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Abstract With the use of data from the National Centers for Environmental Prediction Climate Forecast System Reanalysis, the
environment and structure of typhoon Toraji (2001) are investigated during the re-intensification (RI) stage of its extratropical transi-
tion (ET), a process in which a tropical cyclone transforms into an extratropical or mid-latitude cyclone. The results provide detailed
insight into the ET system and identify the specific features of the system, including wind field, a cold and dry intrusion, and a frontal
structure in the RI stage. The irrotational wind provides the values of upper- and lower-level jets within the transitioning tropical
cyclone and the cyclone over Shandong Peninsula, accompanied with the reduced radius of maximum surface winds around the cy-
clone center in the lower troposphere. Simultaneously, dry air intrusion enhances the formation of fronts and leads to strong potential
instability in the southwest and northeast quadrants. The distribution of frontogenesis shows that the tilting term associated with ver-
tical motion dominates the positive frontogenesis surrounding the cyclone center, especially in the RI stage. The diagnostics of the
kinetic energy budget suggest that the divergent kinetic energy generation whose time evolution corresponds well to that of cyclone
center pressure is the primary factor for the development of Toraji in the lower troposphere. The ET of Toraji is a compound pattern
that contains a development similar to that of a B-type extratropical cyclone within the maintaining phase and an A-type extratropical
cyclone within the strengthening period, which corresponds to the distribution of the E-P fluxes with vertically downward propaga-

tion in the maintaining stage and upwards momentum in the strengthening phase.
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1 Introduction

Extratropical transition (ET) of tropical cyclones (TCs)
is a process in which a TC transforms into an extratropi-
cal (or mid-latitude) cyclone (Evans and Hart, 2008). This
process can be generally considered a transformation
from a symmetric warm-core TC to an asymmetric cold-
core cyclone (Quinting et al., 2014). Approximately 45%
of TCs interact with mid-latitude flow after recurvature
(Jones et al., 2003) and undergo ET, with more than 50%
of these storms re-intensifying as extratropical cyclones
(ECs) in the North Atlantic basin (Hart and Evans, 2001).
Klein et al. (2000) developed a three-dimensional con-
ceptual model of ET, in which the process of ET is split
into the two following stages: extratropical transforma-
tion and re-intensification (RI).

ET and RI always produce intense rainfall, which re-
sults in catastrophic inland flooding (DiMego and Bosart,
1982a, b), damaging winds (Merrill, 1993; Evans and Hart,
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2008), and marine hazard (Sekioka, 1956a; Sinclair, 2002).
Thus, the ET of TC has been studied through numerous
research cases (Sekioka, 1956a, b; DiMego and Bosart,
1982a, b; Evans and Prater-Mayes, 2004; Kitabatake, 2008;
Harr and Dea, 2009; Chen and Pan, 2010; Cordeira and
Bosart, 2011) and climatologies (Harr and Elsberry, 2000;
Klein et al., 2000, 2002; Hart and Evans, 2001; Jones et al.,
2003; Dare and Davidson, 2004), which indicate the evo-
lution of features and characteristics of ET. At the trans-
formation stage, the characteristics of the interaction be-
tween the cyclone and the mid-latitude systems include
asymmetric wind, thermal structure, moisture, precipita-
tion, cloud, and convection (Sekioka, 1970; Jones et al.,
2003), and the dispersal of the upper-level TC warm core
(Ritchie and Elsberry, 2001). The RI stage is identified by
the deepening of the EC with frontogenesis and asymmet-
ric wind, cloud, and precipitation patterns (Harr and Hogan,
2000). Some results of ET research (DiMego and Bosart,
1982a, b; Foley and Hanstrum, 1994; Harr and Elsberry,
2000; Harr and Hogan, 2000) show that the RI of TC is
similar to the development of a B-type EC (Petterssen and
Smebye, 1971), which occurs when a strong upper trough
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is moving over a low-level warm advection (The B-type
EC occurs when a strong upper trough is moving over a
low-level warm advection. In this process, the cyclone
enhances because of the strong vorticity advection from
the upper level. The A-type EC is similar to the cyclone
inspired by the frontal wave, which is relevant to baro-
clinic instability with strong temperature advection in the
lower atmosphere).

Previous studies show that the transition of TC is closely

related to cold air intrusion (Chen, 2000; Zhu et al., 2005b).

During the interaction of the TC and the mid-latitude
baroclinic zone, the cold air moves west and warm air
moves east (Vancas, 2006). Cold air intrusion can aggra-
vate deep convection when the cold air meets warm and
moist air from TCs (Emanuel et al., 1994). Simultaneously,
a front is always formed. At the transformation stage,
warm frontogenesis arises in the northeast quadrant of the
TC in transition because of the modification of the equiva-
lent potential temperature gradient, and cold frontogene-
sis to the west of the TCs is suppressed because of ther-
mally directed circulation (Harr and Elsberry, 2000).

The westerly belt plays an important role in ET (Di-
mego and Bosart, 1982a, b; Harr and Elsberry, 2000; Harr
and Hogan, 2000). Klein et al. (2002) numerically inves-
tigated the ET and RI of the occurrence of TC in the
northwest Pacific Ocean and found a complex dynamical
interaction between the westerly belt and the cyclones in
transition. The upper jet persists because of the release of
the latent heat of the cyclone (Palmen, 1958). Bosart and
Atallah (2000) and McTaggart-Cowan (2002) pointed
out that the relative position between the cyclone in tran-
sition and the jet is important.

