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four key aspects: the defini d causes of aircraft'turbulence, the turbulence indices, the impact of turbulence
on flight, and the tu n and Waﬁng technology. It is found that there have been great research
achievements made,
capability o i orecasting the turbulence, but many scientific challenges still remain. The challenges

multi-source d etc. This is expected to provide some useful and essential references for scholars and
technical professiona iation operation, aircraft design, aviation meteorology, and other related fields.
Key words: aircraft turbulence, atmospheric turbulence, turbulence index, progress and challenge
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5%

ML R TS AT B AT 2RI S, LB, BT L. E ARSI LA
ITER AR BRI . X —BLRRM AT RIEERE ), HREh T %4,

B A ERAT IS S P A FE LU AT 22 4 Mg i Ok R R iR e Fi B RO
Pl HA G SR, WYL S BUE F AR E N EEE K2 — (K1 (ICAO, 2024) . il
FEEIUEE, RHLAT RES L ORI RS B A, BT S BB A R, MRE R LA R

S ARG . JEAh, U BIZ A G E R Nt R 20, 1
B . AL O SR, BN A A A RIS L
e Al U I, AN, [E A -
SR, AURALIE BB AT e TS R ¢
POROURIE SRR, A HE T 4 SR i o s R (Kim et al, 2023) . I
2 AT A L P, LA SRR (At etal, 2098) . AN 2 TR |-
BT TARRER, 0, ORI R 2 BN FURIE 5 & % T T R e 1 5 2
[ME (Storer etal, 2020 . I, AU A A2 1R R 2 SR AL, (R s b
%ﬁ%ﬁﬁ%ﬁﬁ#ﬁﬂﬁ%@ﬁ"ﬁéﬁm¢$%ﬁ r
an,mmg%g%xﬁEW%a‘é’ﬁi :
LHb. v

fiff 5 ME 0 G4k (Williams and Storer, 2022) .

i

IOEUE STk £33 BHARE,  SCRES T WA 2 R YRR (AU RS, fER AT 24, 1R
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R R ERG A

RVE AL

| Il----,.-—.-——,
' N

NS . R

Bl 1 2023 G4 BRE SRV ATHE #2317 R i g it (e 2

B LRIRIMBARMT BRI, 2T 2 I8 &
FEAHOGTRIL . MR 2 R ORI LR O, IE LAY 7 AU i AL R RS 4 45
P 5 AL pLEE, B 5 g L4k SRR R (Imazio et al, 2023) ; BRE S PSR Tk, WiE
i i o O 5 2B ) R A AR R P OGRS T B PR PR HOR ) BEAL SRS HEAL A
CREHESE, 2023; Lee and Chun, 2025) . j@idfiér D PRI BT A RIRLGS
TR, AR LU — Y AN R HE (0 TR PR AR AR -

1 JH R SO A
1.1 B9 E X
ML
HEEIA .
S 11 958 P H
T, A
1.2 BRI E
AR RE SC, CHLEBE IR T K it o it — R AE R 2 % HA RN R AR IZ s 30, Gl R DU IR AL
AR HARSE AR A IR AN 2, AR N W o i R R 2 R 2 R, 8 H O R G
PR R D) AR S R R S R 7 A o AR T AT (4 B R A SRy o 51 AECFOUSGE F) it 3 28 DA RS2 .

Xt (convectively induced turbulence, CIT) , {&=%ifiit (low-level turbulence, LLT) , LMy

Fig.1 Accident statistics of global scheduled commercial flights by accident cateiry i

PR, PR, R, AR, SEURARAME, REK
P REAT 100 ~ 1000 m fYRS AL 51, B4R RHLRE R,  CAHLI
s B P R, DAL KL= AE 2 KE40H (Sharman and Lane, 2016). fi7% 2
it BB EEVE T2 b AT RIS i, IR AT RS R .

