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Synoptic and Meso Scale Mechanisms of Reported Tornado-like Gust Wind
Event in Korea Using High-resolution Numerical Simulation

Ka-young Byen"?, Jung-Hoon Kim"*, and Yi-June Park"

USchool of Earth and Environmental Sciences, Seoul National University, Seoul, Korea
IKorea Meteorological Administration, Seoul, Korea

(Manuscript received 5 July 2024; revised 17 August 2024; accepted 19 September 2024)

Abstract Reported tornado event occurred in Dangjin, Chungcheongnam-do at 0650~0730
UTC on 15 March 2019 was examined using Weather Research and Forecasting model with
four nested domains (dx =5, 1, 0.2, and 0.05 km). From synoptic analysis in ERAS5 reanalysis
data, eastward moving upper-level trough was developed rapidly in the Yellow Sea. Strong tro-
popause folding with Potential Vorticity Unit (PVU) higher than 1.5 PVU moved downward to
600-hPa level in mid troposphere following the trough over the location of tornado event. Under
this large-scale background condition, surface front developed very intensively in the west coast
of Korea along with strong low-level jet and moisture band at 850-hPa level. In domain 2, the
maximum Bulk wind shear at Dorido point was 12.86 m s™'. Cold front evolved to be a comma
cloud with upper-level trough and strong bulk vertical shear near Dangjin, which include east-
ward moving gust front revealed as a strong horizontal temperature gradient and convergence
near the surface. In domains 3 and 4, the local maximum value of the simulated vertical vortic-
ity (24 x 107 s") with strong updraft (8.18 m s™') near the observed tornado event along with
the surface gust front was found to be a possible area for tornadogenesis from the x-z and time-z
cross-sections near the simulated tornado event. In the vorticity budget analysis, the local maxi-
mum of vertical vorticity during this event was generated significantly by tilting and stretching
forcings.
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Eu|o]Z(Tornado, §25)= A AAHL=Z F4
sl Wt B30l 9ste] IslE F= 71
o2 RAEI ATt ighRl=tol A= «7dgt vlgte]
3 AFEHOZHE ol & BHUA E A4
Aol o, FHORTH EWE 58 FHshe
g AgEo|"Z A oHH(Kim, 1992), S=ollA=
F2 -2t} Orlanski (1975 Evlol=e
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ele] Ae BEdlolx ddo] RIS HrtoAME
Edlo|e AR AJ2glo] ZHA Tt mFoA e
S| S (Storm Prediction Center)ollA] 52 H$]<]
Aol BYlo|% 7}5A-S Tornado watch JEE 5
aff WEstal ok o] A9 Edlo|=rt BAE A
O F oifEE 2ol whHoA s Aol 7)3EE
£ Fot g =3 tig BRE EEIIT) o] F
BEdjo|= WA = A7 A7 H$- JHAA Tornado

= 8o E AHEeH, BEvlo|=rt BAE] ¢ & A
MR EAFERFRE OIS T FR)E sl
FRIEANA Evo|zel AHE FJRE AF$h(Table
1). T=olA = 717dd eIt e 717391488 Fste] 94
A E AAZEe 2 Featal, BEvlo| =7t o 4dE]7] 30
e ARE Uxdte Y-S Y

Fujita (1971)2] A7-ollM= BEvlelxze] 7o thgh

Table 1. Tornado alerts in USA (NOAA) and Japan (JMA).
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Table 2. Operational enhanced fusita scale.

Level 3-s Gust in mph (m s™)

0 65-85 (29-38)

1 86-110 (38-49)

2 111-135 (50-60)

3 136-165 (61-74)

4 166-200 (74-89)

5 >200 (>89)
ERE Y392, 7 F Fujita Scale> EY|o]%=
EHH 4 AFRE Y Yt o]3 Edwards et al.

(2010)2] AollA Fujita Scale2 7§48+ Enhanced
Fujita Scale (EF; Table 2)& F3}o] BEU|o|=& &7

== 1T

ke WS Attt Bdlo]=e] w2 Houze

(1993)°l ola 2 vehtal 9o, wstsle 7%
TA] el mE BEvlo]x 91384 A-7(Coleman and
Dixon, 2014), ¥ A|7HH Evo|x &E3} 7]58H4]
A (Krocak and Brooks, 2018) 5% 433t )
Agee and Jones (2009)= EuWlol=r} A= ¥
o we}l 7Fet = i £l (Meoscale Convective
System, MCS)ollA A sl= 47394 &4 o] %= (Supercell
tornado; Type D¢} 2 &4 tIFA Al 2" (Quasi-
Linear Convective Systems, QLCS)] FHol|x| wka)
St H]H A Ed]e] = (Non-supercell tornado: Type
M, Z 5re] dde 7I BEdlol=4 2F=(Tornado-
like vorticities: Type IN)°] 370¢] &3 2 AlF73
o2 UFre EREE AXEHA