In this paper, we study the evolution of Toraji (2001),
which contains ET and RI in a baroclinic environment.
Toraji remained for a long time and brought catastrophic
inland flooding and strong winds after landfall, which
resulted in significant financial damage. Some previous
studies (Han et al., 2005; Li et al., 2004) showed the
structure of typhoon Toraji in the synoptic situation and
frontogenesis, and concluded some reasons for the RI.
However, the analysis of the RI mechanism process of
Toraji is insufficient and unsystematic. Thus, this case
needs to be studied to improve TC forecasting and reduce
hazardous damage.

This paper is organized as follows: Section 2 presents
the data and the methodology. Section 3 contains the
overview of typhoon Toraji and the synoptic situation
during the ET. Section 4 focuses on the synoptic situation
and structural characteristics during the RI period with
some possible mechanisms for the observed structure.
Section 5 presents the conclusions and discussions.

2 Dataset and Methods
The best track data from the Japan Meteorological Agency

(JMA, http://agora.ex.nii.ac.jp/digital-typhoon/index.html.

en) show that typhoon Toraji formed near the Philippines
as a tropical depression and then moved northwestward.

@ Springer

To investigate the structure of the ET and RI of the sys-
tem, we used the reanalysis dataset of the National Center
for Atmospheric Research (NCAR) archived at the Na-
tional Centers for Environmental Prediction (NCEP) Cli-
mate Forecast System Reanalysis (CFSR) data, with a
0.5°%0.5° horizontal resolution at 6h intervals. The 25-year
Reanalysis Project (JRA-25) data with 1.25°x1.25° resolu-
tion from Japan Meteorological Agency (JMA (Onogi
et al., 2007) are compared with CFSR data. The results of
the two datasets are similar in terms of the ET evolution.
The CFSR data are adopted in this paper because of their
finer grid. The Multi-Functional Transport Satellite (MT-
SAT)-1R images of Geostationary Operational Environ-
mental Satellite (GOES-9) were used for assistant analy-
sis.

3 Overview of Typhoon Toraji

Toraji originated from a tropical disturbance east of the
Philippines (Fig.1a) at 0000 UTC July 25, 2001. TC Toraji
first attained tropical storm intensity on July 27 when it
was moving northwestward with the maximum surface
wind (MSW) exceeding 34kt (kt, knots per hour, 1 kt=
0.514ms ") (Fig.1b). The storm intensified slowly in the
following 18h. The system was labeled a typhoon by the
Joint Typhoon Warning Center; at that time, the wind
speed was 65kt. Twelve hours later at 0600 UTC 28 July,
it peaked in intensity, the minimum sea level pressure
(MSLP) was 960 hPa, and the MSW speed was 75kt. This
TC maintained its peak intensity for approximately 30h.
Toraji’s track shifted northward and its intensity de-
creased because of the topography when it made landfall
in Taiwan at 1500 UTC 29 July and then became a severe
tropical storm 3h later. As the storm decayed, the sym-
metrical structure disappeared, and the storm weakened
into a tropical depression before and after it made landfall
in Zhejiang because of the enhanced friction and reduc-
tion of moisture supplies. Subsequently, Toraji moved
northward and was back over the ocean, where it evolved
to an EC and intensified. Finally, the system weakened
over the Bohai Sea and dissipated. The RI stage of Toraji
is the major objective in this study, which is highlighted
in Fig.1a. The research time is noted as extratropical tran-
sition cyclone (ETC) in this paper.

The asymmetric characteristic of the cloud structure
when the typhoon made landfall at Zhejiang (Fig.2a) in-
dicated that the cyclone was at the transformation stage of
ET (Klein ef al., 2000). The cloud around ETC exhibited
the features of a stratus cloud. Images showed a hollow
configuration and the comma structure of the spiral cloud
band and intense convection in the outer edge of the
northeast quadrant due to RI of the cyclone (Figs.2c—2d).
At the same time, the satellite infrared images (not shown)
demonstrated that a convective cloud developed in the
northeastern side of the cyclone. Furthermore, infrared
and water vapor satellite images (not shown) indicated a
tongue of cold dry air invading from northwest to south-
west around the center of Toraji.
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Fig.1 (a) Track of TC Toraji from JMA (http://agora.ex.nii.ac.jp/). Circles are placed every 6h. (Blue, tropical depres-
sions; Green, tropical storm; Yellow, severe tropical storm; Red, typhoon; Pink, extratropical cyclone). (b) Time series
of best-track central pressure (SLP; solid lines with dots; hPa) and maximum sustained wind speed (Vmax; solid lines
with circles; kt). The little figure in (a) is the research stage.

