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Table S1. Formulas for calculating thermodynamic and kinematic parameters. Symbols denote:  (gravitational acceleration), EL (equilibrium level), LFC (lifting condensation level),  (virtual temperature of  [parcel],  [environment], and  [average of layer]),  (level of parcel origin),  (air) and  (dew point) temperature,  (environmental wind),  (unit vertical vector), and  (storm motion vector).
	Parameter
	Formula

	1Convective available potential energy (CAPE)
	

	1Convective inhibition (CIN)
	

	2Lifting condensation level (LCL)
	

	3K-index (KI)
	

	Deep layer shear (DLS)
	

	4Storm relative helicity (SRH)
	


1. The near-surface to 500-m mixed-layer parcel is used to compute CAPE and CIN using methods from Marsh et al. (2009). 
2. ml denotes surface to 500-m mean layer.
3. The 925-hPa is used instead of 850-hPa to represent lower-level environments better.  
4. Storm motion vector is approximated following Bunkers et al. (2000).

Table S2. The annual average frequency of EHI, KHI, and STP for each region in the HIST and +2-K. Parathesis indicates the range from 30 +2-K ensemble members. 
	
	
	HIST
	+2-K

	wHokkaido
	EHI
	3.1 (2.6 - 3.9)
	6.9 (4.8 - 9.6)

	
	KHI
	6.9 (5.9 - 7.8)
	9.9 (8.5 - 10.8)

	
	STP
	5.2 (4.5 - 5.9)
	8.9 (6.9 - 11.0)

	eTohoku
	EHI
	6.4 (5.9 - 7.1)
	13.9 (9.9 - 18.4)

	
	KHI
	14.1 (12.9 - 14.7)
	16.7 (14.9 - 18.8)

	
	STP
	7.2 (6.4 - 7.9)
	11.8 (9.6 - 14.5)

	Kanto
	EHI
	30.2 (29.0 - 31.9)
	41.6 (35.2 - 48.9)

	
	KHI
	22.1 (20.4 - 23.6)
	24.7 (22.0 - 27.4)

	
	STP
	21.4 (19.5 - 22.6)
	25.3 (22.5 - 28.7)

	Kansai
	EHI
	32.2 (30.1 - 35.3)
	44.0 (37.6 - 52.2)

	
	KHI
	30.6 (28.9 - 34.3)
	34.1 (30.5 - 37.5)

	
	STP
	26.3 (24.2 - 28.1)
	31.3 (26.8 - 36.9)

	wKyushu
	EHI
	40.1 (36.9 - 43.2)
	52.0 (40.4 - 64.2)

	
	KHI
	24.3 (23.0 - 25.9)
	27.2 (23.1 - 30.7)

	
	STP
	22.7 (21.4 - 24.3)
	27.1 (21.8 - 32.0)
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Figure S1. a) Hourly and b) monthly distribution of all tornadoes in Fig. 1. 
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Figure S2. Trends in annual frequency of cyclones for each region. Each region is enlarged by 3º in all directions to account for remote cyclone influence. Cyclones are identified using the neighbor enclosed area tracking algorithm (Inatsu 2009). Tracking methods are the same as Kawazoe et al. (2023), except for relative vorticity, which is set aa 2.0 × 10−5 s−1.
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Figure S3. As in Fig. 4, but for ERA5. 
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Figure S4. As in Fig. 5, but for (a-c) EHI, (d-f) KHI, and (g-i) STP in MAM, JJA, and SON. 
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Figure S5. As in Fig. 5, but separated by ΔSST patterns for (top) EHI, (middle) KHI, and bottom (STP).
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[bookmark: _Hlk129615653]Figure S6. Comparison of radiosonde and nearest reanalysis [a) ERA5, b) CFSR, and c) JRA-55] sounding. Seventeen radiosondes either currently in operation or active for 30+ years, are used. The values denote the Pearson correlation coefficient (Corr.) and root mean square error (RMSE). For CFSR’s LCL, the sigma 0.995 level (~42 m) is treated as the surface, while 2-m values are used for the ERA5/JRA-55.
image2.jpeg
= eTohoku 6.8 (0.012)
= Kanto 6.9 (0.021)

