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Abstract

Based on the China Meteorological Administration (CMA) tropical cyclone (TC) database and the reanalysis data
from the European Centre for Medium-Range Weather Forecasts (ECMWF), the post-transition intensifying tropical
cyclones (ITC) and weakening tropical cyclones (WTC) which landed in China and underwent extratropical transi-
tion (ET) are discussed in this paper. The TCs with upper-level trough are selected in order to identify different
effects of the trough on the ITC and the WTC. The dynamic composite analysis is applied to explore their structure
characteristics, environment fields and dynamic diagnosis. Results show that affected by the South Asia high and the
subtropical high, the trough of ITC (WTC) extends from northwest to southeast (northeast to southwest) in the ET
process. Thus, the zonal wind shear of ITC drops off after ET due to the approach of trough and its northwest-
southeast direction, while the zonal and total wind shears of WTC continue to increase because of the steering
westerly flow at the upper level. In terms of the ITC, the cold air carried by the upper-level trough intrudes into TC
inner area and mostly encircles the TC center, making the ITC characterized by a warm seclusion. While for the
WTC, the cold air only wanders on the northwest side of TC without further intrusion. The upper-level divergence is
also in favor of the ITC by the pumping influence. According to the diagnostic analysis of moist potential vorticity,
the moist baroclinity can lead to changes in vertical vorticity to some extent. The vertical vorticity budget analysis
further indicates that there is stronger and wider positive vorticity advection in the upper troposphere near the TC
center for ITC. The contribution of the baroclinic term to the growth of vertical vorticity is more significant in ITC
than WTC but it is also deeply influenced by the strength of upper-level trough.
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1 Introduction

The extratropical transition (ET) of tropical cyclones (TC) can
be described as the propagation of a TC into the mid-latitudes
where it interacts with a preexisting mid-latitude cyclone or a
midlevel trough and the following transition into an
extratropical cyclone (Kofron et al. 2010a). It has been found
that some extratropical cyclones even have greater strength
than TCs, and may also cause threats similar to that of TCs
such as gale, heavy rain and flood. Park et al. (2016) also
displayed that damages by ETs are as much as those by TCs
in northwestern provinces of the Republic of Korea. So far,
they are proved difficult to forecast but have not received
enough attention. Klein et al. (2000) revealed that TCs under-
going ET all exhibited a common series of structure changes,
including the increasing temperature gradient with colder tem-
peratures to the north, as well as the enhanced vertical wind
shear and baroclinity. The ET process was described by a con-
ceptual model and divided into two stages, i.e., transformation
stage and extratropical stage. Moreover, several definitions of
the ET time have been proposed based on TC characteristics
during the ET process (Evans and Hart 2001; Hart 2003; Harr
and Elsberry 2000; Demirci et al. 2007; Kofron et al. 2010b).
Previous studies have indicated that the upper-level trough
might have a significant impact on both of the transformation
stage and the extratropical stage. Li and Xu (2012) revealed a
well corresponding relationship between the variation of TC
intensity after ET and the initial strength of the westerly upper-
level trough, and they investigated the impacts of different
troughs on Haima’s reintensification by using the method of
piecewise potential vorticity (PV) inversion. Likewise,
McTaggart-Cowan et al. (2001) simulated the ET process
and reintensification of Hurricane Earl in 1998 in order to
examine its sensitivity to modification of PV anomaly. It was
suggested that the existence of an upstream trough is of pri-
mary importance to the storm’s reintensification, while the
presence of the low-level circulation associated with the
decaying hurricane plays a secondary role. Atallah and
Bosart (2003) suggested that the distribution and intensity of
the TC precipitation are also strongly modulated by the
storm’s interaction with a mid-latitude trough. Baek et al.
(2014) simulated the ET process of Typhoon Rusa in 2002
and further revealed that the antecedent mid-tropospheric
frontogenesis, which is resulted from the interaction between
the typhoon and a mid-latitude trough over the Korean
Peninsula, could contribute to the first peak in the time series
of rainfall in Gangneung. Ritchie and Elsberry (2003) con-
ducted three control simulations without a TC present to ex-
amine the extratropical cyclogenesis associated with upper-
level troughs that are characterized as weak, moderate, and
strong. When no TC is included in the simulation, the mini-
mum surface pressures with the weak, moderate, and strong
troughs are 1003, 991, and 977 hPa, respectively.
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Subsequently, the impact of phasing between TCs and trough
on reintensification of TCs were detected by fixing the initial
position and amplitude of the mid-latitude trough and varying
the initial position of the TC to trough (Ritchie and Elsberry
2007). It was indicated that the peak intensity of the
extratropical cyclone following the ET is strongly dependent
on the phasing which could lead to different extents of inter-
action between TCs and mid-latitude baroclinic zones.