Fig.2 MTSAT-IR1 images at (a) 0000 UTC 31 Jul, (b) 1200 UTC 31 Jul, (c) 0000 UTC 01 Aug, and (d) 1200 UTC 01 Aug.
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4 Synoptic and Structure Characteristics

4.1 Synoptic Situation

Fig.3 show the 500 hPa geopotential height field asso-
ciated with Toraji. The cyclone decayed to the bottom
with a minimum central pressure of 1000hPa and a pat-
tern with a closed 500hPa geopotential height contour at
0000 UTC 31 July (Fig.3a). After 12h (Fig.3b), the out-
ermost closed contour of the 500hPa geopotential height
fields of the cyclone became open (OW structure, con-
toured every 20m) and evolved to a weak trough, which
indicated the end of the transformation stage (Klein et al.,
2000). At this stage, the storm presented the features of a
baroclinic cyclone, and cold air invaded the storm. Such
time is potentially defined as the ET completion time by
Demirci et al. (2007). At the transformation stage, a trough
(TR1) was located northwest of the storm, and a follow-
ing ridge (RD) was noted at 500hPa along 100°E on 31
July. As Toraji moved northward, it began to merge with
TR1, and the ETC developed (Fig.3c). At the same time,
TR1 expanded equatorward and evolved into a cyclone
with a closed contour of the 500-hPa geopotential height
fields (5780m) and another trough (TR2) formed on the
north of TR1. The center of the ETC was located to the
northeast of TR1 when the intensity of Toraji peaked again,

0° . B W 0 el e
90° 100° 110° 120° 130°

140°E

and TR1 separated from the original low system (Fig.3d).
At this RI stage, the gradient of geopotential heights be-
tween TR1 and the subtropical anticyclone increased.
Simultaneously, RD extended eastward to the subtropical
high over the West Pacific Ocean and cut off the joint of
TR1 and the north low system along 42°N. The above
discussion shows that the upflow before a strong trough
and the increased gradient of geopotential heights pro-
vided favorable conditions for the TC (Petterssen and
Smebye, 1971).

The wind field at 850hPa (Fig.3) exhibited an asym-
metrical pattern with strong wind in the southeast and
northeast quadrants of ETC, and a weak wind on the left
side of the motion direction before ET completion (Figs.
3a—3b), which is consistent with the results of Jones et al.
(2003) and Quinting et al. (2014). Simultaneously, ETC
entered the left area of the low-level jet (LJ), where the
existence of upflow further provoked convective devel-
opment. At the RI stage (Figs.3b—3d), closed circulation
of the wind field around the center was formed again
when Toraji moved northward along the left-hand of LJ
and joined another closed cyclonic circulation (shown in
Figs.3a and 3b) over Shandong Peninsula. Meanwhile, a
new expansion of the storm-forced wind gradually emer-
ged in the northwest quadrant close to the best track center.

Fig.3 shows the distributions of 8 at 850-hPa during ET

0° : — : N "4 . ]
90° 100° 110° 120° 130° 140°E

R o — m— ——
315 320 325 330 335 340 345 350 355 360

Fig.3 Geopotential height (gpm; solid lines) at 500 hPa, potential temperature (6, K; shaded), wind (ms™'; barbs, with a
full line representing 10ms '), and low-LJ stream (winds in the region surrounded by the green dashed lines are greater
than 12ms ') at 850 hPa at (a) 0000 UTC 31 Jul, (b) 1200 UTC 31 Jul, (c) 0000 UTC 01 Aug, (d) 1200 UTC 01 Aug. (e:

the location of typhoon center).
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and RI. At 0000 UTC 31 July, Toraji evolved into a baro-
clinic cyclone, and a cold tongue corresponding with TR1
was observed to the northwest of the ETC. The cold air
intrusion resulted in increased temperature gradient in the
northwest of the warm core cyclone (Fig.3a). Afterwards,
the cold tongue extended southward by advection, and the
ETC intensified (Figs.3b—3d). During this period, the
temperature gradient increased northwest of the cyclone
while the typhoon was moving northward. The intrusion
of cold air can induce tilt and aggravate the vertical shear
of a TC in its extratropical transformation (Jones, 1995;
Jones et al., 2003), and enhance the baroclinic instability,
which precipitates the conversion from baroclinic energy
to kinetic energy (Chen and Ding, 1979).

The pumping of high-altitude divergence enhanced ver-
tical motion when the ETC moved to the upper-level jet
(ULJ) entrance area during RI (Fig.4) with opposite cir-
culations in the both sides of the entrance region. At the
RI stage, TR1 helped enhance the irrotational outflow
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associated with the ETC (Figs.4a—4c), which indicates an
increasing interaction between the ETC and the subtropi-
cal trough (TR1). The component of the irrotational out-
flow perpendicular to the axis of the ULJ increased to a
local maximum of 18ms ™' at 0000 UTC 1 August (Fig.4c).
Simultaneously, the western portion of the outflow from
Toraji also helped strengthen the trough (TR1). Subse-
quently, the ETC center was coincident with the center of
the irrotational outflow when ETC intensified to its peak
again (Fig.4d). The distribution of PV in Fig.4 showed
that PV was characterized by a strong positive anomaly
associated with TR1, TR2, and the ULJ with values ex-
ceeding 6 potential vorticity units (PVU) (1PVU=1x10"°
Kkg 'm’s™). The PV gradient on the northwestern edge
of the ULJ increased, which in turn contributed to the
intensification of Toraji via downward-conveyor mo-
mentum. The relative position between the TC and upper
jet is important, as shown in previous research (McTag-
gart-Cown, 2002).
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Fig.4 Total wind magnitude (shaded, beginning 30; ms '), PV (contours; PVU), and irrotational wind (arrows; ms ') at
250-hPa at (a) 0000 UTC 31 Jul, (b) 1200 UTC 31 Jul, (c) 0000 UTC 01 Aug, (d) 1200 UTC 01 Aug. (e: the location of

typhoon center).

