency to turn northward. For the L90 cases, the
TCs are located to the south of the zonally-extended SH and
the uniformly trade easterly steering flows exist around the TC
center. Besides, the L90 TCs tend to occur at the lower latitude
than the L1090 cases.

In conclusion, no matter what sudden track changing type,
there are multiple timescale wave modes pose the influences on
TC motion over the WNP. By the identification of dominant wave
mode during the TC sudden turning process, the linkage between

the historical TC sudden tracks and the distinct time-scale
tropical wave modes become more direct and clearer. However,
the results in this study root from the observational statistical
analysis and need be confirmed by the diagnosis analysis and the
sensitivity experiments in the numerical model.

It is indispensable to provide an insightful explanation for the
sudden track changes affected by different dominant wave modes
occurring in different region of WNP. There are a number of
previous studies focusing on the interaction between TC motion
and baroclinic environment, in which TC movement is explained
by PV tendency (Wu and Wang, 2000; Chan et al., 2002; Sun
et al., 2015; Wu and Chen, 2016). The PV tendency diagnoses
generally emphasize the contribution of the horizonal advection
and diabatic heating. Hence, further diagnosis analysis and
model stimulation need to be applied to find out the baroclinic
interaction associated with TC unusual motion and different
wave modes, especially for the SLT cases, which are rare and less
concerned in previous studies.
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