Tochimoto and Niino (2022)= Q& FHEA| o]
QLCSY| 95 AAE Edeolx=e] 74 54 2 JA

Tornado alerts in USA (NOAA)

Level Definitions

Organization

Tornado Watch

Severe thunderstorms and tornadoes are possible

SPC: Storm Prediction Center

Winds of 58 mph or higher

Tornado is imminent

Tornado Warning (Observation / Radar)

NWFO: Local National
Weather Service Office

Tornado Emergency

Enhanced version of a tornado warning

Tornado alerts in JAPAN (JMA)

Issue Definitions Contents
Half day ~ .. Risk of severe gusts such
Y Advisories g
A day before as tornadoes
~hours Thunderstorm watch Use “tornado” in advisories
—minutes BARTEHR Right now, the weather conditions are

Hazardous wind watch

such that tornadoes are likely to occur.
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Fig. 2. (a) Observed tornado path (Adapted from Lee Y. G, 2019) and (b) JTBC News about Dangjin case (Adapted from Lee
S. H. et al., 2019).
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ufli=of], Agee and Jones (2009)l41 AAIGE Al 71A]
o] BEvlo|r fdle TEHA =t IHAE &
Tt B B Edlol®= Atgl= EF0ClA 1 e
o] FEE WA AT & Ao e dlE BEYlol=
Atdle] 2 A1E olafEt] flal, Al AE S 7}
& 7Fss A5 A85E B9 T AR 55S 9o
sl A E 72 RS B8l BEdole A 2
NN Yehd FHE 54 BAEIh 2 A9 2
oAM= 2 AFolA ARES AEA F A5 A5}
FRAAF A tiste] 7|8kl on, 33X e A
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7] B2 WA A R7] 9 0.25° FHAEEE 2
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Hersbach et al., 2020) A2AA5E E-&33} ©|&
Eoll, Akl B A S V1SR 6A7 o)A R Y F
S5 Fetatint B3k s AbolA vERd &
2 FRe] o] FRE BAs] 99, 7 7t
S8 s 3 A85E BAEIAT 2 Aol A
o A= AEE BEvlole B A9 FHe A
Automatic Weather Station (AWS)2} Automated Synoptic
Observation System (ASOS), 2% # Y= #&, 7]
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Fig. 3. Configuration of WRF - ARW domain. (a) Dori-do AWS, (b) Hyeondeok-myeon AWS, (c) the damage reported main
point by tornado on 15 March 2019, and (d) Baengnyeong-do ASOS.
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W7NE - AEE - HelE 401
Table 3. Configuration of the Weather and Research Forecasting (WRF) model in this study.
Domains and Time Controls
Initial and Boundary ERAS Reanalysis (0.25° x 0.25°), hourly
Conditions OSTIA Analysis (0.05° x 0.05°), daily
Horizontal Domain D01 D02 D03 D04
401 x 401 601 x 601 501 x 501 501 x 501
5 km / 60 min 1 km /5 min 200 m / 5 min 50m / Imin
one-way nesting
Vertical Domain 112 hybrid layers (pip = 20 hPa)
Time Step 15s Ss 1.66667 s 0.55556 s

Integration Time

1500 UTC 14 March 2019~0900 UTC 15 March 2019 (18 hours)
0000 UTC~0900 UTC 15 March 2019 (9 hours) for D04

Physics Parameterization Schemes

Microphysics Scheme

WDM6

Boundary Layer Scheme

YSU -

Radiation Scheme

RRTMG (longwave) / Dudhia (shortwave)

Land Surface Model

Unified Noah land-surface model

Cumulus Parameterization Scheme

KF (new Eta) scheme

Eddy Coefticient Option

Horizontal Smagorinsky 1st order

1.5 order TKE closure (3D)

closure
SollA e Edlolxe] Y 9 FPR o]ate] 7] (Ax = 5 km)oll?+ A&ttt Fak HAF ke
EXS W3] ola)sle d A7 A%t} o] = RRTMG ®<FMlawer et al., 1997; lacono et al.,
B3517] 98], ® Aol = 1 km v vH(Sub-kilometer)  2008)S ARE-3lom, TrapE AL HEoRS Dudhia HFQF
o] wadE A HAES FHsAe. B Aol AF (Dudhia, 1989)S ARSIt A EW 2d 2= Unified
28 Fd = FX DL Weather Research and Noah land-surface 9 (Chen and Dudhia, 2001)°] A}

