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Based on the typhoon best tracks of the China Meteorological Administration (CMA), ERA5
reanalysis data of ECMWF at 0.25 degrees horizontal resolution, and NOAA optimal
interpolated sea surface temperature (OISST V2) data, the dynamical compositing analysis
is used to study the north turning at nearly 90 degrees of 4 westward typhoons over the
South China Sea (SCS). The composite analysis results show that: (1) As the typhoon goes
westward into the SCS, the upper-level westerly trough moves eastward to the vicinity of
110°E in the mainland of China, and the western North Pacific subtropical high (SH) retreats
eastward at the same time, which weakens the steering flow of typhoon and slowes down
its movement. (2) The cold air guided by the westerly trough invades southwardly into the
western part of SCS from the mainland leading to a descending and divergent airflow in the
lower-to-middle atmospheric layers and enhancing the eastward pressure gradient force
(PGF) in the west quadrant of the typhoon, which blocks and repesl the typhoon from
moving any further westward. (3) Due to the cold air intrusion, the vertical atmospheric
stratification in the west quadrant of the typhoon becomes static and stable, which may
suppress the convection, impeding a typhoon’s westward motion. (4) With the cold air
involving to the south of the typhoon, the direction of the PGF on the typhoon switches
from eastward to northward, and the SH falling southward enhances the southwesterly
airfflow on the south of the typhoon at the same time. The remarkable increase of the
northward steering airflows of the typhoon results in an abrupt northward turn. (5) In
addition, the sea surface temperature (SST) and the ocean heat content (OHC) on the
western part of the SCS is also reduced, attributed to the cold air cooling, and the typhoon
is likely to avoid the cold ocean and approach a relatively warmer region. This study
suggests that cold avoidance during the westward movement of typhoons is worthy of
consideration in the operational forecast of typhoon tracks.

Keywords: typhoon, cold avoidance, north turning, motion change, asymmetric structure

INTRODUCTION

A tropical cyclone (TC) is a kind of severe weather system which can cause tremendous loss of
human life and social property through excessive torrential rainfall, flash floods, and strong winds,
etc. The western North Pacific (WNP) basin experiences on average 26 TCs each year, accounting for
about 33% of the global total, and is the most active region of TCs on the Earth (Yumoto and
Matsuura, 2001; Wu and Wang, 2004) What is more, 13% of TCs are generated in the South China
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Sea (SCS) (Wang and Fei, 1987). TCs can bring enormous
disasters to the pacific islands and coastal regions, and an
average of 472 people were killed each year by TCs making
landfall during the period 1983-2006, with the greatest casualties
occurring in coastal cities in Zhejiang, Fujian, and Guangdong
Provinces (Zhang et al., 2009). In general, a TC generating in the
WNP takes one of the three typical tracks: westward,
northwestward, and northeastward recurving (Wu and Wang,
2004; Wu et al.,, 2005a) and may affect the SCS region (including
the Philippines), the coastal region of China (including the island
of Taiwan), and the region of Japan (Wu and Wang, 2004)
accordingly. It is very important to make accurate forecasts of
TC motion to prevent and defend against TC disasters.

In the past few decades, dramatic improvements have been
made in the forecasting performance of TC tracks, which could be
attributed to two major developments (Elsberry, 2007). One is the
forecasting performance of numerical weather prediction (NWP)
models by the rapid advances in computing power, higher weather
prediction models resolutions, and data assimilation, and rapid
growth in available remote sensing observations (Rappaport et al.,
2009; Aberson, 2010). The other is the operational application of
the multi-model consensus technique (Goerss, 2000; Goerss et al,
2004; Elsberry, 2014), which helps to improve short-range track
forecasts greatly (Gall et al, 2013). As a result, it is possible to
provide 3-days, 5-days, or even longer track forecast products for
many operational centers. However, it is still difficult to make
accurate forecasting on unusual TC tracks (UNTK) in terms of
both numerical prediction and subjective forecast. Zhang et al.
(2018) identified 1,059 typhoons over the WNP in the past 65 years
and found that the UNTK events could be categorized into seven
types, in which the sharply north turning typhoons accounted for
more than 20%, and all of the UNTK events tended to take place in
the areas to the south of 30°N with the most frequency in the SCS
and the east of the Philippines. Based on operational track forecasts
from the NMC/CMA for seven sudden north-turning cases during
2005-2010, the average 24- and 48-h forecast errors in distance
increased by 29.3 and 68.3%, respectively, compared to the average
errors for all TCs (Wu et al., 2013).

