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Abstract

The structure of typhoons that spawned tornadoes (tornadic typhoons: TTs) in
Japan from 1991 to 2013 were investigated by composite analysis using Japanese
55-year Reanalysis and compared with that of typhoons that did not spawn tornadoes
(non-tornadic  typhoons: NTs). Two environmental parameters, storm-relative
environmental helicity (SREH) and convective available potential energy (CAPE),
which give potential of supercells, were examined.

SREH is large in the northeast quadrant of TTs, where tornado occurrences were
concentrated, and SREH in that quadrant for TTs is significantly larger than that for NTs,
indicating that the structure of TTs is favorable to supercell generation. Larger SREH
for TTs can be attributed to larger vertical veering shear in the northeast quadrant, which
was caused by stronger intensity of the typhoon and larger synoptic-scale vertical wind
shear superposed on the typhoon vortex. Faster synoptic-scale wind speed at the
mid-troposphere that increases the propagation speeds of supercells also contributes to
larger SREH for TTs. TTs are also more strongly affected by the synoptic-scale
baroclinicity, so that the index of cyclone’s symmetry, B, is significantly larger than that
for NTs. In fact, a majority of TTs satisfy the criterion for the onset of extratropical
transition (B > 10 m).

Two kinds of CAPE were examined: one is ordinary CAPE which does not
consider the effects of entrainment, and the other is entraining CAPE (E-CAPE). The
ordinary CAPE is large in the southeast of the typhoon center, and does not explain the
distribution of the tornadoes in the northeast quadrant. On the other hand, E-CAPE is
found to be large in the northeast quadrant of both TTs and NTs, and its value for TTs is

significantly larger than that for NTs. Thus, E-CAPE is a good indicator of potential risk



for typhoon-associated tornadoes. Larger E-CAPE for TTs was caused by a larger
temperature lapse rate in the mid-troposphere. Time series analysis in addition to the
composite analysis implies that an entrainment rate of about 20% km ™ gives the most
appropriate E-CAPE: E-CAPE for this value of entrainment rate increases its value right
before the tornadogenesis and rapidly decreases after it.

In order to confirm if the entrainment rate of about 20% km™ is a reasonable
estimate for a typhoon-associated tornado environment, a large eddy simulation was
performed for a horizontally homogeneous basic-state based on the observed sounding
in the northeast quadrant of a tornado-spawning typhoon (Typhoon 9018). The
simulation successfully reproduced a storm which had typical characteristics of
typhoon-associated supercells. For the purpose of estimating entrainment rates in the
simulated supercell, a steady-state one-dimensional entraining plume model was
assumed, where the plume is defined as a continuous updraft region in which vertical
velocity exceeds 5 m s *. The basic state also has a passive tracer whose concentration
decreases linearly with increasing height. It is found that the entraining plume model
with a constant entrainment rate gives a reasonable approximation to the simulated
distribution of the passive tracer concentration for the layer from the top of the
boundary layer to the mid-troposphere. In this layer, an entrainment rate was estimated
to be about 15-20% km™, which is consistent with the assumed entrainment rate used
in the E-CAPE calculation. Above the altitude of about 6 km, on the other hand, the
entraining plume model seems to be no longer appropriate because substantial
detrainment occurs. The entrainment rate of 20% km ™ in the E-CAPE calculation turns
out to be physically reasonable value at least up to the mid-troposphere.

The present study suggests that a suitable combination of SREH and E-CAPE is



capable for better assessment of tornado potential associated with tropical cyclones.
Furthermore, E-CAPE may be a useful parameter in assessing tornado potential in other

environments that are not associated with tropical cyclones.
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1. General Introduction

Tornadoes are the most violent small-scale vortices in the atmosphere which can
cause serious human and property damage. According to the National Weather Service,
70 people per year on average are killed by the tornadoes in the US between 1986 and
2015. Thus, investigations of the tornadoes and their environment are important for both
the development of meteorology and the disaster prevention. While the observation or
the forecasting of tornadoes is still a challenge, the accumulation of the past tornado
data and the recent release of accurate reanalysis data of the atmosphere have advanced
both statistical studies of the tornado events and investigation of the environmental
conditions favorable to tornado occurrences.

In Japan, a significant fraction (20%) of tornadoes is spawned by typhoons
(Niino et al., 1997), which are defined as tropical cyclones (TCs) having a maximum
wind larger than 17 m s™* over the northwestern Pacific Ocean. The tornado associated
with Typhoon 9918 in Toyohashi City, Aichi Prefecture, on 24 September, was one of
the most intense tornadoes that occurred in Japan (F3 in the Fujita scale: 70-90 m s %)
and damaged more than 2,300 houses. The F2 (50-69 m s™) tornado associated with
Typhoon 0613 in Nobeoka City, Miyazaki Prefecture, on 17 September killed three
people, which motivated Japan Meteorological Agency (JMA) to upgrade 20
conventional radars to Doppler radars. Recently, Typhoon 1318 produced 11 tornadoes
from Wakayama to Miyagi Prefectures, which was one of the unusual tornado outbreaks
in Japan. Thus, understanding of typhoon-spawned tornadoes is important for
meteorology and disaster mitigation in Japan. The United States also experiences
significant tornado outbreaks associated with TCs (see section 1.3).

This chapter consists of three sections: In section 1.1, the basic understanding of



tornadoes and their parent convective clouds called “supercells” is reviewed briefly,
because typhoon-associated tornadoes are also known to be spawned by a certain class
of supercells. In section 1.2, some important environmental parameters for assessing the
tornado potential, which are to be mainly used for the present analysis, are explained. In
section 1.3, previous studies on tornadoes associated with TCs are reviewed. Finally, the

motivation for this thesis is presented in section 1.4.

1.1. Supercell formation and tornadogenesis

Most of intense tornadoes are known to be generated by supercells (Davies-jones
et al., 2001). In general, a supercell is defined as a long-lived convective storm having a
rotating updraft called a mesocyclone whose vertical vorticity is greater than 0.01 s .
The word “supercells” was first coined by Browning (1964) who proposed a conceptual
model of the storm characterized by its rightward deviating motion relative to the
tropospheric mean winds. Previous studies have clarified that such rightward deviating
characteristics is essential to the formation of the mesocyclone in the supercell.

