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Meteorological Disaster Yearbook™ and other related data. The climatology includes interannual
variability, annual and diurnal cycles, intensities according to the “Enhanced Fujita Scale”,
geographic distribution, and environmental conditions derived from reanalysis data. Major
findings are as follows. Over the 50 years, there were 105 tornadoes recorded (including 17
tornadoes above EF2) on 97 tornadic days with 2.1 tornadoes per year and 0.14 tornadoes per year
per 10000 km?, about 1/10 of those in the United States. The tornadoes occurred mostly (95%)
from May through September and 67% of tornado genesis was between 14:00 BT and 19:00 BT.
Significant tornadoes mainly occurred in the central and west Liaoning, and more of.the tornadoes
in the southeastern coastal areas were weak. The tornadic season in the northwestof Liaoning is
significantly earlier than the southeast. CAPE and mid-level wind shear changed.in opposite phase
with the season, which makes the appropriate configuration of thetw@ be prerequisites. The lower
low-level storm relative helicity is the main reason for thetapparently loewer tornado density in
Liaoning than in the United States. About 87% of tornadoes were related to the cold vortex, which
can be mainly divided into the short wave trough category at the coldvortex bottom and the cold
vortex front category dominated by low-level.frontegenesis (65%) , the mid-level dry cold air
forcing category dominated by mid-to-high level dry cold air flow(12%), and the cold vortex
central area category dominated |by /meso-scale near-Storm environment under severe thermal
instability (6%). The characteristict figld ofytypical tornadoes in Liaoning shows that: the
comprehensive configurations of cold vortex at middle-level; high wind speed core and relative
storm helicity at low-level; CAPE,gradient large value area; cold front, warm temperature ridge,
and dry ling ‘at surface are important indications for tornado-prone areas in Liaoning. The
environmental, cenditions in the high-incidence area of Liaoning tornadoes have the following
characteristics: the mid-level system is cold vortex, the ground corresponds to frontal cyclones,
tornadoes often appear in the northwest quadrant of the center of SRH, and in the large value area
of CAPE gradient, corresponding to the east side of cold front and the dry line at surface, and the
top of the temperature ridge.

Keywords: tornado; spatial-temporal characteristics; environmental conditions; cold vortex; storm

relative helicity
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Fig. 3 The spatial distribution of Tornadoes in Liaoning Province from 1979 to 2020 (shaded: altitude )

(a) tornado intensity (EFO~EF4) , (b) tornado time
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1979 to 2018
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EE G R ERN “HEE” (LLUC XoNARER) SRHL FHAth 27N X BH & =,
X S E RGE RN A B R AR % (B 8b) 4% SR AR Hdth 3R 555 2 Bgle W i 2 5
FIEILR, SRHL X F A i E 2 B3 (Lu et al, 2015; Tippéitetal, 2016; Coffer et al,
2019) . bk, FISEER LN X5 UE XAHEEL, BEZE LN K CAPEAL UEIX ¥ &, (K2 X
K SRH1 MHEAm{E, XNHIeEZEEMmE (B 5 , £ EfEE LR &2 E
LN X536 B4 KX 4 B 0 fw /D (1 B LR K . R 75 2548 W /2, USE X 7EREZE (6-8
HO MR FAB A 4 SRHL FIFWAR, 245 K A E b LN X BE % (& 5, USE X4 4.3 ),
X5 EROHHFATIE, &5 6-8 A K2 OSEX et 5D (T BLCE] 5, 4 5 4 1 5 8% ),
[AiF, 6-8 H USE X[ CAPE # HAthih X 2wk (& 8a) , Xftt USE X5 LN [X, #EN
TEAK SRHL 25 1F R, 3 I KM CAREATE 4 7= A4 -+ 52 sk (XLl e A 24— 2
R EIE RS » (HFEIA XY G b BT, AR R SRR R AR RS 5 R, SRH1
& LN X B84 i) 3 B 40 25 e

