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Abstract 1 

This study used the JRA-55 reanalysis dataset to analyze the structure and environment 2 

of extratropical cyclones (ECs) that spawned tornadoes (tornadic ECs: TECs) between 3 

1961 and 2011 in Japan. Composite analysis indicated that the differences between the 4 

structure and environment of TECs and those of ECs that did not spawn tornadoes 5 

(non-tornadic ECs: NTECs) vary with the seasons. In spring (March–May), TECs are 6 

associated with stronger upper-level potential vorticity and colder mid-level temperature 7 

than NTECs. The colder air at the mid-level contributes to the increase in convective 8 

available potential energy (CAPE) of TECs. TECs in winter (December–February: DJF) 9 

and those northward of 40°N in autumn (September–November: SON) are accompanied 10 

by larger CAPE than are NTECs. The larger CAPE for TECs in DJF is caused by larger 11 

moisture and warmer temperature at low levels, and that for TECs northward of 40°N in 12 

SON (NSON) is caused by the colder mid-level temperature associated with an 13 

upper-level trough. The distribution of the energy helicity index also shows significant 14 

differences between TECs and NTECs for DJF and NSON. On the other hand, the 15 

distribution of the 0–1 km storm relative environmental helicity (SREH) shows no 16 

significant differences between TECs and NTECs in most seasons except DJF. A 17 

comparison of TECs between Japan and the United States (US) shows that SREH and 18 
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CAPE are noticeably larger in the US. It is suggested that these differences occur 19 

because TECs in the US (Japan) develop over land (ocean), which exerts more (less) 20 

surface friction and diurnal heating.  21 
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 22 

1. Introduction 23 

Extratropical cyclones (ECs) are principal synoptic-scale disturbances that provide 24 

environments favorable for tornadogenesis. In particular, a large number of tornadoes 25 

are occasionally generated in the warm sector of an EC (e.g., Newton 1967; Johns and 26 

Doswell 1992; Hamil et al. 2005). These events, referred to as tornado outbreaks, are 27 

often accompanied by supercell storms that have mesocyclones associated with strong 28 

updrafts. Environments favorable to the genesis of supercell storms are known to occur 29 

frequently in warm sectors containing westerly jets in the upper troposphere and strong 30 

southwesterly jets in the lower troposphere. The strong vertical shear and veering wind 31 

contributes to the generation of the mesocyclones through tilting of the horizontal 32 

vorticity. In addition, the low-level advection of warm and moist air by the strong 33 

low-level jets creates an unstable atmosphere that is favorable for deep moist 34 

convection. 35 

Extensive studies of the environmental parameters associated with severe storms, 36 

based on moisture, instability, and shear, have been performed to distinguish tornadic 37 

from non-tornadic storms, or tornado outbreaks from non-outbreaks (e.g., Rasmussen 38 

and Blanchard 1998; Rasmussen 2003; Shafer 2009; Thompson et al. 2003; Thompson 39 
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et al. 2012; Tochimoto and Niino 2016). In the United States (US), storm relative 40 

environmental helicity (SREH; Davies-Johns et al. 1990) near the ground (0–1 km) has 41 

been found to be a useful parameter for those attempting to distinguish tornadic from 42 

non-tornadic environment (e.g., Rasmussen 2003; Shafer 2009; Thompson et al. 2003). 43 

Moreover, Rasmussen (2003) suggested that an energy helicity index (EHI; Hart and 44 

Korotky 1991) based on the 0–1 km SREH and convective available potential energy 45 

(CAPE) is the most effective for discriminating between tornadic and non-tornadic 46 

environments. Sakurai and Kawamura (2009) demonstrated that the K-helicity index 47 

(KHI), defined by them for the first time, has larger values for tornadic environments in 48 

Japan even when the EHI is small due to small CAPE. KHI is defined as 49 

𝐾𝐻𝐼 =
𝐾𝐼2×√𝑆𝑅𝐸𝐻

8.1×103
, 

50 

where KI is K-index (George 1960). However, they did not compare the structures and 51 

environments of the tornadic ECs with those of the non-tornadic ECs. 52 

The relationships between synoptic processes and tornadogenesis in the US have 53 

been extensively studied (e.g., Miller 1972; Uccellini and Johnson 1979; Johns and 54 

Doswell 1992; Stensrud et al. 1997; Thompson and Edwards 2000; Mercer et al. 2009, 55 

2012; Shafer et al. 2009; Corfidi et al. 2010; Boustead et al. 2013; Tochimoto and Niino 56 

2016). Corfidi et al. (2010), for example, studied the synoptic features of the “Super 57 
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Outbreak” over the central and eastern United States on 3–4 April 1974, and found that 58 

the outbreak was accompanied by an EC associated with a strong jet streak in the upper 59 

troposphere. A statistical modeling study by Shafer et al. (2009) also showed that SREH 60 

is useful for discriminating between tornadic and non-tornadic outbreaks. Tochimoto 61 

and Niino (2016) focused on the relationships between the structure of ECs and their 62 

associated environmental parameters in tornado outbreaks in the US. They revealed that 63 

the SREH and CAPE of ECs that cause tornado outbreaks (outbreak cyclones) are 64 

significantly larger than the values found in those that do not (non-outbreak cyclones). 65 

Outbreak cyclones have a structure with a meridionally elongated low-level 66 

low-pressure distribution that causes a stronger zonal pressure gradient in the warm 67 

sector, and this results in stronger low-level southerly winds and increased SREH 68 

(Tochimoto and Niino 2017). 69 

In Japan, about 56% of tornadoes are accompanied by ECs or stationary fronts 70 

(Niino et al. 1997). However, there have been few studies of the relationship between 71 

the structure and environment of ECs and tornadogenesis in Japan. Omoto et al. (1983) 72 

examined tornadoes associated with ECs in Japan and showed that a large number of 73 

tornadoes occurred in the warm sector. Niino et al. (1993) examined the characteristics 74 

of the tornadoes, and their parent supercells, that affected the cities of Kamogawa and 75 
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Mobara in Chiba Prefecture on 11 December 1990. However, they did not study the 76 

synoptic environment, such as the structure of the EC. Seko et al. (2009) examined the 77 

mesoscale environment of the tornado that hit Saroma, in Hokkaido Prefecture, on 7 78 

November 2006. They performed ensemble experiments and showed that the region in 79 

which the EHI was large for a considerable fraction of the ensemble members was 80 

located near Saroma. However, they did not examine the structure of the EC either. 81 

Most of the previous studies were confined to individual events and did not analyze the 82 

structure and environment of the ECs; therefore, it remains necessary to develop an 83 

understanding of the statistical characteristics of the structure and environment of ECs 84 

that cause tornadoes in Japan.  85 

In the present study, we aim to clarify the structure of ECs that cause tornadoes 86 

(hereafter referred to as tornadic ECs (TECs; a definition will be given in section 2b) 87 

and their associated environmental parameters using a reanalysis dataset. To accentuate 88 

the characteristics of TECs, we compare them with those of ECs that do not cause 89 

tornadoes (i.e., non-tornadic ECs: NTECs). As the characteristics of ECs change 90 

significantly with the seasons, we will also examine their seasonal variations. 91 

Furthermore, the structure and associated environmental parameters of TECs that 92 

developed in Japan will be compared with those from the US. 93 
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The remainder of this paper is organized as follows. The methods used in the present 94 

analysis are described in section 2. The results are presented in section 3 and discussed 95 

in section 4. Finally, we present the summary in section 5. 96 

 97 

2. Methodology 98 

a. Dataset and detection of extratropical cyclones 99 

We used two tornado datasets in this study: one covering the period 1961–1993 100 

(obtained from Niino et al. 1997), and the other for the period 1994–2011 (the 101 

“Database of Tornadoes and Severe Winds”, which was compiled by the Japan 102 

Meteorological Society (JMA) and is available at http://www.data.jma.go.jp/obd/stats- 103 

/data/bosai/tornado/index.html. For the former dataset, the tornado data were collected 104 

from the existing literature published between 1961 and 1993 in Japan and were 105 

deliberately recorded in the database after careful examinations. The JMA dataset 106 

