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Abstract

In this study, we followed the concept of Lee et al. (2006) to define that the tropical
cyclones formed in the Mei-Yu frontal depression as the frontal-type tropical cyclone
formation. The frontal-type cases during 1979 to 2018 were identified to uncover the
essential signatures of the large-scale environments. The filtering method was applied to
distinguish the signals from different temporal and spatial scales. The large-scale analyses
suggested that the strong southwesterly flow, abundant low-level vorticity and reduction of
baroclinicity fertilized the formation of tropical cyclone in the southwest end of the frontal
depression. Furthermore, a representative frontal-type case, tropical cyclone Gaemi (2018),
was analyzed to investigate the vortex-scale process and mechanism via the reanalysis and
the numerical simulation. The southwesterly flow induced the active convection and strong
horizontal wind shear in the frontal region. The perturbations were triggered via barotropic
instability and the potential vorticity in the frontal depression nourished their intensification.
Moreover, the mid-level trough was above one frontal vortex and helped the establishment
of mid-level vortex. This perturbation finally developed into a tropical cyclone — Gaemi.
In addition to the cyclogenesis mechanism, the frontolysis was an interesting phenomenon
as well. The frontolysis was induced by the short-wave radiation prior to Gaemi’s
development. The reduction of baroclinicity in this stage provided a suitable environment
for Gaemi’s formation. After Gaemi enhanced, Gaemi’s strong potential vorticity distorted
the frontal structure and Gaemi’s secondary circulation constrained the convection in
frontal region. Thus, the Conditional Instability of the Second Kind (CISK) mechanism was
restrained and led to the significant frontolysis. Last, a conceptual model was proposed to
elucidate the interactions between the tropical cyclone formations and Mei-Yu fronts.

iv
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the vertical velocicty from the diagnose of Saywer-Eliassen equation.
Figure 32. The synoptic-scale evolution in Noterrain simulation. The TC symbols are
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Gaemi and the dash lines marked the location of the Mei-Yu front (wind shear line). (a), (c)
and (e) illuminate the thickness between 850 hPa and 500 hPa (color, m), 500-hPa
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the frontolysis and the east section of front was maintained by the CISK. The barotropic
instability triggered low-level perturbations and the the short-wave trough helped the
establishment of the mid-level PV pool. (b) is after TC formation. The TC was a strong PV
center to organize the weak PV pool adjacent to the TC. The frontal PV was pumped out by
the TC and the secondary circulation of the TC restrained the convection in the frontal
region. The front experienced significant frontolysis as TC approached.

Xiv

doi:10.6342/NTU202101995



Chapterl. Introduction

Above the tropical ocean, some disturbance can develop into tropical cyclone (TC) in
the suitable environment where the low-level vorticity is abundant and vertical wind shear
is weak (Gray 1968; 1975; 1979; Fu et al. 2012). The environmental conditions are usually
regulated by large-scale circulation. While a large-scale low pressure passed tropical ocean,
it can induce deep convection which further aggregates in the specific region and establish
substantial cyclonic-vorticity anomaly at low level (Gill 1980; Wheeler and Kiladis 1999;
Wheeler et al. 2000), which is favorable for TC cyclogenesis. Hence, TC formations
usually gather in particular phase of the large-scale oscillations (Chen et al. 2018).

Some TCs, however, were able to form in an extratropical environment (Gray 1998).
In the past, several papers have analyzed these phenomena. For example, Hurricane Diana
(1984) was a famous case, which formed in a strong baroclinic environment and many
studies have explored its formation (Figure 1a). Bosart and Bartlo (1991) described the
formation process and indicated some possible mechanisms. The invasion of stratosphere
air induced a potential vorticity (PV) anomaly formed at high level and the positive PV
advection associated with this PV patch triggered the mid-level ascent, which could
enhance the convection and the depression at low level. Afterwards, the environmental
baroclinicity reduced due to the transport of latent heat and sensible heat from surface. The
low-level depression was also transformed from a mid-latitude system into a tropical
system owing to the latent heating by the active convection. The roles of upper-level trough
and latent heat release were both verified through numerical simulation and sensitivity
experiments (Davis and Bosart 2001; 2002; 2003).

Similarly, Lee et al. (2006) explored TC formations associated with Mei-Yu fronts and

1
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elucidated the effects of the synoptic systems. Firstly, “frontal-type” formation was defined
and the cases formed in South China Sea (hereafter SCS) were identified to implement the
composite analysis. Secondly, the synoptic environmental conditions associated with
frontal-type formations were summarized: the enormous cyclonic vorticity in the Mei-Yu
depression and the intense southwesterly flow at low level, the conspicuous short-wave
troughs adjacent to the disturbances at middle levels, and the obvious divergence related to
the diffluent flow at high level. Last, a conceptual model of frontal-type formations was
proposed to portray the formation process (Figure 1b). In addition to the synoptic analyses,
Lee et al. (2008) simulated the Noguri’s (2002) formation, a classic frontal-type formation,
to describe the mesoscale processes of cyclogenesis.

To further examine the roles of Mei-Yu front on frontal-type TC formations,
discussion about Mei-Yu frontal structure was essential as well. Mei-Yu fronts resemble
the mid-latitude systems in the eastern portion (near Japan) but the fronts are akin to the
tropical disturbances in the western section (near Southern China). In general, Mei-Yu
fronts exhibit intense horizontal wind shear, abundant vorticity but relatively weak
temperature gradient (Chen and Chang 1980). Due to the lack of significant baroclinic
forcing from synoptic-scale systems, Mei-Yu front, especially in the western section, relies
on the CISK mechanism from convective-scale systems (Charney and Eliassen 1964) to
preserve frontal structure: strong frontal convergence triggers the active convection in the
frontal region. Latent heat release in convective systems induces that PV (vorticity)
augment in the frontal area. Convergence in the frontal vicinity is strengthened by Ekman
pumping and facilitates the development of convective systems. Cyclogenesis via CISK

enhances deformation to further improve frontogenesis. Based on this argument, PV (or
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relative vorticity) is not only the definition of cyclogenesis, but also an indicator of
frontogenesis in the Mei-Yu fronts with weak baroclinicity and even better than
temperature gradient (Kuo and Anthes 1982; Cho and Chen 1995; Chen et al. 2003; 2008).
The above-mentioned papers have studied the frontal-type TC formations and the
dynamic structure of the Mei-Yu front. Nevertheless, the roles of different-scale
circulations on frontal-type TC formations have not been fully explored. The vortex-scale
evolutions and mechanisms were not comprehensively elucidated in the past studies. Since
the frontal-type TCs formed under strong synoptic-scale forcing relative to the typical TC
formations, other weather systems, such as Mei-Yu front, could exert the obvious influence
on the TCs during the TC formations. Additionally, the strong PV centers and secondary
circulations of TCs are able to affect the CISK mechanism in the frontal regions. However,
the evolution of Mei-Yu fronts during TC formations and the impacts induced by TCs were
not explored either. In this study, we would investigate the large-scale fields associated
with the frontal-type TC formations in Chapter3 first. The background circulations in
different temporal and spatial scales were composited to analyze. Secondly, a
representative case, TC Gaemi (2018), would be studied to illustrate the vortex-scale
process of the frontal-type TC formations in Chapter4 and Chpater5. Finally, the frontal
evolution associated with Gaemi’s formation was also analyzed in Chpater4 and Chpater5

to uncover the interactions between frontal-type TC and the Mei-Yu front.
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Chapter2. Data and Methods

2.1 Data

Various data were utilized in this study. Firstly, the ERA-5 (Hersbach et al. 2018)
provided by European Centre for Medium-Range Weather Forecasts (ECMWF) was used
in the objective analyses and the WRF model simulation. The ERA5, an hourly reanalysis
data with 0.25° horizontal grid size and 37 vertical levels, are able to resolve synoptic and
meso-alpha signatures. This database after 1979 was utilized in this study due to the
assurance of data quality. Secondly, the frontal systems were subjectively examined based
on the daily weather charts from Japanese Meteorological Agency (JMA). Corresponding
to the weather analysis, JMA’s best track data were adopted to evaluate TC strengths and
locations. Last, the satellite-observed brightness temperature data with 2-km spatial grid
size and 10-mininutes temporal interval were analyzed to investigate the convective
systems in the vicinity of Mei-Yu front and TC. This databank was retrieved from
Himawari-9 satellite and provided by Chiba University.

2.2 Definition of frontal-type TC formations

The frontal-type TC formations were defined based on the concept proposed by Lee et
al. (2006) with several refinements:
1) The TCs formed during May to June and strengthened into TS
2) The frontal region was defined as the area adjacent to Mei-Yu front marked on JMA
weather charts and with relative vorticity exceeding 10° s and PV exceeding 0.3
PVU at 850 hPa on this front.
3) The TC’s closed surface isobars were located at the southwest end of the frontal

region prior to TC formation.
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The cases of frontal-type TC formations from 1979 to 2018 were shown in Table 1.
2.3 Filtering method

The Fourier decomposition was performed to distinguish the signals between the
synoptic-scale background and the vortex-scale signals (Hendricks et al. 2010; Wei and
Yang 2015). This technique helped to focus on the evolution of synoptic- and larger-scale
background to uncover the possible mechanism fertilizing TC formations. To discriminate
the circulations of TCs from environment and Mei-Yu front, the distinction of properties
was vital to discuss. The spatial scale of Mei-Yu depressions is several hundred kilometers
in the across-front direction, which resembled the scale of TC. Nonetheless, the temporal
scale is obviously difference between TC (about 7-8 days) and Mei-Yu front (about 2
weeks) in these cases. Hence, we filter out the vortex-scale signatures by removing the
waves with the period less than 8 days.

In addition to the synoptic analyses, filtering was also applied to diagnose the
influence of intraseasonal oscillation as well (Wheeler and Kiladis 1999). Kikuchi and
Wang (2009) indicated that the energies of intraseasonal oscillations in the Northwestern
Pacific are concentrated in two peaks, 10-24 days and 30-60 days. The signal of 10-45 days
is guided by equatorial Rossby wave (ERW) and the signal of 30-90 days is dominated by
Madden-Julian oscillations (MJO) or Boreal Summer Intraseasonal Oscillation (BSISO).
Referring to the wave-amplitude distribution shown by Wheeler and Kiladis (1999), the 30-
90 days temporal filter and the spatial filter of 0-5 eastward latitudinal wavenumber were
adopted to capture the behaviors of MJO or BSISO (hereafter 30-90 days oscillation for
both MJO and BSISO). The 10-45 days temporal filter and the spatial filter of 1-10

westward latitudinal wavenumber were implemented to investigate the signatures of ERW.
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The details of the filtering analyses were described in Table 2.

