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[Table 1.] Tornado alerts of USA (NOAA) seeeeesessesssserssnssaces 4
[Table 2.] Tornado alerts of JAPAN (JMA) seeesesssssessensssassnnss 4
[Table 3.1 Fujita Scale, 2.237 m/s = 1 mile/h (Fujita, 1971

[Table 4.] Enhanced Fujita Scale (Edwards et al., 2010) - 9
[Table 5.] Japanese Enhanced Fujita Scale (JMA, 2015) - 11
[Table 6] WRF - ARW Settlngs .............................................. 2'7



[Figure 1.] Tornado warnings by European National Hydro-
Meteorological Services (circles). The countries that don’t issue
tornado warnings are denoted by a square. (Rauhala and

SCHUILZ,2009) sererscssercusersusensincusessuncasensusessencasessasessensasensencasensasessens 5
[Figure 2.] 7134 4714 FAEY Edel®: 7]& (2020. 10.
16. A7T152 2 AL) sreesessesrsasserssossoresssasserssosassssssassosssssuonssssassarssosasses 15
[Figure 3.] d=d, &9, A9E EYolx= TA 3l (2008
—D02]) ssrssssesessesssrssssssrssssrissssssssresssresasrisasnisasnisasnisasssssessssissssisssasss 19
[Figure 4.1 @32 EYol=d 4 #=F A =(o]|F 1, 201922
[Figure 5.] Radar HSR at 16:00 KST seeersseeseusersssssussussrasnaseanns 29
[Figure 6.1 COMS at 16:00 KST  seeseserserssesseuserssrssusensensssasenses 23
[Figure 7.] Radar C-max on 1550, 1600 KST at Mang-il san
FAQAT  seesevessessnssnssnnsnssuessessessuessessessnssnessssssssasssssssssasssssnsssassassnensans 23
[Figure 8.] WRF - ARW dOmain SEtting sesssssssssssssssssssssens 2%

[Figure 9.] KMA reanalysis weather chart of sea level pressure
(left), Domain 1(Ax = 5 km) sea level pressure (right) at 0600

[Figure 10.] Domain 1 Sea level pressure at 0700 UTC --- 32

[Figure 11.] KMA reanalysis weather chart of 850 hPa gpm
(blue line), temperature (red dashed line), T-Td (green dots)
(left), Domain 1 (Azxz = 5 km) 850 hPa gpm (blue line),
temperature (rad dashed line), T-Td (green shading), low level
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jet (grey line and blue shading, > 25 kts), horizontal wind
(right) at 0600 UTC seesserssessssssersssussssssssssussssssssssussnsssssssusessssssnes 33

[Figure 12.] Same contours of Figure 10 right at 0700 UTC

[Figure 13.] KMA reanalysis weather chart of 300 hPa gpm
(blue line), temperature (red dashed line), Strong wind (green
dots, > 75 kts) (left), Domain 1 (Az = 5 km) 300 hPa gpm
(blue line), temperature (rad dashed line), Strong wind (shading,
> 75 ktS), (tht) at 0600 UTC ............................................... 34

[Figure 14.] ERA5 reanalysis 500 hPa gpm (blue line),
temperature (red dashed line), PVU (shading, > 1.5), horizontal
wind (eft), Domain 1 (Ax = 5 km) same contours at 0700

TG sereseeresassesssserusassussssessssessssssnssessssssasassssssssssssssssassssassesassssasassases 35
[Figure 15.] Domain 1 (Az = 5 km) same contours with Figure
14 at 0800 UTC ceeeresseressessssessesassessssessesassesassessssassesasssssssassssaness 35
[Figure 16.] South-North cross line for PVU -«eeeeesesecsesecsncees 36

[Figure 17.] ERA5 S-N cross line PVU (shading), potential
temperature (black line), u-wind (red line) at 0700 UTC - 36

[Figure 18.] Domain 1 S-N cross line PVU (shading), potential
temperature (black line), u-wind (red line) at 0700 - 0900 UTC