The potential vorticity theory and its application have be-
come booming since 1980s (Shou 2010). The “PV thinking”
perspective has been proved effective in studies of transitioning
TCs (e.g., McTaggart-Cowan et al. 2001; Atallah and Bosart
2003; Thorncroft and Jones 2000; Browning et al. 2000), with
advantages as follows. (1) The maximum of PVs in the upper
troposphere features cold-core systems (mid-latitude troughs),
which is favorable to trace the upper-level cold air and reveal the
interaction between TCs and upper-level troughs. (2) The PV is
conserved without regard to the friction and diabatic. It is nec-
essary to take the water vapor into consideration in the mecha-
nism analysis of rainfall especially rainstorms, and therefore, the
moist potential vorticity (MPV) was proposed (Shou 2010).
Based on studies on rainstorm mesoscale cyclogenesis, Shou
and Li (2001) indicated that the absolute vorticity could increase
as the upper cold air with large MPV slides down along the
moist isentropic surface, which tends to cause the cyclogenesis.
In view of the MPV conservation principle, the low-level cy-
clonic circulation can be triggered by the downward-propagated
upper MPV, which is beneficial for vortex development (Ying
et al. 2013). In order to analyze the explosive cyclone develop-
ment and its relationship with MPV, the MPV was calculated by
the barotropic and baroclinic components, respectively. Results
showed that the connection of negative values of baroclinic
MPYV in the high and low troposphere might be of benefit for
the cyclone development, and the cyclone develops faster with
the stronger atmospheric baroclinity (Niu et al. 2003). Wu and
Cai (1995, 1997) proposed that with the slant of moist isentropic
surface the reduction of convective stability, the increase of the
vertical shear of horizontal wind or moist baroclinity can result
in the increase of vertical vorticity, no matter the atmosphere is
moist symmetrically stable or unstable, or convectively stable or
unstable. The development of vertical vorticity intends to be
more vigorous with the larger declination of moisture isentropes.
Above studies suggested that the downward extension of the
moist potential vorticity related to the upper-level trough can
increase the positive vorticity at the lower level and hence in-
duce the cyclonic circulation.

In this paper, the post-transition intensifying tropical cy-
clones (ITCs) and weakening tropical cyclones (WTCs)
which landed in China and underwent ET with the presence
of upstream upper-level trough are examined. We apply the
dynamic composite analysis to detect the basic structure char-
acteristics, synoptic environment and relative diagnostics. In
section 2, the data and methods are described. Section 3—4
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provide the result analysis. A summary and conclusion are
presented in section 5.

2 Data and Methods

TCs’ path and intensity information in this paper are obtained
from the China Meteorological Administration (CMA)
Tropical Cyclone Best Track Dataset. There are 755
extratropical cyclones transformed from tropical storm over
the western North Pacific in the period of 1987 to 2016, with
32 of them landing in China. According to Li and Xu (2012),
an index was defined as the difference that TC minimum
surface pressure after ET time minus the TC center pressure
6 h before the ET time. If the index is less than 0 hPa, the TC is
defined as ITC, If the index is greater than 0 hPa, it is classi-
fied as WTC. According to the statistics, there are 10 ITCs and
19 WTCs in the samples. Finally, 5 ITCs and 7 WTCs are
selected in the current study, which are 9219, 9711, 0108,
0421, 1010 for ITC and 9216, 9415, 0102, 0515, 0601,
0713, 1410 for WTC. The criteria of selection are illustrated
as follows. (1) In order to reduce errors caused by regional
differences in the composite analysis, the location where the
ET is first completed should be within the area of 119°E-
131°E, 32°N-45°N. (2) Both types of TCs are accompanied
with upper-level upstream troughs. (3) CMA marks the
extratropical cyclone with the number “9”, and the majority
of TCs were stopped decoding after the third “9" appeared.
Therefore, in order to ensure the uniformity, intensity changes
of'the TCs should occur within 12 h after the ET. The tracks of
ITCs and WTCs are shown in Fig. 1, with the black dots
representing the locations at the initial time of ET completion,
i.e., “ET time”. We express the “ET time” as “Te” in the
following figures, and 6 h before and after “ET time” as
“Te-6" and “Te+6", respectively.

The analyses of environment fields, structure characteris-
tics and dynamic diagnoses in this paper are all based on the
dynamic composite technique (Li 2004), taking the center of

Fig. 1 Tracks of (a) ITCs and (b) a)

TC as the center of coordinate, which can keep the TC circu-
lation and its surrounding pattern relatively intact. In addition,
the standard deviation of composite analysis between samples
is supplemented in Online Resource (Fig. S1-S8) in order to
make the results more valid. The data for composite analysis
are obtained from ECMWEF reanalysis data with the horizontal
resolution of 0.5° % 0.5°.