(1994–2011) was based on comprehensive damage surveys and determination of the 107 

type of phenomena with reference to radar analysis and eyewitness reports. To examine 108 

the climatology of TECs, we used the Japanese 55-year Reanalysis data (JRA-55; 109 

Kobayashi et al. 2015) that provides 6-hourly data with a horizontal resolution of 1.25° 110 

 1.25° at 37 vertical levels. The vertical grid spacing is 25 hPa from 1000 to 750 hPa, 111 
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50 hPa from 750 to 250 hPa, and 25 hPa from 250 to 100 hPa. For the calculation of 112 

SREH, interpolation of zonal wind components to 250 m vertical levels with respect to 113 

sea level is made. Our analysis period was between 1961 and 2011. 114 

ECs were detected by applying the tracking algorithm of Hodges (1994, 1995, 1999) 115 

to the 6-hourly relative vorticity at 900 hPa. The vorticity at this level is useful to detect 116 

ECs reasonably (e.g., Yanase et al. 2014). The vorticity was truncated to the T42 117 

horizontal resolution to pick up synoptic-scale cyclones (e.g., Hoskins and Hodges 118 

2002; Bengtsson et al. 2006; Hodges et al. 2011). This algorithm has also been used to 119 

detect outbreak cyclones and non-outbreak cyclones in the US (Tochimoto and Niino 120 

2016). The method is applied to the region 10°-80°N, 80°-180°E in the present study. As 121 

the typical tracks of ECs over East Asia are known to vary with the seasons (e.g., Chen 122 

et al. 1991), the ECs were classified into those that occurred in spring (March, April, 123 

and May: MAM), summer (June, July, and August: JJA), autumn (September, October, 124 

and November: SON), and winter (December, January, and February: DJF). As no TECs 125 

were detected in JJA, we excluded the ECs that occurred in JJA from our analysis (see 126 

the definition of a TEC below). 127 

 128 

b. Definition of tornadic extratropical cyclones and non-tornadic extratropical 129 
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cyclones 130 

We defined a TEC as an EC that developed within the region 120–145°E, 25–50°N 131 

and was accompanied by at least one tornado in an area covering 5°  5° from its center 132 

within 3 h of the 6-hourly analysis time of JRA-55. The number of TECs recorded in 133 

MAM, SON, and DJF was 47, 59, and 39, respectively. An NTEC was defined as an EC 134 

that satisfied the following conditions: an EC that passed through the region within 0.5° 135 

 0.5° of the center of TECs in each season, but for which no tornado activity was 136 

observed within 5°  5° of its center through its lifetime. The number of NTECs 137 

recorded in MAM, SON, and DJF was 1198, 1240, and 912, respectively. 138 

 139 

c. Composite analysis 140 

We used composite analysis to examine the cyclone structures and associated 141 

environmental parameters. For this composite analysis, the physical variables were 142 

superposed with respect to the cyclone center, which was defined by the vorticity 143 

maximum at 900 hPa, at the key time (KT), where KT was defined as the time at which 144 

a TEC was accompanied by the largest number of tornadoes within 3 hours of analysis 145 

time in JRA-55. Note that, if the same number of tornadoes were accompanied at 146 

different analysis times, the earlier time was adopted as KT.  147 
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To focus on the differences in the structures between TECs and NTECs, we 148 

excluded very weak and very strong NTECs from our analysis and compared TECs and 149 

NTECs of similar intensity. Figure 1 shows a scatter diagram of the minimum sea level 150 

pressure (SLP) and maximum vorticity for TECs and NTECs. We used a Student’s t-test 151 

to examine whether the average vorticity and SLP differed between TECs and NTECs. 152 

The t-test showed that both the SLP and vorticity of the TECs were significantly lower 153 

and stronger, respectively, than those associated with the NTECs in DJF (t = 3.91 and 154 

5.60 for SLP and vorticity, respectively) and MAM (t = 2.85 and 3.06 for SLP and 155 

vorticity, respectively), whereas they showed no significant difference in SON (t = 0.13 156 

and 1.40 for SLP and vorticity, respectively). As ECs with weak vorticity are rarely 157 

accompanied by tornadoes (Fig. 1a–c), those NTECs with weak vorticity (less than 3.5 158 

× 10–5 s–1 in MAM and DJF, or less than 3.0 × 10–5 s–1 in SON) were excluded from the 159 

analysis. In addition, NTECs with a central SLP greater than 1010 hPa were also 160 

excluded from the analysis for MAM and DJF. Furthermore, since there is only one 161 

TECs with SLP lower than 985 hPa in DJF and MAM, and no TECs with SLP lower 162 

than 985 hPa, NTECs with a central SLP less than 985 hPa were excluded for all 163 

seasons. The frequency of NTECs with SLP lower than 985 hPa is less than 5% among 164 

all NTECs in each season. The number of NTECs selected for composite analysis in 165 
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MAM, SON, and DJF was 816, 1034, 524, respectively. Around Japan, there are two 166 

major EC tracks. The first runs from the Sea of Japan to the northwestern Pacific, and 167 

the second from the south of Japan to the northwestern Pacific (Chen et al. 1991). 168 

During SON, the latitudinal difference between these two major tracks are much greater 169 

than in other seasons, and a larger number of TECs occur to the north of 40°N (Fig. 2d–170 

f). Thus, TECs and NTECs that developed during SON were categorized into those 171 

located to the north of 40°N (NSON) and those located in the south of 40°N (SSON) at 172 

KT. On the other hand, as the differences in the latitudinal distributions during MAM 173 

and DJF are relatively small, we did not categorize the ECs in these seasons. The 174 

number of TECs (NTECs) in NSON and SSON was 29 (259) and 30 (775), respectively. 175 

In the present study, permutation testing (Efron and Tibshirani 1993) was used to 176 

determine whether the means of the distributions were statistically different, with p 177 

values of 0.1, 0.05, and 0.01 corresponding to the 90%, 95%, and 99% confidence 178 

levels, respectively. To examine the impact of the difference in sample size between 179 

TECs and NTECs, we also performed the composite analysis and the permutation test 180 

using 50 NTECs randomly selected from all NTECs in each season. This process was 181 

repeated 10 times, resulting in 10 composite fields. The results were consistent with 182 

those based on all NTECs (not shown). 183 
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 184 

d. Mesoscale environmental parameters 185 

We used SREH, CAPE, and EHI to examine the environment of the tornadoes. 186 

SREH gives a measure of the streamwise vorticity within the inflow environment of a 187 

convective storm (American Meteorological Society Glossary of Meteorology), and is 188 

defined as: 189 

                                         (2.1)  190 

where V is the environmental wind vector, c is the storm motion vector,  is assumed 191 

inflow depth, and k is a unit vertical vector. In the present study, we used h = 1 km, and 192 

estimated c using the method of Bunkers et al. (2000). 193 

CAPE is defined as the positive buoyant energy available to a parcel that rises from 194 

its initial height level to the level of neutral buoyancy (LNB): 195 

  CAPE = − ∫ 𝑅𝑑(𝑇𝑣(𝑧) − �̅�𝑣(𝑧))𝑑ln𝑝,
LNB

LFC
           (2.2) 196 

where p is the pressure, 𝑇𝑣 is the virtual temperature of the parcel, �̅�𝑣 is the virtual 197 

temperature of the environment, 𝑅𝑑 is gas constant of dry air, and LFC is the level of 198 

free convection. In the present study, the initial height level of the lifted parcel was set 199 

to the closest pressure level of JRA-55 above the ground. 200 

EHI is defined by: 201 

,)(SREH
0

dz
z

h

cV
V

k −



= 

h
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                                             (2.3) 202 

Note that CAPE in this study was calculated for a parcel lifted from the near-surface, 203 

which differs from Rasmussen (2003) who used a parcel having a mean property over 204 

the lowest 1-km. 205 

3. Results 206 

a. Seasonal variability in the distribution of tornadoes and tracks of tornadic 207 

extratropical cyclones 208 

The distribution of tornadoes associated with ECs shows seasonal variability (Fig. 209 

2a–c). During MAM (Fig. 2a), tornadoes occurred around Okinawa (ca. 125–130°E, 210 