RZKEEGEXN RIS R AEWNEEN AL, 2015) o St HAE XK Z 8 E
(E 8c) , 925 hPa Ui (Qgps) YIAFTEHA R FIZET AL S, M LN X Z=35 48 (b i ol B
B, EmEE OB ) MMl RE R BAET, PHIMEN 111 g - kg EEEAREKX
[FFELE 6-8 AARZIREE B, bk 6-8 H 2 4h, = /AMRERX MKZIE S LN X B &5 K
H5 LN XA Z, $REXEEmKESKRZRERAFENHAESE. UC, USE. UE
(1 35 e /R 2& 925 hPa ELIRIK S4B 43 54 8.6. 7.1, 8.6 < kg™, WIE/NT LN X itk
TR Z R g SRR A, RGO M BT, B E LN X 5EE k5w
RIX e A Bt W 22 S AT B HH B AR E A F T, TR RRERE L /N LN X s
/DR R 22—

'(a)g_

MLOAPE kg ')
SHEO6(m s ')

10



)

Vegtms )
SRHTm* s

1

Gl ke )

7 7/,

Fig. 8 Comparison of environmental

(a) CAPE and SHR6, (b) wind

1 @i LN K555 (6-8 ) STP AL A KUt s

A, &
B AR T a0 (- 9, B 9a Bon i — AN EERHE 2 2 B0 (4 1985 4. 1990
A 2005 4F TP KAEXT R, (HER4> STP KBS HARX N2 45, Wi 1994 4. 2017

i, HEAGS R (¥ 56 BE FE A RIE A Rt — B 5T . R, ARG AT (L 9b) W] L
FHIAR REOEF) 0.63, Hilid p<<0.01 KIRFMATL:, RYINEFAE—ERIEMK. 74T
HRMEATL R Z R TR IR AR e s HAE AR D, 2 ARk E RPN T STP T4 TES
AN BRI, I BARET AR SRR T, I8 18] SUAE O AT R A AR 1Y
BRI

11



(b) R= 063, P<0.01
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Fig. 9 The conceptual model of tornado under typical synoptic background in<Liaoning
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(a) 500 hPa B/l (S5Mtisk, %ir. dagpm) . RUAK 0~6 km BEREIEE CHEE) (R ML)

(b) 925hPa )% (BASEL, HA: dagpm)  JKIH K 0~1 km KUBAHXHIRHEE ()  (EOSEL: SXGHE, 40

Wisk: WEWL, EefFD
(© W FHAEY GEEZ, B hPa) « I ShE 2 m <R GRED) GEERL. A, ik BE, RORNL:
TR IR E )

() W PHAEY (GHZ, A hPa) « KU 2 m FBmiid GAM)  Efbiklgk: T4, 68k B85
(e) 925hPa &%y (L5{tZk, 7. dagpm) . X3% K CAPE (HHf4)
(f ) 925 hPa /s (SR{HZ, A7: dagpm) « 3%k STP (E)

Fig. 10 The distribution of the environmental parameters centered o

(a) 500 hPa height field (isoline , unit: dagpm), wind field, and 0~6 km vertical wind shear (shaded). (brown dashed : trough line),
(b ) 925 hPa height field (isoline , unit: dagpm) , wind field, and the relative helicity theé 0~1 km storm (shaded) (blue isoline:
isowind line, red arrow: significant streamline; the same in the Figs 3e, 3f), )

(c) sea level pressure field (isoline , unit: hPa), wind field and surface temperature at 2 m AGL (sh ) (blue dotted line: cold front, red
dotted line : warm front, black dotted line: ground warm tempe ri

(d) sea level pressure field (isoline , unit: hPa), wind field and dew point temperature at 2 m AGL (shaded) (brown dot dashed line :

the main line, green arrow:wet tongue),

(e) 925 hPa height field (isoline , unit: dagpm) ,/wind fi APE (shaded),

(f) 925 hPa height field (isoline , u the STP (shaded)

M8 E 122°FE 126" E 130°
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11 BRI R R T RS
KEIAE: R, KRS 500hPaflisk, ZLffisk: 925hPa BEWL, W (4D BLM=ff CLEED . ¥ BB #, 2
R sk HIPRIR R, BRtmRIg: T4, g6k B8, L2607 X: CAPE, HENIRIX: 0~1km KRN ETEE,
WEAKIX: STP
Fig. 11 The conceptual model of tornado under typical synoptic background in Liaoning
grey shaded: altitude, brown solid line : trough line at 500hPa, red arrow : significant streamline at 925 hPa, blue (red) line plus
triangle (semicircle) : cold (warm) front, black dotted line : warm temperature ridge at surface, brown dotted line : trunk line, green arrow :

wet tongue, red shaded area : CAPE, blue shaded area : 0~1 km storm relative helicity, yellow shaded afea : STP
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