it (mountain wave turbulence, MWT) , 25 (clear-air turbulence, CAT), KHLE 51K TIR (Sharman
and Lane, 2016). BEAPRRYF RN CHLASC AL B A A A, FF BRI RI R R EE Z 5.
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1.2.1 xR &A CIT

XTSRRI B IR = AR BT BRI K. AR IR A 2 ORI N CIT
MZzHh CIT (Lester, 1994) . =W CIT EERAARNR = AHE, AlEE HEEHENE: =4 CIT XFkk
it (near-cloud turbulence, NCT) (Burns, 1966; Prophet, 1970; Pantley and Lester, 1990; Keller et
al, 1983) . IEmimim KA T = ErsiE B CHREE R R 80 IE X, AR B L b i
MUK T A S TR A MR, SRS S FH4 (B 2)  (Sharman and Trier, 2019) o XFiir=AE M E f1ik
e AT R I AN TR R 2, I HU AT BB A I8 B I DX R T B 2 3 R R C
GRS 25 LS A6 ) L T A, e A BB IR R X IR A ] 7 AR K RUEE4) 50 ~ 1000
iwlie (Kimand Chun, 2012) o 1T =i DR AEDR I B9 i, I 238
CESE, 1T 2 Tt A SR 5 00V 2 THUEE g IR iR 52 S 35 IE A OG, I Ik =
BET EBMNEE . EMIERE b, REF AR, HlEE L E 9 R A i U 1 B

e SE RS A PR AN [F) ROBE (R R M e, A T % e A = BR it o ;%EE, NIzt S
I PR AL T BB R FBL (Majewski etal, 2023) . k -

&

4

—~—

R u{FCIT AR X3 G EARERXD RS E (#5525 3CEk (Sharman and Trier, 2019) 1&5]

iagram of common out-of-cloud CIT generation regions (blue area) inside a mature thunderstorm (modified
according to Sharman and Trier, 2019)

122 =% L

R I B R LA PRt B SRR AR R, ORAE AR B 5 TR B ARk A K
ARG HEREY) QLK. R B, Z5YD SURBE L 51 MU SRIE E o 23 Vi 0 0 T 7
WHALTATRL RN, 1ROV ORI RG] AT e i e K e Ra i, R TN RN & . )
i i i Al Be 2 FECRE ML N 5145 T DAL LRI EERIR (O Connor and Kearney, 2019) . {K%%
T R SR L T DL YA EER IR R E : RS XU KRR FE . Bt P AT AR B Gl SR R RS

ZH 7, BWRAE)  (Sharman and Lane, 2016) . MRAEEPFRRATZHL (ICAO) MIE L, K7 i 1E 1) 2
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5
[ bRE A AT 500 m, PR KALEEIE 5.6 km DAY, W UFRSEAR (A S 7.7 most kbl b, s n] U@
i HEFERLE (energy dissipation rate, EDR) {37 J7H ( EDRY®) &1k (Honand Chan, 2014) . fi%
T IR TN TR AR T RS B R EE . TANE WUTHTFEES T RRULRAETE, 2B
KA R X, T 24 H He e I 2 o e i D TR B AN (R4, 2025) o [ 2 ELF A

BRI S . MBI TEIL . MR E AT BAL IO ZE 250 50 DL R b P2 im it 72 5 T B St g (Fg
ENIEE, 2025; TREWREE, 2025; IREAELE, 2022) o SNARUMICES TR WS04 R AR R I I R, ST AR Sk HE

ot

WO TR IR PO AR PRI, SEB T AIR25 10 5 E A  43- 4 G y R RN, ATE
PR T B AR S FRERIS, 2025) o T X Em o PeRMMEdE, o
TR PR, WA AR BRI WA i 4k e /1 (Lee and Chun, 202
TARERAR, DURRT XM A i i i 8 Be gk S T R ), ARBRR S
1.2.3 L3 % R MWT