[Figure 19.] SRH 0-1 km (shading, m2s-2), lowest level
horizontal wind (vector) (left), CAPE (shading, Jkg-1) (right),
domain 3 range (yellow box) at 0655 UTC  sweeeeeeeescsesenas 41

[Figure 20.] SRH 0-1 km (shading), (left), CAPE (shading) (right),
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[Figure 21.] Bulk wind shear 0-1 km (vector), sea level pressure
(dodge blue line), tornado observed region (red circle) - 42

[Figure 22.] Hodograph, SkewT-logP diagram 0700 - 0725 UTC
at Dang_jin ATEQ  sreeseecrorcnncencentinntencintietienciattacencenttasencencsansencens 43

[Figure 23.] Domain 3 (Ax = 200 m) Radar reflectivity & 30
dBZ, shading), vertical velocity (black line > 0, black dashed
line < 0), horizontal wind at z = 500 m. x-mark is tornado
started place (right), damage reported (upper) and bow echo
spawning(lower) place. Time from 0700 UTC to 0715 UTC.

[Figure 24.] Domain 3 (Az = 200 m) max relative vorticity 0-3
km. Time from 0700 UTC to 0715 UTC. cereseesessessessesacnee 49

[Figure 25.] Domain 3 (Ax = 200 m) potential temperature and
horizontal wind at z = 150 m. Time from 0700 UTC to 0715
TG, svereeressessessssesaessssussesussassessesnessesessessesessssnssassasssssessesessessesesnssass 50

[Figure 26.] (a) Vertical velocity (shading) (z = 500 m) (b)
Relative vorticity, see level pressure (hPa) (z = 500 m) (¢
Cmax (0-3 km, > 37 dBZ), horizontal wind (z = 500 m) at 0705

[Figure 27.] Terrain (shading), West-East cross lines for cross
Sectlon ........................................................................................ 52

[Figure 28.] (a) Vertical velocity (shading), Cloud + ice (black
line), potential temperature (red line), freezing level (horizontal
dashed black line) (b) y-component of relative vorticity
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(shading), potential temperature (red line), u-w wind (vector)

[Figure 29.] Time series of area max relative vorticity from (60
~ JOOO L) sorersesesusseususasasssassrsnsususasasassssssssususasasassssssssssususasasassrsssss 54

[Figure 30.] Time series of area max vertical velocity (60 ~
G000 TN) svensoserernsassrsususasasasssssssonsususarasassssssususasassssssssssnsususasassssrssses 54

[Figure 31.] Time series of change of area minimum pressure
(60 ~ 3000 1)) seeessesssssssessessesassossosstsassasssssssassasssssssassnsssssesssssssases 55

[Figure 32.] Domain 4 mixing ratio (> 0.2 g/kg) at 0702 - 0708

[Figure 33.] Domain 4 SRH 0-1 km ( > 100) at 0702 UTC56

[Figure 34.] Black square: mean area near point K at domain 3

...................................................................................................... 59
[Figure 35.] 0700 - 0710 UTC: Advection term, horizontal wind
at z = 500 m, sea level pressure .......................................... 59

[Figure 36.] 0700 - 0710 UTC: Divergence term at z = 500 m,
sea 1eve1 pressure ..................................................................... 60

[Figure 37.] 0700 - 0710 UTC: Tilting term at z = 500 m, sea
1evel pressure ........................................................................... 60

[Figure 38.] 0700 - 0710 UTC: Solenoid term at z = 500 m, sea
level pressure ............................................................................. 61

[Figure 39.] Vorticity budget time series (a) domain 3 : 0600 -
0800 UTC, (b) domain 4 : 0655 - 0706 UTC, red line : tilting
term, pink line : divergence term, yellow line : advection term,
green line : solenoid term, dashed lines : change of relative
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Level Definitions Organization