The necessary condition for the supercell formation is a strong vertical wind
shear of the environment in addition to a conditionally unstable atmosphere (Weisman
and Klemp, 1982). By using a three-dimensional cloud model, Wilhelmson and Klemp
(1978) successfully simulated a long-lived rotating convective cloud in the environment
of a unidirectional westerly vertical wind shear. In such an environment, an initial
updraft triggered by a thermal bubble generates a vortex pair consisting of a cyclonic
vortex on the south and an anticyclonic vortex on the north, by tilting a horizontal
vortex tube associated with the environmental vertical shear (Fig. 1-1a). As precipitation

starts near the center of the updraft, the precipitation-associated downdraft splits the



Fig. 1-1. Conceptual model of an early development stage of right- and left-moving supercells in the
environment of a unidirectional (east-west) vertical wind shear. (a) shows initial generation of
vertical vorticity in the mid-troposphere due to tilting of horizontal vorticity of environmental winds.

(b) shows a splitting of the storm due to the precipitation associated downdraft. (From Klemp, 1987.)

storm into two parts: one is in the southern side and the other is in the north side (Fig.
1-1b). Since a warm moist low-level air is supplied from the east relative to the
eastward-moving storms, dynamically induced upward pressure gradient forces under
the southern mesocyclone and northern meso-anticyclone help the storms maintain
continuously. The cyclonically rotating updraft on the south side continuously

propagates southeastward (right to the mid-level environmental wind) and the northern



anticyclonic one propagates northeastward (left to the environmental wind), where they
are referred to as right- and left-moving supercells, respectively.

Both right- and left-moving supercells can develop in the unidirectional shear
environment, whether the Coriolis effect is considered or not (Klemp and Wilhelmson,
1978b). However, if the environmental wind has a veering vertical shear as shown in the
hodograph of Fig. 1-2, only the right-moving storm can be intensified. By using a linear
theory, Rotunno and Klemp (1982) proposed that dynamical pressure perturbations due
to the interaction between the environmental vertical shear and the storm updraft work
favorably for the right mover in the veering shear environment. According to their
theory, a positive (negative) pressure perturbation is generated on the upshear
(downshear) side of the updraft center with respect to the environmental vertical shear
vector. In a unidirectional shear environment, the resulting upward (downward) pressure
gradient force, which enhances (suppresses) the convective updraft, exists on the east
(west) side of the storm (Fig. 1-3a). However, since the pressure gradient forces act

equally on both the southern and northern storms, no difference in the development of

U (ms)
Fig. 1-2. Environmental wind hodograph for the cyclonically rotating right-moving supercell
occurred at Del City, Oklahoma on 20 May 1977. The arrow represents the observed propagation

speed of the supercell. (From Klemp et al., 1981.)



Fig. 1-3. Schematic illustration of the dynamical pressure perturbations due to the interaction
between the environmental wind shear and the storm updraft, and resulting vertical pressure gradient
forces. (a) shows the storm developed in the unidirectional westerly vertical shear and (b) shows that
for the vertically veering shear. The flat arrows represent the shear vectors of the environment for
each height. Labels H and L represent positive and negative pressure perturbations, respectively. The

shaded arrows represent the directions of vertical pressure gradient forces. (From Klemp, 1987.)

the both storms occurs. On the other hand, in a veering shear environment, upward
(downward) pressure gradient force occurs on the south (north) side of the convection,

because the lower-level shear vector is oriented to the north and the upper-level shear



vector is oriented to opposite direction (Fig. 1-3b). Thus, the development of the
right-moving (left-moving) supercell on the south (north) side is enhanced (suppressed).
In the Northern Hemisphere, most of observed supercells are the right movers, because
an environmental wind generally turns clockwise with increasing height.

The cyclonically rotating supercells in the quasi-steady state continue to
propagate to the right of the environmental wind, which can be attributed to the upward
pressure gradient force due to the mid-level mesocyclone whose center of the rotation is
located at the right of the updraft center. On the other hand, this rightward propagation
is also necessary for the cyclonic rotation in the updraft (e.g., Davies-jones, 1984; Lilly
1986). According to the linear theory developed by Davies-jones (1984), the generation
of net cyclonic vorticity in the updraft through tilting requires environmental

storm-relative streamwise vorticity w:

T el
(Vh—C)-<k><a—Z")

[V = C|

(1.1)

wg =

)

where V, is the horizontal wind vector, C is the storm motion vector, and k is the
unit vector in the vertical direction. 17h —C and kx th/az represent the
storm-relative wind and the horizontal vorticity associated with the environmental
vertical wind shear, respectively. On the other hand, crosswise vorticity (the component
of the horizontal vorticity perpendicular to the storm-relative wind direction) does not
contribute to net cyclonic rotation of the updraft. The right-moving supercell can obtain
abundant streamwise vorticity by propagating to the right of the environmental vertical
shear vector as shown in Fig. 1-2. Therefore, the existence of the mesocyclone in the

supercell and its rightward deviating motion are dynamically linked to each other.



The cyclonically rotating supercell at its tornadic stage shows distinguishing
characteristics near the surface as shown in Fig. 1-4. Gust fronts are generated between
warm moist environmental winds and cold air outflows associated with forward flank
downdraft (FFD) and rear flank downdraft (RFD). The one in the northeast is forward
flank gust front (FFGF), and the other in the southwest is rear flank gust front (RFGF).
An updraft (UD) is located around the intersection between the FFGF and RFGF. At this
stage, a hook-shaped radar echo pattern becomes noticeable at the southeastern edge of
the storm (thick line in Fig. 1-4), which indicates the existence of a strong cyclonic
rotation at the altitude of about 1 km called a low-level mesocyclone. Rotunno and

Klemp (1985) suggested that the source of the low-level mesocyclone is not only the

Fig. 1-4. Schematic plan view of a tornadic supercell at the surface. Thick line represents radar echo.
Solid lines with frontal symbols represents gust fronts. The one in the northeast is forward flank gust
front (FFGF), and the other in the southwest is rear flank gust front (RFGF). Arrows represent
storm-relative winds. Positions of the updraft (UD), forward flank downdraft (FFD), and rear flank
downdraft (RFD) are shown. The tornado location is denoted by the encircled T. (Adapted from
Lemon and Doswell, 1979.)



environmental streamwise vorticity, but also a horizontal vorticity generated
baroclinically along the FFGF.