3 Basic Structure Characteristics of ITC
and WTC

3.1 Planetary Scale

The planetary scale (approximately 40° latitudex50° longi-
tude box around the TC center) circulation and thermodynam-
ic characteristics were examined in this section. It can be seen
from the composite background fields at 200 hPa that the
upper-level trough exists to the northwest of both ITC and
WTC at “Te-12”. The upper jet stream is located in front of
the trough with its wind speed larger than 30 m s ™', and the
distinct divergence zone exists on the right side of the jet
entrance. Note that the composite geopotential height field
illustrates that the South Asia high with the value of 12,520
gpm exists not only in the ITC but also in the WTC (Fig. 2a
and d). It can be also inferred from Fig. 2a and d that the
coverage and strength of the South Asia high for WTC are
greater than those for the ITC. After 12 h, the South Asia high
for ITC weakens and retreats westward under the influence of
the upper-level trough moving eastward. In such case, the
trough and the poleward TC are more close without any ob-
stacles, and the ITC is adjacent to the upper divergence zone
on the north side. In the process of the upper-level trough for
WTC moving eastward, due to the intensity inferior to the
South Asia high, the movement is impeded and slows down.
Meanwhile, the WTC divergence decreases significantly and
it is gradually away from TC center (shown in Fig. 2b and e).
At 12 h after the completion of ET, the upper-level trough for

b)

WTCs (black dots indicate the 60N
locations at the initial time of ET
completion, i.e., “ET time”)

= 60N
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Fig. 2 Composite horizontal

distribution of the upper-level jet
(shaded, units: m s 1), the
geopotential height (black lines,
units: gpm) and the divergence
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ITC extends southeastward further so that the South Asia high
withdraws southward quickly. The trough stretches from north-
west to southeast and the strong poleward airflow in front of the
trough accelerates the TC’s poleward moving into the diver-
gence zone on the right side of the Westerly Jet entrance. The
upper divergent over TC center provides a favorable pumping
environment for ITC’s reintensification. Nevertheless, blocked
by the South Asia high, the upper-level trough for WTC re-
mains stagnant, and thus the trough extends to the southwest
more significantly. Under the circumstances, the WTC domi-
nated by the westerly airflow moves northward at a slower
speed and gradually away from the divergence zone (Fig. 2¢
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and f). The illustration above is also evident for the composite
geopotential height field at 500 hPa, where the extension and
strength of jet for WTC far exceeds those for ITC (not shown),
which can account for the trough’s stagnation to some extent.
The composite equivalent potential temperature at 850 hPa
and the composite temperature advection at 700 hPa are shown
in Fig. 3. Although the ET locations of TCs differ from each
other, the temperature fields are set with the TC center as the
coordinate center. In other words, for a TC system, the sur-
rounding temperature distribution does not differ significantly
for the location (as shown in Fig. S9, S10 in Online Resource).
At “Te-127, the temperature difference between the cold dry air
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Fig. 3 Same as Fig. 2, but for the
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to the northwest side of TC and the warm moist air of residual
TC makes the isentropes denser on the north side of TC for
both ITC and WTC. The warm advection brought by the pole-
ward airflow occurs on the eastern part of TC, and the northerly
airflow on the west side moves southward with cold air. In this
paper, the value of equivalent potential temperature less than
336 K was defined to trace the cold air, which is found located
to the northern and western parts of the TC (Fig. 3a and d). At
“Te”, the cold air from the northern part of TCs moves further
southward. The cold air for ITC intrudes into the TC from west
to southwest, accompanied with greater cold advection.
However, the cold air for WTC remains in the west of the TC

18 26 34 22 -14 6 2 10 18 26 34

without obvious southward movement (Fig. 3b and e). After
12 h, it is indicated from Fig. 3c and d that the cold advection is
modulated by the ITC’s cyclonic circulation from southwest to
southeast, which also encircles the TC center in a semi-circular
shape. The cold air for WTC still lingers on northwest and
southwest sides of TC and does not move southward further.
The process of the cyclonic cold airflow encircling the ITC
center presented in the low-level equivalent potential tempera-
ture field is consistent with the “warm seclusion” characteristic
mentioned in Section 3.2 (Fig. 5¢), which is conductive to the
re-emergence of warm core and thus plays a role in the
reintensification of ITC.