Severe thunderstorms and
SPC: Storm Prediction

Tornado Watch tornadoes are possible
, Center
Winds of 58 mph or higher
Tornado a tornado is imminent
Warning (Observation / Radar) NWFO: Local
National Weather
Tornado enhanced version of a : :
Service Office
Emergency tornado warning

Table 1. Tornado alerts of USA (NOAA)

Issue Definitions Contents
Half day ~ . Risk of severe gusts such as
Advisories
A day before tornadoes
Thunderstorm
~hours Use “tornado” in advisories
watch
. Right now, the weather
BT RIEW -
. conditions are such that
~minutes Hazardous wind
tornadoes are likely to
watch

occur.

Table 2. Tornado alerts of JAPAN (JMA)



% -TOF!NADO WARNINGS

BN ‘ NHMS issues warnings
/ . NHMS does not issue warnings

Figure 1. Tornado warnings by European National

Hydro-Meteorological Services (circles). The countries

that don’t issue tornado warnings are denoted by a
square. (Rauhala and Schultz,2009)
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Estimated .
F Scale | Character . Description
winds
Light Damage. Some damage to
Zero Weak 40-72 chimneys; branches broken off trees,
ea
(FO) mph shallow-rooted trees uprooted, sign
boards damaged.
Moderate damage. Roof surfaces
One Weak 73-112 | peeled off; mobile homes pushed
ea
(FD mph foundations or overturned;, moving
autos pushed off road.
Considerable damage. Roofs torn
from frame houses; mobile homes
Two 113-157 .
F2) Strong h demolished; boxcars pushed over;
m
P large trees snapped or uprooted; light
objects become projectiles.
Severe damage. Roofs and some
walls torn from well- constructed
Three 158-206 ,
Strong houses; trains overturned; most trees
(F3) mph ,
in forested area uprooted; heavy cars
lifted and thrown.
Devastating damage. Well-
constructed houses leveled; structures
Four , 207-260 , ,
Violent with weak foundation blown some
(F4) mph , .
distance; cars thrown; large missiles
generated.
Incredible damage. Strong frame
houses lifted off foundations, carried
Five , 260-318 | considerable distances, and
Violent . . o
(F5) mph disintegrated; auto-sized missiles
airborne for several hundred feet or
more; trees debarked.

Table 3. Fujita Scale, 2.237 m/s = 1 mile/h (Fujita, 1971)



EF Rating | 3 Second Gust (mph) m/s
0 65-85 29.1~38.0
1 86-110 38.4~49.2
2 111-135 49.6~60.4
3 136-165 60.8~73.8
4 166-200 74.2~89.4
5 Over 200 89.4~

Table 4. Enhanced Fujita Scale (Edwards et al., 2010)

Wind speed
2 Primary damage (instances of damage cases
Class | range (m/s)
for reference)
(3-sec average)
Wooden houses visibly damaged (windows
broken by wind-borne debris) Roofing materials
on wooden houses detached or displaced over
limited areas
Horticultural ~facility —coverings (vinyl, etc.)
displaced
JEFO 25 to 38 Greenhouse steel framing damaged or broken

Small sheds moved or overturned / Vending
machines overturned

Unreinforced hollow concrete block — walls
damaged or largely destroyed

Branches with diameters of 2-8 cm or decayed
broad-leaved tree trunks snapped




JEF1

39 to 52

Roofing materials on wooden houses detached
or displaced over relatively large areas

Eaves or sheathing roofing boards on wooden
houses damaged or blown away

Plastic greenhouses damaged or destroyed over
relatively wide region

Light vehicles or ordinary vehicles (compact
cars) overturned

Train cars under ordinary operation overturned
Pillars of ground-based standing billboards
inclined or deformed

Pillars of traffic signs inclined or blown over
Reinforced hollow concrete  block — walls
damaged or largely destroyed

Trees wuprooted or coniferous tree trunks
snapped

JEF2

53 to 66

Main frames of wooden houses deformed and
walls damaged (distorted or cracked)

