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Performance Evaluation and Improvement of Operational Aviation

Turbulence Prediction Model for Middle- and Upper- Levels
Yujeong Kang', Hee-Wook Choi”, Yuna Choi, Sang-Sam Lee ",

*****

Hye-Won Hwang

*************

ABSTRACT

Aviation turbulence, caused by atmospheric eddies, is a disruptive phenomenon that leads to
abrupt aircraft movements during flight. To minimize the damages caused by such aviation
turbulence, the Aviation Meteorological Office provides turbulence information through the
Korea aviation Turbulence Guidance (KTG) and the Global-Korean aviation Turbulence
Guidance (GKTG). In this study, we evaluated the performance of the KTG and GKTG models
by comparing the in-situ EDR observation data and the generated aviation turbulence
prediction data collected from the mid-level Korean Peninsula region from January 2019 to
December 2021. Through objective validation, we confirmed the level of prediction performance
and proposed improvement measures based on it. As a result of the improvements, the KTG
model showed minimal difference in performance before and after the changes, while the
GKTG model exhibited an increase of TSS after the improvements.

Key Words : Aviation Turbulence(@&%4%), Eddy Dissipation Rate(t]&AHE), Clear-Air
Turbulence(3AYS), Korea Aviation Turbulence Guidanc(KTG; 38 &3ds d&2d), Global-
Korean Aviation Turbulence Guidance(GKTG; AAF F3dHF d=rd)

.M B Hsg op|AFIE H7] F ¢ 83Heddy)oltt
(Lester, 1994; Sharman and Lane, 2016; Sharman
and Pearson, 2017). ¥3dF= &A URlof wet,

&l 9Jst WH{(Convectively Induced Turbulence,

ool

T2 (Aviation Turbulence)= 2% 9] &
717v 2595 =¥ 57 71A7 345 S5
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eeeiont 7|4 SH 7S8R Y

1+ YH(Mountain Wave Turbulence, MWT), A
1% YR (Low-Level Turbulence, LLTZ F+&%
tH(Sharman and Lane, 2016). Y7t 37 3%
Z FFIF fdle gEE EFAE F - A5
10,000 ft oJAHollA F& HIEJtKSharman et
al., 2006; Storer et al., 2019). °]&{3t T S5
At SAoA FEL AT 1= APE 2t
Tt FFARIA AE 71 84R HEA
QtHLee et al., 2022).
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AT IR ALY TR 2 718 dRle

, B skEAHEelA SFAEA WAsks CAT7}
RES ZR|$cHSharman et al., 2006; Kim and
Chun, 2011). AFA17} B& =ofid= MWTO] 2Jgt
At HIHs] @AggiT) sRA|el, ol=dt RS
AL A &5E7]7F wj¢- ofFrt o]of 3R Tl
£ 343t 5P Q% W ASAT7E thdztol 244
A& 07 o]Fojz]1l QJtHSharman et al., 2006;
Kim and Chun, 2011, 2012a, 2012b; Lee and
Chun, 2018: Lee et al., 2022).

Pt IS F2(EFH kmES o
22 HE(%F 10~1,000 m)oA] WeRt7] miZo] 3]
d&Edo] Bols o8 URE d&str]o] of==o]
o}, SHAIRE thati o] WRoUA7F S 9 Ao
£ gztog FAAIE th{cascade down)EThil
7Pl W, R dlSe] =2 oR Tkssixict
(Dutton and Panofsky, 1970; Cho and Lindborg,
2001; Tung and Orlando, 2003; Sharman et al.,
20006). webA, @A thEEe] s dEnd 9
9] o]2& 7[Hlo g UHR JAA|FE Foto] 3R
I 7Fs 99 2 A=E dEgith

Sharman et al.2006)2 AHSo=2 FFAEA=E
(PIlot REPorts, PIREPs)E @Y oflEmdo] 283t
45 AgndS ARESEe]  Graphic Turbulence
Guidance(GTG) A& 7Hdslct. @A, 3371
AN ARSI Sl U AEEE2 GTG XS
7o g JpdEgleo, 3=y FIFdF AS52E
(Korea aviation Turbulence Guidance, KTG)Z
AATF F3dR &2 (Global-Korean aviation
Turbulence Guidance, GKTG)& <&Fst St
KTGE 2013958 dAFoz 2Jsto] CAT =
A ATt 9o, GKTGE 20199+ E CAT,
MWT 223l 5 9] Hdighel At MAXimum
turbulence, MAX) AIEARE Algskl Ut Lrt
Aoz URAEE R sovxr g4 wHaE=
11821 oft]AAHE(Eddy Dissipation Rate, EDR)Z #
H=H(Sharman et al., 2014), EDR2 &3 =A9I7E
3357 7International Civil Aviation Organization,
ICAO)IA BZE HF ARZ THH] ot

B AFoME FAISE-5H 8] (International Air
Transport Association, IATA)?| <~&% EDR A7 &
SAE(in-situ EDRYZ 35 ASEd A=t v|wat
o= wd Hg HISI IFTHCE, S F
slo] dl5/ds S Helshal ARk AXISHIT