It is well known that TCs exhibited a wide variety of motions
influenced by environmental large-scale systems as steering flow
(Chen and Ding, 1979; Neumann, 1992), beta effect (e.g., Chan and
Williams, 1987; Wang and Holland, 1996), the spatial distribution
of SST (Chan, 1995), diabatic heating (Wu and Wang, 2001),
asymmetric structure (Liang and Wu, 2015), orographic effects
(Brand and Blelloch, 1974; Wang, 1980; Yeh and Elsberry, 1993a;
Yeh and Elsberry, 1993b; Xu et al., 2013), and so on. Based on the
statistics presented by Elsberry (1995), the TCs motion is mainly
controlled by the environmental steering flow (Chan and Gray,
1980; Holland, 1983; Carr and Elsberry, 1990; Harr and Elsberry,
1995; Berger et al, 2011; Choi et al, 2013; Wu et al,, 2013),
composed of the subtropical ridges, midlatitude troughs, and
cyclonic circulations. The TCs may be slow, stagnated, or
recurved because of the change of the steering flow related to
the large-scale systems surrounding them, such as relatively weaker
SH, the stronger westerlies and continent high over China, or the
presence of a deep midlatitude baroclinic wave/trough during the
season of late summer (Wu et al., 2004).

Cold Avoidance of North Turning Typhoons

In terms of the research of abruptly northward turning tracks,
consensus analysis indicates the approach of a deep westerly
trough and the eastward retreat of the SH are found to be
favorable to a northward shift (Shi et al., 2014). Holland and
Wang (1995) found that typhoons tended to recurve into the
midlatitudes when a synoptic-scale trough moved away from East
Asia into the subtropical ocean. Relevant research shows that the
northward track deflection is attributed to the combined effects of
the mid- and low-latitude systems (Kieu et al., 2012; Qian et al.,
2013; Shi et al., 2014). Li et al. (2012) found that a sharp
northward turning of Typhoon (Meranti, 2010) was associated
with a northwestward-moving cold vortex on the northern side of
the storm. Carr and Elsberry (1995) conducted a pioneering study
on the sudden TC track change embedded in monsoon gyres
(MGs) over the WNP. In fact, nearly 70% of TCs over the WNP
are associated with a monsoon gyre (MG, Chen et al.,, 2004).
Monsoonal influences on TC westward or sharp northward
turnings over the SCS and the WNP have been examined in
various time scales of the Madden-Julian oscillation (M]O),
quasi-biweekly oscillation (QBW), and synoptic-scale flow
(Wu et al, 2011; Wu et al, 2013; Liang and Wu, 2015).
Typhoon Megi (2010) is a typical north-turning example, Bi
et al. (2015) found that the low-frequency (10-60 days) MG
interacted with Megi and affected its track change. Peng et al.
(2014) revealed the cold-air intrusion from the northwest played
a key role in the big turn of Megi through its adjustment to the
large-scale circulation. In the lower layers, the northerly inflow of
cold air tends to destroy the axisymmetric thermal structure of
the TC, which may reduce the moving speed of the TC (Chou
etal., 2008). Chen et al. (1997) revealed that the asymmetry of the
thermal structure and the strength of the thermal instability layer
of the TCs could lead to the significant anomaly of the TC track.