2.4 Model description

Version 3.9 of WRF-ARW (Skamarock et al. 2008) was utilized to simulate Gaemi

(2018). The WRF domain wass shown in Figure 2. The horizontal grid sizes of the triply-
nested domain are 2, 6 and 18 km, respectively. The convection was assumed to be
captured by 2-km grids reasonably and the structure of synoptic systems, such as
subtropical high, could be simulated on the wide outermost domain. Two-way interactions
between the inner and outer domain was considered. Additionally, sixty eta-levels with
higher resolution in the planetary boundary layer (PBL) were used to resolve the small-
scale forcing in PBL. The vertical-velocity damping was implemented to prevent the
numerical instability induced by high vertical resolution.

Moreover, TC Gaemi (2018) was simulated from 00 UTC 12 June to 00 UTC 16 June
with the initial values and boundary conditions from the ERAS5. The simulation results were
analyzed since 00 UTC 13 June so that model has sufficient time to spin up and generate
convective systems. In addition to the longer spin-up time, four-dimensional data
assimilation (FDDA), so-called nudging, was performed to maintain synoptic-scale
signatures during the spin-up period (Stauffer and Seaman 1990). Grid nudging was
conducted in the first 21 hours with factors of 0.0004, 0.0002 and 0.0001 in the outermost,
intermediate and innermost grids, respectively.

Last, the physical parameterization schemes included the Grell-3D ensemble cumulus
parameterization, the double-moment WDM®6 microphysics parameterization (Lim and
Hong 2010), the Goddard long-wave and short-wave radiation parameterization (Chou and

Suarez 1999; Chou et al 2001), and the Yonsei University (YSU) PBL parameterization
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(Hong and Pan, 1996). Cumulus scheme was only implemented in the 18-km gird since we
assumed that the grid sizes of the 6-km and 2-km grids are sufficiently fine to explicitly

resolve convection. Details of simulation settings were shown in Table 3.
2.5 Budget analysis

In this study, budget analyses were applied to quantitatively evaluate the cyclogenesis
and frontogenesis (frontolysis) process. PV budget was conducted to determine the critical
forcings responsible for Gaemi’s cyclogenesis and frontolysis. According to Hoskins et al.
(1985), Ertel PV (Ertel 1942) is an essential parameter describing the cyclogenesis due to
its conservation and invertibility. Moreover, the augmentation of PV was an indicator of
frontogenesis in the Mei-Yu front with weak baroclinicity (Cho and Chen 1995; Chen et al.
2003; 2008). Under the assumption of the hydrostatic equilibrium, the relative PV equation
and tendency equation were evaluated as:

_ %0 . 00

PV > PV 9 Do
S~ V=PV — 0= glay () EQ. ()

TEN=HAD+VAD+DIA, Eq. (3)

In addition to the PV budget, the frontogenesis function was calculated as:

d 1 ,(86\2 [ou 86\2 [ov 9690 (du  Av 96 (dwdl = dw a0
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frontogenesis = stretch + horizontal shear + tilting + diabatic Eq. (5)

(Miller 1948; Colle et al. 2002)
All of the budget terms were calculated in a system-centric quasi-Lagrangian framework

(Yang et al. 2018).
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2.6 The diagnose of Sawyer-Eliassen equation

Following the concept of Schubert et al. (2007), Sawyer-Eliassen equation (Sawyer
1956; Eliassen 1962) was implemented to diagnose Gaemi’s secondary circulation by the
cooperation with Shang-En Lee. It was assumed that TC is axisymmetric on an f-plane with
the gradient-balance circulation and there was no tangential component of the secondary

circulation. We could obtain the Sawyer-Eliassen equation as:
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where z = Hlog (%),H = % were defined as the vertical coordinate and constant scale

height, w was the vertical velocity in this coordinate, u and v were the radial velocity and
tangential velocity, Q was the diabatic heating.

In this analysis, the diabatic heating was evaluated by the axisymmetric average of the
latent heat release in 3-km radial spacing within 2500 km from Gaemi’s center. The vertical
range of the domain was from 40 hPa to 960 hPa with 20-hPa grid size. T, was set as 250 K,
which was near the mean temperature in troposphere, and P, was 1000 hPa. The Holton
balance (Holton 2004; Montgomery and Persing 2021) was utilized to obtain the gradient-

balance circulation and temperature.
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Chapter3. Climatology of frontal-type TC formations

3.1 Statistics results

According to the statistics from the TC cases in Table 1, there were fourteen frontal-
type TC formations in 1979-2018. These frontal-type TCs averagely developed into tropical
depression (hereafter TD) at 18.1 N°, 117.1 E, and developed into tropical storm (hereafter
TS) at 20.2N° 120.0E°, where it was in northeastern South China Sea (hereafter SCS).
Guided by the seasonal mean circulation, the frontal-type TCs averagely moved North-
westerly. Moreover, the frontal-type TCs spent about 2 days (46.7 hours) strengthening
from TD to TS. These statistics results resembled the conclusions proposed by Lee et al.
(2006) and Chen et al. (2020). In addition to these statistics of TCs, the filtering results with
different spatial and temporal scales were composed based on the time when TCs reached
the TS intensity. In the following two sections, the environmental conditions of frontal-type
TC formations were quantitatively studied by composite analyses.

3.2 Correlations with intra-seasonal oscillation

In the baroclinic environment, fluctuations would develop into mid-latitude cyclones if
they encountered suitable environmental conditions (Charney 1947; Petterssen and Smebye
1971; Hoskins et al. 1985). Nonetheless, frontal-type TCs could overcome the strong
vertical wind shear and develop into TCs. In these frontal-type TC formations, the
intraseasonal oscillations may play essential roles since intraseasonal oscillations can
establish a background with stronger vorticity at low level and higher relative humidity at
middle level in specific phase (Chen et al. 2018). To clarify the association between
intraseasonal oscillations and the frontal-type TC formations, the filtering on OLR and

relative vorticity at 850 hPa were investigated. Anomaly of OLR can represent the location
9

doi:10.6342/NTU202101995



and strength of convection (Wheeler and Kiladis 1999; Wheeler et al. 2000; Kikuchi and
Wang 2009) and vorticity anomaly at low level is the most critical parameter for TC
formations (Fu et al. 2012; Chen et al. 2018).

Firstly, we studied the association between 30-90 days oscillations and TC. The
temporal scale of 30-90 days oscillations was far larger than synoptic scale (several days).
Therefore, the filtering results was composited from 6-day before TS formations to the day
TS formed to examine the averaged 30-90 days anomaly during TC formations (Figure 3a).
In this mean field, the strong convection region, where the negative anomaly of OLR was
larger than one standard deviation of the analysis domain, covered the Bay of Bengal,
Indochina Peninsula and SCS. This distribution of OLR suggested the active phase of 30-90
days oscillations propagated into Indochina Peninsula and SCS (Chen et al. 2018) during
the frontal-type TC formations. Additionally, the aggregation of convection generated an
asymmetric latent-heating source (relative to equator) spanning from Indochina Peninsula
to SCS. This strong heating source stimulated not only the obvious anomaly of
southwesterly flow but also the substantial anomaly of cyclonic vorticity in SCS and
Northwestern Pacific based on the Matsuno-Gill’s solution (Matsuno 1966; Gill 1980). The
stronger southwesterly flow could transport plentiful vapor from Indian Ocean to fertilize
the convection in SCS and the frontal region, which extended from Taiwan to Okinawa.
The background circulation with abundant cyclonic vorticity in SCS and the frontal region
could enhance the Mei-Yu frontal depression and further nourish TC formations (Gray
1975; Gray 1979; Fu et al. 2012; Chen et al. 2018) as well.

Secondly, the roles of ERW were discussed as well. Differing from the scale of 30-90
days oscillations, the scale of ERW is similar to synoptic scale. Thus, the filtering results
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prior to TC formations were shown in Figure 3b, 3c, and 3d to illuminate the evolution of
background circulation. Six days before TS formation, a significant anomaly of OLR
(larger than one standard deviation) gradually intensified and elongated when it propagated
from Western Pacific to Eastern Asia, similar to the behaviors of quasi-biweekly
oscillations shown by Kikuchi and Wang (2009). The substantial anomaly of OLR covered
most of the vicinity ahead of the Mei-Yu front three days prior to TS formation (Figure 3c).
As a result, the ERW could trigger more active convection ahead of the front, which could
lead to more severe frontal circulations (Chen et al. 2003) to enhance the frontal depression.
Akin to 30-90 days oscillations, the associated anomaly of cyclonic vorticity was able to
strengthen the Mei-Yu frontal depressions and establish an abundant-vorticity environment
nourishing the TC formations. The obvious anomaly of southwesterly flow also enhanced
the southwesterly flow ahead of front and even helped the formation of low-level jet.
Moreover, the amplitude of ERW was much larger than 30-90 days oscillations. ERW has
more contribution to the frontal-type TC formations.

Both of 30-90 days and the ERW oscillations established positive vorticity anomaly at
low level and induced the aggregation of convection in SCS. In addition, 30-90 days
oscillation and the ERW were able to generate the anomaly of southwesterly flow and help
the formation of atmospheric river (shown in Section 3.3), which can strengthen the vapor
flux and the horizontal wind shear in frontal region (discussed in Chapters 4 and 5).
Accordingly, these composite analyses of intraseasonal oscillations confirmed that

intraseasonal oscillations indeed establish a suitable environment for the TC cyclogenesis.
3.3 Composite analyses of synoptic systems
The synoptic-scale systems were modulated by intraseasonal oscillations and guided
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the evolution of vortex-scale systems. Therefore, synoptic analyses could comprehensively
elucidate the influences of large-scale circulations on frontal-type TC formation. Lee et al.
(2006) has summarized the common synoptic signatures and proposed a conceptual model
to describe the synoptic evolutions during frontal-type formation through composite
analysis. In this study, we further analyzed synoptic circulations (with larger-scale signals)
via filtering skills and quantitative computation.

First of all, we discuss the synoptic evolution at 850 hPa (Figure 4). The low-level
patterns were most essential for frontal-type formations since Mei-Yu front is a shallow
depression (Chen and Chang 1980) and TC cyclogenesis develops from low level via
vortical hot tower (Hendricks et al. 2004; Montgomery et al. 2006). A frontal depression
(positive relative vorticity region) extending from SCS to Okinawa was built 144 hours
prior to TS formation and gradually. The average location of the frontal-type TC formations
was in the southwest end of the frontal depression (northeastern SCS). It fertilized the TC
formations that the depression deepened and the cyclonic vorticity strengthened until the
cyclone developed into a TC. In addition, modulated by intraseasonal oscillation, an intense
atmospheric river (Newell et al. 1992, Zhu and Newell 1994) from Indian Ocean invaded
SCS and Western Pacific and transport abundant vapor (Figure 5). The wind speed was
robust and steady that the wind speed in synoptic scale reached the criteria of low-level jet
(12m/s; Zeng et al. 2019) above Indochina Peninsula, which can trigger sever convection
and precipitation (Matsumoto 1972; Chen and Yu 1988).