2 dolA AREE BESAEE 20199 19%H
20219 12¢971K19] & 3dzt RIZE FEVIERE
IATAY] 489 I 10,000 ft o2l & - AEollA
HIE JY(30~40 °N, 120~135 °E)Q] in-situ EDR
WEARS ARESISITh $74% odModerate-Or-
Greater, MOG) YHAEE A¥s7] 98t EDR YA
2 APAHSharman et al., 2014; Sharman and
Pearson, 2017; Lee and Chun, 2018)5 #aIsto]
0.22m*3s" oPJel H9E MOGE A3t 0.22
m*’s™ ekl A9-E NIL(nul)2 S5t

IATA EDR #5A1% 4= & 198,429 7I2 NILO|
191,572 71(98.33%), MOG7} 3,257 7H(1.67%)°13%
ot =g ISARE S 20199(31,745 ) < 2020
W(59,744 7) < 202114(103,340 7) =02 Aw=rt
Aol ot B A=2F oF 2404 S5k TKFig.
la). IATAE= 201794%H Turbulence Aware Z271
WS F=317] AZSHEA(The IATA Turbulence
Aware project, IATA, 2020), &5 I TEA8S
24705 £ A&l o] A} o] 5
AZE Hobd, Al tieRreE xyet & 15719 &
TAPE AAZ e R gt FEE ATt it o]
of, IWE 459 GRE I5T = A= IR
ORX|HA], COVID19 HH9oZ 57
A5k Al7]dol% Etsta A=rt Adol wt &
W7o ISAE = SUI% A oE ek

A= MOG ¢HRel #EAE 4= 2019990 635
7H, 202091 985 7, 20214°] 1,637 2 B&A=
7} S7Fdl w2t S7eksdn) kAR MOG ¥ H]
&2 o] wet 2.00%, 1.65%, 1.58%= 4staict
(Fig. 1b). ti7] 5 CAT WA¥so] HAHoz2 Zrtotal
2o EF5kal(Storer et al., 2017; Williams,
2017; Lee et al., 2019; Tenenbaum et al., 2022),
Ax7t Aol e MOG W #&Ak= vl8o] 4
Sl olf= AEA FF IR @A Ve T
s zdo] Y 9 /jHoz R HEH Aoz B
OltKLee et al., 2022; Sharman and Pearson, 2017;
Kim et al., 2009; Sharman et al., 2006). &, &%
APk BBAR OB Aole Blo] ulstol 2 W3] &
A MOG U5l BEAR 7} afict 2ol
E1 Y= AR AmHArnh
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Fig. 1. Number of observed |IATA EDR data by

intensity in each year (a). MOG was shown in

black and NIL was shown in gray, and number

(black bar plot) and percentage (gray line plot) of

observed IATA EDR data with moderate—or—greater
(MOG) intensity in each year (b)

4 ISR S AAFHOE F-oj5Hd B

E£5] 590 7P wo] IZE At BH, 1~2€0
oF 4,0003] oJstz #=o] HiEQIckFig. 2). ¥
MOG Y& E3 tiA|Z E-0j5-of| o}, I=At
= 59 Aol fAFHA YT 20194el= 12
o]l 3.4%(127 7WE MOG H|8°| 7P &ron,
2020901 3.1%(348 7ME 5¥ell =34, 202192 8
o]l 2.8%(327 /NE MOG HEo] &9kthFig. 2).

2.2 328 SZHF HS2A(KTG)

KTGE sHtzo] H&skd =3 5 - A5 T ¢
F A AAFHOo R Folrjop gYof sl =it
(Kim and Chun, 2011). ZpASE AE34-L Kim and

14000 4 r 4.0%
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Fig. 2. Number of observed IATA EDR data (bar

plot) and percentage of MOG intensity (dash line

plot) per month from 2019 to 2021. The color is

different for each vyear (red: 2019, green: 2020,
blue: 2021)

Chun(2011, 20122)°] THEAIAL 10w, & =oA
= EFHA 71estinh WA, 714 dEdE ol &
stod 7+ 20 7R FEdR XdAGEol s =& AR}
HollA MOG Z%ollxe] AUC(Area Under Curve)s
ZizF Akkeitt. 12|30 W55 PIREPsY] AlZF & 1x|9f
7V 7R B ARHOA Ak AR AdR]
9 32 ¥ IF A=Enull(NID), 1lightLGT),
moderate(MOD), severe(SEV), extreme(EXT)]Z
BE55to] gAGol thst look-up tableg TH=C} 1
T, 74 gdE o] 1 g 4 AeEs R
o geEE AT, T2, T3, T4, T5)o= A9
31, o1& 72+ 0, 0.25, 0.5, 0.75, 19} go= dig
AIZ1 1AM w8 (mapping) 5 °l&ste] 78R
== 25 004 14019] Zho g WA Rt 9
=3 ARt of7)4, KTG &2 JdF3=
AX= LGT, MOD, SEVZF ZH2F 0.3, 0.475, 0.752
AA= At @A KTGE sorlot Yol st sl
43)(00, 06, 12, 18 UTC) 3AIRE 7HA2] 304t %%
A&7} 5,000~40,000 ftollAl 5,000 ft ZFHo2 AlE
=3 Qieh