Underlying conditions also are important factors impacting
the abnormal motions of TCs. Topographic effects can influence
low-level flows and induce significant asymmetric diabatic
heating resulting in TC track changes (Fiorino and Elsberry,
1989; Yeh and Elsberry, 1993a; Yeh and Elsberry, 1993b; Elsberry,
1995; Wang et al., 2012). TCs tend to move into a region with a
higher SST value and a favorable condition for TC deflection
could be established when the SST gradient is perpendicular to
the mean flow (Chang and Madala, 1980). The positive SST
anomalies (SSTA) over the equatorial western and central Pacific
appear to be a major factor contributing to a northward-shifted
typhoon track (Tu et al, 2009). Yun et al. (2012) studied a
northeastward-moving TC demonstrating that the TC motion
was sensitive to the SST magnitude and gradient. Xu et al. (2013)
conducted a 60-years (1950-2009) survey on TCs that made
landfall on China’s mainland and performed a set of numerical
experiments. They proposed that the warmer land surface, with
intense moisture supply from the summer Asian monsoon, was
conducive to deep convection that attracts supertyphoons. The
straight-moving (i.e., northward moving) TC will deflect toward
the region of warmer SST when SST is zonally asymmetric (Choi
etal, 2013). The slowdown of motion and the asymmetric latent
heating are the main reasons why the typhoon Morakot (2009)
caused extreme rainfall in Taiwan (Liang et al., 2011; Wu et al,,
2011; Wang et al., 2012).
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FIGURE 1 | (A) The four north turning typhoon cases in the study (black) and their composited track (red) (Numbers are the typhoon number of the TC; T means
turning time, negative/positive means pre-recurving/post-recurving time.) and (B) The CIMMS water vapor satellite image of typhoon Xangsane (2000) at 12:00 Oct. 29,

Although a great deal of work has been carried out on TC
motion anomalies from different aspects, there is still a larger
error in the prediction of abruptly turning TC tracks due to the
lack of mechanism recognition. In particular, over the SCS, a
high-frequency area of TC sharp turning is renowned for
complicated interactions between TCs and mid-latitude
systems (Shi et al, 2014). More importantly, there is only a
limited time to make a prediction on TC motion change and
landfalling site for the TCs over the SCS because of a short
distance to the coasts (Ling et al, 2016). Therefore, it is a
challenge to make accurate forecasting on abnormal changes
in motion of TCs over the SCS. This study aims to gain a better
understanding of the relationship between TC north turning and
cold air intrusion in order to promote TC track forecasting
technique over the SCS. The description of the data and
methods are given in “Data and Methods” section. Section
three presents the evolution of the synoptical circulation
background for the north turning briefly. Section four
demonstrates the cold avoidance characteristics during the
north turning of TCs, followed by a summary and discussion
in section five.

DATA AND METHODS

Data

The TCs track data downloaded from (http://tcdata.typhoon.org.
cn/en/index.html) the Shanghai Typhoon Institute of the China
Meteorological Administration (CMA-STI; Ying et al., 2014) are
in 6-h intervals with position, minimum sea level pressure, and
maximum wind speed near the TC center. ERA5 is the fifth
generation of the European Centre for Medium-Range Weather
Forecasts (ECMWF) atmospheric analysis of the global climate

(Hennermann and Berrisford, 2018). ERA5 datasets employed in
this paper include 37 pressure levels and surface hourly grid data
with a spatial resolution of 0.25° longitude x 0.25° latitude from
1979 to the present. The data can be accessed easily from the
Climate Data Store (CDS) cloud server (Hersbach et al., 2019).
The OISSTV2 data (Banzon et al., 2021) from the National
Oceanic and Atmospheric Administration (NOAA) is utilized,
which is a series of global and spatially gridded products created
by interpolating and extrapolating data, including the weekly SST
on a 1° grid and daily on a 0.25° grid. In addition, the ocean heat
content (OHC) data from the National Centers for
Environmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR) data (Saha et al, 2010) with the grid
spacing of 0.5° latitude x 0.5° longitude at 6-h intervals are
used to investigate the ocean characteristic affected by the
cold air.

Methods
So far, there is not a uniform standard definition for sudden TC
track changes. Chan et al. (1980) defined the left- and right-
turning tracks by a minimum direction change of 20° within 12 h.
Wu et al. (2011) indicated the sharp track direction change
exceeded 60° over a 24-h period, and the standard derivation
of direction changes were about 28.5° and 24.2° for 12- and 6-h
periods, respectively. Wu et al. (2013) defined a track direction
change exceeding 40° (37°) during the 12-h (6h) period as a
sudden northward-turning track change. In this study, in order to
highlight the northward movement trend of the TC, the threshold
of TC track sharping north changing directions is 45° and 40° for
12-h and 6-h, respectively.