E%%E%%#T,m%%ﬁﬁﬁimkﬁﬁiﬁﬁ&ﬁﬁ}“ 1%é§%§ﬂuﬁ@§ﬁﬁEm
FRHEEERAD Bl K P & HON LB . 1, R ;£;%,%$%%E%%ﬁ5
MO BRI B0 A ELAE R 512 o I U8R LALEAS [ 1 v P2 R A, T Y AL A1 R i) KR B
JE RS R B A A U i I CLilly, 1 AR I A H KSR AIEAE R (Lilly and
Kennedy, 1973) . HI"URAEMIE b ™ A2 (1 P9 35 g 08 A Fe 2= (45 XUHURI XU SRR A4k, I BRI RefE
PR T UL —Fh, R R RO
S EHIRIE LA R B SR S 2 . BRI
fy, HAeRE A bEEPE RS (30~100km) , JRiE

P

7%

FE g i

B2 i Th JZ 6000 m LA EEAS HEL SR MR R LK (BEnEiaMER) X
A (Chambers, 1955) o HAVELHE 5 XA € 0 5 B XA R, AR W AEAE T IR0
= (BB o BEHREE KAEETRZE FEAXNRE B, Sl M. Sz sz
B, 5D ER e PERICA ¢ (CEM 55, 1997) o BARHT SO e Ei R Y, fETRH V)
KK E E N A L, A8 R AT R - 259% (Kelvin-Helmholtz waves, K-H 3 , H24P)4%
SHEEE I IG FUERT, WA E, JEERHIEK, BEE BT B RGRT GBAE, 1987) o B
AR E AN 8 K-H BT ENE, B RARERGNIREET K-H BT E LR R AR —
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(@]

MERBL (EBITEE, 1997) .

Lt th 2 5B 2, LB AE R UR o B R MBI R A KL e B A i, XA A
T AN R A 2, HAMOR LRI R By : 2 ORIR0E 5 B A 3 il SR, SBsh IR (AR 2 e K
R B R R RS AR E R 45 L BUAR, 28 51 R B R AT i i 50 ek A VRS il (Guarino et al, 2018) .
AREFCRN, i 2 i AL B L 5 L 3t e B AR 515 1) Je b X DA 18 i e B A AR P (s AR o, HL
T S P I EE S 0 R SR AL (EDR AT B A8 ™ S UB KT 5 HLah e s 25 i 120 0 S A
IRGEERE R A A RIEAR S, TR AR T 2 RS Ak & 0 imii il A& 1 oS8 E - (Imaai
T FE SR SRR BT, N LIUEIE # 5 AR S Ui D) A2 X3, ﬁ?iﬁﬁﬁ@‘l‘ﬁ‘ﬁﬁﬁi%ﬁ\‘%%ﬁim

etal, 2023) .

MIPER, HAE S R O P B A0 DX el AR 1 2 i s A ROMLIUE (25 R AN R A
TKHUAEXT L2 TR A B S AT I B4 7] CAT, it 2 WA 412 7 2 25 < Al
FERR AN G AT 2R T 771 EE 4 X BT (Kim and Chun, 2010; Shap

008)
e 5

i, 2026) .

Y &

1.2.5 RALE A ALY 5 R l A
FHRHLRIAF A 0 S IR . ETRAELENIBMIE, 248k W EdE 0 e i WL 25
W ERIAILR (Gerzetal, 2002) , {HESZWAIAER A (Schumann'apd Sharman, 2015) . KAL{E
AT A R IR IR 2 U R LI AT 24 T U XIS R i TR L3R S 1 s ) 4y
AT BRI ZA AL, S KT DR T iR (IR 5, 2023) o WL IRIE T & P FERK

% REZREEAEHUINE BT i (MRFEIESE, 2017) o Jf HE B A ACS AR L

2 TR RAE— B R

T T ST U R DR SR YR TR TR R, S MR N SRR FE ST T 2 5 iR BOR AR 1 A
AL SR 55 A 43 A (Sharman and Lane, 2016) , X S6484ATid FH (19 56 At %4 2 5% (Roach, 1970; Ellrod
and Knapp, 1992; Reap, 1996; Sharman et al, 2006; Gill, 2014; 7%, 2010; Colson and Panofsky,
1965: Ellrod and Knox, 2010) . 3/ N MR LA M ITEE (Brown index) . /R D EFEH 1