KTGE= 714 d9Y 5% 4d(Unified Model,
UMY AY dE R (Regional Data Assimilation
and Prediction System, RDAPS)S 7]9to. 2 7ids]
AL 20199 49 o]F 2= RDAPS 2%°] T==
Al UM HAT 229 (Global Data Assimilation
Prediction System, GDAPS) 7|§to& KTG7} 2%
=1 itk webA, 2 AolAE 20199 195E 39
7HA]2] KTG AIEAtEx AFolA A3l GDAPS
7k KTG <I&A&(201949 49~20219 1297}

Zoll A= ]I

l
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2.3 MX|F 3HE HSZH(GKTG)

GKTGE "= =713 +4(National Center
for Atmospheric Research, NCAR)OA 7Hgst
GTG3(Graphic Turbulence Guidance version3)
A28 WHE(Sharman and Pearson, 2017) 7|8t
o2 JfHE9om, 17 km UM-GDAPS A=e}t %
U ISARE 085t 7= AtkLee and Chun,
2018). AF=THL Lee and Chun(2018)° 414
02 AgEo] on, o7 11Ed] &5tk
GDAPSOIA Az 7VHSES ol&sto] AS(RE
~10,000 ft), %3(10,000~20,000 ft), 4F(20,000
~50,000 ft)8=2 CAT AHA|G: 2 MWT ADX+E
o] SELLTRE AXleit Akt 7o) WY 2 &
7 e EER A9ASES 559 EDR HEE
HEIRE &, Agole] i SRR dSAa<l
GKTGE AF=3th. 18fste] GKTG= AXF 99
oA CATSF MWT Z12]al 2} ARFoA &= i ]
2% % o & IFEEE Wt MAXE AeER
B 41,000 ft7F4] 1,000 ft 7489 1 =¥ 49 HHX};
BE AXloto] AbEshal it

0]%, UM-GDAPS7} 10 km 3= gAJE0] 7]
& 7IEE GKTG W 1= A-&-sto] 7=l
ot 2019¥HE 3% 43](00, 06, 12, 18 UTC) 364
7r dEA=E 3ARE THE 2R 10km =S &
W ISR AlTEAL Uk o714, GKTG 9%
Z99] EDR A% UAAE= LGT, MOD, SEVZF ZH2}
0.15, 0.22, 0.34 m*3s'& AA= A,

GKTGE 37FA19] EH(CAT, MWT, MAX)E A8
SHAE, #ASH AmoA dRe FRE RS & 9
oug FF Aol BE AE ZT MAX A=E
olgsto] HFZ ZstArt

Q,

24 43 YUY

FFEF L= HSol AMES BAA HS WS
POD(Probability Of Detection) ¥ (Mason, 1982)
< ARBSFAITE o] B2 MOGZE BEE A FolA
FE 9= 821 POD ‘yes (PODY)2} NILo| B
H A-ol|A ERE oS ¢k T EE POD “no’(PODN)
< Psto] HEoHs WHOE(Table 1, Eq. 1~2),
PODY(PODN)= MOG(NIL)°] == X9z}t 714+
LA ARoA PR dlEgko] Foid d9je] A
2 d=(4A g 3E Ast] #RHKim and
Chun, 2012a: Lee and Chun, 2018).

Table 1. The four cases of Receiver Operating
Characteristic (ROC)

Event observed

2x2 Contingency table
MOG NIL
True False
Event MOG Positive (TP) | Positive (FP)
forecast NIL False True
Negative (FN)|Negative (TN)

Sensitivity (True Positive Rate; TPR, PODY)
TP
T TP+ FN )

Specificity (True Negative Rate; TNR, PODN)

TN
" TN+FP @

1-Specificity (False Positive Rate; FPR, POFD)

FP
T FP+ TN ®)

7|4, TP+ True Positive, FP= False Positive,
FN False Negative, TN2 True NegativeS UERHT]

POD AlikE 4 AR thsto] 4=38si4, 3 %
9] PODY-POFD(Probability Of False Detection)”}
AZEICHTable 1, Eq. 1~3). 97|14 YAZES HAA]
A7F POD AXRS 383 7%, PODY-POFD <]
o] HojZltt. olF x-y =R HAlst] 2 o
2} 18] ROC(Receiver Operating Characteristic)
ABZ} gEofRH, o] 3A49] ol WA (Area Under
Curve, AUC)°| 2Hl9] d&4dS Yetli= o] "ot
(Fielding and Bell, 1997). olof tistod, 7|2 o] 7
g4 grlof Wol AREE|o]2 True Skill Statistic(TSS)
HHEA(Allouche et al., 2006) ol&slo] wdlo] AHahr
HES AHPSIAHEq. 4). AUCE 0.59014 141e]9] s Y]
£ TSSe -1914 +1Ale]9] HY9] gk 7HAH F #
IE 19 7ESE PR AHIES BT s
&5k 2 ofufgicth. ¥hE, AUCE 0.5, TSS& 0°]l
TSRS diE/dsol A9 lal AR 53 Yt
&S 2= AoZ T & itk