Secondly, the mid-level systems were also a crucial forcing in frontal-type
cyclogenesis (Figure 6). The development of the mid-level trough-ridge systems implied
variations of the environmental baroclinicity and the mid-level vortex should be established
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during TC cyclogenesis (Raymond et al 2011; Davis 2015). To begin with, the mid-latitude
baroclinic wave was far from the location of TC formation and the strength of this trough
did not amplify either. This evolution suggested that the baroclinicity was relative weak in
formation environment although the Mei-Yu front was adjacent to it. The less
intensification of baroclinic wave also indicated that the frontogenesis of the Mei-Yu front
should attribute to the mechanisms except baroclinic instability. In addition, a mid-level,
short-wave trough was located above the northern SCS, where it was west of the averaged
location of TC formation. Thus, this short-wave trough could induce the positive vorticity
advection at middle level and help the establishment of the mid-level vortex. Moreover, this
short-wave trough in which the thickness between 850 and 500 hPa was thicker than the
adjacent vicinity was not a baroclinic wave, but might be induced by latent heating in
convective systems. Thus, it could prevent the low-level disturbance to develop into a mid-
latitude cyclone since this short-wave trough did not enhance the low-level cold advection.
Last, the conspicuous diffluent flow of Southern Asia High induced substantial divergence
at 200hPa (Figure 7) above the SCS. The high-level divergence could promote the outflow
of convection and TC circulation. According to the above-mentioned synoptic pattern, the
frontal-type TC formed in a frontal depression with abundant low-level vorticity but the
baroclinicity was limited. The mid-level trough and high-level diffluence nourished the TC
formation as well.

To further clarify the synoptic evolutions, two essential parameters, low-level vorticity
and vertical wind shear, were evaluated in the upstream region, cyclogenesis region, and
frontal region, respectively (Figure 8a). In general, the relative vorticity (Figure 8c) in the
cyclogenesis region and the frontal region both augmented 72 hours prior to TS formations.
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The Mei-Yu front strengthened and the TC formations were fertilized as it can promote the
frontogenesis and cyclogenesis that the Mei-Yu depressions deepened to intensify the
deformation. Afterwards, the relative vorticity started to decline in the cyclogenesis region
48 hours before TS formation, when the TD averagely formed. It showed the kinemics
energy was transported from synoptic-scale systems to mesoscale systems that the
reduction of the environmental vorticity and the TC cyclogenesis were simultaneous. This
energy-cascade (Smith and Waleffe, 1999) process was consistent to the bottom-up theory
indicating that the TC cyclogenesis was triggered by the low-level vorticity concentration.
Differing from the typical TC formations with weak synoptic disturbance above the tropical
ocean, the frontal-type TC formations still associated with the obvious energy cascade after
TC formed owing to the strong synoptic system adjacent to TC, such as Mei-Yu front. This
result indicated that the intensification of the frontal-type TC could be persistently
influenced by environmental systems after TC formation. Similarly, the relative vorticity
also began to decrease in the frontal region 72 hours prior to TS formations. The weakening
of frontal depression restricted the heating efficiency in the CISK mechanism and the
averaged strength of deformation in the frontal region.

In additional to the 850-hPa vorticity, the vertical wind shear between 850hPa and
200hPa, which was detrimental to TC formation, were analyzed as well (Figure 8e). The
vertical wind shear in the cyclogenesis area was least throughout the whole TC formation
period. It was the reason why the TCs could only form in the cyclogenesis region but not in
the frontal region or the upstream region. Nevertheless, the vertical wind shear (about 10
m/s) in the cyclogenesis region was substantially greater than the typical value during TC
formations in the northwestern Pacific, which was less than 10 knots (Gray 1968). The
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stronger vertical wind shear could restrict the heating efficiency of the convection in
frontal-type TC and restrain the intensity of the frontal-type TC formations. It represented
the strength of the frontal-type TCs were constrain in this environment (Lee et al. 2006).
Furthermore, the environmental conditions favored frontogenesis 72 hours prior to TS
formation due to the intensification of vertical wind shear. Akin to the relative vorticity, the
vertical wind shear started to decline 72 to 24 hours before the TS formations. The
baclinicity reduction established a relatively suitable environment for TC formation. By
contrary, the considerable decline of the vertical wind shear in the frontal region could
directly lead to the frontolysis and the vorticity decrease further enhanced frontolysis. If the
vorticity of mesoscale systems also vanished, the Mei-Yu front would weaken owing to the
lack of baroclinic forcing and the reduction of deformation in synoptic scale.

These synoptic analyses elucidated the evolution of environmental conditions which
modulated the cyclogenesis, frontogenesis and frontolysis in the different stages.
Nevertheless, the mesoscale processes of the frontal-type TC formations should be further
examined to clarify the interactions between the TC and the Mei-Yu front. Hence, a case
study of TC Gaemi (2018) was conducted to illustrate these scientific questions in the

following chapters.

15

doi:10.6342/NTU202101995



Chapter4. Case overview and Model verification

4.1 Gaemi (2018)’s overview

The statistic studies were only applied to explore the coarse-resolution signatures since
composite analysis could blur the fine-resolution structures. A representative case study
was vital to uncover the vortex-scale process of frontal-type TC formations. In this study,
TC Gaemi (2018) was utilized to illustrate the mechanism of cyclogenesis and frontolysis.

The JMA’s best track and weather charts were shown in Figure 9a. A stationary front
(Mei-Yu front) moved northward to Bashi channel and extended into southern China prior
to 12 UTC 12 June 2018 (Figure 9b). At 12 UTC 13 June 2018, a vortex at the southwest
end of the front developed into a TD (Figure 9c). This TD translated northeastward to
Taiwan Strait along the frontal depression and strengthened into TS Gaemi (2018) at 00
UTC 15 June 2018 (Figure 9d). After Gaemi intensified as a TS, it still translated
northwestward and transformed into an extratropical cyclone (not shown). In addition to
Gaemi’s cyclogenesis, the frontolysis was another worthwhile phenomenon as well. The
southwest end of front vanished when the TD formed and the front “dissipated” after
Gaemi passed it. Thus, the southwest patch of the front must experience tremendous
frontolysis when Gaemi formed and approached. During Gaemi’s formation, the vorticity
in the frontal depression could nourish the cyclogenesis. Gaemi was also able to affect the
front via its strong PV and secondary circulation after Gaemi reached the TS intensity. To
investigate the role of large-scale circulation on the interactions between Gaemi and the
Mei-Yu front, the filtering analysis would be implemented and discussed in the next section.

4.2 The analysis of large-scale circulation and case representativeness

The same as Chapter 3, the intraseasonal oscillation and synoptic evolution associated
16
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with Gaemi’s formation were also analyzed via filtering analysis. The large-scale
circulations of Gaemi was compared with the composite results. Firstly, the influences of
the 30-90 days oscillations were examined (Figure 10a). The strong convection spanned
from Indochina Peninsula to the SCS and the associated latent heat release could stimulate
the cyclonic-vorticity anomaly and immense anomalous southwesterly flow in the SCS
based on the Matsuno-Gill solution. The abundant low-level vorticity and vapor flux due to
the intense southwesterly flow fertilized the enhancement of the Mei-Yu depression and
Gaemi’s formation in the SCS. Moreover, the signals of ERW were conspicuous as well.
An anomaly originated from Western Pacific gradually strengthened and elongated when it
propagated toward the SCS. The anomaly of southwesterly flow also intensified during this
period. On the day when Gaemi intensified as a TS, the strong-convection, which elongated
from Indochina Peninsula to Okinawa, covered the area ahead of the frontal and
cyclogenesis region. The violent convective systems could enhance the Mei-Yu depression
via the CISK and nourished Gaemi’s cyclogenesis by convective aggregation. Furthermore,
the intense anomaly of low-level vorticity strengthened the Mei-Yu depression and
furnished the suitable environment for Gaemi’s intensification. According to the above
analyses, intraseasonal oscillations established a suitable environment to fertilize Gaemi’s
formation. Gaemi resembled the composite results in the aspect of intraseasonal oscillations.

In addition to the intraseasonal oscillations, the roles of the synoptic-scale circulation
were also analyzed. At 850 hPa (Figure 11), a frontal depression formed in the Bushi
Channel 144 hours prior to the TS formation and thence gradually deepened and moved
northward. This frontal depression achieved the strongest intensity on the day when Gaemi
developed into a TS. The frontal depression established a plentiful-vorticity environment
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for Gaemi’s cyclogenesis at the southwest end of this front. Moreover, the synoptic analysis
also suggested that a robust atmospheric river from Indian Ocean invaded the SCS and
Western Pacific (Figure 12). The almost whole portion of atmospheric river even reached
the criteria of low-level jet in synoptic scale. Such a strong low-level jet could enhance the
horizontal wind shear and vapor flux in frontal vicinity, which was able to trigger more
fluctuations and convective systems along the Mei-Yu front. Furthermore, the mid-level
trough system and baroclinicity were also considered. The mid-latitude trough located in
the northern China 144 hours before Gaemi reached the TS intensity and gradually
intensified afterwards (Figure 13a, b, c). This trough could help the formation of frontal
system in the central China and East China Sea with the augmentation of thickness
(temperature) gradient. Simultaneously, the low-level frontal depression also deepened
(Figure 11 a, b, c). The frontogenesis was induced by the synoptic systems. The mid-
latitude trough moved to Japan and started to weaken as Gaemi became a TS. The frontal
depression also weakened at the same time. The environmental preferred frontolysis in this
stage. Additionally, a warm-core, short-wave trough also formed and strengthened above
the southwest end of Mei-Yu front prior to Gaemi developed into a TS (Figure 13 c, d). The
vorticity advection was able to nourish the establishment of Gaimi’s mid-level vortex to
help Gaemi’s formation. Similar to the composite result, the divergence at 200 hPa in SCS
was obvious as well. The diffluent region above the SCS was in the west of Philippine 144
hours before Gaemi reached the TS intensity and gradually move northward. Hence, the
high-level divergence region covered Gaemi and could enhance Gaemi’s outflow.
Consequently, the synoptic pattern furnished a suitable environment for Gaemi’s formation.

Evolution of the essential parameters was also evaluated in the upstream, cyclogenesis,

18

doi:10.6342/NTU202101995



and frontal region, respectively (Figure 8b) as well. Similar to the composite, the vorticity
in both the cyclogenesis region and frontal region strengthened initially and declined as
Gaemi developed into a TS (Figure 8d). The frontal depression established an abundant-
vorticity environment to fertilize Gaemi’s cyclogenesis and the kinetic energy was
transported from large-scale systems to vortex-scale systems after Gaemi reached the TS
intensity. The vorticity in the frontal region also resembled the composite. It preferred
frontogenesis that vorticity (horizontal deformation) enhanced prior to Gaemi’s formation.
The vorticity gradually reduced after Gaemi became a TS and may lead to frontolysis.
Additionally, the vertical wind shear substantially intensified in all of the domains 24 hours
before the time when Gaemi strengthened into a TS and obviously declined afterwards. The
frontogenesis was nourished initially but later restrained. Moreover, the vertical wind shear,
which restricted TC development, was also weakest in the cyclogenesis region (about
15m/s between 200 hPa and 850 hPa) during Gaemi’s formation despite the fact that the
vertical wind shear was also considerably greater than the typical value (10knots, Gray
1968) during TC formation in the northeastern Pacific. According to the analysis, Gaemi
also resembled the composite in the synoptic aspect.