On the other hand, the source of rotation of supercell tornado is still
controversial. In their numerical study of Nobeoka, Miyazaki Prefecture tornado
associated with Typhoon 0613, Mashiko et al. (2009) found that the source of the
rotation of the tornado came from the horizontal vorticity of the environmental wind
that has strong vertical shear near the surface. Schenkman et al. (2014) numerically
studied two tornadoes spawned by a classical supercell in Oklahoma in the United
States and suggested that frictionally generated horizontal vorticity near the surface is
important for the source of rotation of the tornadoes. Mashiko (2016) numerically
reproduced Tsukuba, Ibaraki Prefecture tornado (F3) and found that the source of the
tornado was baroclinically generated horizontal vorticity. Furthermore, Noda and Niino
(2010) made an idealized numerical simulation of a supercell tornado and suggested that
the source of rotation of the tornado is the horizontal vorticity that is in the vertical
shear of the environmental wind and is baroclinically generated due to horizontal
density gradient. In any case, a tornadogenesis requires a source of rotation and a strong
low-level updraft that causes horizontal convergence near the surface. The latter is
considered to be caused by vertical gradient of the perturbation pressure due to

low-level mesocyclone.

1.2. Environmental parameters for assessing tornado potential
Since spatial and time scales of tornadoes are small, operational forecasts of
tornado vortices using a direct numerical simulation is not practical. Instead, real-time

tornado warnings based on the detection of a mesocyclone by Doppler radars or



potential forecast of tornado risk within a few days are issued. The latter is based on the
forecast of mesocyclone-scale rotating updrafts by numerical models, and the forecast
of several environmental parameters which assess the potential of supercells. Indeed,
the tornado “nowcast” provided by Japan Meteorological Agency (JMA) is based on the
potential risk of small-scale hazardous winds that are calculated by combining observed
radar echoes, mesocyclone detection, and forecasted spatial distribution of the
parameter called “the index related to small-scale hazardous winds” (Takishita, 2009;

Fig. 1-5).

The index related to
small-scale hazardous winds

The risk index

The radar echo
and
mesocyclone detection

Fig. 1-5. A schematic image of the decision process for the risk index of small-scale hazardous
winds adopted in JMA. (Adapted from the image open to the public in the JMA’s website:
http://www.jma.go.jp/jma/kishou/know/toppuu/tornado2-3.html)

One of the most important parameters that give a potential for supercells (and

possibly associated tornadoes) is storm-relative environmental helicity (SREH;



Davies-Jones et al., 1990). In general, SREH is calculated by integrating the product of
horizontal wind speed and streamwise vorticity in the storm-relative reference frame
([V, — C| and w, respectively; see Eq. (1.1) in section 1.1) from the surface to a given

altitude H:
H o (- a3V
SREH = f (v, —C)- (k X —h> dz, (1.2)
0 0z

SREH is a measure of the potential of environmental horizontal vorticity to produce
mesocyclones through tilting, and is based on the understanding of the mechanism of
supercell formation described in section 1.1. In a graphical view, SREH is proportional
to the area enclosed by the tip of the storm motion vector C and the wind hodograph
between the surface and the altitude H (the red area in Fig. 1-6). By looking at the figure,
we can easily understand that SREH becomes larger when the wind profile has a large

vertical veering shear.
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Fig. 1-6. An example of a hodograph (black solid line). Open circles on the hodograph are plotted at
every 1-km height from the surface (SFC) to 12 km. If the storm motion vector C is given by the
blue arrow, SREH is proportional to the area enclosed by the tip of the vector C and the hodograph
between SFC and the altitude H. For example, SREH with H = 3 km is equivalent to two times the

red area in the u—v plane. The same hodograph will be shown later in Fig. 2-6a.
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Another important parameter that gives a potential for supercells is convective
available potential energy (CAPE). CAPE is defined as the vertical integration of
positive buoyancy acting on an air parcel that is lifted from the near-surface height. The

buoyancy B can be written as

B=-2_"g, 1.3
pg (1.3)

where p,, is the density of the parcel, o is that of the environmental air, and g is the
acceleration due to gravity. By using the equation of state and the approximation for the
subsonic flow, we can obtain the following approximate expression for the moist

atmosphere:

B = p_—g' (1.4)

where Tvp is the virtual temperature of the lifted parcel, T, is that of the environment.
(Virtual temperature is defined as T,=T(1+r,/e)/(1+r,), where T is the
temperature, 7, is the water vaper mixing ratio, and ¢ = R;/R,, is the ratio of the gas
constant for dry air R; to that for water vapor R,.) CAPE is obtained by integrating

the buoyancy from the level of free convection (LFC) to the equilibrium level (EL):

EL Ty, — Tv
CAPE = j —L___gdz. (1.5)
LFC Tv

(LFC is where T,,p starts to become larger than T,; EL is where T,,p starts to become

smaller than T,.) Since CAPE represents the maximum Kkinetic energy of upward
motion that the lifted parcel obtains from the buoyancy, the potential maximum upward

velocity of the moist convection is given by wy,.x = V2 CAPE.
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1.3. Tornadoes spawned by tropical cyclones

Since the beginning of the 20th century, it has been known that tornadoes often
occur in association with TCs (e.g., Gray, 1919; Mitchell, 1929). Hill et al. (1966)
discussed that TCs’ outer rainbands comprising long-lived discrete cells are favorable to
tornado occurrences. Fujita et al. (1972) showed that the tornado associated with an
outer rainband of Typhoon 7113 was spawned by a cyclonically rotating convective
storm. McCaul (1987) showed that the tornado outbreak associated with Hurricane
Danny in 1985 was spawned by a number of storms having a mesocyclone. He also
noted that the environment for each storm had abundant streamwise horizontal vorticity
and was favorable to the supercell development. Tornadoes spawned by TCs appear to
be mainly caused by supercells. However, they are known to have some distinct
characteristics that are different from those of classical supercells in the Great Plains of
the United States.

Suzuki et al. (2000) analyzed tornado-spawning convective storms associated
with Typhoon 9019 by using the Doppler radar installed at Meteorological Research
Institute (MRI) in Japan. They found that these storms showed characteristics of
“mini-supercells” whose horizontal and vertical scales were smaller than those of
classical supercells that have long been subjects of the pioneering studies shown in
section 1.1. The smaller size of TC-associated supercell is considered to be caused by
relatively large near-ground vertical shear and modest CAPE for the TC environment.
By using three-dimensional cloud model, McCaul and Weisman (1996) simulated a
mini-supercell in a horizontally homogeneous basic state which was obtained by
compositing TC-tornado environments. They concluded that strong dynamically

induced pressure gradient forces caused by an interaction between the large near-ground
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vertical shear and the updraft maintain the convection even if the buoyancy is moderate.
Mashiko et al. (2009) succeeded in reproducing a tornado spawned by Typhoon 0613 at
Miyazaki Prefecture by performing a quadruply nested numerical simulation. According
to their analysis, the major source of vertical vorticity of the tornado was the
storm-relative streamwise vorticity from the environment, in contrast to that spawned
by a classical supercell where a substantial part of the source of tornado vortex is
generated baroclinically along the edge of the cold pool.