\3‘ Korean Meteorological Society @ Springer



Y. Liao et al.

3.2 Synoptic Scale

In this section, the structure characteristics are explored at the
synoptic scale (approximately 10° x 10° around the TC cen-
ter). The time series of composite vertical wind shear and the
composite structure characteristics of TCs during ET are
shown in Figs. 4 and 5, respectively. The vertical wind shear
was calculated with the method proposed by Palmer and
Barnes (2002). It can be found from Fig. 4a and b that the
vertical wind shear appears to increase at 24 h before the ET
time for both ITC and WTC, suggesting that TCs gradually
propagate from the tropical zone to the baroclinic zone. At
12 h before the “ET time”, both types of TCs tend to dissipate
and their warm cores are not obvious in the low layer. In
addition, the ascending motion shifts to the northeast of the
TC center (Fig. 5a and d), with the possible reasons as follows:
(1). The increasing wind shear caused by the baroclinity in the
mid-latitudes can arouse the updraft in the downshear side
(northeast side) and the downdraft in the upshear side (south-
west side) (Li et al. 2013); (2) The warm front generates on the
north of TC and extends eastward under the influence by the
encounter of the equatorward cold air from the north of TC
with the warm moist airflow poleward on the east of TC. That
is, the frontogenesis intends to stimulate the lifting motion.
At Te, as the upper-level trough continues to approach ITC
and then they interact with each other, especially when the
trough-line extends to the southeast, the u component of wind
has somewhat weakened, so the zonal wind shear begins to
decrease. However, when the trough is far from the TC and
elongates to the southwest, TC will be mainly steered by west-
erlies in front of trough, inducing the more stable meridional
wind shear and the continuously increasing zonal wind shear
(Kofron et al. 2010b) (Fig. 4a and d). Simultaneously, the ITC
starts to re-intensify with its geopotential height anomaly of —50
gpm, which is 10 gpm lower than that of 12 h before, whereas
the WTC weakens with its geopotential height anomaly 10 gpm
larger than that of 12 h before. Results also reveal that the

Fig. 4 Time series of composite o8 a)

negative temperature anomalies of ITC and WTC move east-
ward and southward, along with the cold air starting to affect
TC’s outer circulation. Besides, it is worth noting that there are
obvious differences of the warm core structures between ITC
and WTC. The warm core strengthens at upper and lower levels
for the ITC, but almost disappears in the lower layer for the
WTC. Compared with the WTC, the temperature in the ITC
center is higher than surroundings regardless of the intrusion
of cold air. Therefore, the warm core occurs again and the
baroclinity somewhat strengthens around the ITC, which is in
favor of its reintensification. Thus, the area with large value of
vertical wind speed is more close to the center of ITC, but the
WTCs vertical motion distribution does not change significant-
ly from the previous 12 h (Fig. 5b and e). At “Te+12”, the ITC’s
total wind shear also tends to decrease, while the WTC is still
exposed to the increasing vertical wind shear environment,
which is unfavorable for its development (Fig. 4a and b).
Kofron et al. (2010b) has pointed out that the reduction of ver-
tical wind shear indicates that the TC and trough are close to
each other, while the continuous increase of vertical wind shear
implies that the TC remains under the influence of the increasing
wind shear associated with the mid-latitude westerlies and never
interacts with the upper-level trough. Besides, he fonnd that the
maximum intensity of ITC would be achieved after the wind
shear decreases based on the composite analysis. At this time,
the geopotential height anomaly of the ITC reaches —60 gpm,
which is 10 gpm lower than that of 12 h before.
Correspondingly, the cold air at the upper level elongates from
northwest to southwest of the TC, and intrudes into TC from the
southern part at the lower level, but the warm core of the ITC is
still kept. To some extent, the “warm seclusion” structure fea-
ture is similar to the conceptual model of explosive extratropical
cyclone proposed by Shapiro and Keyser (1990). That is, the
warm front of cyclone bends back to the rear of the cyclone
center, and the warm air near the TC center is encircled by the
cold air, which makes the warm core secluded. The ascending
motion develops over the ITC center again. The cold air of

b)

total vertical wind shear (850—
200 hPa, solid line), the u
component (long dashed) and the
v component (short dashed) of the
wind shear for (a) ITC and (b)
WTC

Shear(m/s)
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Fig. 5 Composite horizontal
distributions of the temperature
anomaly (shaded, unit: K) and the
vertical wind speed (negative blue
dashed contours, interval of 0.2
pa sﬁl) at 700 hPa, the
temperature anomaly at 300 hPa
(black solid contours, interval of
0.5 K) and the geopotential height
anomaly (red dashed contours,
interval of 10 gpm) at 850 hPa for
(a-¢) ITC and (d-f) WTC at the
time of (a, d) Te-12, (b, e) Te and
(c, ) Te+12