25–30°N), along the southern coastal regions of Kyushu Island (ca. 130–132°E, 30–211 

32°N), Shikoku Island (ca. 132–135°E, 33°N), and the Pacific side of Honshu Island (ca. 212 

135–140°E, 33–35°N). No tornadoes were observed on Hokkaido Island. During SON 213 

(Fig. 2b), on the other hand, tornadoes occurred along nearly all of the coastal regions of 214 

the Japanese islands, including Hokkaido Island. During DJF (Fig. 2c), many tornadoes 215 

were observed in the coastal region of the Sea of Japan and around the Kanto Plain (ca. 216 

140°E, 36°N). 217 

This seasonal variability in the distribution of tornadoes may be related to the 218 

difference in the TEC tracks between the seasons (Fig. 2d–f). The tracks that the TECs 219 

.
101.6

CAPESREH
  EHI

5


=
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follow during MAM pass from the mainland of China to around the Japanese islands 220 

through the East China Sea or the Yellow Sea (Fig. 2d). During SON, the TECs follow 221 

two main tracks (Fig. 2e): from Eurasia continent to the Sea of Japan, and from the East 222 

China Sea to the south of Japan. During DJF (Fig. 2f), most of the TECs move from the 223 

mainland of China to the East China Sea and the Yellow Sea, but some originate in the 224 

East China Sea and move along the southern coast of Japan. 225 

 226 

b. Composite analysis 227 

1) SPRING 228 

In this subsection, we examine the distribution of the mesoscale environmental 229 

parameters of TECs during MAM and compare this with those of NTECs (Fig. 3). For 230 

TECs, the area in which SREH exceeds 100 m2 s–2 extends over the region to the east 231 

and southeast of the cyclone center, which corresponds to the warm sector (Fig. 3a). 232 

Although a considerable proportion of tornadoes develop in the region in which SREH 233 

is large, there is no significant difference in the distribution of SREH between TECs and 234 

NTECs (Fig. 3c). Thus, we suggest that SREH is not an appropriate discriminator for 235 

TECs and NTECs during MAM. 236 

Although the values of CAPE are small, there is a region in which the differences 237 
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between TECs and NTECs are statistically significant (exceeding the 99% confidence 238 

level). In Fig. 3d, a CAPE value of more than 50 J kg–1 for TECs can be seen to extend 239 

from the south to the southeast region of the cyclone center, but this is not evident for 240 

NTECs (Fig. 3e). Although the difference in CAPE between TECs and NTECs is at 241 

most 30 J kg–1 in that region (Fig. 3f), the environment associated with the TECs is 242 

thermodynamically more unstable than that of the NTECs.  Since the values in JRA-55 243 

are underestimated compared to sounding data (Appendix), the difference in CAPE 244 

between TECs and NTECs may be larger when other datasets such as real-time 245 

sounding data or outputs of mesoscale models are used. A region in which the difference 246 

in EHI between TECs and NTECs is statistically significant (exceeding the 95% 247 

confidence level) is located around the warm sector, but it is relatively narrow (Fig. 3i). 248 

The difference in CAPE between the TECs and NTECs is strongly related to the 249 

mid- to upper-level temperature. Although near-surface temperature for TECs is slightly 250 

colder than that for NTECs, the mid-level temperature around the cyclone center for 251 

TECs is notably colder than that for NTECs (Fig. 4), and the difference exceeds 3 K. In 252 

the warm sector, the mid-level temperature for TECs is also 1.5–3 K colder than that for 253 

NTECs and contributes to the larger CAPE. On the other hand, specific humidity at 254 

low-levels for TECs is smaller than that for NETCs, which negatively contributes to 255 
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larger CAPE for TECs. 256 

The difference in the mid- to upper-level temperature between TECs and NTECs is 257 

closely related to the features of the upper-level troughs (Fig. 5d–f). For TECs, 258 

upper-level potential vorticity (PV; Ertel 1942) exceeding 2.5 PVU, which is 259 

accompanied by a northern cold air mass, intrudes from the northwest to just above the 260 

cyclone center. For NTECs, on the other hand, the upper-level PV remains some 261 

distance from the cyclone center. Thus, the distribution of upper-level disturbances 262 

seems to be important from the viewpoint of static stability. 263 

The features of the upper-level disturbances between TECs and NTECs may also 264 

influence large-scale ascent. The large-scale low- to mid-level upward motion in the 265 

southeast region of the cyclone center of the TECs is stronger than that seen in the 266 

NTECs, and the region in which the differences between TECs and NTECs is 267 

statistically significant is close to the locations of the tornadoes (Fig. 5g–i). The 268 

large-scale upward motion may contribute to the destabilization of the low- to mid-level 269 

atmosphere as discussed in previous studies (e.g., Markowski and Richardson 2010; 270 

Tochimoto and Niino 2016). The present results suggest that the upper-level trough 271 

associated with the TECs is stronger than that of the NTECs and so induces stronger 272 

upward motion around the warm sector. 273 
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The box and whisker plots in Fig. 6 show the maxima of CAPE, the upper-level PV 274 

at 250 hPa, and the temperature differenceΔT between the surface and 500 hPa in the 275 

5° × 5° area around the centers of the TECs and NTECs. The 75th percentile value of 276 

CAPE exceeds 400 J kg–1 for the TECs, while it is about 200 J kg–1 for the NTECs. 277 

More than half of TECs have maximum value of CAPE larger than 150 J kg-1. Most 278 

TECs have a maximum PV greater than 2.8 PVU (10th percentile). More than half of 279 

the TECs were accompanied by an upper-level maximum PV exceeding 6 PVU, but 280 

only about 25% of NTECs exceeded this value. Differences in the maximum ΔT value 281 

between the TECs and NTECs were also evident. Although 75% of NTECs were 282 

accompanied byΔT values of less than 35 K, more than half of the TECs showed ΔT 283 

exceeding 36 K. Furthermore, 25% of the TECs had ΔT exceeding 39 K, but only 10% 284 

of the NTECs did. Thus, cooler temperature aloft and steeper temperature lapse rates 285 

contributed to the larger CAPE for TECs. The statistical t-test showed that the mean of 286 

CAPE, that of the upper-level PV maximum, and that of the maximum temperature 287 

were statistically significantly different (95 % confidence level) between the TECs and 288 

NTECs. 289 

 290 

2) SOUTH OF 40°N in AUTUMN 291 
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For ECs south of 40°N during SON (SSON), the SREH of the TECs in the northeast 292 

region of the cyclone center was greater than 125 m2 s–2 (Fig. 7a), but was less than 75 293 

m2 s–2 for the NTECs (Fig. 7b). The difference in SREH between the TECs and NTECs 294 

was statistically significant (exceeding the 95% confidence level) in that region (Fig. 295 

7c). However, the location of many tornadoes, which were to the southeast and 296 

southwest of the cyclone center, was not consistent with the region of large SREH. 297 

Values of CAPE in SSON were the largest among the seasons (Fig. 7d–f). For TECs, 298 

the region of CAPE between 50 and 100 J kg–1 extends throughout warm sector. 299 

Differences between the TECs and NTECs exceeded 50 J kg-1 in much of the warm 300 

sector; however, the area of statistical significance that exceeded the 95% 301 

confidence level is somewhat narrow. 302 

The EHI for the TECs is greater than that for the NTECs in the southeast region of 303 

the cyclone center, which corresponds to the warm sector, although the EHI is relatively 304 

small (Fig. 7g–i). Moreover, the region in which EHI exceeds 0.03 for the TECs is 305 

wider than that for the NTECs. However, more than half of the tornadoes were located 306 

outside of the region where the statistical significance of the difference between TECs 307 

and NTECs exceeded the 95% confidence level. 308 

In the southeast region of the cyclone center, the low-level southerly winds 309 

associated with the TECs were stronger than those associated with the NTECs (Fig. 8). 310 
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These southerly winds are likely to have contributed to the larger CAPE values of the 311 

TECs through warm and moist air advection (not shown) and to the larger SREH 312 

through stronger low-level vertical wind shear (Fig. 7a–c). The stronger southerly winds 313 

seem to be associated with the TECs structures that are meridionally more elongated 314 

than those of NTECs (Fig. 8), as has been described for outbreak cyclones in the US 315 