4.2 Structure Characteristics

As shown in Fig.3, the circulation of ETC center was
open with minimum wind in the left-hand side of the best
track at 850hPa. Fig.5a depicts the evolution of the 10 m
wind field parallel to the best track throughout the end of

transformation and the entire RI stage. The asymmetrical
structure was obvious, with the maximum wind observed
to the right of the cyclone before the development of the
system. At the RI stage, the wind field exhibited strong
wind on both sides of the moving ETC with the magni-
tude of the wind reinforcing on the left side, which is
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similar to the ‘left-hand side contribution’ (Loridan et al.,
2014). Meanwhile, the radius of MSW shrank inwardly
again on both sides of the ETC at 0000 UTC 1 August.
An inward displacement of the from approximately 2 to 3
degrees of longitude or latitude was noted in conjunction
with the acceleration of approximately 11ms "' of the wind
field on both sides at 1600 UTC 1 August. Nevertheless,

00Z0ZAUG

the asymmetrical phenomenon existed through the ET
period at 500hPa (Fig.5b). The time when the maximum
wind reached 500hPa was 6h earlier than that near the
surface (Fig.5a) on the right side of the ETC. At the RI
stage, positive wind (southward) replaced negative wind
(northward) over the storm center, which demonstrated
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Fig.5 (a) 10m wind field parallel to the best track representing the tangential wind speeds (ms™'). (b) as in (a), but at
500hPa. Positive wind speed corresponds to the moving direction of the typhoon. (L: left; R: right. 0: the location of

typhoon center).

The features of the surface latent heat flux (SLHF), the
950hPa wind field, and PV are shown in Fig.6. The cir-
culation of the non-divergent (Fig.6a) wind field exhib-
ited an asymmetrical pattern in the north—south direction
with strong wind over the sea and weak wind over land
when the storm made landfall in Zhejiang Province,
which is similar to the evolution of the 10m wind field
(Fig.5a). The irrotational wind field showed a strong in-
flow of approximately 10ms ' on the east side of the
storm (Fig.6b). By contrast, the distribution of 6 sur-
rounding the system showed a warm core at a low-level
atmosphere with a warm area on the left-hand of the best
track. A wider band of weaker PV occurred at the center
(Fig.6b), and preexisting PV was broken in the south of
the ETC (not shown). At the same time, SLHF exhibited a
strong band starting on the northwest side of the ETC and
extending around the west to the southwest side (Fig.6a),
where the convective cloud developed (Fig.2b). At the RI
stage, the circulation of non-divergent wind developed
quasi-symmetrically with a speed exceeding 18ms "' sur-
rounding the ETC center (Fig.6c). Correspondingly, the
irrotational wind was characterized by another asymmetry
with the strong and weak inflow on the western and east-
ern side of the ETC, respectively (Fig.6d). The inflow on
the west side associated with enhanced PV (Fig.6d) was
much stronger than that at 0600 UTC 31 July. Simulta-
neously, the equivalent potential temperature gradient
strengthened in the northeast—southwest direction near the
center because of cold air intrusion. Afterwards, the cold
air extended from the western side to the southern side of
the center by advection, and the ETC intensified with the
increased inflow surrounding ETC at 1200 UTC 1 August

@ Springer

(not shown). During the development period, a reduced
SLHF was located at the inner core of Toraji, although
the O gradient increased at that location. Interestingly, the
SLHF increased in the northeast and southwest quadrant
of the ETC, but the distance from the center increased
(Fig.6¢c). The result revealed that the influence of moist
static energy to the outward convection shifted, which cor-
responded to the ‘hollow configuration’ cloud (Fig.2d).
The release of latent heat was favorable to the strong con-
trast of cool and warm air masses across a frontal zone
and the incitation of cloud (Wang ef al., 2002).

Fig.7 shows the vertical structure change of radial wind
and tangential winds at different times. At 0600 UTC 31
July, the radial wind showed a strong inflow below 500
hPa on the southern side of the ETC, with a maximum
speed greater than 9ms ' at 750hPa (Fig.7a). The inflow
almost covered the southern side of Toraji from near
26.2°N. Meanwhile, the outflow was approximately 450
hPa, with a maximum speed reaching 3ms™'. By contrast,
weak inflow was present from the boundary layer to 450
hPa near the center of the cyclone, and strong outflow
dominated the troposphere on the northern side of the
ETC to the north from 29°N (Fig.7a). At the RI stage, the
inflow strengthened in the southern side, especially in the
boundary layer, with the maximum speed exceeding 12m
s ' near the center at 0600 UTC 1 August (Fig.7b). Si-
multaneously, the radial wind exhibited enhanced inflow
in the lower troposphere in the northern part of ETC. The
inflow extended from the surface to near 700 hPa, with
the peak radial wind speed reaching 9ms™" (Fig.7b). The
distribution of the tangential winds shows a quasi-sym-
metric structure below 500hPa in the beginning of land-



ZHU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2018 17: 461-476

467

fall (Fig.7¢c). Then, the winds strengthened on both sides
of Toraji with a maximum speed greater than 27ms ' at
500hPa on the right side and a maximum speed greater
than 21 ms ™' in the atmospheric boundary layer on the left
side. Thus, the quasi-symmetric structure of the cyclone
was destroyed and the storm tilted westwards with height
in the vertical direction (Fig.7d).