Grid Point

Grid Point

Grid Point

a)Te-12 d)Te-12
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WTC only wanders on the northwest side of TC without further 3.3 Mesoscale

intrusion at both upper and lower levels. Under the influence of

increasing vertical wind shear, the updraft of WTC is still limited ~ In order to present the thermodynamic characteristics of TC
on the northeast side of TC and gradually moves away fromthe ~ inner structure more clearly, the physical fields are investigated
TC center as the WTC continues to weaken (Fig. Sc and f). at the refined scale of approximately 6° x 6°. Figure 6 shows the
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zonal vertical section of equivalent potential temperature and the
vertical wind speed through the TC center. As depicted in Fig. 6a
and d, at “Te-12”, there apparently exists a warm core above
700 hPa for the two types of TC, with the more intensified warm
core for WTC than ITC. It can be found that the cold air, which is
here expressed by lower than 336 K, has not yet intruded into TC
for both types of TC, and the strong updraft is located on the
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Grid Point

northeast (Fig. 5a and d). After 12 h, the warm core of ITC
moves downward and the isentropes on the west side of TC
become denser at the lower level due to the sharply increasing
temperature difference caused by the cold intrusion. Whereas for
the WTC case, although there is also cold intrusion marked by
<336 K at the lower level, the warm core tends to move east-
ward. Without the obstacle of the warm core, the middle level of
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around 500 hPa is susceptible to the cold intrusion (Fig. 6b and
e). At 12 h after the ET time, the’ cold air for ITC intrudes further
at middle and lower levels and the warm core over the TC center
forms again. Therefore, the baroclinity on west of the warm
sector strengthens at 500—700 hPa. And the vertical motion near
the ITC center develops upward to a higher altitude.
Nevertheless, the WTC’s warm core continues to move east-
ward, and thus the cold air further intrudes TC center at the
middle level of 500 hPa. Afterwards, the warm core is thorough-
ly destroyed, and the WTC center seems to be embedded within
the equivalent temperature gradient completely. The updraft of
WTC inclines to deviate from the TC center and reaches the
lower height to some extent (Fig. 6¢ and f).

Fig. 7 Same as Fig. 2, but for the

4 Dynamic Diagnosis of ITC and WTC
4.1 Moisture Potential Vorticity

The composite horizontal and vertical cross sections of MPV
through the TC center are displayed in Figs. 7 and 8. At “Te-
127, large MPV values locate over the northwest side of both
ITC and WTC at 200 hPa, indicating the upper-level trough
over there. At this moment, TC and upper-level trough are
independent from each other (Fig. 7a and d). It can be revealed
from Fig. 8a and d that the moist isentropes slope downward
from the upper-level trough to the TC center, and the MPV to
the west side of TC has no obvious downward extension. At
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Fig. 8 Composite zonal vertical 200
cross sections of the MPV

(shaded, units: PVU) and the 250
equivalent potential temperature

(contours, units: K) of (a-¢) ITC 300
and (d-f) WTC through the TC
center at the time of (a, d) Te-12,
(b, e) Te and (¢, f) Te+12
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the ET time, as the trough and TC moving poleward become
closer, the maximum center of MPV appears to the northwest
of ITC, while the WTC’s MPV extends to the southwest and
its distribution almost remains the same as the previous 12 h
(Fig.7b and 7e). Vertically, the upper-level troughs of both
types of TCs deepen, with its MPV greater than 0.4 PVU
stretching downward to around 600 hPa where moist
isentropes concentrate. The obvious upward bulge of the
moist isentropes at 400 hPa on the west side of ITC indicates
that the cold air is stacked here, which is not seen in WTC
(Fig. 8b and e). After 12 h of ET, with respect to the ITC, the
area of large MPV value distributes in the northwest-southeast
direction, which is similar to the trough-line at 200 hPa, and
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extend over the TC center. The WTC’s MPV still extends
southwestward and has no evident interaction with TC due to
the blockage of the South Asia high (Fig. 7c and f). It is also
suggested from the vertical cross section that the ITC’s MPV
transmits downward along the moist isentropes more signifi-
cantly and is connected with TC, which can transport the MPV
to the TC center. The downward transport of cold air with
positive MPV leads to the increase of equivalent temperature
gradient in their path and the large gradient is closer to the ITC
center. However, the standard deviation at the intersection of
upper MPV and TC MPV is slightly larger than the average (as
shown in Fig. S6 (a) in Online Resource), indicating that the
MPV of each sample fluctuates a bit. The reason for it is that 2
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of the 5 ITCs have weaker upper-level trough than the other
three, resulting in the MPV of the 2 ITCs to fail to transmit
downward completely, which implies that the strength of
upper-level trough also plays an significant role in TC intensity.
For WTC, because of the northeast-southwest trough for WTC,
the cold air is advected along the moist isentropes mainly by the
westerly around the trough base. As a result, the MPV does not
transport downward and the moist isentropes become sparse,
indicating the reduced baroclinity (Fig. 8c and f).