A survey of historical TC tracks over the WNP in the past
30 years indicates that there are about 10 west-moving TCs which
experienced sudden northward turning after moving into the
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TABLE 1 | The information of four typhoon cases over the south China sea.

Cold Avoidance of North Turning Typhoons

Code Name Maximum Minimum Maximum Life Turning time (UTC) Landing
speed (ms™) pressure (hPa) category time (duration mainland
hours)
9914  Dan 40 965 T 162 1999.10.06.12 Y
0020  Xangsane 40 965 T 168 2000.10.29.18 N
0601  Chanchu 45 945 STY 270 2006.05.15.00 Y
1013 Megi 52 940 Super TY 270 2010.10.20.00 Y
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FIGURE 2 | The composited circulation evolution at height of 200 (A, B, and C), 500 (D, E, F), and 850-hPa (G, H, I) (Figs. A, D, and G are at T-24, figs. B, E, and H
areat T, figs. C, Fand | are at T+24; lines are geopotential height, Unit: gpm; vectors are winds, Unit: m s~ the shaded areas are equivalent potential temperature (EPT),
Unit: K).

SCS, among which 6 cases are accompanied by the low-level cold
air intruding southward to the SCS. Excluding the possiblity of
orographic influence during the north turning, the four typhoons,

Dan (1999), Xangsane (2000), Chanchu (2006), and Megi (2010),
were chosen as the samples for this study (Figure 1A). All the
selected cases reached typhoon intensity (32.7 ms™"), especially,
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FIGURE 3| (A) The time series of the vertical distribution of the mass-weighted mean steering flow (averaged in a region of a radius of 400 km from the TC center)
(Vectors are wind speed and direction, shaded means magnitude of wind speed, Unit: m s™'.) and (B) the averaged steering flow vectors between 850 hPa and
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the maximum sustained wind speed of Megi exceeded 51 ms™

(reaching Super TY category). The four typhoons all originated in
the seasonal transition period when the cold air was active with
three in October and one in May. (Table 1).

Figure 1B shows the satellite water vapor (WV) image of
typhoon Xangsane (2000) at 12:00 October 29, 2000, obtained
from the Cooperative Institute for Meteorological Satellite Studies
(CIMSS) at the University of Wisconsin-Madison (available
online at http://tropic.ssec.wisc.edu/archive/). The bright and
white cloud of the typhoon is located in the SCS, while a large
dark area appears in the southeast coastal region to the northwest

300 hPa.
- side of the typhoon. The dark area stretches southward and meets
with the typhoon cloud, which means that the dry and cold air
350 sinks southward and affects the periphery of the typhoon. The
+12h WYV imageries of other selected cases also have a similar dark area
in coordination with the cold air.
848 In order to analyze the comprehensive effects of cold air on the
00 north turnings of four typhoons and keep a relatively intact
42 typhoon circulation, the dynamic composite technique (Li et al.,
2004) is used in the study. In this method, the composite region
<l moves with the TC, and the center of the region is located at the
338 TC center. At any given time, the value of a composite variable at
. a particular grid is calculated in the composite region. This
procedure can be carried out for a set of times, from which
334 each composite variable with time series can be obtained easily
36h (Dong et al,, 2010). In this study, it takes the turning position
(time) as turning time (T)) with 48 timesteps backward (T-48) and
330 24 timesteps forward (T+24), and slices the 15 longitudes and
-48h latitudes around the TC center in space cube respectively. The
105°E 110°E  115°E  120°E  125°E  130°E analysis and discussions in this paper are based on these
composed data of four typhoon samples. The tracks of four
FIGURE 4 | The temporal-longitude variation of EPT at 925-hPa typhoons (black lines) and their composited track (red line)
averaged on 15.5-17.5'N across the TC cgnters (Cgr\tours with shaded are are shown in Figure 1. In the figure, T means the turning
the EPT, Unit: K) (Symbols indicate the longitude position of typhoon centers). . . T . iy
time (T), negative values indicate pre-recurving, and a positive

value means post-recurving. From the composed track, the
turning begins at T-18 and basically completes at T time
(Figure 1A).