= Kansai 1.2 (
e WKyushu 1.2

0.529)

)

(0.730

175 | === wHokkaido 3.8 (0.086)

— 150 1

e

JA

125 A

)

Aouanbaly auojoh9

1990 2000 2010 2020

1980




image3.jpeg
2\00 600 100614001800 2200 2600 20 60 106 140 180 220 260
CAPE (Jkg™) CIN (Jkg™) LCL (m)

=

39 40 41 42 43 44 45 16 18 20 22 24 26 5 15 25 35 45 55 65
Kl (K) DLS (ms™) SRH (m?s?)




image4.jpeg
a) HIST MAM

20 28 36
KHI
9) HIST MAM

8 A





image5.jpeg
GF

CC

7 8 910 11

123456
absolute change

-1 0




image6.jpeg
Radiosonde

2

CAPE [Jkg] CIN [J kg] LCL [m]

Corr. 1 0.77-..., Z Corr. : 0.71 Corr.: 0.14 s
i RMSE : 44,9 RMSE : 1226.8 v

N
200 300 400

Radiosonde
1000 2000 3000 4000

100

500 1000 1500 2000 2500 3000

oﬂ 1000 2000 3000 4000 oO 100 200 300 400 00 1000 1500 2000 2500 3000
KI [K] DLS [ms™] SRH [m” s?]
g]Corr.:0.84 /] glCorr.:0.97 g{Corr.: 0.66 7
RMSE : 12.1 L RMSE : 2.9 RMSE :30.3 7
2 b1 7
8 ’ 2 B /
. /
8 g t
% o a
8 8 8
8 & 8
2 B g

0 H0T205 190¢ 0. 150+ 60, 0 10 20 30 40 50 60 0 40 80 120 160 200 240

=)

ERA5
CAPE [Jkg'] CIN[Jkg'] LCL [m] C) CAPE [Jkg'] CIN[Jkg'] LCL [m]
Corr.:0.76.. s Corr. : 0.67 4 Corr. :0.12 7 % s Corr. : 0.56 4 Corr. :0.16 7
g 7| 8|RMSE 1452 /| §|RMSE :12836 7 g /| 8{RMSE {554 /| §IRMSE 11559 7
= 7 - # + e - hid b
g ° g a Be ° g 7
8 8 s S 8 21, s
g & Ss e &
& & g N . g
g B 2l g B 2
° : - ° o - ° Sa ° : H 2
0 1000 2000 3000 4000 0 100 200 300 400  T00 1000 1500 2000 2500 3000 0 1000 2000 3000 4000 0 100 200 300 400 %00 1000 1500 2000 2500 3000
KI[K] DLS[ms] SRH [m*s?] KI[K] DLS [ms™] SRH [m*s?]
g{Corr.:0.82 /] g{Corr.:0.96 £{Corr.: 0.66 p% g{Corr.:0.83 /] g{Corr.:0.96 £{Corr.: 0.69 -
RMSE : 12.8 P RMSE : 3.0 o |RMSE : 30.6 e RMSE : 12.2 s RMSE : 3.3 o |RMSE : 30.1 7
2 2 3 . s
8 . 8 & 8 g 8 g
2 2 g e 2 s
8 8 & B 8 8
& ] 8 8 ] 8
B ol 2 B B S
- 4 ° i o — - : ° 8 o —
0 10 20 30 40 50 &0 0 10 20 30 40 50 60 0 40 80 120 160 200 240 0 10 20 30 40 5 &0 0 10 20 30 40 50 60 0 40 80 120 160 200 240

CFSR JRA-55




image1.jpeg
120

100

80

60

40

20

0

NI

210

180

150

120

90

60

30

|

i

0 2 4 6 810121416182022
hour

345 7 8 910 1112
month