(Tochimoto and Niino 2016). 316 

Differences in the maximum CAPE and EHI values between TECs and NTECs are 317 

less evident, although the maximum tends to be larger for the TECs (Fig. 9). The 75th 318 

percentile value of the TECs (800 J kg-1 for CAPE; 0.15 for EHI) is slightly larger than 319 

that of the NTECs (600 J kg-1; 0.1 for EHI). The median value of EHI for the TECs is 320 

lower than the 75th percentile value for the NTECs. The mean of the maximum of EHI 321 

shows a statistically significant difference between the TECs and NTECs, while that of 322 

CAPE shows no significant difference between TECs and NTECs. The values of EHI 323 

and CAPE are smaller than those (about 2000 J kg-1 for CAPE, and 1.40 for EHI) for 324 

significant tornadic supercell environments in the US (e.g., Rasmussen 2003). 325 

 326 

3) NORTH of 40°N in AUTUMN 327 

For ECs north of 40°N during SON (NSON), the difference in SREH between TECs 328 
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and NTECs was less significant (Fig. 10a–c). The regions of large SREH exceeding 100 329 

m2 s–2 extend over the northeast of the cyclone center for both TECs and NTECs. The 330 

values of SREH for the NTECs were larger than those for the TECs, and most of the 331 

tornadoes occurred in the south or southeast region of the cyclone center, which does 332 

not correspond with the region of large SREH values. 333 

In contrast to SREH, there were significant differences in CAPE and EHI between 334 

the TECs and NTECs although the values were relatively small (Fig. 10d–f). The region 335 

of CAPE greater than 70 J kg–1 for the TECs extends over the southwest, south, and 336 

southeast of the cyclone center, and nearly coincides with the tornado locations. In this 337 

region, the difference in CAPE between the TECs and NTECs exceeds 40 J kg–1 and 338 

statistical significance exceeds the 99% confidence level. This result suggests that 339 

thermodynamic instability is an important element of tornadogenesis in NSON. 340 

EHI is found to be a useful parameter for distinguishing TECs from NTECs during 341 

NSON (Fig. 10g-i). The region in which differences in EHI between TECs and NTECs 342 

are statistically significant (at the 95% or 99% confidence level) is to the southeast and 343 

southwest of the cyclone center, and a considerable proportion of the tornadoes occurred 344 

in that region (Fig. 10g–i). The region of larger EHI associated with the TECs was 345 

caused mainly by the larger CAPE. 346 
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Figure 11 shows longitude–height cross sections of temperature and specific 347 

humidity along the line A–A in Fig. 10d. The distribution of low-level specific 348 

humidity is comparable for both the TECs and NTECs. On the other hand, the low-level 349 

temperature is warmer and mid-level temperature colder for the TECs, resulting in more 350 

unstable stratification. Thus, the difference in CAPE between the TECs and NTECs is 351 

associated with a difference in the temperature fields, rather than a difference in the 352 

water vapor fields.  353 

The colder temperature at mid-levels for TECs is considered to be due to the 354 

differences in the position of upper-level PV between TECs and NTECs. The 355 

upper-level PV exceeds 5 PVU for the TECs and is located right above the cyclone 356 

center (Fig. 12a). It is suggested that tornadoes in NSON are associated with mature 357 

cyclones. On the other hand, the PV maximum for the NTECs is about 500 km west of 358 

the cyclone center (Fig. 12b). The difference in the upper-level PV between the TECs 359 

and NTECs is statistically significant above the cyclone center (Fig. 12c). Thus, the cold 360 

air mass associated with the upper-level trough seems to contribute to the larger CAPE 361 

of the TECs. The tornadoes associated with upper-level cold lows are also observed in 362 

the US (e.g., Davies 2006). 363 

The box and whisker plot of the maximum CAPE values shows noticeable 364 
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differences between the TECs and NTECs (Fig. 13a). The 75th percentile value of 365 

CAPE is about 400 J kg–1 for the TECs, but is about 170 J kg–1 for the NTECs, which is 366 

nearly equal to the median value for the TECs. About half of the NTECs have CAPE 367 

values of less than 100 J kg–1. Marked differences in the maximum EHI between the 368 

TECs and NTECs are also evident, although the magnitude is small (Fig. 13b). The 75th 369 

percentile value of EHI for the TECs is about 0..08, which is considerably larger than 370 

the value of about 0.04 for the NTECs. The means of the maximum CAPE and EHI 371 

values for the TECs are larger than those associated with the NTECs (significant at the 372 

95% confidence level). The differences in CAPE and EHI is likely to be associated with 373 

that in vertical lapse rate of temperature (Fig. 13 c). The maximum of the lapse rate for 374 

TECs tend to be larger than that for NTECs. The difference in the mean of the 375 

maximum lapse rate between TECs and NTECs is statistically significant (95% 376 

confidence level). 377 

 378 

4) WINTER 379 

During DJF, the SREH in the northeast to southeast regions of the cyclone center of 380 

the TECs is significantly larger than that of the NTECs (Fig. 14a–c). The region with 381 

SREH exceeding 100 m2 s–2 extends over the southeast of the cyclone center for the 382 
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TECs. In contrast, there is no region where SREH exceeds 100 m2 s–2 for the NTECs. 383 

The differences in SREH between the TECs and NTECs exceeds 30 m2 s–2, and the 384 

statistical significance passes the 95% or 99% confidence level in that region. Some of 385 

the tornadoes developed in the southeast region where SREH was large. 386 

Although the values of CAPE during DJF were relatively small compared with other 387 

seasons, the distribution of CAPE displays significant differences between the TECs 388 

and NTECs (Fig. 14d–f). Most of the tornadoes were located in the region where CAPE 389 

exceeded 50 J kg–1, which intrudes from the south into the warm sector or near the cold 390 

front. The differences in CAPE between the TECs and NTECs were greater than 20 J 391 

kg–1, and the statistical significance of the differences exceeds the 95% or 99% 392 

confidence level. Thus, the tornadoes associated with ECs during DJF occurred in a 393 

region that was thermodynamically more unstable. 394 

The region where EHI exceeded 0.015 was close to the locations of many tornadoes 395 

(Fig. 14g). In that region, the difference between the TECs and NTECs is statistically 396 

significant (exceeding the 99% confidence level; Fig. 14i). The overlap of the regions of 397 

relatively large CAPE and SREH is important for tornadogenesis associated with ECs 398 

during DJF. 399 

The larger CAPE values associated with the TECs was caused by the greater water 400 
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vapor and warmer temperature at low levels (Fig. 15a–f). Low-level specific humidity 401 

greater than 8 g kg–1 is evident in the southeast region of the cyclone center for the 402 

TECs (Fig. 15a), but this is not the case for the NTECs (Fig. 15b). In this region, the 403 

difference in specific humidity between the TECs and NTECs is greater than 2 g kg–1, 404 

and the statistical significance exceeds the 99% confidence level (Fig. 15c). In addition, 405 

the low-level temperature of the TECs is more than 4 K warmer than that of the NTECs 406 

(Fig. 15d–f). The vertical profiles of temperature and specific humidity fields along line 407 

A–A’ in Fig. 15d also shows warmer temperatures and increased water vapor at 408 

low-levels for the TECs (Fig. 15g). 409 

Southerly winds exceeding 14 m s–1 are evident in the southeast region of the 410 

cyclone center for the TECs (Fig. 16a), whereas the wind speeds associated with the 411 

NTECs are less than 12 m s–1 (Fig. 16b). The maximum difference between the TECs 412 

and NTECs exceeds 4 m s–1 (Fig. 16c). Thus, we suggest that the stronger southerly 413 

winds associated with the TECs advected warm and moist air from the south to the 414 

north, resulting in the larger CAPE. The stronger low-level wind speed is also likely to 415 

contribute to the larger SREH of the TECs (Fig. 14a–c). 416 

We note that the high pressure system to the east of the TECs also contributes to the 417 

strong southerly winds. As the high pressure system associated with the TECs is 418 
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stronger than that associated with the NTECs, the zonal pressure gradient to the 419 

southeast of the cyclone center is also stronger, resulting in stronger southerly winds 420 

there. The upper-level PV also displays a stronger ridge structure in the northeast region 421 

of the cyclone center (Fig. 16d–f). This suggests that the stronger high pressure system 422 

has a deep structure that extends through the troposphere.  423 

Our analysis suggests that the large-scale upward motion also contributes to the 424 

occurrence of tornadoes by destabilizing the troposphere as they do during MAM (Fig. 425 