Consequently, the large-scale circulations fertilized Gaemi’s cyclogenesis. The 30-90
days oscillations and the ERW triggered the strong southwesterly flow, abundant low-level
vorticity and the aggregation of convection. Furthermore, the synoptic-scale systems
nourished Gaemi’s formation by strong atmospheric river, significant low-level vorticity,
mid-level trough, high-level divergence and relative weak vertical wind shear. On the other
hand, synoptic circulation favored frontogenesis in the frontal depression prior to Gaemi
developed into TS but restrained frontogenesis afterwards. Moreover, Gaemi’s formation
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could represent the frontal-type formations in the large-circulation aspect, and would be

utilized to explore the mechanisms of cyclogenesis and frontolysis in the following sections.
4.3 Local evolution

The large-scale circulation has been investigated in the previous section. The reanalysis
data and satellite observation would be used to describe the local evolutions of Gaemi and
the Mei-Yu front in this section. At 12 UTC 12 June, an obvious wind shear line (Mei-Yu
front) extended from the southern China to Okinawa with significant temperature gradient
and intense horizontal wind shear at 850 hPa (Figure 15a). A short-wave, warm-core trough
was above the southwest end of the trough at 500 hPa (Figure 15c). Modulated by the
large-scale circulation, the southwesterly flow was strong and the associated low-level
convergence triggered active convection ahead of the front (Figure 15e). Moreover, it
implied this Mei-Yu front was a weak baroclinic system that the axis of the low pressure
did not obviously tilt and the short-wave trough was warm core. The mid-level warm core
also indicated that this trough was not induced by baroclinic wave but might attribute to the
convective heating. In the next 12 hours (0OUTC 13 June), the frontogenesis was induced
by a slight augment of temperature gradient and substantial intensification of horizontal
wind shear (Figure 15b). The Mei-Yu depression deepened and the southwesterly flow
intensified. Two mesoscale vortexes located in Guangdong and Bashi channel began to
develop at the same time. These two vortexes might be triggered via barotropic instability
(Kuo 1949; Kuo and Horng 1994; Ferreira and Schubert 1997) in an environment with
violent horizontal wind shear. Simultaneously, the mid-level trough strengthened and still
stayed in the same location. In addition, the stronger southwesterly furnished more vapor

and induced more intense convergence to stimulate violent convection ahead of the front.
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At 12UTC 13 June, the vortexes located in Guangdong and Bashi channel still
intensified and move eastward (Figure 16c¢). The east one finally developed into a frontal
vortex embedded in the Mei-Yu front. The west one, however, transformed into an
equivalent barotropic, warm-core TD. Additionally, the frontal baroclinicity obviously
declined but the frontal depression deepened. The abundant low-level vorticity and
reduction of baroclinicity nourished TD intensification. On the other hand, the front was in
frontolysis but the deformation strenthened simultaneously. The most possible mechanism
contributing frontolysis was the diabatic heating which could offset the frontogenesis
induced via the enhancement of deformation (Eqg.4). Similar to the previous stage, the mid-
level trough still intensified and remained in the same region (Figure 16a). The TD (west
vortex) was totally covered by mid-level trough but the east vortex was located at the
margin of this short-wave trough. Thus, the short-wave trough exerted different forcing on
these two vortexes and might modulate their evolutions in different way. Moreover, the
convection ahead of the front was more violent owing to more intense convergence. The
location of a convective system, which developed with a nearly axisymmetric structure,
was consistent to the location of TD (Figure 12e). Due to the considerable reduction of
baroclinicity and the active convection, the CISK mechanism gradually dominated the
frontal evolution after this stage (Chen et al. 2003).

Gaemi was categorized as a TS at 00UTC 15 June. Gaemi’s warm-core structure and
cyclonic circulation had been built at 850 hPa (Figure 16b). The northeasterly
(southwesterly) flow in the west (east) side of Gaemi was strengthened by the Gaemi’s
circulation. The intense convergence was strengthened by the strong northeasterly
(southwesterly) flow in the west (east) side of Gaemi and stimulated the alignment of

21

doi:10.6342/NTU202101995



convection (Figure 12f). In addition, the front on the west side of Gaemi, where the
temperature gradient and horizontal wind shear obviously declined, totally vanished. The
frontal structure in southwestern section could be destructed by Gaemi’s circulation as
Gaemi formed. Simultaneously, the warm-core structure had been constructed by Gaemi at
500 hPa (Figure 12d). Although the closed isobars did not exist at this time, the mid-level
circulation and temperature anomaly was obviously distinct from the short-wave trough.
Gaemi still intensified and translated northeastward in the next 24 hours (00 UTC 16 June).
The warm-core structure, cyclonic circulation and isolated isobars were established
completely both at low level (Figure 13a) and middle level (Figure 13b) though the phases
of temperature and geopotential height were slightly different. Hence, Gaemi had achieved
its mature stages. Moreover, the horizontal wind shear and the baroclinicity substantially
reduced in the west of Gaemi. The frontal structure had dissipated from the southern China
to Taiwan after Gaemi passed. Only in the east of Gaemi can front preserve its structure.
Furthermore, the convection also suggested the pattern of Gaemi and front (Figure 13c).
The coverage of convection in the west side was far less than that in the east side.

The evolution of weather systems was remarked in this section: Gaemi developed into
a TC from a mesoscale vortex in a Mei-Yu frontal depression of which the baroclinicity
gradually declined. This front experienced the frontogenesis prior to the time when the
vortexes intensified but was in frontolysis as one vortex strengthened into a TD. The Mei-
Yu front totally vanished where Gaemi passed. Additionally, a mid-level trough covered
the cyclogenesis region. It was a quasi-stationary, warm-core system and differed from a
fast-moving, cold-core baroclinic wave. According to the overview in this section, the
essential processes from the CTL simulation were validated in the next section.
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4.4 Model verification

A WRF simulation was performed to diagnose the important processes in the weather
event and the overview in the previous section furnished the criteria for model verification.
According to the case overview, there were some essential evolutions of the weather
systems during Gaemi formation: the frontogenesis and frontolysis of the Mei-Yu front,
Gaemi’s cyclogenesis, and the distribution of short-wave trough at 500 hPa.

Figure 18, 19, 20, and 21 showed the comparison of the synoptic pattern in numerical
simulation with the reanalysis data. At low level, the PV pattern was compared since the
PV was supposed to be the critical parameter to uncover the interaction of Gaemi and the
front. The CTL run can simulate the evolution of the PV band representing the front: the
distortion when perturbation formed, the filamentation as Gaemi approached and the
weakening after Gaemi passed. The CTL simulation also captured the behaviors of the
robust PV center representing Gaemi, such as the location, size and strength. Additionally,
the thickness between 500 and 850 hPa and the mid-level systems were investigated to
confirm the thermal conditions. The warm advection associated with the atmospheric river
and the short-wave trough above the southern China from the CTL simulation resembled
the evolution in the reanalysis data. The CTL run also suggested the establishment of
Gaemi’s warm-core structure in the reanalysis data. Moreover, the local evolution of the
front and cyclone was also examined (Figure 22,23). The CTL simulation was able to
capture Gaemi’s cyclogenesis: the warm-core establishment, the intensification of cyclonic
circulation, and the pattern of isobars, even including the phase difference between the
temperature and geopotential height. In general, the frontolysis process in the east of Gaemi

at 850 hPa and the pattern of short-wave trough at 500 hPa from the CTL simulation was in
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good agreement with the evolution in the reanalysis data. Furthermore, the distributions and
the strength of convection were caught by the CTL simulation with some difference in the
fine-resolution signatures.

In addition to the subjective validation, some important parameters were evaluated and
compared with the reanalysis data. Firstly, TS’s track from the CTL was shown in Figure
9a. The CTL captured the northeastward track and the approximate location although the
TC’s path in the CTL was slightly west and south to JMA’s best track. Moreover, Figure 24
indicated that the CTL simulation suggested the bottom-up process in the vorticity aspect
and mid-level vortex due to the short-wave trough in the PV aspect. Secondly, the frontal
structure was validated with reanalysis data in the different stages as well. The temperature
gradient was compared between reanalysis data and the CTL run prior to Gaemi’s
formation (Figure 25a, b). General speaking, the diabatic term dominated the variation of
temperature gradient, which was consistent to the overview in Section 4.3. This front
experienced the frontogenesis initially but started frontolysis afterwards. Furthermore, the
stretching term and horizontal shear term contributed to little frontogenesis owing to the
less baroclinicity. The tilting term mainly induced frontolysis in this period. After Gaemi
formed, the baroclinicity had reduced considerably and the temperature gradient was
difficult to elucidate the correlation between Gaemi and front. Only via the analysis of PV
can front relate to Gaemi. The evolution of PV in the CTL resembled the trend in reanalysis
data (Figure 25c): the PV obviously reduced when Gaemi approached to the analysis region.

The CTL run well simulated the weather systems based on the validation in this section.
We could analyze the frontolysis and cyclogenesis process by the CTL simulation. In the
next chapter, the possible mechanism remarked in Section 4.3 would be verified.
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Chapter 5. Mechanisms of cyclogenesis and frontolysis

In this Chapter, the mechanism remarked in Section 4.3 were quantitative analyzed by
the reanalysis data or WRF simulation. In the first section, the criteria of barotropic
instability were quantitatively investigated. Later, the budget analysis was conducted to
uncover the mechanisms of cyclogenesis and frontolysis in the second and third section,
respectively. Moreover, the location of Gaemi’s formation was close to Taiwan. Thus, the
role of the steep topography in Taiwan were examined in the last section.

5.1 Barotropic instability

Kuo and Horng (1994) indicated the necessary conditions of barotroipc instability.
Firstly, the vorticity distributions must not be an omnidirectional monotonic function in
which the perturbation cannot keep intensifying. Secondly, the wavelength of Rossby
waves (PV waves) in both side of the shear zone exceeds 4.8-times width of this shear zone.
Hence, these two PV waves can enhance each other via phase lock. Thirdly, the
perturbation grows when this perturbation has “right” tilting direction (Figure 26a) to allow
that the kinetic energy transported from background flow into the vortexes. Last, the
substantial horizontal wind shear further nourishes the intensification of perturbations since
the immense horizontal wind shear can not only fertilize the formation of PV waves but
also furnish the kinetic energy from the environment. In the following analyses, we would
subjectively compare the PV distributions with the conceptual model and objectively
examine these necessary criteria. Moreover, the reanalysis data was used in this discussion.
One of the reasons was that ERAS’s resolution was sufficient to resolve this phenomenon.
Second reason was that the PV distribution in WRF simulations would be complicated by

the convective systems.
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To begin with, the PV evolution at 850 hPa was subjectively investigated (Figure 26 b,
¢, d). An obvious PV band extended from the West Pacific Ocean into the southern China
with enormous horizontal wind shear at 0600 UTC 13 June. There were two perturbations
embedded in this PV band. Afterwards, both of the perturbations intensified and this PV
band was distorted simultaneously. The PV distribution resembled the classic 4-layer
conceptual model by Kuo and Horng (1994) (Figure 26a). The tilting directions were
consistent to the conceptual model in which the perturbations were strengthened by the
environmental kinetic energy. Thus, these two PV perturbations might be triggered via the
barotropic instability. Moreover, the PV was not a monotonic function in the north-
southward direction. Consequently, these perturbations were subjectively considered to be
generated by the barotropic instability.