To further identify the role of baroclinity in the ET process,
the MPV expression is applied in the pressure coordinate
(Bosart and Lackmann 1995).

00, ovol, oudb,
MPV = —g(C + + gl =— ——
g(C+7) op g<6p ox Op Oy > ’

where g is the gravitation constant, ( represents the vertical vor-
ticity, the Coriolis parameter f is taken to be constant, 6, is the
equivalent potential temperature, p is the pressure, u and v are the
zonal and meridional wind, respectively. The first term on the
right side of the equation is the barotropic MPV term (referred as
MPV1 hereafter), which is related with inertia stability and con-
vection stability. When MPV1 is greater than 0, it denotes con-
vection stability, otherwise it indicates convection instability. The
second term on the right of the equation is the baroclinic MPV
term (referred as MPV2 hereafter), which represents the contri-
bution of vertical wind shear and moist baroclinity. MPV2 is
usually less than 0 in frontal zone and the greater negative
MPV2 value implies the stronger baroclinity. According to the
conservation principle of MPV (Wu and Cai 1995), it can has
been known that the greater [MPV2]| is always accompanied with
the greater MPV 1. Therefore, the increasing [MPV2| may play a
positive role in the variation of vertical vorticity. Figure 9 exhibits
time evolution of MPV, MPV2 and vertical vorticity averaged
over the 4° x 4° box surrounding the TC center. The ITC’s MPV
at the upper and lower levels increase obviously after “Te-6”,
which reflects the influence of the upper-level trough. In view of
the distribution of the vertical vorticity and MPV2 for ITC, the

Fig. 9 Composite time-height

moist baroclinity enhances noticeably with time above 400 hPa
and below 500 hPa, and the enhancement at lower levels is
slightly faster than that at upper levels. Results indicate that the
cold air carried by the upper-level trough first intrudes the lower
level of ITC along the moist isentropes, leading to the baroclinity
increase, then further intrudes the upper level after the trough is
closer to the TC. Importantly, the area where the vertical vorticity
increases is consistent with that of the moist baroclinity increas-
ing (Fig. 9a). In contrast, no distinct change of MPV is observed
at both upper and lower levels for WTC, indicating limited im-
pacts of the upper-level trough on TC. Similarly, the WTC’s
MPV2 also does not increase obviously with time above
600 hPa. As the WTC weakens continuously, the vertical vortic-
ity above 700 hPa tends to decrease accordingly (Fig. 9b). The
comparison on the MPV, MPV2 and vertical vorticity between
ITC and WTC shows that the change of baroclinity in TC system
caused by upper-level trough will lead to variation of the vertical
vorticity to some extent. In order to further study the vertical
vorticity variation of ITC and WTC during ET, the complete
form of vertical vorticity tendency equation is used to analyze
the vorticity budget in the following section.

4.2 Analysis on Complete Form of Vertical Vorticity
Budget Equation

Wu (2001) proposed that the traditional vorticity equation de-
duced from the momentum equation can depict obvious dynamic
characteristics. However, real synoptic processes show that se-
vere weather and climate anomalies are usually closely related to
atmospheric stability and baroclinity. Therefore, the traditional
vorticity equation has limitation for not taking thermal factors
into account. Wu and Liu (1999) deduced a complete form of
vertical vorticity tendency equation by combining the potential
vorticity equation with the vorticity equation. In the condition of
no adiabatic and friction, the complete form of vertical vorticity
tendency equation taking the TC system as the reference frame
under pressure coordinate can be simplified as follows.

cross sections of the MPV (shad-
ed, units: PVU), the vertical vor- 250
ticity (red contours, interval of
1% 107 s7") and the MPV?2 (blue
contours, units: PVU) averaged
over the 4° x 4° box surrounding
the TC center for (a) ITC and (b)
WTC
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- (—W + 6) : V;,(Z—wé;—fj—ﬁv—(éz ;of)ve. z;

