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Abstract The generation mechanisms of two turbulence events that occurred near the Korean
Peninsula and led to aircraft accidents were investigated using high-resolution numerical simula-
tions with the Weather Research and Forecasting (WRF) model. The first case occurred on 12
January 2020 at 0417 UTC: an aircraft that departed from Kitakyushu Airport, Japan, en-route
to Incheon Airport, encountered moderate intensity turbulence in clear sky at an altitude of
25,000 ft (approximately 375 hPa) over Fukuoka. Turbulence was observed beneath the core of
a jet stream, where wind speeds exceeded 90 m s~ over South Korea and strong horizontal wind
shear and deformation appeared at the location of turbulence encounter. A developed upper-level
frontal system induced strong vertical wind shear and tropopause folding down to approxi-
mately 480 hPa. Despite the relatively stable stratification, the strong vertical wind shear caused
the Richardson number to decrease, leading to the generation of turbulence through the Kelvin-
Helmbholtz instability. The second case was 27 May 2021 at 2253 UTC: an aircraft that departed
from Gimpo Airport en-route to Jeju Airport encountered severe intensity turbulence at an alti-
tude of 17,000 ft (approximately 515 hPa) over Yesan, South Korea. A localized front devel-
oped north of the turbulence encountered location and propagated southeastward, during which
it generated gravity waves with a horizontal wavelength of about 10 km. The localized front
induced strong vertical wind shear by the thermal wind relationship, and the propagation of the
gravity waves enhanced the Kelvin-Helmholtz instability, resulting in turbulence.
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1.M E
8y Y (aviation turbulence)= 3 3ol AH
Aoz 9Fe viAE 7] F 10-1,000 me] Z2 TF
2o UFE AHojFthLester, 1994). 574 2 7Y
of Bgo =z oloxl HA &7 AL F F 65%7t
g4y GFFE Q& TS, FF dRE /Y o
AL st upd AR 2] A F sS4 9

Y A1 71t} (Sharman et al, 2012; Sharman and Lane,
2016; Sharman and Pearson, 2017). &% W&o &7
e 2 Al wt tii{ A"l o frEEe
convectively induced turbulence (CIT), T*+&°] §1AY

[e)

7 52 dF B Aot Agk A oA @AY st
£ AH T (clear-air turbulence, CAT), &3 2+ef
93] frEH+= Y FH(mountain wave
turbulence, MWT) 5©] 1tH(Doyle et al., 2005; Lane
et al, 2012; Sharman and Lane, 2016). ©|] & &3]
CATE #7119 7174 dlolH = EA7t o391, &
oA HEAHA 2ot S o] ¢
Ag Y3 (Chambers, 1955; Lester, 1994; Sharman
et al., 2006; Kim et al., 2011).

Sobrlot B e X9 gy W VIR 3
3719 R 29 Rxrt Fkekal om, SAl 7]
T WSt e i Axd S7HE S-HEHKim et
al., 2023; Lee et al., 2023; Miyamoto et al., 2023;
Kang et al., 2025). 201656 20254 69714 ©F 10
AZE tigkel oA B 3] Abale & 15719]
] o] F 77d0] FFII7t IRE 238t BAES
THMOLIT-KIAST, 2025). ©] & H24 <2 2020
d ol¥ g7 dRE 298t At AR
QL ARals SHOR, o] F 37 AL TR H
IA7E EREUCE ETE HIAE B3 OF 2%
A ANZAHA 71 B IR F Yo, AT
R A mAYS, 54, 222 AlEE S8
7 A& A" WY RS AAste SHAA =
st

g, v e 3 28] kS flEl
ofAlo} 2o it gh=d AT Wi A5 Al=H
(Korean aviation Turbulence Guidance, KTG)®| ©]=f
= 7]4 A 4 (National Center for Atmospheric
Research, NCAR)?] &3 357 o= A]2HQl Graphical
Turbulence Guidance 2 (GTG2) W& (Sharman et al.,
2006y 71wro 2 N EATHKim and Chun, 2011b,
2012). %3t Graphical Turbulence Guidance 3 (GTG3)
Al 2=l o] WHE (Sharman and Pearson, 2017)2 7|¥C.
2, A7 4GS e R 3 =3 g el
= A]2=®(Global-Korean aviation Turbulence Guidance,

sh=7)4kets] gl7] #1363 23 (2026)
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G-KTG)°] 7Nt At} (Lee and Chun, 2018). KTG 2

G-KTG A" vt &3 71/% (Aviation

Meteorological Office, AMO)°l|4] & 43](0000, 0600,
1200, 1800 UTC), 30A1%} ol & AlZH7kA] 3A)17F 7HA

o7 dqFARE AEs FFFAAEANA null

(NIL), light (LGT), moderate (MOD), severe (SEV),

extreme (EXT) =2 E57d g dF ARE AF

St AtH(Kang et al., 2025).