(Ellrod index 1) Fli#/R& 5% 2 (Ellrod index 2) « MOS-CAT #5%{ (MOS: model output statistics, #
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164 XSt Tiidk; CAT: clear air turbulence, W5 FEBEFEX0 « #L15HE%L (Dutton index) . i REFERLZE (energy
165  dissipation rate, EDR) . “5{aEE X, (derived equivalent vertical gust, DEVG) F& %R B & IE i fa 4k
166 (divergence-modified turbulence index, DT 45 ; #4825 8 3 R E 32 22 B & A 2 (Richardson number,
167 R AUKFIREERLEFE % (horizontal temperature gradient, HTG) : &3 IR RK S a5 5
168 A L-P FeEUMARR AR-IA% L1524 (Colson-Panofsky index) %5. % 1 xf EiRfeHm AN, & X, Lk
169  mEEHEAT TXTHAA
170 =1 BEEH
171 Table 1 Turbulence indices
5 ERAE A A i B (A9
1 A S FACT R BTR, HIET R AT A [ B S B
(Roach, 1970) RUIZE SRR K-H AER & X5 Mee AR,
FR R o l
2 VRB iR 1 T11=Viys ODgr R T RIAI LIE AL AR B ) IR e A T 17 X B
(  Ellrod  and FVEUE, AL T EAWRG . TN R
Knapp, 1992) JEVEAL o XU TN BURIEA R
[(EVAEST
3 WRD RS 2 TI2=Vs(Dgr + Cy, 1 o BT RUE BRI T U XU AR O T R 2= T R
( Ellrod and fel. TR AR o
Knapp, 1992)
4 MOS-CAT #f % T OSFV|Der 7E NCEP iREMMAR (NGM)  FEF S8, REW IRt AOls @ Bt
% A T (Reap IR it (MOG) MR BT, &SR Esbr  ERVEEIZIR .
1996) ZIFBRARLT o R R R A, TR
o
5 FLITFE % (Dutton, Dutton:1.258H+0.2583+10.5 TR E S EMRARNER  BEEYERRST, 6% EAERIES, RIA
1980) AR LR A PR R B MEE, EAME. 8 e, XEEHEER
ERY o8 =5 AT IR WK R K. RERED LR
JADAZ (520 o HATRIE .
6 FEEEAREL (Sharman Ri :N_22 Ri /)1 DX 382 it 3 1 A R (X 3k JZ N TR L. BetE TPk, BXRANEL
etal, 2006) Y ARORATT RS- Z IR E 2L PR ERA TRk




ARG A -

7 RE OFE OB % IR A R A N AR R BRE TR SR M B KON R A R AR
( MacCready KEERAIRAE. EDR 76 015 ~ B, JEAMES 2. il o FERIA, SEmERE
1962a) 0.21 m?Post NEFERIME, EDR  ZHRIEBST M, R Ao EINEREEAR
fE 022 ~ 03 mPPost N 5. —.
i, EDR=0.3 m%3 05t 1
i
8 AR E A B M DEVG:W I CLI e B | AR AR TG LR E S
(Gill, 2014) WEAEHTH . DEVG 7E 2 ~ 45 i A R
most Z AR BRI, DEVG 78
45 ~ 9 most 2y A,
DEVG =9 m:s'lﬂaiﬁ’%,;jo .
9 KPIRERR ISR HTG 47T lz[(%)2+(%)2]1/2 AR BSRE R AN R (gl SRS, AT AR BE R, HK
(Sharman et al, RO I AR A o i[9 IERAMEZE.
2006)