0. dt 0O, dt’

where (, and (; are vertical and horizontal vorticity, respec-
tively, C denotes the moving speed of TC, and f is Coriolis
parameter. 6,, and 6, are vertical gradient and horizontal gra-
dient of the equivalent potential temperature, respectively. The
first four terms on the right side of the equation are relative
vorticity horizontal advection term, vertical advection term,
geostrophic vorticity advection term and divergence term, re-
spectively. The last three terms of the equation represent con-
tributions of convective stability variation, baroclinity varia-
tion and horizontal vorticity variation associated with vertical
wind shear to the vertical vorticity. The geographic vorticity
advection and divergence terms are much smaller than the
others and the horizontal vorticity variation involves other
dynamic processes, and therefore, they are not discussed in
this paper. As the moist isentrope lines are nearly perpendic-
ular around TC at the lower level, 6., is so small that the
contributions of stability variation and baroclinity variation
to the vorticity vary widely. Therefore, in this paper, we only
explored the numerators of these two terms qualitatively,

which are the stratification term —(CZ —&-f) ®% and the

dt
dbes
dt

The horizontal vorticity advection reflects the vortic-
ity redistribution caused by the horizontal wind speed
relative to the surface and the movement of TC itself.
At “Te-127, the vertical vorticity transport is almost
zero for both types of TCs, and there is almost a whole
layer of negative horizontal vorticity advection over the
WTC center (Fig. 10a and d). As the upper-level trough
and TC are close to each other, the upper horizontal
vorticity advection to the west side of TC shifts to be
positive for both TCs, with the greater intensity and
coverage of the positive vorticity advection for the
ITC. The strong updraft appears over the ITC center
and tends to transport the vorticity from the lower level
upward to about 400 hPa, contributing to the increase
of vorticity at the middle level. Nevertheless, the verti-
cal vorticity transport is still not evident in the WTC
(Fig. 10b and e). At “Te+12”, the vertical vorticity
transport in the ITC develops more vigorously but it
may be effected by an extreme case according to its
standard deviation (not shown). The positive horizontal
vorticity advection originally located on the west side of
ITC moves over the TC center. The upper-level positive
vorticity advection can cause the horizontal divergence
by the influence of the Coriolis force, which is conduc-
tive to the generation of low-level negative pressure
anomaly, and simultaneously, it can also contribute to
the increase of upper-level vorticity. On the other hand,

baroclinic term —(
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although there is also positive vorticity advection in the
upper level for WTC, their strength and extension are
not comparable to those for ITC (Fig. 10c and f).

The contribution of the convective stability variation to the
vertical vorticity is reflected in the well-known theory of po-

tential vorticity conservation, namely ¢ = % In the case of
stable convection, when the convective stability decreases, the
air column thickness increases, inducing the strengthened hor-
izontal convergence and the enhanced vertical vorticity. The
significance of the change from moist baroclinity to vertical
vorticity is based on the slantwise vorticity development
(SVD) theory proposed by Wu and Liu (1999). According to

the theory, under the sufficient condition for SVD (% < 0),

the parcel sliding down along the moist isentropes must be
accompanied by % > 0. In this paper, we only discuss the
variation of 6, on x-direction due to the analysis of the zonal
vertical cross section. As the wind speed increases with height
and the equivalent potential temperature on the west side of
TC increases along the x-direction, so (0., <0 and there is
often an area convectively unstable in the lower layer near TC.
Therefore, the SVD conditions are met in the middle to upper

layers beyond the convectively unstable region. In this paper,

we define the baroclinic term as —(, dz;‘, and —(, is positive.

During the ET process, the stability decreases for both ITC
and WTC with the airflows sliding downward along the moist
isentropes on the west side, thus contributing to the vertical
vorticity. However, the area of large value of stability term is
sometimes collocated with the convective instability region or
the updraft zone, so it is relatively difficult to clearly explain
how the stability term contributes to the intensity change of
two types of TCs. At “Te-12”, there is distinctly large-value
vorticity representing the trough on the west in the upper at-
mosphere for both ITC and WTC, which is also connected
with TC’s vorticity. The ITC’s own residual vorticity can only
reach the level of 400 hPa, while that of WTC can develop up
to 200 hPa. At present, there is no distinct change of
baroclinity for the two types of TCs (Fig. 11a and d). When
the ET just completes, the upper-level vorticity associated
with the trough for ITC and WTC increases. The moist
isentropes of ITC near the trough have upward bulge, indicat-
ing the accumulated cold air over there. As the cold air behind

the trough sinks along the moist isentropes, its baroclinity

ey
> dt

located with the inclined moist isentropes and corresponds to
the increased vorticity between the trough and the ITC. The
atmosphere is convectively stable there, thus it is in favor of the
development of vertical vorticity. Under the joint effect of the
baroclinic term and the vorticity related to the upper-level
trough, the ITC’s vorticity develops to around 300 hPa. It
should be noted that the standard deviation of baroclinity for
ITC has the same problem as MPV, that is, the standard