Foprlol B ST XA BAEHE TR F
RAEZE ALHF 52 F97 F9=9
7150l RkE= e A7 vk Ao, o534
A&E A BE T i AL, ek s
i Abao) ols) f=f= Akt Ith(Kim and Chun,

2011a; Lee and Chun, 2015). &7 24 218 38}t
Ao g olgstal i o5 ALHE Ak Sl
77 28 dREY ddg 2 AAYES
Tt LT R AAEC] o] SATh(Lane

et al, 2003; Lane and Sharman, 2008; Trier and

Sharman, 2009; Kim and Chun, 2010; Sharman and

Lane, 2016; Lee and Chun, 2018; Trier et al., 2020,

2022). 53] AE 717 #AHE T A FGelA
o] Zgk Az B 3 ukgk Aojet 7] 5 fA7H
upkgel el o] A A uk(stretching) A L2 A=

(shearing) e WH3}Z o=+ M (deformation)2]

3738 Kelvin-Helmholtz (K-H) E9H3< 53] CAT

E AT Fo3 Ydez dEA I tH(Dutton

and Panofsky, 1970; Ellrod and Knapp, 1992; Lee and

Chun, 2018). K-H £%4-2 Richardson (Ri) 57} 0.25
Ho} S u 2SR THMiles and Howard, 1964),

A A A AFES S A 33k A

Ay 389 U7l 3R/ %5 YA (turbulence

kinetic energy, TKE)7} T & Ri oAM= EA1E

Ao 2 AIRe] 12 $EtEE Ao®E YERT

(Miles, 1986; Galperin et al., 2007; Sharman et al.,

2012; Lee and Chun, 2018). Lee and Chun (2018)°]

Ae 8 FA4717F A-AF oA 'zlgego R st

9 F A3l AFellA 298 moderate-or-greater (MOG;

MOD, SEV, EXT Z= %3 @72 vy m7AuE

< AR, AE 7R 5EY 4R 25 A

oA Zgk 3 ukgh Alojol WY, 2Ea AT AE

Alzglo) ofs)] A g 73k A nigk Ajojet AHE

K-H EFgo] a3k oF A 19S Bk &=
&, KTG A9l AA 3F 25 9139 MOG 7%

To] GFE HHE] d5TS 1A
B oAe] A2 2020 o] F b FHolA

Aste] 7] AFALR o]olxl F Tt AbElE Al st

AL, A E A AES FE 2 B dAYUSS

Z

olsish=tl Utk L3, 7k Ablel el d=E R

Hr (M fo
B 2

¢

™

o=

(02

BN



CECREE

2

15 A=E KTGE] Bk 8R1E Aot} ol
| oigk #shA olsE FXIAI7IAL, KTGE] 7R
Argo e FFHoR el 7l
278 E AR B AT B, 3N e
% Aol g S Zlesislon, 48e0A
A AAE B eH, sFelAM aoF 2 e
A A8kt

ot
ofN

3o I

2

o rr % oL
b

o

35

THIE 71743
Y £ d(Unified Model, UM) 7]8ke] AR o
X 29(Global Data Assimilation and Prediction System,

0

Casel

44°N

33°N

° < -
21 Né’)/@ S
H \\

3 \\‘
.~
. ~ |
¢ ~

Ay

93

GDAPS) A5 E ARE-SIGT B3k Wi 2A) f1x|¢}

= (e}
5 7] 218

slst7] flal =711 9173 Al E]

9] Geostationary Korea Multi-Purpose Satellite-2A

(GK-2A) 7M1 Adx A= AE AEE AHES}

Ak AEE w2 AP AA B 2] 2R
= 025° 98 4 =E 7FK= ECMWF Reanalysis
Data Version 5 (ERAS; Hersbach et al., 2020) #{&-2]
A5 5 AHE3IA T 3 UM-GDAPS #5.9} $-2u
2} 717474 elA Wi 0000, 1200 UTCel Bl %3l= a2
= 495l A5E ARSst] FEldE A AE A

= vl GSeinh

22 X ng MY

F 3R AR A WAYES

u13]7] #1sll NCAR

ol A 7H&¥ Advanced Research version of the Weather

34°N

33°N

32°N

3TN

10°07og 130°E

150 500 1000 1500 2000 2500 3000 4000 5000
Height (m)