The vertical cross sections from southwest to northeast
through the center of the relative humidity, 8, and wind
field are shown in Fig.8. Fig.8a shows that cold air was
weak in the middle atmosphere on the southwestern side
of the ETC, with the minimum of  reaching 340K. By
contrast, extensive cold air dominated the middle atmos-
phere from 850hPa to 300hPa on the northeast quadrant
of Toraji (Fig.8a). Correspondingly, the ETC exhibited a
warm core with one maximum temperature at the bound-
ary and another at the tropopause. The distribution of the
relative humidity revealed that wet air existed in the
boundary layer on both sides of Toraji (Fig.8a). Wet air
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extended from the surface to near 600 hPa in the south-
west quadrant. Meanwhile, updraft was predominant on
the southwestern side, and weak downdraft existed on the
northeastern side of the ETC. As time elapsed, the cy-
clone re-intensified, and cold and dry air enhanced and
extended downstream to the southwest boundary of Toraji
(Fig.8b). At the same time, warm and wet air in the
boundary and lower troposphere in the northeast quadrant
strengthened and extended upward. The wind field exhib-
ited that the northeastern part of the ETC was character-
ized by weak upward motion because of intense flow
from the lower atmosphere (Fig.8b). Correspondingly, the
wind field formed a circulation on the vertical section in
the lower atmosphere, with the downward motion domi-
nating the troposphere in the southwest quadrant between
28°N and 34°N. The above analysis suggests that the
processes of the ET and RI are always accompanied by
the presence of cold and dry air (Emanuel et al., 1994;
Zhu et al., 2005b).
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Fig.6 SLHF (contours; Wm °) and non-divergent wind (arrows; ms ') at 950hPa at (a) 0600 UTC 31 July, (c) 0600
UTC 1 August. PV (shaded; PUV), potential temperature (6, contours; K), and irrotational wind (arrows; ms ') at 950
hPa at the same time are shown in (b), (d). (e: the location of typhoon center).
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4.3 Frontogenesis

In previous studies, the ET process was considered an
interaction between a cyclone and a baroclinic zone (Dos-
well, 1985), accompanied by developing frontogenesis.
Sekioka (1956a, b, 1970) and Matano and Sekioka (1971)
showed that a TC does not transform into an EC and re-
intensify, but decays and dissipates unless it encounters
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an invading cold front. Harr and Elsberry (2000) studied
the frontogenesis of cyclones interacting with a preexist-
ing trough to the northwest and northeast and described
ET of TC.

We described the horizontal and vertical structure of
the wind field, equivalent potential temperature, and rela-
tive humidity. The feature of their distribution (Figs.3 and
8) indicates that the fronts develop in the northeast and
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southwest quadrants of the storm. To express the cold air
intrusion and the physical process caused by the interac-
tion between the cyclone and the baroclinic zone (mid-
latitude systems), we calculate the three-dimensional sca-
lar frontogenesis parameter (SFP) (Harr and Elsberry,
2000) as follows:

00
|2

20 auae dvol) 0d6
.

ay E dy dy ap
where 6 is the potential temperature, and w is the vertical
motion in the pressure coordinates. The first term on the
right-hand side of Eq. (1) is the divergence of frontogene-
sis (denoted by F,-div), the second term is the deforma-
tion of frontogenesis (denoted by F,-def), and the third
term is the tilt of frontogenesis (denoted by F,-tilt). Posi-
tive (negative) —F,, corresponds to the frontogenesis (fron-
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The horizontal and dynamic structure of a cyclone can
be depicted by geopotential height, divergence, vertical
velocity, and SFP (Figs.9 and 10). Results reveal that the
tilting term (F,-tilt) associated with vertical motion
dominates the positive frontogenesis surrounding the
ETC center (Figs.9d and 10d), which is consistent with
Kofron et al. (2010). This result is different from that of a
previous study on the early ET stage (Han et al., 2005).
By contrast, the contributions of F,-div and F,-def are
trivial. At 0600 UTC 31 July, the horizontal distribution
of scalar frontogenesis (Fig.9a) and the evolution of po-
tential temperature (Fig.9c) indicated a cold frontogenesis
in the southwest quadrant of Toraji. Weak scalar fron-
tolysis occurred north of the center in the warm frontal
region (not shown). Fig.9b shows a convergence band in
the northern—western—southern side of Toraji, as shown
by satellite images (not shown). The contribution of con-
vergence and divergence to the frontogenesis is negligible
surrounding the ETC except that on the northern side, as
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Fig.9 600-hPa SFP and its components (shaded; K (100 km)f1 @3 h)fl): (a) —F, and geopotential height (contours; gpm), (b)
—F,-div and divergence (contours; 10°s™"), (¢) —F,-def and potential temperature (contours; K), and (d) —F,-til and verti-
cal velocity (contours; Pas™") at 0600 UTC 31 July. The cyclone centers are marked ‘®”.
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Fig.10 Same as Fig.9, but for 0600 UTC 1 August.

well as the term of deformation (Fig.9c). At the same
time, the horizontal distribution of vertical velocity is
similar to the distribution of divergence, but the contribu-
tion of F,-tilt to frontogenesis dominates the southwest
quadrant.