If we look at the TC-scale, it is of interest to know that differences in the
structure between TCs that spawn tornadoes and those that do not. Novlan and Gray
(1974) showed that the vertical shear near the surface for tornadic hurricanes was larger
than that for non-tornadic hurricanes. The vertical shear is now known to be one of the
important ingredients for the supercell environment. Because of lack of available data
and understanding of supercell storms at that time, however, they neither compared the
three-dimensional structures of the TCs nor examined the distributions of environmental
parameters such as SREH.

Previous studies have also revealed that tornado occurrences tend to be
concentrated in the northeast quadrant of TCs (e.g., Hill et al., 1966; Orton, 1970;
Novlan and Gray, 1974) or the right-front quadrant with respect to the moving direction
of TCs (e.g., Smith, 1965; Fujita et al., 1972; McCaul, 1991, see Fig. 1-7a) in the
Northern Hemisphere. McCaul (1991) found that the spatial distribution of tornadoes
relative to the TC centers correlated strongly with that of the SREH (Fig. 1-7b),
implying that the distribution of tornado occurrences is strongly related to the TC
structure and its movement. However, McCaul (1991) did not investigate the SREH for

non-tornadic TCs, so the differences between tornadic TCs and non-tornadic TCs have
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Fig. 1-7. (a) Locations of TC-spawned tornadoes in the United States (1948-86) with respect to the
TC center and the moving direction of TC. (b) Composite horizontal distribution of SREH around
the TCs. (c) Same as (b), but for CAPE. (From McCaul, 1991.)

not been clarified yet.

Furthermore, the relationship between thermodynamic instability and TC
tornado occurrences remains uncertain. Novlan and Gray (1974) indicated that tornadic
hurricanes had a slightly more stable lapse rate between 850 and 700 hPa than
non-tornadic hurricanes. McCaul (1991) showed that the distribution of CAPE had
almost no correlation with that of the tornadoes (Fig. 1-7c). While substantially large
CAPE values of about 2000 J kg™* were observed in some outbreaks of TC tornadoes
(McCaul, 1987; Vescio et al., 1996), CAPE in a TC tornado environment is generally
known to be fairly small: McCaul (1991) showed a mean value of 253 J kg . Although
the atmosphere must be conditionally unstable for tornadic convective storms to
develop, parameters such as CAPE do not appear to be useful for assessing the risk of

TC-spawned tornadoes.
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1.4. Purpose of this thesis

TC-associated tornadoes are often spawned by mini-supercells, so the
strong-shear environment seems to be necessary for their occurrences. However, the
differences between tornadic TCs and non-tornadic TCs have not been clarified yet. On
the other hand, previous studies suggest that the thermodynamic instability, which is
considered to be important for the occurrences of supercells and associated tornadoes,
does not seem to be important for occurrences of TC-associated tornadoes. The purpose
of this thesis is therefore to clarify the distinctive factors for occurrences of the
TC-spawned tornadoes from the viewpoint of the TC structure. For this purpose, the
structure of tornado-spawning typhoons in Japan was investigated by means of a
composite analysis, with an emphasis on environmental parameters that characterize the
vertical shear and thermal instability. This thesis is organized as follows: Chapter 2
shows the results of the composite analysis. Chapter 3 shows the results of an idealized
large eddy simulation of a mini-supercell which gives an estimate of entrainment rate
used in the analysis in Chapter 2. General conclusions and future perspectives are given

in Chapter 4.
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2. Statistical Characteristics of Tornado-spawning Typhoons

2.1. Introduction

In this chapter, statistical characteristics of tornado-spawning typhoons are
investigated. Main goal of this investigation is to clarify structural factors of typhoons
which mainly contribute to the tornado occurrences. The analysis focuses on meso-o
and larger scale properties (> O(100 km)), because one of the interesting subjects
related to tornadoes is whether such large scale conditions really affect the
tornadogenesis on the order of 100-1000 m. Since the supercell on the order of 10 km is
considered as a linker between the large-scale environment and the tornadogenesis, the
environmental parameters explained in section 1.2 may give us some useful information.
To achieve our goal, authentic tornado reports and reanalysis data of the atmosphere are
needed.

In the present analysis, typhoons which approached Japan are divided into two
groups on the basis of data provided by JMA: those that spawned tornadoes and those
that did not. We may consider that differences between them are main contributors to
the tornado occurrences. We will examine the structures of typhoons based on the
environmental parameters of SREH and CAPE. Then, the results of the analysis based
on the environmental parameters will be interpreted by examining three-dimensional
distributions of horizontal wind, temperature, and humidity. This chapter is organized as
follows: Section 2.2 describes the data and methods used for our analysis. Results of the
SREH analysis are shown in section 2.3. Those of the CAPE analysis are shown in
section 2.4. Section 2.5 discusses the results. Finally, summary and conclusions are

given in section 2.6.
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2.2. Data and methods
2.2.1. Data sources and targets of analysis

The times and locations of tornadoes that occurred in Japan were taken from “the
Database of  Small-scale Hazardous  Winds Including Tornadoes”
(http://www.data.jma.go.jp/obd/stats/data/bosai/tornado/index.html) provided by JMA.
The typhoon-spawned tornadoes discussed in this paper are tornadoes including
waterspouts near the seashore that occurred on the four large islands of Japan (Kyushu,
Shikoku, Honshu, and Hokkaido Islands), within 550 km from the typhoon center. The
distance between the typhoon center and the tornado was estimated from the JMA best
track data. Fifty-three typhoon-spawned tornadoes, including two waterspouts, occurred
during the analysis period between 1991 and 2013 (Fig. 2-1a); none occurred on
Hokkaido Island located at the northern end. The tornado locations relative to the typhoon
centers were concentrated in the northeast quadrant of the typhoon (Fig. 2-1b), which is
consistent with previous studies on TC-spawning tornadoes (e.g., Hill et al., 1966; Orton,
1970; Novlan and Gray, 1974).

Typhoons accompanied by the typhoon-spawned tornadoes are defined as
“tornadic typhoons” (TTs). To clarify the characteristics of TTs, it is necessary to
adequately define “non-tornadic typhoons” (NTs) for comparison. In the present study,
NTs are defined as typhoons which were at similar locations as TTs but did not spawn
any tornadoes throughout their lifetimes. Practically, typhoons passing through areas
within 100 km from the centers of TTs but not beyond 550 km from the corresponding
tornado locations were selected as NTs.