In addition, the ratio of the PV-wave wavelengths and the PV-band width was
evaluated. Since the PV perturbations were intensified by the phase lock of PV waves, the
distance between these two vortexes were approximately the wavelength of PV waves if we
assumed these vortexes had similar translation velocity. Furthermore, the PV wave existed
in the vicinity with substantial gradient of PV. We estimated the PV-band width as the
shortest distance between two 0.6-PVU contours. We evaluated the ratio at 0900UTC 13
June owing to the more obvious PV perturbations but less filamentation of PV band. The
PV-band width was about 80 km and PV-wave wavelength was about 540 km at this time.
The wavelength was about 6.75, which was near the ratio of maximum-intensification rate
(Kuo and Horng 1994). Hence, the ratio of PV-wave wavelength and PV-band width in this
case agreed with the value evaluated from barotropic-instability theory indicated by Kuo

and Horng (1994).
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According to these analyses, the subjective and objective criteria were verified to
confirm possibility of the barotropic instability. We would examine the contributions of
several environmental systems during Gaemi’s cyclogenesis in the next section.

5.2 Cyclogenesis process

After the barotropic instability triggered the perturbations, the mesoscale vortex still
strengthened. The contributions of environmental conditions were analyzed in PV aspect
since the effects of diabatic heating and advection could be distinguished. General speaking,
the mid-level PV pool and low-level PV center were established via the diabatic heating
(hereafter DIA). The vertical advection (hereafter VAD) modulated the vertical structure
during the TC formation. On the other hand, other system exerted their influence on
cyclogenesis by the horizontal advection (hereafter HAD). The positive PV advection can
improve the heating efficiency to enhance the cyclogenesis by DIA. In the following
analysis, the PV budget was evaluated within 200km from Gaemi’s center at 0200-0400
UTC 13 June (initial stage), 1100-1300 UTC 13 June (TD stage) and 2300 UTC 14 June —
0100 UTC 15 June (TS stage) (Figure 27, 28). The PV budget and the averaged strength of
relative vorticity (Figure 24b) and PV (Figure 24d) were used to diagnose the forcing
during Gaemi’s cyclogenesis.

In Figure 24d, the most obvious signature was the mid-level PV pool, which formed
much earlier than Gaemi’s formation. The formation mechanism of PV pool was worth
exploring since the mid-level PV pool was vital to TC formation (Raymond et al. 2011;
Davis 2015). The heating profile in the initial stage (Figure 28b) showed that the maximum
of diabatic heating was located at higher level (about 400 to 300 hPa), which agreed with

the results proposed by Raymond et al (2011). However, the DIA had far less contribution
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than the HAD at middle level (700-400 hPa). It implied the PV was from other weather
systems at the same layer instead of latent heating. The intensification of mid-level PV pool
can not only improve the heating efficiency at middle level but also help the low-level
cyclogenesis afterwards. Moreover, the HAD has similar contribution as the DIA at low
level (900-800 hPa), although the cyclogenesis was slightly offset by the VAD. This
signature suggested that the perturbation was formed via the contributions of the DIA by
convection and of the HAD from the nearby weather system (frontal depression). Actually,
the intensification of perturbation by the barotropic instability was also through the
horizontal advection. This result indirectly validated the role of barotropic instability. The
low-level cyclogenesis fertilized the TC formation in the next stage due to the improvement
of the heating efficiency. The vortical hot tower in the abundant-vorticity environment was
able to concentrate the vorticity effortlessly as well.

As the Gaemi developed into a TD, the PV-budget structure (Figure 28c) and the
heating profile (Figure 28d) substantially varied. At low level (below 700 hPa), the HAD
almost had no contribution on cyclogenesis. It was supposed that the vortex had reached the
upper-limit strength by the barotropic instability, because the barotropic instability cannot
directly intensify the perturbation into a TD (Guinn and Schubert 1993). In other words, the
barotropic instability was not able to enhance TD effectively. Gaemi’s PV was not strong
enough to organize the PV in the environment at this time, either. Therefore, contribution
of the HAD was almost neglectable. Furthermore, modulated by the mature convection
(Figure 22f), the maximum of diabatic heating shifted to middle level (one local maximum
located at about 450 hPa and the other located at 600 hPa) (Raymond et al. 2011). The
strong diabatic heating by the convection and cyclonic vorticity established in the previous
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stage generated the substantial DIA. Moreover, the deep convection in vortical hot towers
transported the PV (cyclonic vorticity) from the low level to the middle level (Yang et al.
2018). The VAD exerted strong influence to modulate the vertical PV structure.
Additionally, the HAD even had negative contribution at 500 hPa, since Gaemi was located
at the west of the trough axis at 500 hPa (Figure 27c). Only above 450hPa did the HAV
have positive contribution. The VAD was responsible for the cyclogenesis from 700 to hPa
to 500 hPa and the DIA also played some roles. Therefore, the VAD by convection and
DIA Dby latent heating were the main terms at middle level.

When Gaemi intensified as a TS, Gaemi had reached the mature stage (Section 4.3).
Due to the more considerable mid-level diabatic heating (Figure 28f), the DIA was stronger
in this stage than in the previous stage at low level (below 700 hPa) (Figure 28e). The
active convection transported PV from low level to middle level. This heating profile and
contributions of the DIA and VAD were typical in the mature stage of TC. Nevertheless,
the HAD had larger contribution than DIA, which was uncommon in this stage. The
substantial HAD implied that TC may be near a relative weak PV pool and this PV pool
furnished the PV to this TC (Guinn and Schubert 1993). Based on the horizontal
distribution of PV (Figure 25f), Gaemi was in a frontal depression and the distributions of
PV was akin to the process that the strong PV center organized the weak PV. The frontal
depression played the role as a PV pool and provided the PV to enhance PV via the HAD.
Different from the previous stage, Gaemi’s PV was strong enough to organize the plentiful
environmental PV. Thus, HAD was tremendous at the mature stage and even larger the
DIA. Although the mid-level (400-700 hPa) cyclogenesis was mainly attribute to DIA and
VIA, HAD had some contribution as well, especially between 500 and 400 hPa.
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Simultaneously, Gaemi was gradually separated from the short-wave trough and located in
the east of its axis, where the trough could induce the positive HAD (Figure 27¢). Gaemi’s
mid-level PV was also organizing the PV in the short-wave trough. Thus, HAD was able to
enhance the mid-level cyclogenesis in this stage.

Accordingly, the environmental systems played different roles on Gaemi’s
cyclogenesis in different stages. In the initial stage, the mid-level trough and frontal
depression induced the cyclogenesis via the HAD. The amount of the HAD was far greater
than the DIA and VAD at middle level but resembled the DIA at low level. As Gaemi
developed into a TD, the DIA dominated the cyclogenesis and the VAD transported the PV
upward due to the sufficient heating efficiency and the development of convection. In
addition, HAD was nearly ignorable since Gaemi’s strength surpassed the upper limit that
perturbation could still intensify via barotropic instability. Gaemi’s PV was not strong
enough to organize the environmental PV in this stage either. Gaemi’s PV strengthened and
convection was mature when Gaemi reached the TS stage. Thus, the DIA and VAD had
more contributions. Nevertheless, the HAD was an important forcing as well because
Gaemi’s PV center was able to organize the environmental PV. Moreover, Gaemi’s PV
could also destroy the adjacent PV structure, such as the Mei-Yu front, based on this result.
The frontolysis process would be analyzed in the next section.

5.3 Frontolysis process

In addition to the cyclogenesis process, the frontolysis process was also investigated as
well. The frontolysis was supposed to be the effect of the tilting and diabatic heating term
before Gaeni’s formation. The tilting terms almost induced the frontolysis and the

frontogenesis by the diabatic heating obviously declined during this stage (Figure 25b). It
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was well known that the thermally-direct secondary circulation could induce frontolysis
through the tilting term (Colle et al. 2002). On the other hand, the variation of diabatic-
heating effect was worthwhile to further analyze due to its obvious variation. The energy
exchange on the surface at 00 UTC (frontogenesis stage) and 06 UTC (frontolysis stage) 13
June was analyzed to discuss the frontolysis mechanism since the diabatic heating from the
surface (Figure 29a, b), which was the summation of the upward long-wave radiation,
sensible and latent heat flux, possessed the good relation to the frontogenesis (frontolysis).
At 00 UTC, the latent (Figure 29¢) and sensible heat flux (Figure 29e) could not contribute
the frontolysis since the latent and sensible heat flux ahead of the front was greater. The
Mei-Yu front was a weak baroclinic system so that the temperature difference between the
air and land (ocean) was less than the typical mid-latitude system and the frontolysis
process was not induced by the transformation of the air-mass characteristic. The short-
wave radiation was similar in the both side of the front due to pattern of the convection
(Figure 30a). At 06 UTC, the sensible (Figure 29d) and latent heat flux (Figure 29f) in the
rear of the front substantially augmented, which indicated the temperature gradient between
air and land considerably increased during this period. We could speculate that the surface
was heated since the Mei-Yu front was quasi-stationary (Figure 30a, b) and cold advection
did not strengthen during this period (not shown). Additionally, the pattern of the
downward short-wave radiation at surface (Figure 30d) suggested that the solar radiation
mainly heated the rear of the front at this time, which could lead to the frontolysis. The
evolution of short-wave radiation mainly attributed to the development of the convection
that could block the solar radiation effectively (Figure 30a, b). Therefore, this result
suggested that the heating by the short-wave radiation was responsible for the frontolysis
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before Gaemi’s formation.

Although the temperature gradient declined prior to Gaemi developed into a TD, the
frontal structure could be preserved by the intensification of the deformation (Cho 1995;
Chen et al. 2003; 2008). The frontal depression significantly deepened and the averaged
strength of deformation enormously augmented during Gaemi’s formation. Why did frontal
PV decline when Gaemi approach (Figure 25c)? To elucidate the physical mechanisms, the
PV budget was implemented to explore the mechanisms which destroyed the PV structure
in frontal region. According to the PV budget (Figure 31d), PV was maintained or even
enhanced by the DIA. This result suggested that the frontal convection (diabatic process)
was the essential mechanism to induce frontogenesis in PV aspect (Chen et al. 2003). The
VAD, which induced by the strong convergence at low level, only played a secondary role
in this process. Moreover, the HAD had strong negative contribution throughout the
analysis period. It implied that PV was removed out from the frontal region via horizontal
wind, such as the robust southwesterly flow ahead of front. We could further distinguish the
frontogenesis /frontolysis into 3 stages to elucidate the mechanism of frontolysis based on
the evolution of PV budget. In the first stage (prior to 17 UTC 14 June), the front
experienced slightly frontogenesis with the significant enhancement of the DIA and VAD.
It showed that diabatic heating strengthened (Figure 31e) during this stage. Although the
negative contribution of the HAD augmented when Gaemi’s gradually approached and
intensified, the amount was not enough to induce frontolysis.