TSS (True Skill Statistic)
= PODY+PODN-1 “)

dIEAt== 00UTCOl A4 10,000ft o4<] st
v A(30~40°N, 120~135°F) &FtH d&xi=
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£ ARgstoith FedRe BEAET A BE 97
o] sl EA5kA] gkom=E, dBF40] F5o] ofd
&3] A5S FHoI9h & =4 EDRy
7 7Pk AR ARREe] R AiSEE EDRE
< HWsIT:. GKTG &4 EDRE #HE=|o] Sl7]
wj&2of| = EDR#HT 9= EDR#ES] MOG YAIRES &
t} 0.22m*3s oAl A& Asted PODYL} PODNS
Totoiet. g, KTGE diS4to] EDRZ ®H3lo] Eof
A 7] wiEol, ¥=H EDRO] 0.22m™3s! oY
o, GRAT diEAtaEgol 0.475 oHuEhel HLE
TP(FP)2&, &5 EDRO] 0.22m3s! ngtl of, U
e dEA=ge] 0.4750PHRRDRI F9-E FN(TN 2
2 Alsle] PODYQ} PODNS 75199t}

P
=

2.

7
(=]

ol
H

5
B oAM= 2019~202183Y) Bt WAV A
o AdE, O9n gEE #ERRS 5=
(KTG, GKTG)7+9] PODYS} PODN @ AUCS} TSS
9] BAA AT WS ol8st FFdF ASETLE
H| 1 FF5H3 olof Bsto], 1= 9 MPAITHLead
Time)d 4% Zo| st

M
2~

26,1 HA7|12t H AEE

HI

2019~202199] AA7I1ZE 5<%t KTGS PODYSF
PODN2 Z¥zF 0.46, 0.75°1%32(Tables 2~3). GKTG

Table 2. Monthly KTG PODY by year (2019-2021)
and for the entire period

Table 3. Monthly KTG PODN by year (2019-2021)
and for the entire period

Month 2019 2020 2021 Total
1 - 0.60 0.60 0.60
2 - 0.67 0.59 0.61
3 - 0.68 0.73 0.72
4 0.63 0.70 0.71 0.69
5 0.69 0.72 0.66 0.69
6 0.66 0.74 0.76 0.73
7 0.87 0.76 0.90 0.84
8 0.91 0.90 0.81 0.85
9 0.89 0.78 0.83 0.82
10 0.71 0.75 0.85 0.79
11 0.70 0.81 0.75 0.76
12 0.63 0.73 0.70 0.69
Total 0.74 0.75 0.75 0.75

9] PODYS} PODN2 7+ 0.229} 0.910]%tKTables
4~5). PODY= KTG7} 0.24 ¥3k°™, PODN2 GKTG
7} 0.16 =¥t TSSE= KTGeF GKTGZF 242 0.21%%
0.13°2, KTGZ} GKTGO] Hlsl 0.07 o £ 85
< HEA} Aircraft Meteorological Data Relay
(AMDAR) #E5A15E S8st] AT 45 T3dFH
dErdS ASTE Lee et al.(2022)2} ¥]waHH(Table
6), ¥ A7°] KTG PODY7} 9 0.2 oW &3koH,
PODN oF 0.227FF R3IaL TSS= FARICE 12
GKTGE PODY=0.22~0.23, PODN=0.96~0.97%, &

Table 4. Monthly GKTG PODY by year (2019-2021)
and for the entire period

Month 2019 2020 2021 Total Month 2019 2020 2021 Total
1 - 0.62 0.79 0.67 1 0.55 0.17 0.55 0.31

2 - 0.33 0.92 0.89 2 1.00 0.00 0.60 0.58

3 - 0.75 0.68 0.69 3 0.85 0.38 0.44 0.49

4 0.38 0.62 0.58 0.54 4 0.24 0.28 0.21 0.23

5 0.69 0.52 0.47 0.50 5 0.23 0.21 0.33 0.27

6 0.57 0.63 0.39 0.51 6 0.36 0.41 0.12 0.26

7 0.39 0.31 0.13 0.23 7 0.02 0.08 0.04 0.05

8 0.27 0.06 0.31 0.26 8 0.05 0.01 0.16 0.12

9 0.20 0.42 0.28 0.29 9 0.04 0.24 0.11 0.12
10 0.78 0.62 0.59 0.68 10 0.40 0.13 0.30 0.30
11 0.36 0.54 0.61 0.52 11 0.04 0.38 0.33 0.25
12 0.76 0.87 0.57 0.73 12 0.28 0.53 0.24 0.29
Total 0.51 0.49 0.42 0.46 Total 0.22 0.22 0.22 0.22
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Table 5. Monthly GKTG PODN by year (2019-2021)
and for the entire period