o
Forecasting (WRF) 4.3 ®|HeolH, 7124 AA 2 27|
x7102 T w7 B AHgg AIRMAEE, 3l
FH £+ Met Office?] Operational Sea-surface
Temperature and Ice Analysis (OSTIA) 4] 255
o]-g3titt. A WA Z=H1(D01) A g} A vt
L, 88N BaE ¥xokshe A, 7 A k)l
(D02)> St K2 Al WAl =v91(D03) ofxkit
I A7 2o ® yrlon, vl WAl =r 91 (D04)
2 Evo|=r} dAg 37l Fo 2 XA s th(Fig.
3). FE4x s =E 242 5, 1, 0.2, 0.05 kmZ A2
A3tk AdWEe 2= HFTHARAE 120y &
< #H3LT 20 hPa7kA] ATt Alo] A F (Control
Run, CTL) #5 AlZte] F# 7194 2 dlold
CMAX #= F33e] Has ot Adwrt =2
AR AR rAEE] Brst ko 2= WRF
Double-Moment 6-class (WDM6) W-%t(Hong and Lim,
2006y RE ZHeld H&stt A Eeste
Kain-Fritsch (new Eta) scheme (Kain, 2004)S DOI1

Stk 34 7] AAZ ZrskE fEiAE Bl
A ¥kl YSU scheme (Hong et al., 2006)2 D013}
D02l A-83}9.2™, D033 D04ol| A= coarse Large
eddy simulations S83IAth Pl £ A4S
DO1, D02%A4] 2nd order diffusion term on coordinate
surfaces 5412 AME-311.2 1, D03, D040l A= 33+
ol]412] mixing terms in physical space (stress form)
SAS ALgIT). T3 o|w)¢] Eddy Coefficient Option
o th3te] DO1, D02°|A1+= Horizontal Smagorinsky
Ist order closureZ, D03, D04 thsiA+= 1.5 order
TKE closure (3D)& AM&-3}1TH(Table 3).
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Fig. 4. (top) 200 hPa wind speed (shading), wind (vector), geopotential height (black contour), (middle) 500 hPa omega
(shading), geopotential height (black contour), (bottom) 850 hPa specific humidity (shading), wind (vector), temperature (red
contour) at (left) 0100 UTC, (middle) 0400 UTC, and (right) 0700 UTC on 15 March 2019.

ERAS ARAMAEE T3l 3 WA B4 ek e, ol A7k ARE weirte 2R

Figure 4= EUlo|%7} ¥83k 0700 UTC (+0 hyE = Az} ke 2o 7 FRshs RE5S B o FTH(Figs.
ghated 3A17F o)A} 6A17F oA AlZFe] 200 hPa, 500  4d-f). FFE1EF 71 A S = zhzt A5 8
hPa, 850 hPa SHe] T 558 HAFT 7 ol HAR AL o ¢ dden, 53] BEvox
= Ab 717F F<F 200 hPa A =ol= & 71%k=ol WA A7)0l Mafdell= skt 71R7E B Edskad
ks dlow, BEvolx WA AIZF 71 3AI7F o] oh B olg} e gl 91X]g AE 7]F9
Aol iz A5 71z 500 AXE do BEFRAME - 71R7F A6, ol H]-At 2%
(Figs. 4a-c). T3, @3l ¥ AFole AEZIF/E w8l o fxsHe 202 448 & 5 Aok 4
AR dom, FA FLo] 70 m s OJFOE F F /YT FHAA AslEE s 7He s A
shAl wda] AT e FFo JdEH AE 29 w7 A4 9 comma FE(Fig 200 F
715 Al wEk HAAF =EA] sXE e, By gk 22 A7|t el Fag e siith

ol WA AIZl +0h WA= tEE 7= 850 hPa TN = 7tz F1 A9 A4S A

40 QAW B0l Pol Faol NG ojdy] A Pk Ao 48 HEFol Lo, o
AE A5 9T BEA A3 dol, 4F 1GT = As) Az ke 7t FAHL AE 4P
T AR gAEe] BHE £ AE ABAS 9 D 5 ArkFigs. de-d). EVOIE B4 Aol
& 2 gleh 3 719429 o5 et /192 FH G0 2y

500 hPa SAHANE FE FFol Z1gzel F ST A AxG 77k AR B
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og A5 ZAYe oy e 4 259
x5 2 Ayt th(Figs. 5d-f). 53], &< 434
AAE e ) Ee] £X B A7 e ¥stE
= A st

N

2, 28 Ouy g2
oV +f0—§)a):—2V~Q+fOIBO—-5——V J+e (1)
op o p

2 AFXE FUIR 7 258 HAANTI= 9
2 a5 Hotetr] 98, 719 Q-HHE A4
HEAE 7|F0 2 7 A (transverse)} Alo] AHE
(shearwise)>- 2 o] 2314 THEq. (2); Park et al.,