To study the structures of TTs and NTs, we used the Japanese 55-year Reanalysis

(JRA-55), which gives 6-hourly three-dimensional data having a horizontal resolution
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Fig. 2-1. (a) Geographical distribution of 53 typhoon-spawned tornadoes and (b) their distribution

of 1.25° and 37 pressure levels from 1000 to 1 hPa (Kobayashi et al., 2015). In JRA-55,
by wind profile retrievals surrounding the TCs (TCR; Fiorino, 2002), artificial profiles
based on TCs’ positions, maximum wind speeds, radii of 30 kt winds, and motions from
best track data are assimilated near the TC centers besides the observational data. Since
the intensity and size of a TC may affect the SREH and CAPE distributions in its
vicinity, consideration of such information in the reanalysis data would enhance the

validity of the present analysis. The structures of 34 TTs at the nearest 6-hourly time to
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tornado occurrences are compared with those of 276 NTs. Note that the number of TTs
is smaller than that of the typhoon-spawned tornadoes because several TTs spawned
more than two tornadoes. Geographical locations of TTs and NTs are shown in Figs. 2-2

and 2-3, respectively.

2.2.2. Method of composite analysis
In the present study, composite horizontal distributions of the environmental

parameters around the typhoon centers both for TTs and NTs will be shown at first.

Procedures of the composite are as follows:

® The reference coordinate system is taken in the way that the center of each typhoon
and the north direction coincide with the origin and the y axis, respectively.

® Physical quantities such as geopotential height, horizontal wind, temperature, and
relative humidity at each pressure level in JRA-55, which are required for the
parameter calculation, are interpolated to equally-spaced horizontal grid points in
the reference coordinate system by applying the cubic convolution interpolation
method (Key, 1981).

® Environmental parameters around each typhoon center are calculated from the
vertical profiles of the interpolated physical variables at the horizontal grid points in
the reference coordinate system.

® Composite distributions of the environmental parameters are obtained by simply
superposing the typhoon centers and averaging them for TTs and NTs, respectively.

In each analysis, the statistical significance of the difference between TTs and NTs is

evaluated by Welch’s t test.
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Fig. 2-2. Geographical distribution of 34 TTs.
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Fig. 2-3. Geographical distribution of 276 NTs.
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2.2.3. Method of time series analysis
While the composite analysis will simply show the difference in the value of the
parameter between TTs and NTs, and show the relationship between the spatial
distribution of the parameter and that of tornado occurrences, it is not sufficient to
elucidate the direct correspondence between each tornado occurrence and temporal
change in the parameter values. In order to examine this correspondence, a time series
analysis was made. The time series of the parameters are prepared in the following
manner:
® The origin of the time axis (t = 0 h) is taken as the time of each tornado occurrence.
® The grid point values of the physical quantities of JRA-55 are interpolated to
locations of the tornadoes every hour by applying the cubic convolution
interpolation method with respect to latitude, longitude, and time.
® The hourly parameter values at the location of the tornado occurrence are calculated
from the interpolated profiles.
The statistical significance of the difference between the value at t = 0 h and that at

other time is evaluated by Welch’s t test.

2.3. Analysis of SREH
2.3.1. Calculation of SREH

SREH was calculated on the basis of geopotential height and horizontal wind at
pressure levels in JRA-55. JRA-55 has a relatively high vertical resolution at the low
levels, which enables relatively accurate calculation of SREH. (The integration for H =
3 km was calculated by using its 10-12 levels within 1000, 975, 950, 925, 900, 875, 850,

825, 800, 775, 750, and 700 hPa.) Since there is no information about the movement of
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each convective storm, the storm motion vector (5 in Eq. (1.2)) needs to be estimated
from the quantities that characterize the storm environment. In the present study;, C was
calculated from the vertical profile of horizontal wind by using the method of Bunkers

et al. (2000).

2.3.2. Composite distribution and time series

Fig. 2-4 shows composite horizontal distributions of SREH with H = 3 km
around the typhoon center for TT and NT. SREH is large in the northeast (NE) quadrant
both for TT and NT (Figs. 2-4a, b, respectively), and its distribution is consistent with
that of the tornado locations. Note that SREH with H = 3 km gives the highest
correlation with the tornado distribution (not shown). The SREH for TT is much larger
than that for NT, particularly in the eastern semicircle (Fig. 2-4c). The composite shows
that SREH is a useful parameter that can account for the distribution of tornado

occurrences and can distinguish TTs from NTSs.

(a) SREH for TT (b) SREH for NT (c) Difference of SREH
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Fig. 2-4. Composite horizontal distribution of SREH with H = 3 km around the typhoons: (a) for TT

80

) bk 40

and (b) for NT. (c) the difference in the values of TT from those of NT. Locations of maximum values
within the displayed area are shown by the cross marks in (a) and (b). The areas in which the difference
between TTs and NTs are statistically significant at 5% based on Welch’s t test are enclosed by solid
black lines in (c). Solid gray circles in (a) and (c) show locations of tornadoes relative to the typhoon

centers.
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Fig. 2-5 shows the time series of SREH for all typhoon-spawning tornadoes. The
maxima of SREH, shown in the figure by black circles, are clearly concentrated around
the time of tornadoes. The averaged SREH (red line in Fig. 2-5) increases gradually
until a few hours before the tornado occurrences, reaches its maximum of 247 m? s
slightly before the time of tornadoes, and finally decreases to about 50 m? s 2. This
demonstrates that SREH can adequately assess the risk of tornado occurrences

associated with the typhoon approaches.
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Fig. 2-5. Temporal variations of SREH at the locations of 53 tornadoes (gray lines). The origin of the
time axis (t = 0 h) is taken as the time of each tornado occurrence. A black circle shows the maximum
value for each tornado event. The red line represents a temporal variation in the mean values for the 53
tornadoes. The light green shading indicates the time when the parameter values are smaller than those

at the time of tornadoes with a statistical significance of 5% based on Welch’s t test.