SYNOPTIC CIRCULATION AND STEERING
FLOW

Synoptic Circulation

The prevailing TC tracks are intimately linked to the large-scale
circulation patterns (Wu and Wang, 2004). TC track with a
sudden turning usually is related to the common effect of multiple
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synoptic systems. Before the turning (T-24), the composed TC
moves westward with a relatively higher speed across Luzon
Island, Philippines, and then into the SCS steadily, after
generating to the east of the islands of the Philippines. During
the turning (from T-24 to T), there was a major adjustment in the
synoptic circulation. The SAH 200-hPa begins to weaken and
splits into western and eastern parts over the Indo-China
Peninsula and the western North Pacific, respectively (Figures
2A-C). The SH retreats eastward to the east of Taiwan island and
a westerly trough moves eastward to about 105°E in the mid-

latitude (Figures 2D-F). In this connection, the cold air with
lower equivalent potential temperature (fe < 324 K; hereafter
LEPT) is entangled into the western circulation of the typhoon at
500-hPa. At the same time, the LEPT invades southward from the
mainland of China to the west side of the SCS in the lower layer at
850-hPa (Figures 2G-I). At T-24 time, the southwest jet stream
to the southeast of the TC has not yet been established
(Figure 2G). The TC slows down and shows a tendency of
northward turning gradually. At T time, as the westerly trough
moving at about 110°E and the cold air is involved southwardly
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FIGURE 6 | The latitudinal time variation of divergence averaged
between 850 and 975-hPa and meridional winds averaged between 925 and
975-hPa across the TC center. (Contour indicates meridional wind speeds,
Unit: m s™", shaded area denotes divergence, Unit: 107 s™', and
symbol markers indicate the typhoon center position).

into the TC circulation, the SH falls southward to the southeast
part of the TC (Figure 2E) with strengthened southwest airflow
on the southeast side of the TC (Figures 2E,H), the track of the
TC bends significantly and accelerates northward (Figure 2H).
Then (T+24), the TC almost completes the north turn and keeps
moving northward (Figure 2I).

It is evident that the synoptic patterns become complex during
the TC deflection, including the weakening SAH, the passing
midlatitude westerly trough with down south cold air, the
retreating SH, and enhanced southwesterly flow in the
southeast of TC, et al., thus resulting in a sudden changing of
TC motion.

Steering Flow

George and Gray (1976) suggested that TC track was primarily a
function of the steering flow and the advection of planetary
vorticity by the TC circulation. The TC is primarily advected
by the mean large-scale circulation patterns with a steering level
ranging from 500 to 700-hPa (Holland, 1983). More studies have
suggested that the deep-layer mean wind is the best discriminator
for the motion of well-developed TCs (e.g., Sanders et al., 1980;
Dong and Neumann, 1986; Velden and Leslie, 1991), however,
individual cases can exhibit large variability in the steering flow
depth (e.g., George and Gray, 1976; Dong and Neumann, 1986;
Velden and Leslie, 1991; Aberson and DeMaria, 1994).

As suggested by Wu et al. (2011), the steering flow profiles are
calculated as the mass-weighted mean wind averaged across the
TC center, and the horizontal steering flows are averaged between
850- and 300-hPa within a domain with a radius of 400 km from
the TC center in this study. Figure 3A shows the steering flow
vertical profiles variation with time. Starting from T-48, the

Cold Avoidance of North Turning Typhoons

directions of steering flow shift from westward to
northwestward, especially in layers below 500-hPa, and the
magnitude decreases gradually reaching the minimum (about
2ms") of northerly at T-18 related to the SH retreating
eastward. After then, the northeastward steering flows of TC
increased significantly near 500-hPa reaching 5-6 ms™' and the
TC motion shifts northward. These variations agree with the
results of Carr and Elsberry (1995) and Wu et al. (2011).

Horizontally (Figure 3B), prior to the sudden track change,
the TC keeps moving westward by the strong westward steering
flows. However, the average speed of TC movement slows from
about 6 m s~* (before T-24) down to about 2 m s™* (around T-12)
gradually after moving across the Philippine Islands. Especially,
from T-24, the westward component of the steering flow keeps
decreasing, the TC motion speed slows down to about 1 m s™* and
shows a trend of turning. While the northward component of the
TC motion increases with the influence of the strengthening of
southwest airflow. At T time, the steering flow shifts to the
northward and keeps growing, and the northward turning of
the TC almost fulfills. Then, the speed of the TC movement
rapidly increases and moves northward continuously.