5g–i). A region of large-scale upward velocity at 600 hPa associated with the TECs 426 

extends over the northeast, southeast, and south regions of the cyclone center (Fig. 16g). 427 

The locations of tornadoes that developed in the south and southeast regions of the 428 

cyclone center correspond to the region of upward motion. Differences in the upward 429 

motion associated with the TECs and NTECs are statistically significant (exceeding the 430 

95% or 99% confidence level) in the southeast region of the cyclone center (Fig. 16i). 431 

The box and whisker plot of the maximum CAPE and EHI values shows noticeable 432 

differences between the TECs and NTECs (Fig. 17). The 75th percentile of CAPE for 433 

the TECs exceeds 250 J kg–1, but it is less than 170 J kg–1 for the NTECs. The 25th 434 

percentile of CAPE (90 m2 s–2) for the TECs is comparable with the median value for 435 

the NTECs. For EHI, the 75th percentile for the TECs (about 0.1) exceeds the 90th 436 
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percentile of the NTECs, and the median value for the TECs is greater than the 75th 437 

percentile of the NTECs. The means of the maximum CAPE and EHI for the TECs 438 

differ from those of the NTECs with statistical significance at 95 % confidence level. 439 

The box and whisker plots for the maximum of equivalent potential temperature at 950 440 

hPa clearly show that environments around the centers of TECs are characterized by 441 

low-level moist and warm air, which contributes to larger CAPE (Fig. 17c). The 442 

difference in the mean of the maximum equivalent potential temperature between TECs 443 

and NTECs is statistically significant (95% confidence level) 444 

 445 

5) COMPARISON OF TORNADIC EXTRATROPICAL CYCLONES BETWEEN 446 

JAPAN AND THE UNITED STATES 447 

In this subsection, we describe the differences in the characteristics of TECs and 448 

their associated environmental parameters, which were derived from JRA-55, between 449 

Japan and the US during MAM when tornadoes associated with ECs occur most 450 

frequently in the latter. We used the same definition of TECs in the US as for Japan, 451 

except that they were detected in the region 110–40°W, 30–55°N during MAM from 452 

1962 to 2011. By applying the same tracking algorithm, we detected 1098 TECs and 453 

their associated 5640 tornadoes using tornado data obtained from the Severe Weather 454 
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Database compiled by the Storm Prediction Center at NOAA. Figure 18 shows the 455 

distribution of TECs and their associated tornadoes in the US. Most of the TECs and 456 

their associated tornadoes occurred inland on the North American continent. In Japan, 457 

on the other hand, most TECs develop over the oceans and many of their associated 458 

tornadoes were observed along the coastal regions of the Japanese islands (Fig. 2). 459 

We compared the composite fields of the TECs for Japan with those for the US. To 460 

compare the structures of the ECs of similar intensity between Japan and the US, 147 461 

ECs with a minimum SLP of less than 992 hPa in the US were excluded from the 462 

composite analysis because TECs with an SLP lower than 992 hPa are hardly ever 463 

observed in Japan (Fig. 1). The composite fields for the environmental parameters, 464 

together with the geopotential height at a low level and kernel density estimates (Wilks 465 

2006) for distributions of tornadoes with respect to the cyclone centers are shown in Fig. 466 

19. It is evident that the horizontal scale of the Japanese TECs appears to be smaller 467 

than that in the US. SREH and CAPE values around the warm sector of the US TECs 468 

are larger than those from Japan (Fig. 19a, b). The tornadoes occurred mainly in the 469 

warm sector in both Japan and the US, although their area in the US is more widespread 470 

than that in Japan. The region in which SREH exceeds 150 m2 s–2 extends over the east 471 

of the cyclone center in the US. On the other hand, although SREH above 100 m2 s–2 is 472 
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also found in the southeast region of the cyclone centers in Japan, there is no region 473 

where SREH exceeds 150 m2 s–2. A region with CAPE values between 100 and 350 J 474 

kg–1 exists in the south–southeast region of the cyclone center in the US, whereas in 475 

Japan, CAPE values in that region are less than 100 J kg–1(Fig. 19c, d). As both CAPE 476 

and SREH are larger in the US than in Japan, EHI in the former is also noticeably 477 

higher in the southeast to south of the cyclone center (Fig. 19e, f). In that region, EHI is 478 

greater than 0.14 in the US, but is less than 0.06 in Japan. Thus, the mesoscale 479 

environment in the US is more favorable for the occurrence of supercells and associated 480 

tornadoes. 481 

To clarify why SREH is larger in the US than in Japan, we examined the distribution 482 

of the southerly winds at low levels (Fig. 20). Although the southerly wind at 900 hPa in 483 

Japan exceeds 14 m s–1 and is stronger than that in the US, the region in which the 484 

southerly wind exceeds 10 m s–1 is wider in the US than in Japan (Fig. 20a, b). The 485 

vertical cross section of the southerly wind along the lines A–A’ and B–B’ in Fig. 20a 486 

and 20b are shown in Fig. 20c and 20d, respectively. Near the surface (around 1000 487 

hPa), the southerly wind is considerably weaker in the US than in Japan: the southerly 488 

wind near the surface exceeds 10 m s–1 in Japan, but is less than 6 m s–1 in the US. As a 489 

result, the vertical shear of the southerly winds in the US is stronger than that in Japan, 490 
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resulting in larger SREH in the US. Note that Tochimoto and Niino (2016) showed that 491 

the vertical shear of the southerly winds contributes dominantly to 0–1 km SREH and 492 

causes its difference between outbreak cyclones and non-outbreak cyclones. The weaker 493 

southerly winds near the surface in the US may be the result of surface friction, because 494 

most of the ECs in the US are located inland on the North American continent, whereas 495 

most of ECs around Japan occur over the seas where surface friction is lower (Fig. 20e, 496 

f). 497 

The difference in CAPE between Japan and the US can be explained by the 498 

differences in temperature at both the low- and mid-levels. The vertical cross sections of 499 

the differences in temperature (Fig. 3d) and specific humidity (Fig. 19d) between Japan 500 

and the US along line A–A’ are shown in Fig. 21. Near the surface, the temperature in 501 

the US is at least 2 K warmer than that in Japan. In contrast, from the mid- to 502 

upper-levels, the temperature in the US is more than 3 K colder than that in Japan. As 503 

the low-level specific humidity in Japan is greater than that in the US, the difference in 504 

CAPE between Japan and the US is caused by the temperature fields through the 505 

troposphere rather than by the water vapor fields. 506 

 507 

4. Discussion 508 
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a. Seasonality of tornadic extratropical cyclones 509 

This is the first study to have revealed the statistical characteristics of TECs and 510 

their seasonality together with their associated tornadoes in Japan. The distribution of 511 

CAPE associated with the structures of TECs varies with the seasons. The largest CAPE 512 

in SSON is associated with higher temperatures and increased amounts of water vapor 513 

at low-levels compared with the other seasons. The higher temperature and larger 514 

amounts of water vapor are likely to be due to the higher sea surface temperature 515 

compared to other seasons. In contrast, CAPE is smallest during DJF and NSON 516 

because the temperature is lower and there is less low-level water vapor than in other 517 

seasons. Chuda and Niino (2005) showed that CAPE in Japan displays strong 518 

seasonality, with the peak values occurring in summer, and it also decreases with 519 

increasing latitude.  520 

Our comparison of the structures and environmental parameters of TECs and 521 

NTECs in each season suggests that the parameters or meteorological variables useful 522 

for distinguishing TECs from NTECs differ among the seasons. The distributions of 523 

upper-level PV accompanied by a cold air mass can cause significant differences in 524 