Structural members of roof frames on wooden
houses damaged or blown away

Roofing materials of steel-framed warehouses
detached or blown away

Ordinary vehicles (minivans) or large vehicles
overturned

Reinforced-concrete utility poles collapsed
Carport frames inclined or destroyed
Reinforced hollow concrete block walls with
buttresses largely destroyed

Broad-leaved  tree  trunks  snapped @/
Gravestones overturned or shifted

- 10 - A L1



JEF3

67 to 80

Main frames of wooden houses severely
deformed or destroyed

Eaves or sheathing roof boards of steel-framed
prefabricated houses damaged or blown away,
or wall claddings deformed or blown away
Banisters on balconies of reinforced-concrete
apartment buildings deformed over

relatively large areas

Roofing materials of large eaves of factories or
warehouses overturned or blown away over
limited areas

Wall claddings of steel-framed warehouses
detached or blown away

Asphalt pavement displaced or blown away

JEF4

81 to 94

Roofing materials of large eaves of factories or
warehouses overturned or blown away over
relatively large areas

JEFS

Over 95

Main frames of steel-framed prefabricated
houses or warehouses severely deformed or
destroyed
Banisters on balconies of reinforced-concrete
apartment buildings severely deformed or
destroyed

Table 5. Japanese Enhanced Fujita Scale (JMA, 2015)
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graupel ¢t (Hong & Lim, 2006)2 ZE Fdo Hg3dh & =2
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g3t A EW =dZE= Unified Noah land-surface =9 (Chen and
Dudhia, 200D)°] AH&HAT. FA 7] BAS EF3E fdAs Bl=
A "Rl YSU schemes 99 13 €9 2(4z = 1 km)oll H&3t5oH,
Y9 3(Aax = 200 mF} I 4(Ax = 50 melA= coarse large-eddy
simulation(LES)e <3ttt dret £ 2AL 99 1, 29014 2nd
order diffusion term on coordinate surfaces A& AF83tR o, 94
3, 49 A= 3zl A2 mixing terms in physical space (stress form) <&
AL AHg3FTh =3 o]uf o] Eddy Coefficient Optionell thale] &< 1,
29 A= Horizontal Smagorinsky 1st order closureZ, 9 3, 40 o) A
+ 1.5 order TKE closure 3D)& AH&3tth AHEH Ad I3 A
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Domains and Time Controls

[nitial and

ERAS5 Reanalysis (0.25 ° x 0.25 *), hourly
goundary OSTIA Analysis (0.05 ° x 0.05 ). daily
D01 D02 D03 D04
, 401 x 401 601 < 601 501 x 501 501 %501
Horizontal
Domain 5 km / 1 km / 200 m / 50 m /
60 min 5 min 5 min 1min
one-way nesting
Vertical Domain 112 hybrid layers (ptop = 20 hPa)
Time Step 15 s 5s 1.66667 s | 0.55556 s

Integration Time

1500 UTC 14 March 2019
- 0900 UTC 15 March 2019 (18 hours)
0000 UTC - 0900 U1£C 150March 2019 (9 hours)
or D04

Physics Parameterization Schemes

Microphysics
Scheme

WDM 6-class scheme

Boundary Layer
Scheme

YSU PBL scheme -

Radiation Scheme

RRTMG longwave/ Dudhia shortwave radiation
scheme

Land Surface
Model

Unified Noah land-surface model

Cumulus
Parameterization
Scheme

Kain-Fritsch (new Eta) scheme (1st domain only)

Turbulence and
Mixing option

mixing terms in physical

2nd order diffusion term space (stress form)

Eddy Coefficient
Option

1.5 order TKE closure

Horizontal Smagorinsky
(3D)

1st order closure

Table 6. WRF - ARW Settings
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Sea Level Pressure [nPal
2019-03-15 06:00 UTC