2.3.3. Factors contributing to larger SREH of TTs
ARIEIZOWTIE, 5HELNICHEREFE TTAT T ED =D, FEAR,

2.3.4. Interpretation by cyclone phase space
ARIEIZHOWTIE, 5 FEUNICHERES THIT T ED T2, AR,
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2.4. Analysis of CAPE
2.4.1. Calculation of CAPE

CAPE was calculated on the basis of geopotential height, temperature, and
relative humidity at pressure levels in JRA-55. The lifted parcel is assumed to have
initial potential temperature and mixing ratio, which are given as their averages over the
lowest 1-km layer, respectively, where the lowest 1-km layer average was obtained by
using 4-5 levels within 1000, 975, 950, 925, 900, and 875 hPa.

As reviewed in section 1.3, the relationship between thermodynamic instability
and tornado occurrences associated with typhoons are unclear. Recently, Molinari et al.
(2012) suggested that entraining CAPE (E-CAPE) including the effects of entrainment
of environmental air can adequately represent the asymmetric distribution of convective
activities around TCs. Therefore, two kinds of CAPEs are examined in the present
study: one is “ordinary CAPE” (hereafter, referred to simply as CAPE), for which the
equivalent potential temperature of the lifted parcel is conserved. The other is E-CAPE,
for which the temperature and mixing ratio of the parcel are calculated by considering
the effects of entrainment on the basis of the Lagrangian parcel model (Romps and
Kuang, 2010). In the calculation of E-CAPE, T,,p in Eq. (1.5) changes depending on
the thermodynamic profile above the boundary layer. All of the condensates were
assumed to fall immediately from the parcel. Latent heat release associated with
freezing was not considered. We also followed Molinari et al. (2012) to assume that the
parcel ascends at a speed of 1 m s* and entrains environmental air at a constant mass
entrainment rate ¢. This study demonstrates that a suitably defined E-CAPE can be a
useful parameter for assessing the potential of tornado occurrences associated with

typhoons for the first time.
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2.4.2. Composite distribution and time series

Fig. 2-6 shows the composite horizontal distributions of CAPE and E-CAPE.
CAPE is large in the southeastern (SE) side of both TT (Fig. 2-6a) and NT (Fig. 2-6b).
This result is consistent with the composite distribution of CAPE based on rawinsonde
observations around the tornado-spawning TCs with respect to their moving directions
(McCaul, 1991; see Fig. 1-7c) if we note that TTs in our study generally headed
north-northeast. As noted in McCaul (1991), the distribution of CAPE is not consistent
with that of the tornado locations. The difference in CAPE for TT from that for NT (Fig.
2-6¢) shows that the CAPE for TT in the NE quadrant, where tornadoes are
concentrated, is not larger than that for NT. Furthermore, the CAPE in the northwest
side for TT is smaller than that for NT with a statistical significance of 5% based on

Welch’s t test. These results imply that CAPE is not a suitable parameter for assessing

(a) CAPE for TT (b) CAPE for NT (c) Difference of CAPE
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Fig. 2-6. Same as Fig. 2-4, but for (a)—(c) CAPE and (d)—(f) E-CAPE.
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the potential of tornado occurrences in typhoons.

In contrast, E-CAPE with ¢ = 20% km ™ is large in the NE quadrant for both TT
and NT (Figs. 2-23d, e, respectively), and its distribution for TT is consistent with that
of the tornado locations. Note that the values of E-CAPE are about an order of
magnitude smaller than those of CAPE. E-CAPE in the NE quadrant of TT tends to be
larger than that of NT, where the difference is statistically significant in some regions of
the quadrant (Fig. 2-6f). Thus, E-CAPE better accounts for the distribution of tornado
occurrences and distinguishes TTs from NTs than CAPE does.

Fig. 2-7 shows time series of CAPE and E-CAPE. CAPE values are often large
well before the time of tornadoes; an increase in CAPE does not necessarily correspond
to tornado occurrence (Fig. 2-7a). CAPE averaged for all cases (red line in Fig. 2-7a)
shows a decreasing trend from —48 to —15 h, weakly increases until 0 h, and eventually
approaches zero. Welch’s t test shows that CAPE after 8 h is smaller than its value at 0 h
with statistical significance of 5% (light green shading in Fig. 2-7a), but that before 0 h
does not give useful information. On the other hand, E-CAPE before 0 h tends to be
smaller than that near the time of tornadoes (Fig. 2-7b). The averaged E-CAPE (red line
in Fig. 2-7b) remains nearly constant from —48 to —15 h, increases toward its maximum
slightly before O h, and finally approaches zero. E-CAPE except from —4 to 2 h is
smaller than its value at 0 h with a statistical significance of 5%. Thus, an increase of

E-CAPE has a clear relation to the tornado occurrences.

2.4.3. Impacts of entrainment on the distribution of CAPE
It is of interest to know why the distribution of CAPE changed dramatically by

including the effects of entrainment as shown in Figs. 2-23 and 2-24. Fig. 2-8 shows
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the composite profiles of potential temperature 6, relative humidity (RH), and
equivalent potential temperature 6. for TT at the point of the maximum composite
CAPE in the SE side (the cross mark in Fig. 2-6a: hereafter, referred to as Point A) and
those at the point of the maximum composite E-CAPE in the NE quadrant (the cross

mark in Fig. 2-6d: hereafter, Point B). Also shown in Fig. 2-8c are the variations of &,
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Fig. 2-8. Composite vertical profiles of (a) potential temperature 6, (b) relative humidity (RH), and (c)

equivalent potential temperature 6, for TT. Also shown in (c) are variations of 6, for lifted parcels.
Dotted lines show the profiles at Point A in Fig. 2-6a and solid lines show those at Point B in Fig. 2-6d.
In (c), black lines show the environmental profiles, blue lines show variations in the lifted parcels

without entrainment, and red lines show those with entrainment.

Without entrainment, the parcel conserves &, during its ascent (blue lines in Fig.
2-8c); thus CAPE is determined solely by the initial 6, of the parcel and the
environmental virtual temperature lapse rate. At Point B in the NE quadrant, the initial
6. is lower (Fig. 2-8¢c) because the near-surface 6, around the typhoon becomes lower
toward the north as shown in Fig. 2-9a. Furthermore, the stratification above an altitude
of 6 km is more stable (Fig. 2-8a) because Point B is located closer to the warm core
near the center than Point A (Fig. 2-9b). Therefore, CAPE at Point B is smaller than that
at Point A. If the effects of entrainment are considered, however, 6. of the parcel is
affected by the environmental 6. to approach the latter (red lines in Fig. 2-8c), so the
distribution of the mid-tropospheric moisture shown in Fig. 2-9c becomes an important
contributor to that of E-CAPE. At point A, the environmental & at an altitude of about
45 km is relatively low (black dotted line in Fig. 2-8c) owing to the dry
mid-troposphere (dotted line in Fig. 2-8b). Thus, &, of the parcel decreases significantly

as it ascends, and the total buoyancy obtained by the parcel is reduced.
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Fig. 2-9. Composite horizontal distributions of (a) 0-1-km mean &,, (b) 300-hPa 6, and (c) 700-hPa
RH for TTs. Solid gray circles show the locations of tornadoes relative to the typhoon centers.