COLD AVOIDANCE AND WARM
TENDENCY OF TC MOTION

Asymmetric Structure Induced by Cold Air

Intrusion

Thermal Asymmetry

The TC motion is dominantly guided by the steering flow, however,
when the synoptic-scale steering flow is weak, the [-effect
propagation will contribute significantly to the TC motion
(Fiorino and Elsberry, 1989). The difference of gyres between
lower and upper layers may lead to the asymmetric structure or
circulation of TC, and hence it, in turn, affects the TC motion. The
asymmetric divergent flow associated with convective asymmetries
within the vortex core region deflects the vortex center toward the
region with maximum convection and results in meandering vortex
tracks (Wang and Holland, 1996). The TC motion is also directly
influenced by the asymmetric component of diabatic heating (Wu
and Wang, 2001). Chen et al. (1997) revealed that the asymmetry of
the thermal structure and the strength of the thermal instability layer
of the TCs could lead to the significant anomaly of the TC track (e.g.
Holland, 1983; Chan and Williams, 1987).

The temporal-longitude variation of the EPT averaged on
15.5-17.5°N across the TC center at the height of 925-hPa is
shown in Figure 4. It is obvious that there is a region higher than
344 K near 105°E before the cold air invades southward (T-24).
From T-24, there exists a region with the values of EPT lower than
340 K on western of 115°E when the cold air coming from the
Chinese mainland invades southward. Starting from this time, the
values of LEPT on TC western side get much lower than those on
the eastern side, with the center of LEPT around 105°E. There
forms a region with a larger gradient of LEPT locatied around
115°E which indicates the cold air intrusion resulting in an
asymmetric thermal structure of the TC. As the cold air
continuously invades southward into the west of the SCS, the
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FIGURE 7 | The averaged horizontal pressure gradient force between 975- and 300-hPa at different stages Unit: Pam™'. (A) T-18, (B) T-6, (C) T, (D) T+12.
(Shaded contours and black vectors represent the magnitude and direction of averaged pressure gradient force, respectively. Red vector denotes the composite
pressure gradient force on grids in a circle with a radius of 400 km from the TC center).

values of LEPT on the west of the TC continue to get lower and
the thermal structure of TC becomes more asymmetric (at T
time). The motion of TC shows the characteristics of deceleration
to the west and acceleration to the north denoting the cold
avoidance in TC motion.

The vertical distribution of the temperature anomaly can be
found in Figure 5. In the figure, there is a positive temperature
anomaly center above 500-hPa embodying the basic warm-core
characteristic of the TC vertical profile. What is more important is
there exists a negative temperature anomaly region below 700-hPa
on the west side of the TC starting from T-24 for the cold air
invading. As the cold air invades into the west of the TC circulation
further, the intensity of negative temperature anomaly keeps
increasing gradually (Figures 5A,B) and extends to the edge of

TC center, particularly at T time (Figure 5C). On the contrary,
there is a small range of weak positive temperature anomalies
occurring on the east of the TC center in the lower layer. It
represents clearly the vertical thermal structure asymmetric of
the TC caused by the cold air from the China mainland.
Combined with Figure 4, it can be found that the increasing of
negative temperature anomaly induced by the cold air with LEPT
intrusion, is opposite to the direction of the TC movement, like a
barrier blocking and preventing the TC from moving further westward.

Dynamical Asymmetry

The asymmetric structure forced by dynamics related to the
interaction between the TC circulation and the cold air
advection on the west side of the TC can also be found in
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Figure 5. The intrusion of LEPT air (Figure 2) indicated by the
relative dark region a few degrees west (Figure 1B) below 500-
hPa may cause the isentropic descent of the drier, colder air
(Ritchie and Elsberry, 2001). The negative temperature anomaly
generates a direct thermal circulation with downdraft near 117°E
below 500-hPa (Figure 5A), which is consistent with the results of
Harr and Elsberry (2000). As the negative temperature anomaly
increases, the downdrafts from levels of 500-hPa to the sea surface
are also enhanced obviously (Figures 5B,C), which causes
divergent flows enhancing inflows toward the TC center in
lower layers over 110-115°E.