10 L-PiE¥ (B, Lﬂzea%w.m?ﬁnmm?i L<O, JBEMRSY EEHXS  EEEmA, ek
20100 (4R%L LD By orh, EEEE. P&

11 L-PHE% GRS, > P >50% , FRAT B
20100 (45¥(P) ; 2185% > P >70% , FifAH

FESE 24 P >85% , FifhA ™E
1 -

12 Colson-Panofsky ¥ CP:(AZ)Z%)ZO,R:::“) I THENE (TKE) P72, B TMmah e Fag s i, ¥ I EEA, /R
¥ ( Colson and THATL A5 7 o WU 2
Panofsky, 1965)

13 HUEBIE TG MR S DTI=TI1+D,, TILSERE B T YA R AR TE T R A AR X Bl I A ) e R
(Elirod and Knox, Vi, MNT AR B A . SR K.

2010)
172 5 ARG SOE WIS, HEERE B SR =Pl b 570 LR s
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X LEAR AL S OR AL EE FlR b AR REARR ) 2 MR . BlngR S A (2023) witth 7 AR T EDR
T2 PO R RISV, TR 4 SRn] SIS LRI 808l S 0 L LRI, BniE 45 R Bom iz A RE R
FUR AN X IR g i ok, PR T e . PR E 04 (2022) XFELAi T 7 B fascE h
X HIRCR, &3 Ellrod1 A1 Ellrod2 FE 8 SRR BAR, I HvT-SA5 20 AU X e B FROxS 2 2 i 755 11

L55L, T MOS-CAT Al L-P 154075 bt AR B 0 4R, SRR

3 FER AT RERIN
ML I AT A, FTRECAT RN R WL BIR . A S AR e e DA S SE

AR AR (Kim et al, 2021) o BREEAUE 2L S HBURRMEsh sl i, R @&g;%

TR K AP IR, WO . SRSk AR, il

R E RV = RAERAL, SRR MBS ARAE, B IR T

@,%ﬁ%ﬁ%%k,%iﬁ#ﬁ%ﬂ%ﬂ%t?%%+ﬂﬁ,ié‘

KF 20 kmon i, MUK B R R, AT SHRIEAR Y
H, #EEPMI2 CALS24 fidE ( Filg 2D 76 T iEiBm 5B, BEUREEARIE R — A4 RN
— S5 5o 2 WHUE B R, h T A K ) T AT AR L, B A AT e AR AR B s2 40,
PN IR P, AR E R LS (£l

RBUAE AT ™ A2 10 R o Y 2 B
R B34 RIZIALAL, 4645 KL

A R TRTE, RAT RAE R SRATEA (Xuetal, 2021) o HEAVEGIRA.: FAGT
A LS LAAT B i A VI ZRIS % i ARFEVLERE LM WL RAT S5, I Lt
A T KM R i 5 '

mUE . Hom PR IXFPIL G IANE S, T E e 2 5 3 b RV e ity P AR BT 2, R AR
PR N Al Sk AL T B (B’ 3)  (Hallock and Holzébfel, 2018) .
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TE: TR AL By C. D Rl cEE) . LTHES) . TFERZEsimATE

Fig.3 The aircraft reaction in wake-vortex flow field (modified according to Hal

Bl 3 TWHLIE it T R (4522 S0k (HaIIock’d
19¢k

4 B RIERIN AR
KWL (A R AT TR P — B A SR i T . T BRI, HLAERI s A AT Hdle
WP RGO TR T E P i 7 SRR BN FRRRES, HIT ML I AT h i s e . R E
AR AN XGRS R, X Lt b F AT o SRR PRRGE TG R B, AR 1 DL T A TR AT R
FLI o E TR IAL 1R 52 2 PR RAN AR o | YR T IO S TR AR R PR 7 i AT
P g S IR o o B R R TR ther prediction, NWP) BN &R, Tt i TS
FER TR SRR, X TE S MaXERRERIRG . AT, BT RA &
kR GAIRIFAE SRR

—

=
Ar

pIES3
MIEN T FEALLRPOR . AT RiE SR (PIREPS) . HLEHRMK % . AMDAR (aircraft
) iHEI. mm R E (FOQA) .