CAPE, and may provide useful information for detecting TECs in MAM and NSON. 525 

CAPE during DJF may also be a useful parameter for the detection of TECs 526 
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although its value is relatively small, which is somewhat similar to environments for 527 

tornadoes associated with quasi-linear convective systems in the US (Thompson et al. 528 

2012). The larger CAPE for TECs during DJF was caused by the warmer and more 529 

humid low-level air advected along the periphery of the high pressure system to the east 530 

of the cyclone center. Thus, it is suggested that the strong high pressure system to the 531 

east is an important element for a tornadogenesis associated with a TEC in DJF.  532 

Our results also show that EHI may be a useful parameter for distinguishing TECs 533 

from NTECs around Japan in all seasons except MAM. Seko et al. (2009) showed that 534 

EHI was useful for accessing a potential for Saroma, Hokkaido tornado on 7 November 535 

2006, which occurred in a warm sector of a TEC classified to NSON. 536 

On the other hand, the present study suggests that SREH is less useful for 537 

distinguishing TECs from NTECs around Japan except during DJF. Although the 538 

regions where there are significant differences in SREH between TECs and NTECs are 539 

found in DJF, a considerable proportion of tornadoes do not collocate with these regions. 540 

In the US, SREH calculated between 0 and 1 km is considered to be a useful parameter 541 

for distinguishing between occasions when there is the potential for tornadic 542 

thunderstorms to develop and non-tornadic scenarios (Rasmussen 2003; Thompson et al. 543 

2003), as well as between the potential for tornado outbreak events and periods when an 544 
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outbreak is unlikely (Mercer et al. 2009, 2012; Shafer et al. 2009; Tochimoto and Niino 545 

2016). 546 

The environments shown in this study are somewhat similar to high-shear, 547 

low-CAPE (HSLC) environments that mainly appear for the cool season tornadoes in 548 

the southeastern US (Sherburn and Parker 2014; Sherburn et al. 2016). Sherburn et al. 549 

(2016) examined the composite HSLC environments and showed that the forcing of 550 

ascents for severe events were stronger than that for nonsevere events, which is similar 551 

to our results in MAM and DJF.  552 

Note that the horizontal resolution of the dataset may affect the mesoscale features 553 

such as the veering of the wind with height and CAPE that can evolve rapidly in small 554 

time and space scales (e.g., Apsley et al. 2016; King et al. 2017; Markowski et al. 1998). 555 

Thus, the values of environmental parameters obtained from reanalysis dataset should 556 

not be directly compared with those obtained from soundings even though the relative 557 

comparisons may be still useful. Our previous study (Tochimoto and Niino 2016) of the 558 

structure of ECs that caused tornado outbreaks and those that did not, clearly 559 

demonstrated the differences, and suggested that the structure of ECs is important for 560 

providing a favorable background for the mesoscale environment of supercells and 561 

associated tornadoes. 562 



34 

 

We also examined the KHI (Sakurai and Kawamura 2008) for the TECs and NTECs 563 

for each season (not shown). The results suggest that KHI is not necessarily a more 564 

useful parameter than CAPE and EHI for distinguishing TECs from NTECs, even 565 

though values of KHI are large for TECs (not shown).  566 

 567 

5. Summary 568 

We have examined the climatology of the structure and environment of ECs that 569 

caused tornadoes (TECs) in Japan between 1961 and 2011. As TECs exhibit different 570 

seasonal characteristics including their tracks and geographical distribution of 571 

associated tornadoes, they were examined separately for spring (MAM), autumn (SON), 572 

and winter (DJF).  573 

The structures and environmental parameters associated with TECs were compared 574 

with those for non-tornadic ECs (NTECs). The characteristic differences between TECs 575 

and NTECs in each season may be briefly summarized as follows, where TECs that 576 

developed during SON were divided into those located to the north of 40°N (NSON) or 577 

to the south of 40°N (SSON) around the time of the tornado: 578 

(i) MAM: TECs pass from the mainland of China to the Japanese islands 579 

through the East China Sea or the Yellow Sea. Many of the tornadoes occur 580 
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in the warm sector of the TECs. TECs are accompanied by significantly 581 

stronger upper-level PV and colder mid-level temperatures than are seen in 582 

NTECs. The colder mid-level air in TECs results in larger CAPE values in 583 

the southeast region of the cyclone center. Stronger large-scale upward 584 

motion in that region for TECs is also associated with the upper-level high 585 

PV. 586 

(ii) SSON: TECs follow two tracks: those passing from the Yellow Sea to the 587 

Sea of Japan, and those from the mainland of China to the East China Sea. 588 

Tornadoes occur in the southwest, southeast, and northeast regions of the 589 

cyclone center. The stronger southerly winds associated with the more 590 

meridionally-elongated structure of the TECs advect warm and moist air 591 

northwards, and this creates an unstable atmosphere. The region in which 592 

CAPE and EHI are significantly larger develops to the east of the cyclone 593 

center for TECs, although the locations of about half of the tornadoes do not 594 

coincide with the region of large EHI. 595 

(iii) NSON: TECs pass from north of the Korean Peninsula to Hokkaido. Most of 596 

the EC-associated tornadoes that affect Hokkaido occur in NSON. CAPE 597 

and EHI values for TECs are significantly larger than those for NTECs. 598 
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These features may be related to the colder upper-level temperature 599 

associated with upper-level trough. On the other hand, the region of large 600 

SREH for TECs does not coincide with the locations of tornadoes. Thus, 601 

thermodynamically more unstable environments seem to be important for 602 

tornadoes in NSON. 603 

(iv) DJF: Most of the TECs move from the mainland of China to the East China 604 

Sea and the Yellow Sea. The majority of the tornadoes occur in the south 605 

and southeast regions of the cyclone center. The distributions of CAPE and 606 

EHI show significant differences between TECs and NTECs, and the region 607 

in which these parameters are large occurs near the locations of the 608 

tornadoes. These differences are caused partly by the stronger high pressure 609 

system to the east of the TEC center: The strong southerly winds between the 610 

TECs and the high pressure system advect warm and moist air northward, 611 

thus creating a thermodynamically unstable atmosphere. 612 

The differences in the structures of TECs and the environmental parameters during 613 

MAM between Japan and the US were also examined. The values of CAPE, SREH, and 614 

EHI of the US TECs were noticeably larger than those from Japan. The larger SREH in 615 

the US is caused by the stronger low-level vertical shear generated by the larger surface 616 
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friction over land. The larger CAPE in the US can be attributed to the warmer 617 

temperatures near the surface caused by solar heating and lower temperatures at 618 

mid-levels. This may explain the lack of tornadoes stronger than EF4 in Japan 619 

(according to the statistics since 1961), and the statistics that the number of tornadoes 620 

per 104 km2 per year in Japan is 0.54 (104 km)–1 yr–1 (Niino et al. 1997), which is about 621 

40% of that in the US.  622 

In this study, we have revealed important features of TECs and the associated 623 

environmental parameters in Japan for each season. However, the physical mechanisms 624 

through which TECs are more favorable for tornadogenesis than NTECs are still not 625 

completely clarified. For instance, to what degree the high pressure system to the east of 626 

TECs during DJF affects TECs and associated tornadogenesis is not understood well. 627 

Further understanding of the physical mechanisms and the detailed evolution of 628 

synoptic systems that causes an environment favorable for a tornadogenesis are left for 629 

a future study. 630 
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 641 

Appendix Comparison of SREH and CAPE with upper-air soundings 642 

It is of interest to examine how the values of SREH and CAPE calculated from the 643 

JRA-55 dataset compare with those obtained from operational upper-air soundings 644 

made by the JMA. For this purpose, we used the sounding data from 1987 to 2007 from 645 

all 18 JMA stations. The JRA-55 parameters calculated at the four grid points nearest to 646 

the upper-air stations were interpolated to obtain their values at the sounding stations. 647 

The average values of the correlation coefficient between JRA-55 and the upper-level 648 

soundings for SREH and CAPE for all stations are 0.62 and 0.59, respectively. The 649 

largest correlation coefficient for SREH (CAPE) among the sounding stations is 0.84 650 

(0.79) at Kagoshima (Ishigakijima), and the smallest is 0.003 (0.23) at Yonago (Akita). 651 