Figure 6 presents the time variation of averaged divergence
between 850 and 975-hPa and meridional wind between 925 and

975-hPa. Before the TC turning (at about T-36), the negative
meridional wind center over -12 m s~ is located on the east of the
TC center, and there exists the convergence center with a value
less than -5 x 107> s™! located near the negative meridional wind
center. The meridional winds on the west of TC are also negative.
The TC keeps moving westward. As the cold air continues to
invade into the west and south sides of the TC from T-36 to T, the
divergence motion on 110°E is strengthened gradually both in
values and scope extending to the TC center, while the
convergence near the TC center is suppressed and weakened.
In addition, the cold air sinking and diverging on the west of the
TC can increase the low layer positive meridional winds pointing
to the TC center, while weakening negative meridional winds on
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FIGURE 9 | The distribution of OHC anomalous (shaded contours, Unit:
Jkm™) at T-12. (Solid line with dots is the composed typhoon track).

the east of the TC center. The westward motion of the TC is
impeded showing a tendency of recurving in its track. After T
time, the divergence on the west of the TC enhances greatly, and
extends into the vicinity of the TC center with the center value
over4x 107°s ™", even stronger than the convergence center near
the TC center on the eastern side. The meridional winds are
positive at the TC center and its west quadrant. It can be
inferred that the divergence formed by the cold air sinking on
the west side of the TC may block the TC from moving
westward further.

In circumstances with weak steering airflow, the PGF may
highlight its influence on TC movement (Chen et al, 1997).
The flow associated with large northward pressure gradients
could push the TC northward (Chen et al, 2021). At T-18
(Figure 7A), due to the invasion of cold air on the west
quadrant of TC, TC enters into an environment with weak
guiding airflow. The direction of the resultant PGF on TC
shifts eastward, and its magnitude also decreases to about
1Pam™'. From this moment, the TC begins to slow down
(Figure 7A). Starting from T-12 to T-6 (Figure 7B), as the
cold air keeps entangling southward into the southwest part of
TG, the larger PGF occurs on the west and then the south sides
of TC, which makes the resultant of PGF on TC decrease further
to about 0.3 Pam™' and point to the north. The TC westward
movement is suppressed with the northward motion promoted
gradually, and the TC appears to deflect to the north obviously.
The PGF continues to increase to 1 Pam™" and about 10 Pam™"
at T (Figure 7C) and T+12 (Figure 7D) respectively, benefiting
the TC moving northward obviously and accelerating gradually.
Due to the strengthening of cold air intrusion from the
mainland, the direction of the resultant PGF on TC is
opposite to its movement direction, which prevents the TC
from moving westward and is favorable to turning.

Cold Avoidance of North Turning Typhoons

When a TC enters an environment with weak steering airflow
and slows down, the thermal asymmetric structure of TC induced
by the cold air intrusion may project an impact on TC motion.
The cold air sinking on the west of the TC center may lead to the
divergent drafts, and form a pressure gradient force opposite to
the direction of TC movement, which is unfavorable for a TC
keeping its original moving direction.