At 0600 UTC 1 August, when the ETC re-intensified,
the —F, amplified in the southwest quadrant and extended
eastward (Fig.10a). However, the distance of the fronto-
genesis from the center increased, which was primarily
provided by the F-tilt (Fig.10d). Simultaneously, positive
—F,, occurred in the northeast quadrant of the ETC, where
the warm frontal features are indicated by a strong tem-
perature gradient (Fig.10c) and wind field (Figs.3 and 8b),
among others. Correspondingly, another positive —F), is
produced in the northwest quadrant associated with the
cold frontal zone. A comparison between the details of
Figs.10b and 9b shows that divergence replaced conver-
gence in the southwest quadrant, and the contribution of
convergence (F,-div) to the frontogenesis is obvious on
the northern side of the ETC (Fig.10b), although a portion
of F,-div is counteracted by frontolysis of F,-til near the
center. By contrast, the contribution of F-tilt for fronto-
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genesis takes place at the northwest and northeast quad-
rants, which are associated with a strong temperature gra-
dient (Fig.10c).

4.4 Kinetic Energy Budget

Although kinetic energy converted from baroclinic po-
tential energy due to cold air intrusion is trivial in the
total energy balance, it is important for persistence and RI
when a typhoon moves to the mid-latitude zone (Thorn-
croft and Jones, 2000; Hart and Evans, 2002). The kinetic
energy budget equation in pressure coordinates (Ward and
Smith, 1976) is as follows:

K

= {jj -V -Vododp + [[-V - Vkdodp+

gA

[ —ak—wdad } @)

where V(= VD + VR) is the wind vector and can be pre-
sented by dlvergent (VD) and rotational (VR ) wind com-
ponents; k=¥ -V /2 isthe kinetic energy per unit mass,



ZHU et al. /| J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2018 17: 461-476 471

K (:LA” kdodp) 1is the kinetic energy of atmospheric
&

volume; @=gZ, g and Z are the gravity acceleration and
the geopotential height, respectively; 4 is the computa-
tional area; and w is the same as in Eq. (1); the other
symbols are common meteorology symbols. The left side
of Eq. (2) is the local variation of kinetic energy (GKT).
The first term on the right side of Eq. (2) is the kinetic
energy generation (GKE) and can be divided into diver-
gent and rotational kinetic energy generations (GKD and
GKR), which is the primary kinetic energy. GKD is
closely related to atmospheric baroclinicity, and GKR can
stand for atmospheric barotropy; both will be described.
The second term is the horizontal divergence of kinetic
energy (HFC). The third term is the vertical divergence of
kinetic energy (VFC), and the fourth term is the energy in
the residual (R). In this study, GFRS data are employed
with a span of 0.5°, and the computational area is a 10°%
10° square with 28 levels from the surface to 200hPa in a
vertical orientation with its center representing that of the
typhoon.

The circulation of the cyclone shows that the wind en-
hances and transforms from an oval to a quasi-symmetri-
cal structure in the RI stage (Figs.5 and 7), which implies
the strengthening of kinetic energy. Fig.11 shows the
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temporal variation of regionally averaged kinetic energy
(KE), divergent kinetic energy (KD), and rotational ki-
netic energy (KR). KE values reflect these variations,
exhibiting a decrease during the first 12h with an invari-
able MSLP of 1000hPa (Fig.1b). Afterwards, KE gener-
ally increases throughout the RI stage until 1800 UTC 1
August. Thus, the cause of RI can be explained as the
variating kinetic energy budget because of the close coin-
cident trend of KE and MSLP. The variation of KD and
KR is similar to that of KE during the entire calculation
period, whereas 83.7% of KE can be explained as KR
(Fig.11a). KR is the major part of KE due to the quasi-
geostrophy of atmospheric motion, which is consistent
with Chen et al. (1978). The cross section of KE (Fig.11b)
reveals a homologous vertical pattern and the increasing
KE as a positive column total. During the calculation pe-
riod, KE increases in the upper troposphere, but energy
content decreases in the initial 12 h and then increases
near the surface (Fig.11b). A major increase near 850 hPa
occurs when the cyclone moves to the Bohai Sea 6h after
intense peaking at 1800 UTC 1 August. The distribution
of KR (Fig.11c) in the vertical cross section is similar to
that of KE (Fig.11b). KD evidently increases in the upper
troposphere and near the surface throughout the period,
although the KD values are trivial relative to the KR val-
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Fig.11 (a) Temporal evolution of kinetic energy of an atmospheric volume of KE (vector winds), KR (rotational winds),
and KD (divergent winds). Pressure-time cross sections of area-averaged (b) KE, (c¢) KR, and (d) KD. The region is a
10°x10° square with its center representing that of the typhoon, the same as in Figs.12 and 14.

@ Springer



472 ZHU et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2018 17: 461-476

ues (Fig.11d). In the upper atmosphere, a maximum value
of 26 kg ' occurs near 200hPa 6h before intense peaking
at 0600 UTC 1 August and KD begins to decrease when
the ETC peaks again (Fig.11d).