increases, 1.e. > 0. The increased baroclinity is well col-
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Fig. 10 Same as Fig.8, but for the a)Te-12 d)Te-12
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deviation is slightly larger than the average (as shown in Fig. S8
(a) in Online Resource). After comparing each ITC, we find
that the reason for it is the same as MPV: the baroclinity of the
two ITCs with weaker troughs hardly contributes to vertical
vorticity, which again illustrates the importance of the strength
of trough. Although the WTC’s vorticity increases at the junc-
tion of the upper-level trough and TC, the distance between the
trough and TC hardly changes, and the moist isentropes around
the trough base in the middle troposphere horizontally distrib-
utes with non-significant subsidence of the upper cold air.
Therefore, the baroclinic term can be considered with little
contribution to the vertical vorticity, reducing the height of
WTC’s vortex column (Fig. 11b and e). At “Te+12”, the

ITC’s vorticity near the trough is greater than that 12 h ago,
and the baroclinic term still contributes to the vertical vorticity.
While for the WTC, the vorticity decreases and the baroclinic
term has limited contribution to vertical vorticity throughout
the ET process, thus the residual vortex column is further
destroyed and slopes toward the upper-level trough completely
(Fig. 11c and f).

5 Conclusion and Discussion

Two types of TCs with different intensity changes during ET
were analyzed by means of composite in the presence of

\3‘ Korean Meteorological Society @ Springer
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Fig. 11 Same as Fig.8, but for the 200
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upper-level upstream trough, and the possible mechanisms
were discussed by examining large-scale circulation patterns,
structure characteristics, MPV and the vertical vorticity budget
in this study, which will provide theoretical basis for enhanc-
ing the intensity prediction of TCs undergoing ET.

The composite background showed that the South Asia
high and subtropical high might have considerable effects on
the interaction between the upper-level trough and TC. Due to
the blocked South Asia high and subtropical high, the WTC
upstream trough was tilted from northeast to southwest. Thus
the WTC was mainly steered by westerlies and failed to enter
the divergence zone on the right side of the jet entrance. The
cold air carried by upper-level trough did not intrude into the
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TC inner area. On the contrary, the trough for ITC was less
affected by the South Asia high or subtropical high and ex-
tended toward TC. Therefore, the poleward airflow in front of
the trough accelerated the TC to move poleward into the di-
vergence zone.

Before the ET, the warm cores of two types of TCs were
destroyed at different levels. In the ET process, as the trough
approached, the cold air intruded into ITC, and the cold ad-
vection encircled the ITC center in a semi-circular shape, mak-
ing the warm core occur again. In addition, the decreased wind
shear and the enhanced baroclinity also played important roles
in ITC’s reintensification. While the cold air for WTC only
wandered around the northwest side of TC without further
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intrusion, its warm core in the lower layer almost disappeared.
Affected by the increasing vertical wind shear, the WTC up-
draft was still confined to the northeast side of TC and grad-
ually moved away from the TC center as the WTC continued
to weaken.

MPYV distribution at upper level can well reflect the evolu-
tion of the trough. The ITC’s upper-level MPV gradually ex-
tended downward and approached to the TC but it may be
closely related to the strength of trough. The downward trans-
port of cold air increased the baroclinity. As a result, the
baroclinity of the vortex system at upper and lower levels
tended to gradually enhance with time during ET, and then
the vertical vorticity increased correspondingly according to
the MPV conservation principle. The WTC’s MPV elongated
toward the southwest alongside the trough-line and did not
develop over the TC center or transport downward to the TC
vertically. The MPV2 changed slightly with time above
600 hPa, and the vertical vorticity of the whole layer above
700 hPa tended to decrease as a correspondence.

The vorticity budget analysis of ITC and WTC
showed that as the upper-level trough and TC were
close to each other, the upper-level horizontal vorticity
advection to the west side of TC shifted to positive
values for both ITC and WTC, and the intensify and
coverage of the positive vorticity advection of ITC
was greater than that of WTC, leading to the generation
of low-level negative pressure anomaly. The contribu-
tion of baroclinic term to the growth of vertical vorticity
was more significant for the ITC than the WTC but it
was also deeply influenced by the strength of upper-
level trough.

This paper aims to identify the different effects of the
trough on the ITC and the WTC, so the strength of trough is
not considered. However, the strength of trough has been
proved to have an influence on MPV and baroclinic term as-
sociated with TC intensity. Therefore, the strength of trough
can be further limited, and this will be studied in the subse-
quent work. In addition, although the composite analysis is
capable of revealing the commonality of TC evolution pro-
cess, it is unable to connect the dynamic development mech-
anism with corresponding synoptic processes. Hence, it is
necessary to apply the preliminary conclusion obtained from
the composite analysis to case analyses to further explore the
mechanisms affecting TC intensity variation during the ET
process in the future.
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