Month 2019 2020 2021 Total
1 0.87 0.88 0.78 0.83
2 0.83 0.92 0.78 0.81
3 0.76 0.91 0.88 0.88
4 0.88 0.93 0.91 0.91
5 0.92 0.91 0.82 0.87
6 0.87 0.90 0.94 0.92
7 0.97 0.92 0.98 0.96
8 0.97 0.97 0.94 0.95
9 0.97 0.94 0.97 0.96
10 0.90 0.94 0.96 0.94
11 0.93 0.93 0.88 0.90
12 0.89 0.91 0.89 0.90
Total 0.92 0.92 0.90 0.91

Table 6. Reference table of turbulence model
verification by observation (in-sitv EDR)

Domain | PODY | PODN| TSS | AUC ref.
(res,)
GTG3
Wandishin
- USA - - - 10.825| et al
(2014)
Global Lee et
- region 0.20 | 0.99 [0.19]0.868 Al (2022)
KTG
RDAPS| East Lee et
(12km)| Asia | - |04010.790) 1 5022)
RDAPS Global Lee et

0.22 | 0.98 |0.210.838

(12km)| region al.(2022)

GDAPS

(12km) Korea | 0.46 | 0.75 |0.21|0.650(This study
GKTG

GDAPS| East Lee et

(17km)| Asia - - 10.33]0.770 al.(2018)

GDAPS Global B _ Lee et

(17km)| region 037107901 .1 a018)

GDAPS| Global

(10km)| region | 022 | 097 |0.19]0.842 Lee et
m,

al.(2022)

GDAPS

(10kmy| K070 | 022 | 091 |0.1310.643This study

There appear turbulence model, input numerical
weather prediction (NWP), area of verification, PODY,
PODN, TSS, AUC, verification period and reference.

AFATel fARICH, TSS= 0.06 RSith AUCE
KTGeF GKTG7F 22} 0.6502 0.643°.%2, KTG7} ot
B $2 453 EAo A9 vHESIxit(Fig. 3d, Table

(a) !

0.9 |
0.8 -
0.7 |
0.6 -
0.5 -
0.4 -
0.3 | & AUC
0.2 - KIG 0.666
01 1 GKTG 0.648
[}YY. RIS T
0 0.10.20.30.40.50.60.70.80.9 1
POFD
--e--2019KTG —0— 2019 GKTG

).}

0.8 - &
0.7 . g‘f

0.6
0.5
0.8
03 - AUC
02 | KTG 0.663
0.1 GKTG 0.658
0 FEr—r——————
0 0.10.20.30.40.50.60.70.80.9 1
POFD
--#--2020KTG —-— 2020 GKTG

(€)ys ]

0.8 +
0.7 1
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¢

PODY

PODY

¥
-
&
s

PODY

AUC
KTG 0.636
GKTG 0.633

¢ 0.10.20.30.40.50.60.70.808 1
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--#--2021 GKTG —0— 2021 GKTG

() ]
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0.7 4
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0.4 4
0.3 4
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0.1

PODY

AUC
KTG  0.650
GKTG 0.643

0 0.10.20.30.40.50.60.70.80.9 1
POFD
--#--total KIG —0O0— total GKTG
Fig. 3. ROC curve of KTG and GKTG by year
(@) 2019, (b) 2020, (c) 2021 and (d) total)
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6). ABATNA in-situ EDRS 0]83}0] Solrjo} 3
S AZHS w{(Table 6), KIG= 0.79, 17 km-GKTG=
0.77°]1%tHLee and Chun, 2018). FSt AR|FE JI&
AEHS u|, KTG7} 0.716~0.838, GKTGE 0.745~
0.8420]tKTable 6)(Lee et al., 2022). & 97L9] AUC
£ APaT] AUCA HIst] oF 0.06~0.20 WSkt

AAHo=, F PR dE52d HlwoAE= GKTG
Hr} KTGO] %ol £t I2IMOG YRA=ES
=8 Hso] &2 22 KTGO|geH, NILS
=3} o] £ Bd2 GKTGO|tt olzgt A
£ KTGY 954% dAIko] ghtzol HAs}x|o] 9l
£ §H, GKTGY 74T AR Shtzo] X%
slE]ojQA] ¥ GTG d&nde] AR HHH]
o]t olofl GKTGY “I&4d%ol Blad word A
o= whcEch