The frontolysis by the HAD and the frontogenesis by the DIA substaintially
strengthened in a short time as Gaemi approached (Figure 31b) in the next stage (17 UTC
14 June to 01 UTC 15 June). Since Gaemi’s cyclonic PV could enhance the southwesterly
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flow ahead of the front, the strong low-level convergence triggered violent convection to
strengthen the diabatic heating (Figure 31e) and DIA (Figure 31d). Nevertheless, Gaemi’s
PV could induce frontolysis via another mechanism. The frontal-PV strength was obviously
weaker than Gami at this time since Gaemi reached the TS stage. Gaemi’s PV center could
distort the frontal PV and pump it out from the frontal region via the HAD. This result was
consistent with the PV budget of Gaemi in the TS stage (Figure 28e). Figure 31d showed
that the amount of the HAD declined after 22UTC 14 June. Gaemi reached the margin of
analysis domain at this time. The positive PV tendency ahead of Gaemi (Wang et al. 2009)
was able to compensate some negative contribution of the HAD. After 02 UTC 15 June
(third stage), the abrupt reduction of DIA directly led to a significant frontolysis.
Simultaneously, the averaged diabatic heating rate (Figure 31e) and vertical velocity
considerably declined as well. This evolution suggested that the frontal convection was
significantly weakened. According to Emanuel (1986), the descend motion around TC was
an essential part of the TC secondary circulation in the energy aspect. Frank (1977)
validated the existence of descent by composite analysis as well. Moreover, the vertical
velocity (Figure 31f) from the diagnose of Sawyer-Eliassen equation suggested that the
obvious descent (0.5 Pa/s, which was near the amount of the averaged ascent in the frontal
region) associated with Gaemi’s secondary circulation distributed about from 600 km to
1500 km. The range of the significant descent agreed with the longest distance from the
east side of the frontal analysis domain to Gaemi after 02 UTC 15 June. Hence, the
persistent descent around Gaemi was able to restrain the ascent in the frontal region to
constrain development of convective systems. The reduction of latent heat release with the
relative inactive convection could contribute to the less DIA to induce frontolysis.

33

doi:10.6342/NTU202101995



Consequently, the variation of solar radiation on surface led to the frontolysis prior to
Gaemi formed. In addition to the abundant low-level vorticity and the mid-level trough, the
reduction of baroclinicity helped to establish a suitable environment fertilizing Gaemi’s
formation at the southwest end of the front depression as well. After Gaemi formed and
intensified, Gaemi’s PV center was able to distort the environmental PV and destruct the
Mei-Yu front. The frontal PV was pumped out from the frontal region and the efficiency of
CISK was restricted. Moreover, Gaemi’s secondary circulation restrain the frontal
convection to reduce the diabatic heating. Reduction of the DIA further enhanced the
frontolysis. Hence, TC Gaemi could destroy the frontal structure and induce that the Mei-

Yu front vanished after Gaemi passed.
5.4 The role of Taiwan topography

In previous analysis, we verified that the contributions of the front and the mid-level
trough for Gaemi’s cyclogenesis. Gaemi induced frontolysis process after Gaemi formed.
The role of the topography in Taiwan was not discussed. However, Gaemi and front were
adjacent to Taiwan, where the mountain ranges were steep but obviously smaller than
synoptic scale. The steep terrain in Taiwan was able to locally affect Gaemi’s cyclogenesis
and evolution of the Mei-Yu front. Thus, a sensitivity experiment without Taiwan
topography was implemented to examine the topography effect (hereafter Noterrain
experiment). In this experiment, the sea-level height was set as zero in Taiwan and the
other settings was the same as the CTL run.

The synoptic evolution after 12 UTC 13 June for Noterrain experiment was shown in
Figure 32 to compare with the CTL simulation (Figure 18 to 21). The synoptic pattern at 00

UTC 13 June was not compared because the model started to simulate without nudging
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after 21 UTC 12 June. The model should spend several hours amplifying the influence of
Taiwan terrain. Resembling the CTL run, the vortex developed into a TS (Gaemi) with
similar intensity and location. An obvious short-wave, warm-core trough also covered the
location of Gaemi’s formation. After Gaemi formed, the frontal PV was distorted and
declined when Gaemi approached. It showed the frontolysis in the west of Gaemi that the
baroclinicity (gradient of thickness) and PV reduced. The slight difference between the
CTL and Noterrain simulations in synoptic scale suggested that Taiwan topography exerted
the ignorable impacts on synoptic-scale systems due to the small horizontal scale. Taiwan
terrain could only affect the system’s evolution with similar scale, such as vortex-scale
process. Therefore, Gaemi’s formation in Noterrain was analyzed. Figure 9a showed
Gaemi’s path from the CTL and Noterrain runs. The path from the Noterrain run resembled
the CTL path since the synoptic circulation was the main forcing to steer TC. Nevertheless,
there were some differences in Gaemi’s path and strength between the CTL and Noterrain
simulations after Gaemi approached Taiwan. Additionally, Gaemi in the Noterrain run was
cyclogenesis via bottom-up process (Figure 31a) and a mid-level PV pool formed prior to
Gaemi’s formation (Figure 31b) as well. Gaemi in the Noterrain experiment intensified
faster at low level (below 850 hPa) than CTL prior to 0OUTC 15 June owing to the reduced
friction without the topography.

The evolution in the local view was examined as Gaemi was near Taiwan (Figure34).
At 12 UTC 13 June, Gaemi in the Noterrain run located in the east of Guangdong, which is
slightly west to that in the CTL but with similar strength (Figure 34c). The location and
strength of convection in the Noterrain experiment also resembled the CTL run (Figure
34e). At 00 UTC 15 June, Gaemi moved to the southern Taiwan. Gaemi’s location in the
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Noterrain simulation was slightly north to that in the CTL run since Gaemi’s low-level
circulation was not block by Taiwan terrain (Figure 32d). Moreover, Gaemi in the
Noterrain run was stronger with more organized convection owing to the less friction. On
the contrary, the difference of Gaemi’s strength at middle level was ignorable. According to
the PV analysis in Section 5.2 (Figure 28e), the short-wave trough, which was larger than
Taiwan in horizontal scale and higher than Taiwan topography, contributed obviously to
the intensification of the mid-level cyclone. Thus, the mid-level cyclogenesis was almost
not influenced by Taiwan terrain.

Consequently, Taiwan topography could affect the local, low-level weather systems,
such as Gaemi’s low-level circulation and path when it approached Taiwan. Nevertheless,
the influence on synoptic system was ignorable due to the small horizontal scale of Taiwan
terrain. The mid-level trough, frontal structure and convection ahead of front was similar to
those in the CTL simulation since they were mainly modulated by synoptic evolution.
Hence, the process of Gaemi’s formation in the Noterrain experiment also resembled that in
the CTL run owing to the similar synoptic environment and the fast translation, which
allowed Gaemi to stay for a short time near Taiwan. Therefore, Taiwan topography was not

the deceive forcing in this case.
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Chapter 6. Discussion

6.1 The representativeness of Gaemi (2018)

The case study of Gaemi (2018) was implemented to analyze the vortex-scale
processes of the frontal-type TC formations. How much mechanisms of the interactions
between Gaemi and the Mei-Yu front can be introduced to elucidate the other frontal-type
cases? The scales of these mechanisms should be the key to answer this question. If the
processes were mainly modulated by the synoptic-scale systems shown in the filtering
analysis, they could also play the similar role on the other frontal-type TC formations. By
contrary, the mechanisms induced by the convective-scale systems, which was more
random and unpredictable, might not be critical in the different cases. We would deploy
this opinion to discuss the generality of these cyclogenesis and frontolysis mechanisms.

Firstly, the barotropic instability triggered the perturbations along the wind-shear line
in the frontal region with strong horizontal wind shear induced by the strong southwesterly
flow, which reached the intensity of low-level jet (12m/s) in the synoptic scale. Although
the temporal scale of barotropic instability (several hours) was far less than synoptic scale
(8 days in this study), the southwesterly flow could be resolved in the filtering analysis. The
intense atmospheric river could enhance the horizontal wind shear and cyclonic vorticity in
the frontal depression to furnish a suitable environment for the barotropic instability.
Therefore, the barotropic instability could probably stimulate the perturbation in the other
cases. Secondly, the frontolysis mechanism prior to Gaemi’s formation was induced by the
convection ahead of the front. The convection was more random and sdifferent in every
case so that the distribution of the convective systems might not lead to frontolysis in the

other cases. Other forcing, for example the latent heat flux in the PBL, might contribute the
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reduction of the baroclinicity in the other frontal-type TC formations.

Thirdly, the frontal depression was able to nourish the development of the TCs in the
other frontal-type TC formations due the obvious signals of the frontal depression in the
composite filtering analysis. The intensification of the Mei-Yu depression prior to TC
formation generated abundant low-level vorticity, which was the most critical parameter
affecting TC formation. The energy cascade process in the frontal depression also indicated
that the synoptic-scale systems still exert their influence on TC even after TC formation.
The transportation of vorticity (PV) was also implied that the PV was removed from the
synoptic-scale system (Mei-Yu front), which could lead to frontolysis. Moreover, the PV
axisymmetric process was a well-known mechanism when a strong PV center was adjacent
to a weak PV pool. This process was mainly modulated by the slow-manifold circulation,
which was predictable. Thus, the contribution of the frontal depression to TC cyclogenesis
in the other cases more probably resembled the mechanisms in Gaemi. The process of the
frontolysis after TC formation in the other cases could be similar to in Gaemi as well. In
addition, the warm-core, short-wave trough was also in the west of the location of TC
formation in both of the composite and Gaemi’s filtering analysis. It indicated this short-
wave trough could help the establishment of the mid-level trough in other cases.

Consequently, some mechanisms uncovered in Gaemi’s case study could be the critical
processes in the other frontal-type TC formations as well if these processes were modulated
by the large-scale circulation due to the similar evolution. On the other hand, there was no
evidence suggested that the mechanisms dominated by convective-scale systems must work

in the other cases.
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6.2 The comparison between Gaemi (2018) and Diana (1984)

In this study, Gaemi (2018)’s formation, which formed in a weak baroclinic
environment, was analyzed comprehensively in previous chapters. One scientific question
was worth discussing: Are there the similarity and difference between Gaemi (2018) and
Diana (1984), a famous Atlantic hurricane formed in the baroclinic environment? To
elucidate the fundamental properties about these two frontal-type TC formations, we would
compare and contrast them based on previous studies (Bosart and Bartlo 1991; Davis and
Bosart 2001; 2002; 2003).