Corresponding to the strengthening of KE, KR, and KD
in the upper atmosphere, the relative position between the
cyclone in transition and the upper jet is important
(Bosart and Atallah, 2000). When the storm moved to the
upper jet entrancing area, the pumping of the high-alti-
tude divergence enhanced irrotational outflow and low-
level cyclone convergence (Fig.4). In the lower atmos-
phere, except for the contribution of LJ (Fig.3), cold air
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intrusion enhanced the baroclinic storm and convergent
circulation in the northeastern and southwestern sides of
the system, which is associated with the increased equiva-
lent potential temperature gradient (Fig.6d).

Fig.12 shows the pressure-time cross sections of the
area-averaged terms of Eq. (2). In the initial 12h, the GKT
values were negative in the lower troposphere (below 600
hPa) because of surface friction (Fig.12a). Positive GKT
values dominated the troposphere with a peak (2Wm?)
near 250hPa at 0600 UTC 1 August at the RI stage asso-
ciated with the enhancement of circulation. The positive
GKE values associated with wind crossing from higher to
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Fig.12 Pressure-time cross sections of area-averaged (a) GKT, (b) GKE, (c) HFC, (d) VFC, and (e) R (Shaded: positive

values; Wm ).
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lower heights (Fig.12b) were located in the upper (above
400) and the lower troposphere (below 850hPa). In the
upper atmosphere, GKE was enhanced with a maximum
positive value of 5W m > near 250 hPa at 0300 UTC 1
August, corresponding to the peak values of GKT. The
GKE values in the lower troposphere increased with the
northward movement of the ETC, with the peak value
exceeding 3 Wm 2 near the surface at 1800 UTC 1 Au-
gust (Fig.12b). The distribution of HFC indicated the KE
transition between the cyclone and the surrounding at-
mosphere in the horizontal direction. A positive HFC
existed in the boundary layer and the lower troposphere
with a smaller magnitude (Fig.12c), which demonstrated
the energy conversion from the surrounding region to the
storm. By contrast, the largest contributor, which was the
negative values in the upper levels, indicated that KE
conveyed from the volume to the surrounding region
(Fig.12c), which might be attributed to the outflow from
the cyclone (Fig.4). For VFC associated with energy
conveyed downward, the primary positive values were
concentrated in the upper atmosphere, and the negative
values were dominant in the middle and lower atmos-
phere (Fig.12d). The positive values trended downward to
the boundary layer before 1800 UTC 31 July and induced
the conservation and development of the cyclone, which
was similar to the B-type EC. Afterwards, the positive
area experienced a complex period, contracting upward
and intensifying with a maximum value of 6 Wm > at
0000 UTC 1 August, and then extending downward and
decreasing (Fig.12d). The negative values extended from
the surface to near 300 hPa at 2100 UTC 31 July and
stayed below 600hPa, which indicated that the KE con-
veyed upward in the vertical direction (Fig.12d). The dis-
tributions of R showed that the negative values of KE
primarily dominated the lower atmosphere (Fig.12e).

The distribution of geopotential height (Figs.6, 9 and
10) shows that the temperature gradient is weak in the
maintenance stage after Toraji made landfall. The tem-
perature gradient enhanced in the northeast and northwest
quadrants when Toraji merged with another cyclone over
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Shandong Peninsula in the lower atmosphere. By contrast,
the distribution of VFC (Fig.12d) indicates that the posi-
tive values trended downward to the boundary layer be-
fore 1800 UTC 31 July and induced the conservation and
development of the cyclone, and then the KE conveyed
upward in the vertical direction as the cyclone intensified,
which corresponds to the distribution of the E-P fluxes
with vertically downward propagation at 0600 UTC 31
July (Fig.13a) and upward-conveyor momentum at 0600
UTC 1 August (Fig.13b). The transmission of the E-P
fluxes is particularly evident in the middle and lower at-
mosphere. Thus, the RI of Toraji was a complex pattern
that contained the development of A- and B-type ECs.
However, this pattern is different from that of Cyclone
Winner (1997), which was studied by Zhu et al. (2005a).
The above analysis shows that the strengthening of KE
was dominated by GKE and VFC in the upper atmos-
phere (Figs.12b and 12d) and by GKE in the lower at-
mosphere (Fig.12b). By contrast, the contribution of GKE
and VFC were partially offset by HFC in the upper tro-
posphere. To further determine the detailed impact of
GKE, the temporal variation of GKR and GKD is shown
in Fig.14. The GKR values increased as the decaying TC
re-intensified into an EC from 0000 UTC 31 July to 0900
UTC 1 August and then became negative in the upper
troposphere (Fig.14a). Meanwhile, low positive and
negative GKR values were found below 750 hPa. The
pressure-time cross section of GKD in the KE budget
throughout the ET and RI of Toraji (Fig.14b) indicates
that the positive GKD values occurred in the upper tro-
posphere with a maximum value of 3Wm 2 at 0300 UTC
1 August, and the peak value near the surface exceeded 3
Wm™ at 1800 UTC 1 August. Analysis (Figs.12b, 14a,
and 14b) suggests that GKE was supplied by GKR and
GKD during RI in the upper troposphere, which was at-
tributed to the effect of upper trough and jet. By contrast,
GKD was the primary term in the generation of KE in the
lower levels. Simultaneously, temporal evolution of the
terms of atmosphere volume in the KE budget (not shown)
showed that GKE was a significant source of energy.
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Figs.8a and 8b.