AAZ FBARI] SAdhs A g
Al 50l F-851A E8sl] gt AlFE w2 dESnd
9] AUC 3t Yutdog M4 0.8 oo e 9]
E=d(Kim et al., 2009), ¥ A7ofA F 2do] AUC
2 olo] ujx|A] E5Rt. HH, 2L 10 km-GDAPS
AagE 27 dYREZE ARESI= Lee et al.(2022)9]
GKTG AUCE 0.842% &SItHTable 6). &2 27]
JHARE ARSI YSo=E Bk AUCTE o
olf= IV AMgsl= KTG ¥ GKTG=
dYse 27|d 9 e Aol wEt B A
AFES ARSI BEFSIBH= #2357} o]Foix] 4]
2oL, Lee et al.(2022)2] GKTG= 10 km-GDAPS
of g0 Ui AUAFES Aol H85197]
gjEolch &, 2 979 g Sndo] gt
F AR +EY A5} o]FojA|A] A9k7] wize],
AUCZ} 0.89) H|A]A] ZA Ao wEch

drdg AmEd, KTGS PODNE 34 &<t
0.74~0.750014 YERt Zlol7k A9 giIARE PODY+=
20199004 2021908 Awr} xdo] wet 2k} 0.51,
0.49, 0.422 YolHrtHTables 2~3). ¥hd, GKTGQ
PODY®} PODN2 217} 0.22, 0.90~0.92 H9oA ¥
5319 3Wo] GARHTHTables 4~5). TSSE KTG2F
GKTG7}F ZH2F 201999 0.25, 0.14, 202001 0.24,
0.14, 20219 0.17, 0.130]9loH, & 2d n&E o
T7b Aol wet TSS7F Wobdlth KTGE AUCE
2019¥(0.666), 20204(0.663), 20214(0.636) &2
2, GKTG2] AUCE 20209(0.658), 20191(0.648),
2021(0.633) +=o=® w8koW, & Hd HE 20219
of 7} WokthFig. 3). olgt Aik= A ATolA

£

H1gE KTGE] AUC 340.739~0.821)Ec} Wokor
(Kim and Chun, 2011, 2012a; Lee et al., 2022),
GKTGS] AUC 3X0.745~0.842)= A3ydte] 5|
SottHLee et al., 2022).

= 2d 2% 201993 202099] g&A4%50] A
Far 202190l Bl Woksd, oY dxdEE
dEs=d Aol tE A2 APAToA= Ykt
Kim et al.(2009)2 7F¢ £2 &4 Kol GTG
AA”S] W AeR|eEo] siuitt e 216k
om, T AF9 CAT A HAUSEC] wid Aol
S Hsioioh webA, 53U BEQlole Eskal
A== deo] a4 9Ftd Zo= wekHE

252 AE &« 2 =4

AEYE KTG2 GKTGS] PODY, PODN} TSS=
Table 791 YERQl ROC AEL} AUCE Fig. 49
Uehfiglth & 24 B% PODYE ALHo] 7F &
doH, thgoR B 7kE, AF 0= =UKTable
7). PODN2 9§, 7+, B, AL ¢0= =3t TSS=
PODY®} 5¥e AFde EAck 121 KTGE
GKTGE H|shH & Ao KTGY] TSS7F %%
T} AZE AUCE AHEH(Fig. 4), & 2¥ 2% 7
2 7k, B, oE £22 =%on, AL 7Rede
AUC7L 9F 0.7& Bt &3 ALt oEoll= KTG
7F 9 %1 B3 /RS GKTGZF B &9k} A9
TollA PIREPsE ol-&st] A53 AUC 2% 7R
(0.800~0.807)3 A2(0.790~0.847)° &I A%
(0.783~0.790)° 7F Rol 2 A2}t fARE HH
< HtKKim and Chun, 2011, 2012a). o]Z2A A
A= ool dEre AL e 439 FFdR
7F Aok dRlo] AR b2 HAUSE 7L

e oulaic

Table 7. Seasonal PODY, PODN and TSS of KTG
and GKTG over 3 years

KTG GKTG
PODY |PODN| TSS |PODY |PODN| TSS

Winter
(DJF) 0.74 | 0.66 | 0.40 | 0.35 | 0.86 | 0.22
Spring
(MAM) 0.52 | 0.70 | 0.22 | 0.28 | 0.88 | 0.16

Summer
A 0.34 | 0.81 | 0.15 | 0.15 | 0.94 | 0.09

Autumn
(SON) 0.46

Total | 0.46 | 0.75 | 0.21 | 0.22 | 0.91 | 0.13

0.79 | 0.25 | 0.21 | 0.94 | 0.14
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Fig. 4. Seasonal ROC curve of (a) KTG and
(b) GKTG over 3 years

o Yoprl, KTGEF GKTGY] 9 #EAde AwHEm
(Tables 2~5, Fig. 5), AAH o= &+ Wd & 10~3Y
ol PODY7} 3L PODNe| @& 2 Hth 7~9
Poll= PODY+= KTG9F GKTG 242} 9F 0.3, 0.15 ©lst
2 F45] WolA 1 PODNo| &2 AFdE Ert o]
= 7~890l e} BiE 22 thiF AlAFol(Lee and
Chun, 2015, Kim et al., 2009; Kim and Chun,
2011), 9¥olk= tiFA 5ol LEshaA Wdsh= o
S8R (Convectively Induced Turbulence, CIT)
7 38 /g JFHRE WA tEolLee
and Chun, 2015), 7~999] <=7} 25| Hojxl A
o= Helrk 121 1~2¢¥0e= Aol wet PODYS]
Aol7t Zl=, ol 1~2%90) WSAE 471 HojA] 4t
SOl FRRE & AR weEh