Labels A and B correspond to those in Fig. 2-6.

At Point B, however, such a reduction in the environmental 6, is moderate (black
solid line in Fig. 2-8c) because of the moist mid-troposphere (solid line in Fig. 2-8b).
Thus, the reduction of 8. of the parcel is less than that at Point A (red solid line in Fig.
2-8c). Furthermore, the stratification above an altitude of 6 km becomes less important
for E-CAPE because the effects of entrainment lower the equilibrium level. For these

reasons, E-CAPE in the NE quadrant becomes larger than that in the SE side.

2.4.4. Main factor contributing to larger E-CAPE of TTs

E-CAPE generally becomes relatively large in the NE quadrant because of the
moist mid-troposphere, which is common in both TTs and NTs. After a detailed
inspection of the temperature and water vapor distributions, a larger E-CAPE for TTs is
considered to be caused by a larger temperature lapse rate, especially between 850 and
550 hPa (750 550), in the NE quadrant (Fig. 2-10). In fact, if the temperature profiles
between 850 and 550 hPa for TTs are artificially modified in a way that the composite
Igs0550 for TT (Fig. 2-10a) becomes the same as that for NT (Fig. 2-10b), the difference

in E-CAPE between TT and NT almost vanishes in the region where tornadoes are
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concentrated. While Igsos550 IS large to the north-northeast of the typhoon centers for
both TT and NT, its maximum for TT is larger than that for NT and is located closer to
the typhoon center. The point where the composite /s 550 for TT minus that for NT is
the largest (Fig. 2-10c) coincides with the point where the composite E-CAPE for TT is
maximum (the cross mark in Fig. 2-6d). At that point, the averaged /g5 550 for TTs is
0.17 K km™ larger than that for NTs, which is equivalent to 31% of the averaged
E-CAPE for TTs.

I'ss0 550 plays an important role in E-CAPE because the loss of buoyancy of the
lifted parcel through entrainment lowers the equilibrium level to about 550 hPa. Without
entrainment, the equilibrium level is much higher, so that ordinary CAPE is less sensitive
to the conditionally unstable layer up to 550 hPa, which is different between TTs and NTSs.
One of the possible mechanisms causing the larger temperature lapse rates of the layer
for TTs may be a dry intrusion into the NE quadrant (e.g., Hill et al., 1966; McCaul,
1987) and associated cooling due to the evaporation of raindrops at about 550 hPa.
Curtis (2004) showed that most tornado outbreaks associated with the land-falling TCs

occurred below dry intrusions at midlevel. However, the cause of the larger lapse rates
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requires further investigation in future.

2.4.5. Sensitivity to entrainment rate

In this subsection, sensitivity of the E-CAPE distribution to the entrainment rate
is examined. Figs. 2-28 and 2-29 show the composite horizontal distributions and the
time series of E-CAPE for ¢ = 10% km ™, half of the value used in the main analysis,
respectively. Compared with the composite for 20% km™ (Figs. 2-23d, e), the

maximum points of E-CAPE are located farther from the typhoon centers both for TTs

(a) E-CAPE for TT (b) E-CAPE for NT (c) Difference of E-CAPE
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Fig. 2-11. Same as Fig. 2-4, but for E-CAPE with ¢ = 10% km™.
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Fig. 2-12. Same as Fig. 2-5, but for E-CAPE with ¢ = 10% km .
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and NTs (Figs. 2-28a, b), so the distribution for TT is less consistent with the
distribution of tornado occurrences. Furthermore, the difference between TTs and NTs is
less significant than that for 20% km™* (Fig. 2-11c). The time series shows that the rises
in E-CAPE with ¢ = 10% km ™ around 0 h tend to be more moderate than those for 20%
km™, so that the time period outside of which the E-CAPE is smaller than that at the
tornado occurrence becomes wider (Fig. 2-12).

When ¢ is doubled to 40% km™, on the other hand, the maximum points of
E-CAPE tend to be located closer to the typhoon center for both TTs and NTs (Figs.
2-30a, b). As a result, they are located at the smaller radius than the region where
tornadoes are concentrated for TT. Larger ¢ promotes higher contribution of
mid-tropospheric moisture to E-CAPE, so that E-CAPE tends to have relatively large
values in regions where the atmosphere is almost saturated. The time series shows that
another peak appears after the time of tornadoes in addition to the main peak (Fig. 2-14).
The former peak corresponds to another E-CAPE maximum close to the typhoon center.
Such double peaks make it difficult to evaluate the risk of tornadoes associated with the
typhoon approaches properly. Thus, E-CAPE with ¢ = 40% km™* appears to be less
suitable than that for 20% km™*, although the difference between TTs and NTs becomes
more significant (Fig. 2-13c).

The sensitivity analysis shows that E-CAPE with € = 20% km ™" gives the best
results for explaining the occurrences of the typhoon-spawning tornadoes. This
entrainment rate is larger than that in Molinari et al. (2012), who noted that ¢ in the
range of 5-10% km™ gave the best distribution of E-CAPE for explaining that of
lightning activities around TCs. To apply E-CAPE to future operational forecasting of

the tornado potential, it is important to verify whether the entrainment rate used in the

32



(a) E-CAPE for TT (b) E-CAPE for NT (c) Difference of E-CAPE

NORTH NORTH

- \

\/ -12
10 kg 1 kg J kg

Fig. 2-13. Same as Fig. 2-4, but for E-CAPE with ¢ = 40% km .
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Fig. 2-14. Same as Fig. 2-5, but for E-CAPE with ¢ = 40% km .

E-CAPE calculation is physically reasonable. This is investigated in the next chapter.

2.5. Discussion
AEINZDWTIR, 5FEUNICHERESE CTTATTED T2, IR,
2.6. Summary and conclusions
Storm-relative environmental helicity (SREH) for tornadic typhoons (TTs) in the
northeast quadrant, where the tornado occurrences are concentrated, is significantly

larger than that for non-tornadic typhoons (NTs). This demonstrates that the structure of
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TTs is favorable to the supercell generation. Larger SREH for TTs is mainly attributed
to larger vertical veering shear in the northeast quadrant. Two factors contribute to the
larger shear for TTs: one is stronger intensity of typhoon and the other is larger
synoptic-scale vertical wind shear superposed on the typhoon vortex. The former
contributes to near-ground vertical shear and the latter contributes to mid-level vertical
shear. Furthermore, faster synoptic-scale wind speed at the mid-troposphere that
increases the propagation speeds of supercells also contributes to the larger SREH for
TTs.