Approaching Warm
Tuleya and Kurihara (1982) reported that a warm SST increases
the TC intensity and induces a northwestward shift of the
northwestward-moving TC related to the beta effect (sensitive
to the intensity and size of the TC). Wu et al. (2005b) showed the
relative contribution of the symmetric and asymmetric SST
components to TC motion. They demonstrated that the
asymmetric SST component modulates the TC motion by
changing the asymmetry in rainfall and vertical motion, while
the symmetric component is related to the beta effect. This result
indicates the importance of the asymmetric distributions of SST on
TC motion. Chang and Madala (1980) presented evidence that the
spatial distribution of SST influences the TC motion, a warm S ST
to the right of the mean flow is more favorable for the northwest
drift of westward-moving TCs than a warm SST on the left side.
In this study, the TC also has the characteristics of
approaching to warm region. Figure 8 shows the daily SSTA
distributions at variant stages during the TC turning. During the
stage of westward travel across the Luzon Island (Figure 8A), the
negative SSTA is located west of 115°E. The TC keeps on moving
westward approaching the SCS, because the sea surface of the
region ahead of the TC track is still controlled by the positive
SSTA over 0.4°C, the TC keeps moving westward approaching the
region with positive SSTA in the SCS. Starting from T-24
(Figure 8B), the range of negative SSTA region on west of
115°E continues to expand. As the cold air heads southward
further, the negative SSTA region with center values becomes
lower than 0.6°C to the west of 115°E. It is notable that the
negative SST anomaly occurring in the south and near the center
of TC gets stronger, while the positive SSTA region is weakened
and squeezed to the north of the TC (Figures 8C,D). It also finds
that there is a negative SSTA region appearing near and on the
south of the center of the TC, which is the typical response of SST
caused by the cold wake of TC (Ma et al., 2013). In addition, the
cooling of SST increases the asymmetry of the TC
thermodynamic and dynamic structures (Zhu et al., 2004;
Chen et al., 2010) and affects the track of the TC further.
Although SST has been used widely to represent the ocean
state in studies on air-sea interaction, Deser et al. (2003) have
suggested that the OHC can also better reflect the heat storage of
the ocean than the SST. The anomalous upper OHC indicates the
total amount of heat that the ocean can release to the atmosphere
(Dong and Kelly 2004). The anomalous of upper OHC at T-12 is
shown in Figure 9. The cold air cools the SST to the west of the
TC (Figure 8), which decreases the OHC of the upper surface.
The presence of negative inconsistencies of OHC locating inhibits
the TC from developing and moving westward, while the positive
OHC anomalous is located on the north of the TC, which is
favorable for the TC turning north.
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Mesoscale variability in SST affects sea surface heat fluxes,
which then alters the boundary layer, leading to convective
activity (Skyllingstad et al., 2019). Latent and sensible heat
transfer from the ocean surface along with potential energy,
increasing the moist static energy of the boundary layer
(Andersen et al, 2013). The increasing moist static energy
(MSE) in the lower troposphere leads to an establishment of
convective instability, producing a high CAPE value (Chen and
Qin 2016). In this study, the MSE also has a similar distribution to
that of the SST (figures not shown). The region with an MSE less
than 334K is on the west and south sides of the TC, and the
region with higher values (greater than 346 K) on the north side
of TC due to the cold air intrusion.

It is found that convective heating can significantly affect TC
motion through the direct asymmetric heating and the asymmetric
flow caused by diabatic heating (Flatau et al, 1994; Wu et al,
2005b). Fiorino and Elsberry (1989) established a concept that the
asymmetric flow induced by diabatic heating associated with the
convection within a TC can significantly affect TC motion and
vertical coupling. The asymmetric diabatic heating tends to move
vortices to the region downstream of the maximum gradient of
asymmetric diabatic heating (Wu and Wang, 2001). Figure 5 and
Figure 8 represent a downdraft and colder ocean surface on the
west side of the TC generated by the invasion of the cold air, which
may suppress the convective activity there. While the convection
may be promoted over a warmer underlying surface on the north
side of the TC. Such the inhomogeneity of convection makes the
TC present asymmetric diabatic heating. There is a convergent
center downstream of the diabatic heating center located at the
north side of the TC in lower layers (figure not shown), which is
favorable for the TC vortex to turn northward. These are consistent
with the results of Wu and Wang (2001).

According to the abovementioned, the asymmetric
distribution of SSTA, OHC, or diabatic heating are all related
to the cold air intrusion. The warm approaching of TC reflects its
avoidance feature from the cold air in another way.

DISCUSSION AND SUMMARY

The effects of cold air during the north turning of the TCs over the
SCS are studied in this paper. The compositive analysis attributes the
north turning of TCs mainly to their characteristic of avoidance from
the cold air under circumstances with weakened steering flows.
The cold air from the northern mainland may result in thermal
and dynamical asymmetry of TCs exerting an influence on TC
motion. On one hand, the negative temperature anomaly occurring
below the mid-levels on the west and south sides of the TC may
lead to stable atmospheric stratification and lower SST and OHC
restraining convection development. On another hand, the cold air
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