39 A 7|Zre] gk TSS ¥ E4E& 343t 4
IS Table 8 eI, HAH o= GKTGEG

b 100
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Fig. 5. PODY and PODN of (a) KTG and (b) GKTG
by year (red: 2019, green: 2020, blue: 2021) and

for the entire period

Table 8. Monthly TSS for the entire period of KTG

and GKTG

Month KTG GKTG
1 0.27 0.15
2 0.50 0.40
3 0.41 0.37
4 0.24 0.14
5 0.19 0.14
6 0.24 0.18
7 0.07 0.01
8 0.11 0.07
9 0.11 0.09
10 0.47 0.24
11 0.27 0.16
12 0.42 0.19

Total 0.21 0.13
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KTGY] TSS7F =4 Yelhgth KTGE 2, 3, 10, 12¢¥
o TSS7F 0.40 ooz =3tow, GKIGE 2, 3¥
of ZZ+ 0.40, 0.372 EUTh. EF IA AHHEsH
PODY % AUC?} mR7HA| & ofFdols W2 A9
£ HA} Lee et al.(2022)9) AAF F3dHE AS
A7t vlwat, KTGE 0.166~0.2252 & Atet
AR debtouw, GKTGE 0.192 & 939
TSS7F 0.06 WSkt

AElshd, € KTGSF GKTGE] A5452 5%
Hog 7RE-ALE 1 E-o8H0 vy F2
/o] Holw, o2f3t AP/ APAFoAE B
15K Lee and Chun, 2015; Kim et al., 2009;
Kim and Chun, 2011). &3}, AZ Al tiFo] st
45, 75 TH 4R ol 93t ASAEE £RS
A= AR £ HZel E-o53Y <=t
2ol 7hsAdol ok &, KTGE GKTG7F 374
o9l CAT ¥ MWTE 7F-AL&Hd 7 & od%
Sh= GHd, iR AlAglo] Rt oEHol= AY B

£ X sHAY, ER Y99S ER5HA Kot gk
7F Sd Ao woEc

1&=H BA A Wandishin et al.(2014)2 15}
o] 5(10,000~19,999 ft), $5(20,000~29,999 ft),
45(30,000 ftM & HEste] EAS HPsiict
(Table 9). £42 39 HA7|7HE o859t KTG
o} GKTG HF %7} #orgle] Wt PODNE Hof
A3 PODYS TSS+= =0kt sksollAl= GKTGH
KTGol H|sto] A-5o] =%, 55 oldolx= KTG
9] d5o] 955] ESth & F HE HF 1T
Al diEdsol fostA o =%eH, §35] KTG7} H
ZF B oufgit}. APA+e}t 5L HFgol

Table 9. PODY, PODN and TSS by altitude of KTG
and GKTG for the entire period

KTG GKTG
PODY[PODN] TSS | PODY|PODN] Tss
Low
(10.000-19.990f| 02 | 081 [0.07| 017 | 093 fo.10
Middle
(20.000-29.990f | 038 | 072 [0:30] 023 | 090 f0.13
High 0.61 | 0.73 |0.34| 0.27 | 0.91 |0.18
(30,000ft- )

Ho|H(Lee and Chun, 2018; Lee et al., 2022), KTG
= B A9 TSS7F oF 0.171F &9kl GKTGE /A
59 tHLee et al., 2022).
2.5.4 MalA|ZtE 2N

H3oll ARE 00 UTCY 3AIRE 7HA 24A17F cliE0]
el APAZE ek S Z8gste] Fig 6o Y
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Fig. 6. PODY, PODN and TSS by lead time of
(@) KTG and (b) GKTG for each year (2019~2021)
and the entire period
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ERfiolct. 3o AgE FBdR &A= APARE
3 7F8 WidehA ARgE APARES 3~94] dlEAtRO|
o, AggAzto] A1) met FEARE £ B ooz
A435199tE PODYE A1giAIzto] A o] wet Yol
A% Btk KTGS GKTG 25 15~18A] dI&AE
of =3kt}. ¥k, PODN2 AlggAjzto] 2ldo] ufet of
How, T wdl BT 21~244A] oE&AIo] 714 &)k
TSST PODNz} Zo] Aggajzte] Xdo] wha} Yol
S BHAOoL, 15~184] dIEARIl 7Fg &34tk