148°E

128°E 130°E 131°E

250 300 400 500

Height (m)

150 600 700

24°N

800

1207

--"|D3
37°N
36°N
35°N
: ~ % & g
126°E 146°E e 125°E 126°E 128°E
150 500 1000 1500 2000 2500 3000 4000 5000 150 250 300 400 500 600 700 800
Height (m) Height (m)

Fig. 1. Locations of five domains for each case (D1 with Ax =27 km, D2 with Ax =9 km, D3 with Ax = 3 km, D4 with Ax = 1
km, and D5 with Ax = 0.333 km). The location where the aircraft encountered turbulence is depicted as a blue “X” marker.
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Research and Forecasting (WRF-ARW) =4 w3
4.6.1 (Skamarock et al., 20192y A&-3lod, 7144 <7
HAFTHGFET) 3588 AlZH (https://www.kma.go.kr/
super/)oIA X ARSIt Figure 12> 7+ A}
dlol sl 3717t 298 dHRe A 9AE T4
o2 A% F e =Wl ¥9S vERiH, A |
| HA) T I7EA] 3 ARHAX)
Z47F 27,9, 3, 1, 2 0333 kmZ A3}
o &t t7] @47 melets] 9l

km mRke] £ AE zhe AEdE Ed

o] "ashr, o] MaAFolA] AHE-sH ulrt ok
(o, Kim and Chun, 2012; Zovko-Rajak and Lane,
2014; Trier and Sharman, 2018; Trier et al., 2020,
2022; Lee et al., 2025). ¥ 2= X EFE 20 hPa
712 100 me] @5 AR sl 226709 F&
A3} th. Skamarock et al. (2019b)E HA T EE
A BofA LFA] A ER Ri + GETE
o] ZAMRl FHEE GAds] flsiMe AF ARt
200 m olatedof e Axsiglon, HA-TH =
A% A2HAz)7F 100 m 4w ASANA T
nojxfo], x| AP AF YL TS
AAFSFSITE B Ao A= Skamarock et al. (2019b)

AL o]0]2] F \HR Al S o] Al v AU E A7

AFE aste] AA 579 3 ErQlel sl
FF 100 me] Y= 1% AxE Al
& dRe TR Aol o]t e Ve AF
28] Abgo]l B F8% A2, bR F8 AR
= vpEe] A7 o] 9 7] P Ee] Altbo]
2o A7 sdEel] MH o oFEsty] wjEoltt.
WRF %] A& 283 &8 BFshe v 2
ot A 7] AAS E43= Mellor-Yamada-Janjié
MYT) WekMesinger, 1993; Janji¢, 1994)2 =& =<l
o] 483tk &3714 MYJ ®<he PBL ¥4k olue}
M 71O M A2 S-S i, AF vk Ao
8 g3 wE TKES] AA, 75, 24k #43
WS Fal BY AzlelA A EellEA] ke oA
ZH(subgrid-scale) TKE(®]3} S-TKE)E o Z3it}, o]uj
gradient Richardson <, Riy(Ri, = ﬂgza o/ 5
(0U/0z)” + (0V/0z)
uel v ZH7F 4 W B EE ek uke AR, B
= 1273, 6= 7FH=91)7F 27A1%4(0.505; Janjic, 2002)
wHo} 2L o) o] obd S-TKEZ} Y& AY &4
T AUTH MYJ Wb oy 3y R AR Aol A
AFE-E 1} 9lok(Kim and Chun, 2012; Lee and Chun,

SN 0% 2 1o

Table 1. Configuration of the Weather Research and Forecasting (WRF) Model in this study.

Domains and Time Controls

Initial and Boundary Conditions

ERAS5 Reanalysis (0.25° x 0.25°) model level, hourly

Horizontal Domain D1 D2 D3 D4 D5
27 km 9 km 3 km 1 km 0.333 km
181 x 181

(Case 1, 2) Two-way nesting, (Case 2) One-way nesting

Vertical Domain

226 eta layers (piop = 20 hPa)

Constant vertical grid spacing of about 100 m

Time Step 15s

Ss 1.666 s 0.555's 0.185s

Integration Time Case 1

0600 UTC 11-0600 UTC 12 January 2020 (24 hours) for D1, 2
1800 UTC 11-0600 UTC 12 January 2020 (12 hours) for D3-5

Case 2

0000 UTC 27-0000 UTC 28 May 2021 (24 hours) for D1, 2
1200 UTC 27-0000 UTC 28 May 2021 (12 hours) for D3-5

Physics Parameterization Schemes

Microphysics Scheme

WREF Single-moment 6-class

Boundary Layer Scheme

Mellor-Yamada-Janji¢ (MYJ)

Radiation Scheme

RRTM Longwave / Dudhia Shortwave

Land Surface Model

Unified Noah Land Surface Model

Cumulus Parameterization Scheme

Kain-Fritsch (Only D1, 2)

Eddy Coefficient Option

Horizontal Smagorinsky 1st order closure

sh=7)4kets] gl7] #1363 23 (2026)
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2018; Trier and Sharman, 2018; Trier et al., 2022,
Lee et al., 2025).