Since the synoptic-scale wind properties are essentially important for the SREH
around typhoons, the index of cyclone’s symmetry, B, which is one of the parameters
composing the cyclone phase space, can distinguish TTs from NTs: B for TTs is
significantly larger than that for NTs. Considerable number of TTs satisfy the criterion
for the onset of extratropical transition (B > 10 m), indicating that TTs are affected by
the mid-latitude baroclinic zone more strongly than NTs.

Convective available potential energy (CAPE) including the effects of
entrainment (Entraining CAPE: E-CAPE) for TTs is also larger than that for NTs, which
demonstrates that the thermodynamic structure of TTs is favorable to convection. Larger
E-CAPE for TTs can be mainly attributed to larger temperature lapse rate in the
mid-troposphere. On the other hand, ordinary CAPE, which does not consider the
effects of entraining mid-tropospheric unsaturated air and overestimates total buoyancy
obtained by a lifted air parcel, cannot distinguish TTs from NTs.

It is a new finding that E-CAPE rather than ordinary CAPE is a suitable
parameter for assessing the thermodynamic instability which contributes to the tornado

occurrences associated with typhoons. The results of the composite analysis and time
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series analysis imply that the entrainment rate of about 20% km™ gives the most
appropriate E-CAPE for assessing the potential of typhoon-spawned tornadoes. Since
this estimate of the entrainment is based on indirect evidence, however, we need to

examine the actual entrainment rate for supercells associated with typhoons.
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3. Large Eddy Simulations for Estimating Entrainment Rates

of Typhoon-associated Supercells
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4. General Conclusions and Future Perspectives

Structure of tornado-spawning typhoons is characterized by large storm-relative
environmental helicity (SREH) and large entraining convective available potential
energy (E-CAPE) in their northeast quadrants, which result in high potential for
generating cyclonically-rotating supercells.

Large SREH is mainly caused by three factors: the first is typhoon intensity
which contributes to strength of vertical wind shear near the ground. Typhoon intensities
for tornadic typhoons (TTs) are usually stronger than those for non-tornadic typhoon
(NTs), which results in larger near-surface SREH for TTs. The second is the
synoptic-scale vertical wind shear superposed on the typhoon vortex, which contributes
to strength of vertical shear in the mid-level. Above the altitude of 1 km, the
synoptic-scale vertical shear for TTs is larger than that for NTs, which results in the
larger mid-level SREH for TTs. These two factors are combined to generate larger
vertical veering shear for TTs. The third is the mid-level synoptic-scale wind speed
which determines the propagation speed of supercells. Since the mid-level
synoptic-scale flows for TTs tend to be stronger than those for NTs, the storm
propagation speed for TTs becomes faster, so that the near-surface SREH for TTs
increases more.

The parameter representing cyclone’s symmetry, B, which is one of the three
parameters of the cyclone phase space, also exhibit notable characteristics of
tornado-spawning typhoons. B is related to the synoptic-scale baroclinicity, and larger B
is likely to be caused by larger synoptic-scale vertical wind shear and possibly larger
synoptic-scale wind speed in the mid-troposphere. The mean value of B for TTs is

significantly larger than that for NTs and majority of TTs satisfy the criterion for the
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onset of extratropical transition (B > 10 m). Extratropical transition seems to be the key
for tornado occurrences associated with typhoons.

Effectiveness of E-CAPE for assessing the risk of typhoon-spawned tornadoes is
first demonstrated in the present study. In contrast to ordinary CAPE without the
entrainment effects, E-CAPE gives a consistent distribution with the locations of
tornado occurrences and can distinguish TTs from NTs. Larger E-CAPE for TTs can be
mainly attributed to larger temperature lapse rate in the mid-troposphere. This
thermodynamic instability, which is distinctive of TTs, cannot be detected by ordinary
CAPE because it cannot consider the effects of entraining mid-tropospheric unsaturated
air, and thus overestimates total buoyancy obtained by the lifted parcel. It is important
to explicitly consider the entrainment effects in accurate evaluation of the risk of
typhoon-associated supercells.

E-CAPE with a constant entrainment rate of 20% km ™ appears to give the most
consistent spatial distribution around the typhoon and temporal variation at the location
of tornado. An idealized numerical experiment of supercell in typhoon environment
performed by large eddy simulation (LES) gave a physical evidence of the value of
entrainment rate. A simple one-dimensional entraining plume model gives a reasonable
approximation of an updraft plume of the simulated supercell in the layer from the top
of the boundary layer to the mid-troposphere. In this layer, estimated entrainment rates
shows about 15-20% km™, which is consistent with the assumption of the above
E-CAPE calculation. Since the simulated supercell shows typical characteristics of
typhoon-associated supercells, the result can be considered as a representative of those
supercells.

In this thesis, structural factors of typhoons which mainly contribute to tornado
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occurrences are revealed. The present study, however, considered only typhoons which
approached Japan surrounded by the sea. It is of interest to examine tornado-spawning
hurricanes in the United State where tornadoes develop over land which has larger
friction and experiences larger surface heating than over ocean. For further
understanding of the environment of TC-associated tornadoes, we need to clarify its
similarities and differences between Japan and the United States.

Effectiveness of E-CAPE for assessing the potential of typhoon-spawned
tornadoes is clarified in the present study. This motivates us to examine whether
E-CAPE is also a useful index for tornadoes which occur in different environments, and
other types of severe weather events like downbursts, hail, flash floods, and so on. It is
necessary to conduct further research subject to those events by using the similar
approach to the present analysis.

In the present study, a constant entrainment rate is assumed in the E-CAPE
calculation. However, the results of LES show that actual entrainment rates change with
height. If we can parameterize entrainment rates quantitatively by environmental
quantities such as vertical wind shear and condition of stratification or properties of
storm itself such as updraft intensity and storm-relative wind speed, E-CAPE may be
calculated more accurately. A similar line of investigation may also contribute to
improvement of cumulus parameterization used in the AGCM. Further investigation of
entrainment rates of supercells and other convective clouds in environment with vertical

wind shear will be important issues to be studied in future.
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