2021). Q-9H = FHHANA F AESE U=s F 3
omn, o5 2&F WENYH Uwd 5554
Tk 29 Q-HH(Q)H TEFAS ket A
T Q-HE (Q)E AktEle gt A g
A5 25E 9u3ti(Holton, 2013; Park et al. 2021).
Parkt et al. (2021)& Fteolx slE HE=F L
AEIE] HiE] JsEg DA A YEldE Q-H¥EE
Qloll w7 Ao Wra, vdd FHe 9
F_J_':l
=

B e A W7t g E83HATHEq.
(1); Hoskins and Pedder 1980; Holton 2013). ¢ 29|
A 5 FES 2 A8 Y, v A, Hl-
o A, 283 RS ojn|eh, akE 7hA|
g Q-¥EY £ ¢ o w AT § gk &
ATelX = Q-HHE A st7] 94, ERAS A%
of EAlete TRe] HES ALAI77] sl AL
Held FE T42 2HEL SR 257 F39
t}. Figure 5% 500 hPa 591H molAae] 25 ¥
e £=9 Q-uE £ FulE Hgh 983 A
28 Vet Bdlo|x A ©A] A4S 7S A
HoX e T3 R s 52 o veide=
v, 719k $H 2 A4S AE e 5F9]
715 Sl UEbsth(Figs. Sa-c). Q-HE &9

& AAGH Aol @ AL T3 A Q-
MEl] o) 55 F Qe evlzh WA e 2z
o ZAY wgol Nleshe

A3 vk glek G Al A7)
shi vlg 27] we] WA A F u
of ol PEuTH 43ka ZAHQ,H o)l 4% 2

i
ilieA
:i
o2l

2019.03.15.04:00 UTC —3h

2019.03.15.01:00 UTC —6h 2019.03.15.07:00 UTC +0h

43N
38N

33N

T
110°E N7E 124°E 131°E 138°E 1456 110°E 17°E 124°E 131°E 138°E 145°E  110°E MTE 124°E 131°E 138°E 145°E
(d) (e) mkg~1s~1
N > " IAYRE \<5x1

48N 48N ——
0" mkg's" |2
—

NG 5x10 % mkg's”| :
o # ;

—

4N

1 28N

110°E 17E 124°E 131°E 138°E 145°E 110°E 17E 124°E 131°E 138°E 145°E 110°E 17E 124°E 131°E 138°E 145°E
Fig. 5. (upper) 500 hPa smoothed omega (shading), geostrophic wind (vector), and geopotential height (black contour), and
(lower) 500 hPa dynamic forcing (shading), Q-vector (vector), and geopotential height (black contour) at (left) 0100 UTC,
(middle) 0400 UTC, and (right) 0700 UTC on 15 March 2019.
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Fig. 6. (upper) 500 hPa Q,-vector convergence (shading), Q,-vector (vector), and geopotential height (black contour) and
(lower) 500 hPa Qs-vector convergence (shading), O,-vector (vector), and geopotential height (black contour) at (left) 0100
UTC, (middle) 0400 UTC, and (right) 0700 UTC on 15 March 2019.
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Fig. 7. (upper) 500 hPa PV (shading), wind (vector), geopotential height (black contour), and (lower) pressure (shading) and
wind (vector) on 1.5 PVU surface with 500 hPa downdraft area (1.2, 1.6, 2.0 hPa s™) (black contour) at (left) 0100 UTC,
(middle) 0400 UTC, and (right) 0700 UTC on 15 March 2019.
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gste ) 7IFE 2 AR Srh(Figs 6a—c). e kls AXE JTHEG. (3)). Edlol= WA Al7F 6417 A A
Edlo|x WA 7P S8% 4TS g Ao EA B 71%+& SHolE 4.0 Potential Vorticity Unit (PVU)
7157F dAS Aol = FElE o 7Re 2 A o]%de] w& 9| oh=EErb Ao, 7|t
SkA] Zskqiek. whdol o) A2 del kel 9x] % o] Aol wheh ghte Asfbo 2 B8 Th(Figs.
74T AW $He ek s 2 s 7IRE Taco). I 1S PVU WS WEE TEI 7|k 4
zk A et th(Figs. 6d-f). 5 L ]%?3: THe 59 HEH, 719=9 TS5 A A3 BAF] vkt
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Fig. 8. Radar CMAX at (left) 0600 UTC, (center) 0700 UTC, and (right) 0800 UTC in (top) Korean Peninsula and (bottom)

Gyeonggi bay.
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