2o} B} 99k RRTM W (Miawer et al., 1997)S
ARE-sE o, b FAL WeE2 Dudhia WF(Dudhia,
1989)& A8-3kth. A1 EW =92 Unified Noah
Land-Surface =9 (Tewari et al., 2004)S AF&-3FS T
2§ B3l 3RS Kain-Fritsch #<H(Kain, 20042
=]l 13 20wk Agsilen, vATE BEste
WRF Single-moment 6-class (WSM6) %-<F(Hong and
Lim, 20062 EE TH¢ld] HEs9n 94 &%
<2 Smagorinsky 1Ist order closure (Skamarock et al.,
20192y ARE-3lAt.

F% BA 2ReRE FYHIY] AN A S
WA s 98, Bl FEoERE 7 km ol 7HA
Rayleigh 7415 288 S¥ASE A0 e
T=ele] two-way nestingS &85} Al 29]
QelAE S= Esel olfe] e el A%E
w37l 98 F7HH 2 E one-way nesting AEE 4

3 3} tH(Table 1).

2.3 KTG A|AE! xt=

KTG Al282 20119 12 kme] =S zH= UM
A9 o ® el (Regional Data Assimilation and Prediction
System, RDAPS)S 7|Wo 2 7= S k(Kim and
Chun, 2011b), 2019 49%¥ 7]* <] RDAPS &
Fol FEHUAM ¥ 4= 10 kme] H7 GDAPS
ARE Folrol AP 12 km FH SHEE H
skt A5 5 ARE-t] KTG Al2&9lS 43kl ot
71’43 9 R mde] AHE o]&ste] TAH=
KTG Al&=del st 7hekst A2 o3 2t 1)
Foprlo} FHolA] 43 S Bl HE L T
= ZF 2079] IEAFES GDAPS AHE 8314
AXRSIAL, 2) %4717 %A} B (Pllot REPorts; PIREPs)
A8E o835ty AAE ME AAAFEY HYrd
AAZE 13 mapping ol Z-8-3ke] 0%-E 1 A}
o] Fre g wEstelH, 3) N AGAFES A
dol| we} 7R E Fofste] shvE ARe F, LGT,
MOD, SEV = th-g-== 0.3, 0475, 0.75¢] LA
e A8y HF KTG AEE ®2Edt) KTGO
3t 2pAISE 4™ Le Kim and Chun (2011b)2} Kang
et al. (2025)°] HAIEo] Ut} & AFoM = 7t &
7 25 At diste] BA] fEEY KTG Al

(<3

o - 95

= A= =9517] 98] =717 5 o] HAE
1 R 2 A A TP 7k 24
9 o= AJ7H] KTG A2E9] o2 AEE Al FEsic).

L UE I A W AISE R

3
£ AeldE 20209 o] F St A eH
5 =, AP gEHo Ui 2971 Alx
AEA ] WAL F3hE 379 A
£ 7]&(Kim and Chun, 2011b, 2012)°
% 2% ARIE 22 134, F 279 A
be7] o

& 295 AH F29] vld At
GFo AEE BA37] Qldl, 4 Ll ds] et
Ve FENSY FFHEARLZARY] Y3 2 E
Aol ZAell ARE-E Flight Data Recorder (FDR)S] 2
d AEE A|FEATHFigs. 2¢-d, and 4c). FDRS 7
A& g7l AR A7 2 £ EE, A=
Wehg 28|32 A 5] HEE X3S vl AE7t
7129, A4 9 £33 JiEre] W 7158 Sl
i AEE FHE o, 7GR wsl) e
dF AEe 27 71Ee v 2t MOD ZAEe
0.5~1.0 g9 7I&% Wsld7A g= TEHIMEEE ©
u)gh, SEV Z&=E 1.0 g 239 7145 W3}l LGT
ZEE MOD ZEHth okl 7w a8]3 EXT 4.
£ SEV AL Rt} 743 e 2 A JATHWMO, 2007).
T gale] R 25 AR HE AF S gelst
7] 98 Y=, A= ¥ 1% AHWE I3 Automatic
Dependent Surveillance-Broadcast (ADS-B) 7]WFe] &
A 255 Flightradar24 (https://www.flightradar24.com/)
ZRE AFEUCHFigs. 2a, b, 4a, and b).