Figure 9. KMA reanalysis weather chart of sea level pressure (left),
Domain 1(Az = 5 km) sea level pressure (right) at 0600 UTC

Figure 10. Domain 1 Sea level
pressure at 0700 UTC
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Figure 11. KMA reanalysis weather chart of 850 hPa gpm (blue line),
temperature (red dashed line), T-Td (green dots) (left), Domain 1 (Ax
= 5 km) 850 hPa gpm (blue line), temperature (rad dashed line), T-Td
(green shading), low level jet (grey line and blue shading, > 25 kts),
horizontal wind (right) at 0600 UTC

Figure 12. Same contours of
Figure 10 right at 0700
UTC
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Figure 13. KMA reanalysis weather chart of 300 hPa gpm (blue line),
temperature (red dashed line), Strong wind (green dots, > 75 kts)
(left), Domain 1 (Az = 5 km) 300 hPa gpm (blue line), temperature
(rad dashed line), Strong wind (shading, > 75 kts), (right) at 0600 UTC
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PVU

36 . 310 5 380

Figure 17. ERA5 S-N cross line
PVU (shading), potential
temperature (black line),

u-wind (red line) at 0700 UTC
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0600 UTC 0700 UTC 0800 UTC 0800 UTC

Figure 18. Domain 1 S-N cross line PVU (shading), potential
temperature (black line), u-wind (red line) at 0700 - 0900 UTC
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Figure 26. (a) Vertical velocity (shading) (z = 500 m) (b) Relative
vorticity, see level pressure (hPa) (z = 500 m) (c) Cmax (0-3
km, > 37 dBZ), horizontal wind (z = 500 m) at 0705 UTC
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Figure 28. (a) Vertical velocity (shading), Cloud + ice (black line),
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Figure 29. Time series of area max relative vorticity from (60
~ 3000 m)
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Figure 30. Time series of area max vertical velocity (60 ~
3000 m)
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Figure 31. Time series of change of area minimum pressure
(60 ~ 3000 m)

0702 UTC (b) ! 0708 UTC

74

. gkg!

Figure 32. Domain 4 mixing ratio (> 0.2 g/kg) at 0702 -
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Abstract

A Study on Synoptic Analysis and
Mesoscale Mechanism for Tornado

in South Korea on 15th March 2019

H 7} 9 (Byen Ka-young)

SR B e PR R

(School of Earth and Environmental Sciences,
Atmospheric Science department)

The Graduate School

Seoul National University

Although tornadoes are rare in Korea, the interest in them has
recently increased. In this study, the case of a tornado that occurred in
Dangjin, Chungcheongnam-do on March 15th, 2019, 0650 - 0730 UTC
was analyzed through the WRF modeling through four domains (Az =
5, 1, 0.2, 0.05 km). At 300 hPa in domain 1, tornado occurred place
was located north of the entrance of the upper-level jet, and

downdraft was simulated around this area. At 500 hPa, strong potential
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vorticity flowed into Dangjin, confirming tropopause folding. At 850 hPa,
a low-level jet and low-level moisture flowed into Dangjin. In domain 2,
SRH and CAPE were strongly simulated and strong wind shear and gust
fronts appeared. The gust front was clearly identified in domain 3 and
4, and a strong updraft and radar reflectivity appeared in the front
side of the gust front. Its simulated location was located 15 km south
of the tornado observed location. Low-level moisture also occurred at
mock locations in the form of hooks. As a result of examining the
vertical —cross-section in the east-west direction, the potential
temperature change was significant, and the rear inflow jet was flowed
into the tornado simulated place. In the time series of each term of
the vorticity equation strong tilting and divergence appeared around
0700 - 0705 UTC. In this study, it was confirmed that the tropopause
folding and the LLJ coupled to Dangjin strengthened the gust front,

causing strong updraft and tilting which could cause tornado.

keywords : Tornado, WRF, Gust front, Vorticity, Mesoscale
Student Number : 2021-24468
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