Both Gaemi and Diana formed in the southwest end of a front, where the baroclinicity
was relative weak. The strong convergence and plentiful vapor flux in frontal region
triggered the active convection. These convective systems released substantial latent
heating in the middle level to contribute the cyclogenesis at low level in the PV aspect.
Moreover, the frontolysis with the reduction of baroclinicity was also a common signature.
If the baroclinicity didn’t reduce, Gaemi and Diana would developed in to a frontal vortex
or even a mid-latitude cyclone. In this process, the energy sources of the cyclones were
transformed from baroclinic instability into latent heating. Simultaneously, the front started
frontolysis and the cyclone was detached from the front. This transformation of
baroclinicity was a vital process of Diana’s and Gaemi’s formation.

Nevertheless, Gaemi’s and Diana’s formations had distinct developments due to the
difference of baroclinicity, which can be validated by the comparison of gradient of
temperature and thickness between 500 to 1000 hPa (or 850 hPa). Firstly, Diana formed in
a higher-latitude region (about 30°N) with relative strong baroclinicity. The strong

northwesterly flow guided by the mid-latitude system dominated the evolution of the low-
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level frontal systems. By contrast, Gaemi formed in the northeastern SCS (about 20°N),
where the baroclinicity was weaker. The mid-latitude trough was far from the location of
Gaemi’s formation (Figure 13). The robust southwesterly flow (reached the criteria of low-
level jet in synoptic scale) dominated the evolution of the low-level frontal systems.
Secondly, the stratosphere air invaded the upper troposphere prior to Diana’s formation.
The tropopause folding generated a positive PV anomaly and contributed to the ascent at
the middle troposphere via the positive PV advection at higher level. This ascend motion
triggered the active convection in the frontal region and the latent heating by these
convective systems further enhanced the low-level cyclogenesis. The forcing modulating
cyclogenesis was mainly from upper-troposphere system during Diana’s formation, which
was confirmed by the sensitive experiment. In the contrast, there was no evidence to
suggest that the stratosphere air invaded troposphere during Gaemi’s cyclogenesis (Figure
35). The low-level perturbation was triggered via the barotropic instability and nourished
Gaemi’s intensification by PV in the frontal depression. The mid-level trough only helped
the establishment of mid-level PV pool to improve the efficiency of the low-level vorticity
concentrating. Accordingly, the forcing inducing Gaemi’s formation was mainly from the
low-level systems.

In addition, the frontolysis process was different between Diana and Gaemi as well.
The latent heat flux and sensible heat flux in the PBL contributed the reduction of
baroclinicity during Diana’s formation owing to the conspicuous temperature difference
between the atmosphere and ocean, which resembles the transformation process of the air
mass. The latent heat release in Diana’s convection further help itself transform from a
mid-latitude, baroclinic system to a tropical, equivalent barotropic system. However, since
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the temperature difference between the atmosphere and ocean was weak during Gaemi’s
formation, the latent heat and sensible heat fluxes were even stronger ahead of front (maybe
associated with the stronger southwesterly flow) above the ocean, which could not lead to
frontolysis. The different heating of the short-wave radiation was responsible for the
frontolysis due to the blocking by the convection ahead of the front prior to the Gaemi’s
formation. After Gaemi intensified as a TC, Gaemi’s PV and secondary circulation
restrained the CISK to further induce frontolysis.

Although Diana and Gaemi experienced the transformation of baroclinicity during
formation, the formation processed were different in terms of baroclinicity for these two

cases. Thus, the mechanism for Gaemi’s formation differed from Diana’s formation.
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Chapter7. Conclusions and Future Research Routes

7.1 Conclusions

In this study, the 14 frontal-type TC formations during 1979-2018 were identified
based on the criteria proposed by Lee at al. (2006) to show the typical properties and the
generalized signatures of frontal-type TC formation. According to the statistical results, the
averaged location of frontal-type TC formation was in the northeast SCS. Steered by the
southwesterly flow, the averaged motion of these TC cases was northeastward.

The filtering analyses of the frontal-type TC formations were composited to elucidate
the associated large-scale circulation as well. Firstly, the composites results suggested that
the active phase of 30-90 days oscillations was correlated to the frontal-type TC formations.
In the active phase, the southwesterly flow and the low-level cyclonic vorticity over the
SCS was enhanced by the convective-heating anomaly over the Indochina Peninsula. Both
the plentiful vapor flux by the anomalous southwesterly flow and the abundant low-level
cyclonic vorticity could nourish the TC formations in the SCS. Secondly, the composite
results also suggested the association of the ERW, which was able to strengthen the
southwesterly flow and cyclonic vorticity as well. Moreover, the convection anomaly of the
ERW could directly induce the violent convection in the frontal region, which further
fueled the development of the severe systems. Last, modulated by intraseasonal oscillation,
the synoptic-scale evolution furnished a suitable environment for TC formation. In the
northeast SCS, TC formations were fertilized by the strong southwesterly flow, abundant
low-level cyclonic vorticity, the mid-level trough, conspicuous high-level divergence.
Although the vertical wind shear was considerably stronger than the typical value as TCs

formed in the northwestern Pacific, the vertical wind shear in the southwest end of the Mei-
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Yu depression was less than in the adjacent vicinity. In addition, the Mei-Yu depression
preferred frontogenesis prior to TC formations but frontolysis after TC formation in the
aspect of vorticity and vertical wind shear. Similar to the whole Mei-Yu depression, the
vorticity in the cyclogenesis area (the southwest end of the front) reduced after the TC
formed. The reduction of environmental kinetic energy with the augmentation in vortex
scale suggested the energy cascade in this stage, which implied the frontal-type TC was still
influenced by synoptic environment obviously after TC formation.

To further uncover the vortex-scale process of frontal-type TC formation and the
mesoscale evolution of the Mei-Yu front, Typhoon Gaemi (2018) was chosen to perform
the case study. To begin, the evolution of Gaemi was described and some essential
processes were summarized: Gaemi’s formation and intensification, the frontolysis prior to
Gaemi’s formation and the frontolysis in the region where Gaemi had passed. The WRF
simulation used for the diagnosis was validated for these processes to assure that the
simulation was able to capture the important evolution. Additionally, the background
circulations in different spatial and temporal scales were investigated. Akin to the
composite results, large-scale environment nourished TC formation in the southwest end of
front. The frontal depression preferred the frontogenesis prior to Gaemi’s formation but
frontolysis afterwards in the synoptic aspects. Gaemi’s representativeness was confirmed
by the comparison with composite as well.

Last, a conceptual model (Figure 36) was proposed to elucidate the mechanisms of
cyclogenesis and frontolysis. Prior to Gaemi’s formation (Figure 36a), the strong horizontal
wind shear triggered that the vortexed formed along the Mei-Yu front via the barotropic
instability. The frontal PV also fueled the intensification of the perturbations (Figure 28a).
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Moreover, the mid-level trough furnished PV to help the establishment of the mid-level
vortex, which was able to improve the efficiency of bottom-up process (Figure 28a). On the
other hand, the frontolysis was induced by the different heating of the short-wave radiation
prior to Gaemi’s formation (Figure 30). The baroclinicity in the frontal depression declined
in this stage, which could further nourish Gaemi’s formation. The CISK mechanism could
gradually dominate the evolution of the Mei-Yu front owing to the reduction of the
baroclinicity. After Gaemi intensified as a TS (Figure 36b), the Mei-Yu front played the
role as a PV pools furnishing PV to strengthen averaged low-level PV in Gaemi’s center
(Figure 28e). On the contrary, Gaemi’s PV center could distort and pump out the frontal PV
to restrict the efficiency of the CISK. Gaemi’s secondary circulation was able to restrain the
frontal convection to constrain the diabatic heating in frontal region (Figure 31). Hence,
Mei-Yu front totally vanished after Gaemi passed. Furthermore, the PV concentrating
remarked in this conceptual model indicated Gaemi was persistently influenced by the
strong synoptic-scale forcing (Mei-Yu front) and agreed with the energy cascade shown in
the synoptic analysis. The kinetic energy (PV) of the synoptic-scales systems (Mei-Yu front)
was transported to the vortex-scale system (Gaemi).

Through the comprehensive diagnosis, this study not only uncovered the frontal-type
TC formation in different temporal and spatial scales but also elucidated the interactions
between the TC cyclogenesis and the front.
7.2 Future work

This study has indicated the fundamental properties of frontal-type TC formations. The
large-scale circulations of frontal-type formations were diagnosed comprehensively by the

filtering and composite analysis. The cyclogenesis and the frontolysis processes were
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illustrated through a case study, Typhoon Gaemi (2018). Although these diagnoses were
able to answer some scientific questions, they cannot elucidate the interactions convincedly
since the diagnosis cannot distinguish the signals of one weather system from other systems
directly. Thus, the sensitivity experiments were necessary to further illustrate the
interactions between different systems as well. In the future, one can implement the
sensitivity experiment via the piecewise PV inversion to remove the PV patches of Gaemi,
the front, and the mid-level trough, respectively. These experiments may suggest that the
direct contribution to frontolysis by TC, the influence of the front, and the mid-level trough
on Gaemi’s cyclogenesis. Moreover, we invoked other papers (Gray 1968; 1975; 1979; Fu
et al.2012; Chen et al. 2018) to confirm the role of the larger-scale circulations. In the
future, the influence of the large-scale circulation and the “threshold” of the important
synoptic parameters for frontal-type TC formation can be further verified by the
comparison between the frontal-type TC and the frontal-vortex in the Mei-Yu front, which
did not develop into TC. Based on the comparison results, the sensitive experiment can be
also performed by removing or changing the specific large-scale circulations to examine the

role of the large-scale systems and the “threshold” of these synoptic conditions.
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Tables
Table 1. The frontal-type TC formations during 1979 to 2018

Year Tropical cyclone Year Tropical cyclone
2018 Gaemi 1997 Levi

2014 Hagibis 1994 Russ

2014 Mitag 1988 Susan

2012 Talim 1987 Ruth

2004 Conson 1986 Mac

2002 Noguri 1982 Skip

2000 Longwang 1981 Ike

Table 2. The criteria of MJO (BSISO), ERW, and synoptic systems for filtering analysis

Phenomena Temporal scale Spatial scale Duration

MJO (BSISO) 30~90 days 0~5 wave number 180 days

ERW 10~45 days -1~-14 wave 180 days
number

Synoptic and larger | > 8 days None 40 days

scale systems (or

simply synoptic)

Table 3. Model description for CTL

Terms Settings
Version WREF 3.9
Grid size 18 km - 6 km — 2 km
Simulation time 00 UTC, 12 June 2018 — OOUTC, 16 June
2018
Nudging 21 hours (coefficient 4-2-1 (10*s?))
Time step 30s
Vertical levels 60 (the lowest eta level is 0.9985)
Model top 20 hPa
Microphysics scheme WDM6
Cumulus scheme Grell 3D (for d01)
PBL scheme YSU
Damping W_damp
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Figures