@ Springer



474 ZHU et al. /| J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2018 17: 461-476

=19

f =
=]
N ——————

200
(a) ?
300 - P
400 = 0
500 =

600 =

Pressure (hPa)

7y 'S
900 \l/ | I /

00Z 06Z 127 18Z
3UUL

Tlmc

DUZ {]62 122 182  00Z
AUG T

2AUG

200 ~5

(b) 3 R!
300 5
0 2
400 0 —
2 1

h

\\

600 =

Pressure (hPa)

700 =

800

900

1 1 12\ |

00Z 062 122 18Z  00Z 06Z 127
3UUL 1AUG

00Z
AUG

Time

Fig.14 Pressure-time cross sections of area-averaged (a) GKR, (b) GKD (Shaded: positive values; Wm ?).

Therefore, GKD at the lower levels could be considered
as the primary factor that resulted in the RI of Toraji.
Further research demonstrated that GKD was closely re-
lated to cold air intrusion through a comparison among
the distribution of GKD (not shown), irrotational wind,
and potential temperature (Fig.6). The above analyses
show that the interaction between the EC and the mid-
latitude synoptic system plays an important role in the RI
stage of Toraji. The analyses of Palmen (1958) and Harr
and Hogan (2000) indicate that the coupling between the
decaying TC and the mid-latitude circulation contributes
to the conversion of available potential energy into KE
via solenoidal circulation, where cold air sinks in the
thermal trough upstream of the decaying TC and warm air
rises in the downstream thermal ridge.

5 Discussion and Summary

A decaying TC (Toraji) undergoes an RI period as an
intense EC during ET. To determine the structural char-
acteristics and mechanisms of such an occurrence, data
from JMA, GRSR, and GOES-9 are employed. The ana-
lysis successfully reveals the path, intensity change, and
structural evolutions of Toraji. The results are summa-
rized below.

In the upper atmosphere, the existence of the upper jet
is important to the development of the TC. When Toraji
moved to the area of the upper jet entrance, where high-
altitude outflow exists, the pumping of the divergence
would enhance vertical motion and low-level cyclone con-
vergence. Simultaneously, the existence of LJ further en-
hances the vertical motion when the ETC is located at the
left side of LJ. At the transformation stage, TR1 moves
the low-level ETC eastward with a warm core, which is
similar to the development of a B-type EC. By contrast,
cold air intrusion conveyed by TR1 can result in in-
creased baroclinic instability and provide favorable con-
ditions for the RI.

The evolution of the circulation of the ETC shows that
both the rotational wind and the divergent wind strengthen
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on both sides of the best track with the magnitude of the
wind reinforcing on the left side at the RI stage, accom-
panied with shrunk MSW in the lower atmosphere. In
addition, the wind field exhibits a quasi-symmetric pat-
tern evolving from an oval to a ring. By contrast, a de-
creasing SLHF is located at the inner core of Toraji and
an increasing SLHF enlarges near the surface from the
center in the northeast and southwest quadrants of the
ETC. The potential temperature gradient increases in the
northwestern side of the center because of the cold air
intrusion, which is associated with the strengthening of
PV and the divergent wind in the lower atmosphere. Cor-
responding to the horizontal distribution of the wind field
and 6, the cold frontal features are indicated with cold air
and a downward motion dominating the troposphere in
the southwest quadrant in contrast to the warm frontal
features in the northeast quadrant.

The cold air intrusion enhanced the baroclinicity of the
atmosphere and the formation of fronts. The results dem-
onstrate that the F,-tilt associated with vertical motion
dominates positive frontogenesis in the southwest and
northeast quadrants, which correspond to cold frontal and
warm frontal structures, respectively. At the RI stage, the
conversion from baroclinic potential energy to KE en-
hanced in the upper and lower troposphere because of
cold intrusion and frontogenesis. The pressure—time cross
sections of the primary terms in the KE budget show that
the contribution of GKE is a significant component when
the contribution of VFC is partially offset by HFC. There-
after, this research further indicates that GKD plays an
important role in the lower troposphere during the devel-
opment period, which is associated with the baroclinicity
of the atmosphere. Meanwhile, the vertical distribution of
VFC demonstrates that RI of Toraji also possesses a
typical feature similar to the development of an A-type
EC by upward converting energy.

Therefore, the RI of Toraji is a complex pattern that
contained a similar development as A- and B-type ECs,
which is different from the pattern of Winner (1997) in a
previous study (Zhu et al., 2005a). In the early RI stage,
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ETC (Toraji) persisted as a result of energy conveying
downward. Afterwards, Toraji strengthened because of
the superposition of two cyclones over Shandong Penin-
sula when the ETC moved northward. Meanwhile, due to
cold air intrusion, frontogenesis developed in the north-
castward and southwestward quadrants. The result of
frontogenesis forced strong convergence and vertical
secondary circulation. Then, baroclinic potential energy
was converted into KE, which also increased the ETC and
transported energy upward. Thus, the enhanced upper
divergence further gave rise to lower atmosphere conver-
gence, which was a positive feedback for ETC.

ET is a complex evolutionary process that involves in-
teractions over a variety of horizontal and vertical scales
(Jones et al., 2003). In this study, the RI stage of Toraji is
emphasized, and its structural characteristics and mecha-
nisms are concluded. However, some questions remain
unanswered, such as the temporal evolution of the fron-
togenesis in different quadrants.
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