Figure A.1 shows scatter diagrams of CAPE and SREH between the upper-air 652 
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soundings and JRA-55 for Ishigakijima (in the southwest of Okinawa Prefecture; see 653 

Fig. 2a) and Kagoshima (on the south of Kyushu Island; see Fig. 2), where the largest 654 

correlation coefficients were obtained for each parameter. Both SREH and CAPE 655 

obtained from JRA-55 are about half the value of the upper-air soundings. The average 656 

values of the coefficient of linear regression between the upper-air soundings and 657 

JRA-55 for SREH and CAPE are 0.4 and 0.29, respectively. The values of the 658 

regression coefficient for SREH (CAPE) vary from 0.001 (0.1) to 0.63 (0.56). Thus, 659 

both SREH and CAPE obtained from JRA-55 are smaller than those for the upper-air 660 

soundings. These differences in SREH and CAPE between JRA-55 and the soundings 661 

are caused partly by the horizontal resolution of JRA-55 (which is 100 km), where the 662 

vertical profiles of the thermodynamic and dynamical quantities are considered to be a 663 

horizontal average across the 100-km grid square. The horizontal interpolation of 664 

physical quantities at the nearest four grid point values of JRA-55 to the sounding 665 

stations may also be the cause of these differences, especially for those near the 666 

coastlines, for which some of the nearest grid points could be located over the oceans. 667 
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Fig. 1. Scatter diagram of SLP and vorticity in (a) MAM, (b) SON, and (c) DJF. Note 846 

that black squares and gray circles indicate TECs and NTECs, respectively. 847 

 848 

Fig. 2. Geographical distributions of tornadoes associated with extratropical cyclones in 849 

(a) MAM, (b) SON, and (c) DJF. Tracks of TECs in (d) MAM, (e) SON, and (f)DJF. 850 

Note that blue dots and black bold lines in (d), (e), and (f) indicate the locations of 851 

TECs at KT, and tracks of TECs from KT-48 hour to KT, respectively. The unit of 852 

numerals on the axes is degree. 853 

 854 

 855 

Fig. 3. Horizontal distributions of meso-scale environmental parameters in MAM: (a) 856 

SREH (color shading; m2s-2), (d) CAPE (color shading; J kg-1), and (g) EHI (color 857 

shading)  for TECs. (b), (e) and (h): As in (a), (d) and (g), but for NTECs. (c), (f) and 858 

(i): The p values for differences between TECs and NTECs. Contour lines in left and 859 

middle panels indicate geopotential height at 900 hPa with an interval of 30 m, and 860 
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those in right panels show differences in SREH, CAPE and EHI between TECs and 861 

NTECs, respectively. Note that the contour interval in (c), (f), and (i) are 10 m2 s-2, 10 J 862 

kg-1  and 0.005, respectively. Blue dots indicate the locations of tornadoes with respect 863 

to the cyclone center. The unit of numerals on the axes is degree. 864 

 865 

Fig. 4. Zonal-vertical cross section of differences in temperature (color shading; K) and 866 

specific humidity (contour lines; g kg-1) between TECs and NTECs along line A-A' in 867 

Fig. 3(d) for MAM. 868 

 869 

Fig. 5. (a) and (d): PV (PVU; color shading) at 250 hPa and vertical pressure velocity 870 

(Pa s-1) at 600 hPa, respectively, for TECs. (b) and (e): As in (a) and (d) but for NTECs. 871 

(c) and (f): p values for difference in PV and vertical pressure velocity between TECs 872 

and NTECs, respectively. Contour lines in (a), (b), (d), and (e) indicate geopotential 873 

height at 900 hPa with and interval of 30 m and those in (c) and (f) indicate the 874 

difference in the PV and vertical pressure velocity with an interval of 1 PVU and 0.1 Pa 875 

s-1, respectively.  876 

 877 

Fig. 6. Box and whiskers plot of the maximum (a) CAPE in the 5 degree × 5 degree 878 
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area around the center of TECs and NTECs in MAM. (b) same as (a) except for ΔT . 879 

(c) same as (a) except for 250-hPa PV (PVU) The shaded box indicates the range of 880 

25th-75th percentiles, and the whiskers that of the 10th-90th percentiles. Median values 881 

are marked by the black horizontal line within each shaded box. 882 

  883 

Fig. 7. Same as Fig.3 except for SSON.  884 

 885 

Fig. 8. (a) Meridional winds at 900 hPa (color shading; m s-1) for TECs in SSON, (b) 886 

same as (a) but for NTECs, and (c) p values for difference in meridional winds between 887 

TECs and NTECs. Contour lines in (a) and (b) indicate geopotential height with an 888 

interval of 20 m, and those in (c) indicate the differences in meridional winds between 889 

TECs and NTECs with an interval of 1 m s-1.  890 

 891 

Fig. 9. Same as Fig. 6 except for (a) CAPE and (b) EHI in SSON. 892 

 893 

Fig. 10. Same as Fig.3 except for NSON.  894 

 895 

Fig. 11. Zonal-vertical cross section of differences in temperature (color shading; K) and 896 
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specific humidity (contour lines; g kg-1) between TECs and NTECs along line A-A' in 897 

Fig. 10 for NSON. 898 

 899 

Fig. 12 (a) PV at 250 hPa (color shading; m s-1) for TECs, (b) that for NTECs, and (c) p 900 

values for difference in PV between TECs and NTECs for NSON. Contour lines in (a) 901 

and (b) indicate geopotential height with an interval of 20 m and those in (c) indicate the 902 

differences in PV between TECs and NTECs with an interval of 0.5 PVU.  903 

 904 

Fig. 13. Same as Fig. 6 except for (a) CAPE , (b) EHI and (c)ΔT in NSON. 905 

 906 

Fig. 14. Same as Fig.3 except for DJF.  907 

 908 

Fig. 15. (a) and (d): Specific humidity (color shading; kg kg-1) and temperature (color 909 

shading; K), respectively, at 950 hPa (color shading; K)  for TECs. (b) and (e): As in 910 

(a) and (d) but for NTECs. (c) and (f): p values for difference in specific humidity and 911 

temperature between TECs and NTECs, respectively. Contour lines in (a), (b), (d), and 912 

(e) indicate geopotential height at 900 hPa with and interval of 30 m and those in (c) 913 

and (f) indicate the difference in the specific humidity and temperature with an interval 914 
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of 0.2 g kg-1 and 1 K, respectively. (g) The zonal-vertical cross section of the difference 915 

in temperature (color shading; K) and specific humidity (contour lines; kg kg-1) between 916 

TECs and NTECs along line A-A' in (d). 917 

 918 

Fig. 16. Same as Fig. 5 except for DJF 919 

 920 

Fig. 17. Same as Fig. 6 except for (a) CAPE, (b) EHI and (c) equivalent potential 921 

temperature at 950 hPa in DJF. 922 

 923 

Fig. 18. Geographical distributions of (a) TECsand (b) tornadoes associated with TECs 924 

in the United States. 925 

 926 

Fig. 19. Horizontal distributions of meso-scale environmental parameters in Japan (left 927 

panels) and the US (right panels): (a) and (b) SREH (color shading; m2 s-2); (c) and (d) 928 

CAPE; (e) and (f) EHI. Contour lines indicate geopotential height at 900 hPa (m) with 929 

an interval of 20 m. Blue contour lines indicate kernel density estimates for distributions 930 

of tornado with respect to the TEC centers. 931 

 932 
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Fig. 20. (a), and (b): Horizontal distributions of meridional winds (color shading; m s-1) 933 

at 900 hPa for Japan and for the US, respectively. (c) and (d): Meridional-vertical cross 934 

sections of meridional winds along line A-A’ and line B-B’ line in (a) and (b), 935 

respectively. (e) and (f): The fraction of land grid points (color shading) for Japan and 936 

the US. Contour lines in (a)-(b), (e)-(f) indicate geopotential height at 900 hPa with an 937 

interval of 20 m.  938 

 939 

Fig. 21. Zonal-vetical cross section of differences in composited temperature (solid 940 

lines; K) and specific humidity (dashed lines; g kg-1) between TECs in Japan (along line 941 