20190)l= Eo]51A] KTGOlA AdAlzto] Ao wh
2} PODY®} TSS7F FA| Fie F&o| EAs1et ol
&R o} Felo] Gl ZoZ HRIth Hukxe=z
APAHE R BEATE = 160070 oK, MOG B4}
F 5= 2070 o} EARI Wi, 2019492] Fi= A1)
AIZK15, 21A) BEAt=E 4= 1,0007) olsteld, MOG
IEA R SE 2070 olsk= v Aot &, 149] I=
Agto g PFIHFs Aok 2 A= 71 F
7] g0l AF Al F5 M 71540 &9kt olofl o
Wzto] #EARE ol83to g B AR & A%
o] 7hs3t AoE wrheEr)

2.6 M At

Q9] A%S E3lo] KTGS GKTGO A% +5&
Aoz Amuoirt ndg sk W o
SEA|RE, &2 dTtollals gt 7HA] Zhst AN WS A
Al5tA} St} o= in-situ EDR W #=A189) &
SR ZHdE ARE vwste] HH9] HRAE o
Z AR TA] Fofoh= whdoltt Al A9
URAE b= AR ARESHE e ot
WA MOG W #5A= diste] 29| 7HHo=
HE9] ALS WAAAZI TSSE 3t thao
2, TSS7F 7P =2 ARIC R 49 dRAe di%
UAIZES THA] Fofsk= HRoltt. 2 drolAle UA
S 0.01 7HHo2 HAAZ|H TSSE AMESIGI

o] Ho g ARESE KTGSF GKTGE] UAIRE TSS
£ Fig. 7°] YeRHQIth KTGE 712 9AIZK0.475)2F
A AAZHO.49)9) TSS7F 2427+ 0.2107} 0.2142 =}
o7} itk HHH, GKTGE 71& UAIgH0.22)3 H4
AAIZH0.17)2] TSS7F 22} 0.1349} 0.2072, 71& 4
AgkolA 24 AR HAsH mdEo] gewrt
Wol 7jAE 5 9SS RIS sHAEL Y 2
9] /g50] For AL ofH7] wfe]l F5of AAARl
Zgo] 7h4o] Hasit,
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Fig. 7. TSS according to threshold of KTG and GKTG.
The blue dotted line marked the existing threshold
and the red solid line marked improved threshold

mn. 2 2

Ao 20199 1€RE 202149 1297H4]
% 3E7te] A7| =9 in-situ EDR 3 A7E &
£35to] 10,000ft oY F - A5olA e FI
(30~40°N, 120~135°E)2] KTGS} GKTGS] 3+
5 dErde #Es £ o1& Salo] A v
He AAsl T/ A8 F3dF IE52E
of tigt I5dE FIA7IAL SHTh

AA717E KTGF GKTGS AUCE ZHF 0.650,
0.64322 GKTGET} KTGY] d&4d%0] o ZQit}
ol#|gt AUC #t2 FFJARE RstA &-8357] 9
g A3 5(AUC=0.8)0ll= HIXA] Rott. ol 3t
F AERdo] d¥Es 2rnd 9 sidwrt A
A9 GERH o, o]d g mElo] WiR ATAeE
S A3} 2}jo] o]Fojz|x] GlopA Aso] WorH
Ao woketh E3 T wdo] PODYS PODNS
AHE A} AT o] FFEFIF AR HE
AL Rl

Az 201993 2020419 dl&Aso] |ARBHA
UERgoH, 202140k Blud Wit AdERE A
2, 71g, B, o5 £02 4ol T FAFeEE
KTG7} 2, 3, 10, 12%€0l Bg=rt 71 &84, GKTG
£ 2~390] 7P EQITHTSS F 0.4 o4, 8|3l CAT
d&E 5Hog 3 ndo)y| ufief, F 1Y LT g
go] 73t 45A(7~99) FFHRE A9 HYoHA] X
k. o]gt Axk= e AFZo] FdH WAYSO]
drd 9 AFER t2rks Ag ougict
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F7PH0 R, NI APATHE HEl HEE A
< JFsttt. 1= Ades I1ToANE KTGY
TSS7F Bt 22 nwoA= GKTGY TSS7 =3k
o, 22 158 2455 Jeert 290t ol=gt A%
= AXLofA PRI dFo] & o]Fojx|7] gk
W Yulob, A1k F7 S-S g Kol Af
A s AARRITE APATHE Fee= ATPA|
to] Aol whgh ALt WolAl= S HIo
b 34 Aol= Qidch JElx, HAFHoZ KTG
GKTG E5F 15~184] dZAIt] =9kt

et ol thdTte] SRS LEsto] FR9
KTG® GKTGe 4H5 55 844 A5 85
ARHo R 7153 4= Ut o%, dE=d JHA
Moo= jn-situ EDR W75 AR} godF 2d
A& A=E vty ¥ dFAE dF AR
THA] AbEshe 9P AIRbsllth. Aljke #i o= 74
gt A3}, KTGE B2 72 HolR] ggfou, GKTG
9] MOG AL 0.22014 0.172 HASHAA TSS7H
0.13401141 0.2072 F7I5te] ol 7RAd== 2 gl
Stgict. SRR ol#gh RS 1Rl FEdR
diEEde] Hee o= A Teol A 47 o
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