Ol

¢

N

3.1 Ak 1

Figure 2= A 19] 37] A28} G/FE X
-3 91X (Figs. 2a, b), 22]2 L& 5ok 913
ZXE Aguke FDRE 3 9 7 7 (Fig. 2¢),
PAzE 2 ) zhFig. 2d), 2L AE L =S¥ A
- (Fig. 2e) T4 =2 vehdh 20208 1€ 12
d 0406 UTCOl Y& 71t F3delA o] F3lo <l
A=A FFor Fad B737-800 7159 717+

Table 2. Information on turbulence encountered by aircraft in Case 1, and 2.

Time Location Altitude Intensity
Case 1 0417 UTC 12 January 2020 130.3°E, 33.7°N 25,000 ft (= 375 hPa) MOD
Case 2 2308 UTC 27 May 2021 126.8°E, 36.45°N 17,000 ft (= 515 hPa) SEV
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Fig. 2. (Case 1) ADS-B based horizontal (a) and vertical (b) flight routes with departure (green triangle), arrival (yellow
triangle), and turbulence encounter location (red “X”). Flight Data Recorder (FDR) figure from the Japan Transport Safety
Board are shown: (c) vertical (thin green) and lateral (red) acceleration, (d) bank (thick green) and heading (thick blue) angle,
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G339 FRA AE3td TF olF 115 T 0417
UTCol +F27} A5 <F 25,000 fi(= 375 hPa)ollA]
Y72 298 THFigs. 2a, b). 04:17:14 UTCH-E
04:17:26 UTC7HA ¢k 12% B¢t 8371 343 ¢
2 g £ 7iEre] Wels Agsidth. 74 7H
=9 ) H3kE 04:17:15 UTCOl 0.8 goll A 1% &
149 g2 0.69 g 7I&= WstE Adsdch 7%
THEEe 2 7S] Wslr Hulel Al e, Right
(R) 0.2 golA Left (L) 0.18 g= ¥W3}te] 038 g¢]
W32 A8 thFig. 2¢). AL nRrR R $
2 7hEm o] Wt Hull Al R 4.7°9014 L 5.5°
2 W3lsion wezke 317004 314°2 WH3}sle
ThFig. 2d). B3+ 04:17:14 UTCH-E 04:17:19 UTC7}+
A 5% FeF AE AJHo] 68 ktol|A] 44 kt= 24 kt 7
Asten FE =3 AJHo] 82 koA 114 k= 32
kt Z7FeFTHFig. 2e). WA, AH 1914 dE7]=
MOD Z=e] GF&E 2o, el 5%
Qe S7H= FEg Izt eizte] Wb o
Efsttt. olgfe Wi 292 s ) A T4l

sh=7)4kets] gl7] #1363 23 (2026)
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The location where the aircraft encountered turbulence is indicated by a yellow “X” marker. Contour intervals of the sea level
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Fig. 14. (a)-(d) Frontogenesis and (e)-(h) vertical velocity (shading) and subgrid-scale TKE (gray contour at S-TKE = 0.1 m” )
at 515 hPa obtained from WRF model in D5 from 2230 to 2308 UTC 27 May 2021. The location where the aircraft
encountered turbulence is depicted as a red “X”” marker.
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Fig. 15. Latitude-Height cross section of (a)-(d) frontogenesis (shading) and subgrid-scale TKE (gray contour at S-TKE = 0.1
m’ s7%) and (e)-(h) vertical velocity (shading), Richardson number (green contour at Ri = 0.25), total cloud condensate (navy
contour at 0.01 g kg™), and topography (light green contour) along the blue dashed line in Fig. 14a obtained from WRF model
D5 from 2230 to 2308 UTC 27 May 2021. The thin black dashed lines in all panels are the potential temperature with 1 K
intervals. The location where the aircraft encountered turbulence is depicted as a red “X” marker.
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Fig. 16. (a) The 3-h forecasting result at 25,000 ft valid at 0300 UTC 12 Jan 2020 and (b) analysis results at 17,000 ft valid at
0000 UTC 28 May 2021 from the KTG model focused on Korean Peninsula. The LGT, MOD, and SEV intensity thresholds
correspond to 0.3, 0.475, and 0.75, respectively. The location where the aircraft encountered turbulence is depicted as a blue

“X” marker.
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