A-A' in Fig. 3d) and in the US (along line A-A' Fig. 19d). 942 

 943 

Fig. A1. Scatter diagrams between upper-air soundings and JRA-55 for (a) CAPE at 944 

Ishigakijima station and (b) SREH at Kagoshima station.  945 
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Fig. 1. Scatter diagram of SLP and vorticity in (a) MAM, (b) SON, and (c) 

DJF. Note that black squares and gray circles indicate TECs and NTECs, 

respectively. 
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Fig. 2. Geographical distributions of tornadoes associated with extratropical cyclones in 

(a) MAM, (b) SON, and (c) DJF. Tracks of TECs in (d) MAM, (e) SON, and (f)DJF. Note 

that blue dots and black bold lines in (d), (e), and (f) indicate the locations of TECs at KT, 

and tracks of TECs from KT-48 hour to KT, respectively. The unit of numerals on the 

axes is degree. 
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Fig. 3. Horizontal distributions of meso-scale environmental parameters in MAM: (a) SREH (color 

shading; m
2
s

-2
), (d) CAPE (color shading; J kg

-1
), and (g) EHI (color shading)  for TECs. (b), (e) 

and (h): As in (a), (d) and (g), but for NTECs. (c), (f) and (i): The p values for differences between 

TECs and NTECs. Contour lines in left and middle panels indicate geopotential height at 900 hPa 

with an interval of 30 m, and those in right panels show differences in SREH, CAPE and EHI 

between TECs and NTECs, respectively. Note that the contour interval in (c), (f), and (i) are 10 m
2 

s
-2

, 10 J kg
-1  

and 0.005, respectively. Blue dots indicate the locations of tornadoes with respect to 

the cyclone center. The unit of numerals on the axes is degree. 
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Fig. 4. Zonal-vertical cross section of differences in temperature (color shading; 

K) and specific humidity (contour lines; g kg
-1

) between TECs and NTECs along 

line A-A' in Fig. 3 for MAM. 
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Fig. 5. (a) and (d): PV (PVU; color shading) at 250 hPa and vertical pressure velocity (Pa s
-1

) at 600 

hPa, respectively, for TECs. (b) and (e): As in (a) and (d) but for NTECs. (c) and (f): p values for 

difference in PV and vertical pressure velocity between TECs and NTECs, respectively. Contour 

lines in (a), (b), (d), and (e) indicate geopotential height at 900 hPa with and interval of 30 m and 

those in (c) and (f) indicate the difference in the PV and vertical pressure velocity with an interval 

of 1 PVU and 0.1 Pa s
-1

, respectively.  
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Fig. 6. Box and whiskers plot of　the maximum (a) CAPE in the 5 degree × 5 degree area 

around the center of TECs and NTECs in MAM. (b) same as (a) except for DT . (c) same as 

(a) except for 250-hPa PV (PVU) The shaded box indicates the range of 25th-75th 

percentiles, and the whiskers that of the 10th-90th percentiles. Median values are marked 

by the black horizontal line within each shaded box.	
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Fig. 7. Same as Fig.3 except for SSON.  
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Fig. 8. (a) Meridional winds at 900 hPa (color shading; m s
-1

) for TECs in 

SSON, (b)same as (a) but for NTECs, and (c) p values for difference in 

meridional winds between TECs and NTECs. Contour lines in (a) and (b) 

indicate geopotential height with an interval of 20 m, and those in (c) indicate 

the differences in meridional winds between TECs and NTECs with an 

interval of 1 m s
-1

.  
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Fig. 9. Same as Fig. 6 except for (a) CAPE and (b) EHI in SSON. 
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Fig. 10. Same as Fig.3 except for NSON.  



67 

 

 1057 

 1058 

 1059 

 1060 

 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 

A	 A' 	

Temperature & specific humidity	
NSON	

Fig. 11. Zonal-vertical cross section of differences in temperature (color shading; 

K) and specific humidity (contour lines; g kg
-1

) between TECs and NTECs along 

line A-A' in Fig. 9 for NSON. 



68 

 

 1074 

 1075 

 1076 

 1077 

 1078 

 1079 

 1080 

 1081 

 1082 

 1083 

 1084 

 1085 

 1086 

 1087 

 1088 

 1089 

 1090 

TEC NTEC p values & TEC－ NTEC(a) (b) (c)

NSON

Fig. 12 (a) PV at 250 hPa (color shading; m s
-1

) for TECs, (b) that for NTECs, 

and (c) p values for difference in PV between TECs and NTECs for NSON. 

Contour lines in (a) and (b) indicate geopotential height with an interval of 20 

m and those in (c) indicate the differences in PV between TECs and NTECs 

with an interval of 0.5 PVU.  
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Fig. 13. Same as Fig. 6 except for (a) CAPE , (b) EHI and (c)ΔT in NSON. 
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Fig. 14. Same as Fig.3 except for DJF.  



71 

 

 1105 

 1106 

 1107 

 1108 

 1109 

 1110 

 1111 

   1112 

A
A' 

TEC NTEC p values & TEC－ NTEC(a) (b) (c)

(d) (e) (f)

(g)

Specific humidity

at 950 hPa

temperature

at 950 hPa

Vertical-cross section of

temperature & specific humidity

A A’

A 

Fig. 15. (a) and (d): Specific humidity (color shading; kg kg
-1

) and temperature (color 

shading; K), respectively, at 950 hPa (color shading; K)  for TECs. (b) and (e): As in 

(a) and (d) but for NTECs. (c) and (f): p values for difference in specific humidity and 

temperature between TECs and NTECs, respectively. Contour lines in (a), (b), (d), and 

(e) indicate geopotential height at 900 hPa with and interval of 30 m and those in (c) 

and (f) indicate the difference in the specific humidity and temperature with an interval 

of 0.2 g kg
-1 

and 1 K, respectively. (g) The zonal-vertical cross section of the difference 

in temperature (color shading; K) and specific humidity (contour lines; kg kg
-1

) 

between TECs and NTECs along line A-A' in (d). 
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Fig. 16. Same as Fig. 3 except for meridional wind (m s-1) at 900 hPa in DJF, 250-hPa 

PV (PVU), and vertical pressure velocity (Pa s-1) at 600 hPa, instead of SREH, CAPE, 

and EHI. The contour intercals for (c), (f), (g), (h), (i) are 1 m s-1, 1 PVU, 30m, 30m, 

0.1 Pa s-1, respectively. 
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Fig. 17. Same as Fig. 6 except for (a) CAPE, (b) EHI and (c) equivalent potential 

temperature at 950 hPa in DJF. 
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Fig. 18. Geographical distributions of (a) TECs and (b) tornadoes associated with TECs in 

the United States. 
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Fig. 19. Horizontal distributions of meso-scale environmental parameters in Japan (left 

panels) and the US (right panels): (a) and (b) SREH (color shading; m
2
 s

-2
); (c) and (d) CAPE 

(color shading; J kg
-1

); (e) and (f) EHI (color shading). Black contour lines indicate 

geopotential height at 900 hPa (m) with an interval of 20 m. Blue contour lines indicate 

kernel density estimates for distributions of tornado with respect to the TEC centers. 
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Fig. 20. (a), and (b): Horizontal distributions of meridional winds (color shading; m s
-1

) at 900 

hPa for Japan and for the US, respectively. (c) and (d): Meridional-vertical cross sections of 

meridional winds along line A-A’ and line B-B’ line in (a) and (b), respectively. (e) and (f): 

The fraction of land grid points (color shading) for Japan and the US. Contour lines in (a)-(b), 

(e)-(f) indicate geopotential height at 900 hPa with an interval of 20 m.  
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Fig. 21. Zonal-vetical cross section of differences in composited temperature (black 

solid lines; K) and specific humidity (dashed lines; g kg
-1

) between TECs in Japan 

(along line A-A' in Fig. 3d) and in the US (along line A-A' Fig. 19d). 
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Fig. A1. Scatter diagrams between upper-air soundings and JRA-55 for (a) CAPE 

(J kg
-1

) at Ishigakijima station and (b) SREH (m
2
 s

-2
) at Kagoshima station.  
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