STEP 2 STEP 3
S (\

Figure 1. Figures from other studies: (a) Diana (1984)’s formation (Bosart and Bartlo 1991)
(b) The conceptual model of frontal-type formation (Lee et al. 2006)
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Figure 2. The WRF simulation domain. The grid sizes of D01, D02 and D03 are 18, 6 and
2km, respectively.
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Figure 3. The averaged circulation of the intraseasonal oscillation associated with frontal-
type TC formation. The barbs, color, and countour are wind anomaly (m/s), vorticity
anomaly (s1), and OLR anomaly, respectively. The wind anomaly was 10 times of the
actual value. The OLR was only plotted in the strong convetion region, where the amount
of OLR anomaly was larger than one standard deviation of the whole domina in these
period. (a) is the environmental conditions associated with 30-90 days oscillations averaged
from 6 days prior to the date when the TSs formed. (b) is the enviromeantal conditions
associated with 10-45 days osciallation 6 days prior to the TSs formation. (c) is the same as
(b) but 3 days prior to TS formation. (d) is the same as (b) but is on the day as TS formed.
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Figure 4.The composite of the synoptic-scale circulations at 850 hPa. The contour, color
and barbs are geopotential height(m), relative vorticity (s*) and wind (m/s), respectively.
The black TC symbols mark the averaged locations of TD formation and the blue ones
represent those for TS formation.The time was relative to the TS formation time.
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Figure 5. The composite of the synoptic-scale evolutions at 850 hPa. The contour, color
and barbs are geopotential height (m), wind velocity (m/s) and wind (m/s), respectively.
The location of the low-level jet (wind speed>12m/s) was highlighted by red contour. The
black TC symbols mark the averaged locations of TD formation and the blue ones represent
those for TS formation.The time was relative to the TS formation time.
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Figure 9. Gaemi’s tracks and the analyses from the IMA. (a) Gaemi’s tracks from the IMA,
control run (CTL) and sensitive experiment without Taiwan topography (Noterrain) during
Gaemi’s formation. (b), (c) and (d) are the JMA weather maps at 12 UTC 12 June, 12 UTC
13 June and 00 UTC 15 June, respectively.
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Figure 10. Same as Figure 3 except for the case study of TC Gaemi (2018).
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Figure 11. Same as Figure 4 except for the case study of TC Gaemi (2018).
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Figure 12. Same as Figure 5 except for the case study of TC Gaemi (2018).
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Figure 13. Same as Figure 6 except for the case study of TC Gaemi (2018).
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Figure 14. Same as Figure 7 except for the case study of TC Gaemi (2018).
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Figure 15. Gaemi’s local evolution. The dashed line marked the location of the Mei-Yu
front (wind shear line). (a), (c), (e) are at 12 UTC 12 June and (b), (d), (f) are at 00 UTC 13
June. (a) and (b) show the 500-hPa temperature (color, °C), geopotential height (solid line,
m) and wind (barb, m/s) in reanalysis data. (c) and (d) show the 850-hPa temperature (color,
°C), geopotential height (solid line, m) and wind (barb, m/s) in reanalysis data. (e) and (f)
are the brightness temperature (°C) of Band-13 from Himawari-9 Satellite.
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Figure 16. Same as Figure 15 except (a), (c), (e) at 12 UTC 13 June and (b), (d), (f) at 00

UTC 15 June
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Figure 17. Same as Figure 15 except at 00 UTC 16 June.
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Figure 18. The comparison of the synoptic-scale evolution between reanalysis data and
CTL simulation at 00 UTC 13 June. The dashed lines marked the locations of the Mei-Yu
front (wind shear line). (a), (c) are from reanalysis data and (b), (d) are from CTL
simulation. (a), (b) show the thickness between 850 hPa and 500 hPa (color, m), 500-hPa
geopotential height (solid line, m) and 500-hPa wind (barb, m/s). (c), (d) show 850-hPa
potential vorticity (color, PVU), 850-hPa geopotential height (solid line, m) and 850-hPa
wind (barb, m/s).
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Figure 19. Same as Figure 18 except at 12 UTC 13 June.
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Figure 20. Same as Figure 18 except at 00 UTC 15 June.
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Figure 21. Same as Figure 18 except at 00 UTC 16 June.
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Figure 22. Gaemi’s local evolution in the CTL simulation. The TC symbols are Gaemi and
dashed lines marked the locations of the Mei-Yu front (wind shear line). (a), (c), (e) are at
00 UTC 13 June and (b), (d), (f) are at 12 UTC 13 June. (a) and (b) show the 500-hPa
temperature (color, °C), geopotential height (solid line, m) and wind (barb, m/s). (c) and (d)
show the 850-hPa temperature (color, °C), geopotential height (solid line,m) and wind (barb,
m/s) (e) and (f) are the brightness temperature (°C).
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Figure 23. The same as Figure 22 except (a), (c), (e) at 00 UTC 15 June and (b), (d), (f) at

00 UTC 16 June.
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Figure 24. The comparison of the vortex-scale evolution between the reanalysis data and
CTL simulation. The vorticity and PV were averaged within 200 km from Gaemi’s center.
The time label which was marked by hours was relative to the time whem Gaemi
intensified as a TS. (a), (c) are the cyclogenesis process from reanalysis data and (b), (d) are
from CTL simulation. (a), (b) are relative vorticity and (c), (d) are PV.
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Figure 25. The comparison of the frontal evolution between reanalysis data and the CTL
simulation. The frontogenesis function and PV were averaged within 200 km from the front.
The time label which was marked by hours was relative to the time whem Gaemi
intensified as a TS. (a), (b) are the frontogenesis function in reanalysis and the CTL run,
respectively, prior to Gaemi’s formation between 110°E and 120°E. (c) is the comparison of
PV in reanalysis and the CTL simulation between 125°E and 135°E as Gaemi approached.
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Figure 26. The subjectively analysis of barotopic instability. (a) is a classic mass-field
distribution of the barotropic instability (Kuo and Horng 1994). In (b) (06 UTC), (c)
(09UTC) and (d) (12 UTC), the TC symbols is the frontal vortex which developed into
Gaemi and the star is another frontal vortex. The dashed line is the location of the front
(wind-shear line). The color, contour, and barbs are PV (PVU), geopotential heght (m), and
wind (m/s), repectively.
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Figure 27. The PV distribution at 500 hPa and 850 hPa. The TC symbols are Gaemi. The
dashed line is the Mei-Yu front. The color, contour, and barbs are PV (PVU), geopotential
height (m), and wind (m/s), respectively. (a), (c), (e) are 500-hPa distributions at 03 UTC
13 June, 12 UTC 13 June and 00 UTC 15 June. (b), (d), (f) are 850-hPa evolutions at 03
UTC 13 June, 12 UTC 13 June and 00 UTC 15 June.
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Figure 28. The PV budget and the associated diabatic heating. (a), (c), (e) are the PV
profiles contributed by different forcings (PVU/2hours) from 02 to 04 UTC 13 June, 11 to
13 UTC 13 June, and 23 UTC 14 June to 01 UTC 15 June, repectively. (b), (d), (f) are the
diabatic heating profiles (K/2hours) from 02 to 04 UTC 13 June, 11 to 13 UTC 13 June,
and 23 UTC 14 June to 01 UTC 15 June, respectively.
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Figure 29. Diabatic heating in frontal boundary layer prior to Gaemi’s formation. The
dashed line is the location of the Mei-Yu front and the black box is the calculation domain
of Figure 25(b). The barbs are wind. The color in (a) and (b) is summation of sensible heat
flux, latent heat flux and long-wave radiation (W/m?). The color in (c) and (d) is sensible
heat flux (W/m?) from surface. The color in (€) and (f) is latent heat flux (W/m?) from
surface. In addition, (a), (c) and (e) are at 00 UTC 13 June (frontogenesis stage). (b), (d), (e)
are at 06 UTC 13 June (frontolysis stage).
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Figure 30. Same as figure 29. The color in (a) and (b) is radar reflectivity (dBz). The color
in (c) and (d) is downward short-wave radiation at surface (W/m?). In addition, (a), (c) are
at 00 UTC 13 June (frontogenesis stage). (b), (d), are at 06 UTC 13 June (frontolysis stage).
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Figure 31. The frontolysis process from the PV aspect. (a), (b) a nd (c) are the PV
distribution (color), geopotential height (contour), and wind (barbs) at 850 hPa. (d) shows
the PV budget terms (PVVU/2hours) and vertical velocity (-Pa/s). Every term was averaged
within the black box in a-c. (e) is the diabatic heating below 600 hPa (K/2hours). (f) was
the vertical velocicty from the diagnose of Saywer-Eliassen equation.
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Figure 32. The synoptic-scale evolution in Noterrain simulation. The TC symbols are
Gaemi and the dash lines marked the location of the Mei-Yu front (wind shear line). (a), (c)
and (e) illuminate the thickness between 850 hPa and 500 hPa (color, m), 500-hPa
geopotential height (solid line, m) and 500-hPa wind (barbs, m/s). (b), (d) and (f) show
850-hPa potential vorticity (color, PVU), 850-hPa geopotential height (solid line, m) and
850-hPa wind (barbs, m/s).
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Figure 33. The vortex-scale evolution in Noterrain simulation. The vorticity and PV were
averaged within 200 km from Gaemi’s center. (a) is relative vorticity and (b) is PV.

83

doi:10.6342/NTU202101995



(SOOhPa) gpm_temperature(2018-06-13 1200) (500hPa) gpm_temperature(2018-06-15 0000)

225 225
215 215
-20.55N L P A, y e -20.5
- 19.5 - 19.5
- 18.5 - 18.5
17.5 17.5
16.5 16.5
15.5 15.5

20

—40

—60

—80

Figure 34. Gaemi’s local evolution in Noterrain simulation. The TC symbols are Gaemi
and dash lines marked the locations of the Mei-Yu front (wind shear line). (a), (c), (e) are at
12 UTC 13 June and (b), (d), (f) are at 00 UTC 15 June. (a) and (b) show the 500-hPa
temperature (color, °C), geopotential height (solid line, m) and wind (barb, m/s) (c) and (d)
show the 850-hPa temperature (color, °C), geopotential height (solid line, m) and wind
(barb, m/s). (e) and (f) are the brightness temperature (°C).
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Figure 35. The 200-hPa PV at (a) 00 UTC and (b) 12 UTC on 13 June. The color is PV
(PVU), contour is 200 hPa geopotential height (m), and barbs (m/s) are wind.
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Figure 36. The conceptual model for the interactions between the frontal-type TC and the
Mei-Yu front. (a) is prior to TC formation. In this stage, the short-wave radiation induced
the frontolysis and the east section of front was maintained by the CISK. The barotropic
instability triggered low-level perturbations and the the short-wave trough helped the
establishment of the mid-level PV pool. (b) is after TC formation. The TC was a strong PV
center to organize the weak PV pool adjacent to the TC. The frontal PV was pumped out by
the TC and the secondary circulation of the TC restrained the convection in the frontal
region. The front experienced significant frontolysis as TC approached.
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