4.1.1 %I4T REFIR
AT R ER (PIREPs) 245 AT SUBRL G F@ (5 ik o WL ©AT @ g i o, R 51
AU SO SRR . BRI RO DT SRV A, FERE iR Bk, PIREPs BERMDAHE B EAE ], X2 K&
DA B g2 AR AT 2 E A A (Tebaldietal, 2002) , Tk Z AXZ PRI X EAAFM AR E, W]
VRN 5 G 2 B SABRAFAE K — N BB BORMEN 78 (Wolff and Sharman, 2008) o 3 Bk S7E T4 & A1
XD, HARE T AT 53 A BB AT IR, 2 2 WU 2 R S5 R R, AN A (5% , 2023;

Trieretal, 2012) .
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4.1.2 HLEIR M X &

WAL 2% P BRI AL AU o B (0 2 P 6, 2 BRI D9 56 A B R U (Gill, 2014) F01
THBEFERE (Sharman etal, 2014) .

S5 R0 L IRk ] P ] P82 P S ) KL R T B B A, 508 1 WAHLEO BT . AT
PAR ALY Z 4055 DR R A 1 5 B, AR I R A0 110 2 T M UKD AR S CJRRIAR AN EEE L, 2015) .« B
Pt SO, (HR R ERENSE, B BE R

it BEAERL B W) 1 MacCready (1962a) #ithh, {8 HIift &) Bef fb g (s Sk B2 @l om 2, ik
W1 T imBEAE AR S WL B a G 80248 WHLEZS T AT, ERIAE (WL LR
N BT ELNMER R, S ERRRATHL ACAO) AE Jy & His i)
it BEFE IR T DU Tkl 96 0 A AR A A m s v L XK AT s
TNEERRAFAERE LA+ S P SR R el 7 o Y0 LA BRA% e e, B 1 L el V7 FOLA 73
(Huang etal, 2019; MacCready, 1962b; Kopecetal, 2016) , A
4.1.3 AMDAR it | -

AMDAR ¥ S R H40 (world meteorological organization, W M 1991 SEFF8EFE 1R B
» XEAB RN EE, REIRHHRA Bk
e, BAEERNAMES ) RE N

AT : j TS H At a2 WIERE CHILRI TS
HE LT g BRI, BIUAE R BR AR o AT E AU o 5 o e BT — € M ARiERS,  RIPEH)
E NIRRT, AT AR WL A (] R A CRAEREE, 2014) o JEIdxs WAL B8R FAF St
A LARAS AL Ui, 1 R (XIHEIESE, 2019) o KAT S A s i 80 A AT S B, 31X
RO T RS E . HEMAESHU T i & 255 (Mitchell etal, 2007) o HARHE T4k
G, SCRRR AR R RIRMEE TR g, |EME A F SE MR B ME, Hsen
EREECE
4.2 BREREERMFRA

AR, PLBOG TR I 235 8 F ik N AR BRI SR R i, SB35 5271 17 ] F8E o BRI A 2 B K
R R MR RE ST IF B, DU s . e im i L Bt = ot B X %
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BALANZRN TR RE PR B Ao 00, IS0 7 8 I s IR 4 vl T4k B &R RS
FRIESRNS,  HUFR 2 B RE N I T AL IE RGHR BERTIEVEAME RS (D3R5, 2025) . AN, XEEZE. &
R 5 AMDAR. PIREPs &54% Gifdfafili ey, #pk 1HLas 7 IR G B B B, BK3h 1
BEIRBAR M R B 5 CREFES, 2023) o
4.2.1 % RiE R RN 5 & 7 AR
U ) S B0 2 R A 1 M P A S LA . BUARER DI EAE R W FDILIN,  RERERE B S
DI SE R A A BN, RSO TS VR TR TR AR AR R RO, T DURRER SIS TR
B 7] EALRE RO D TR LK . AER W AR 07 R A RARHOE AR, AR A HIUIGE )
b R ML (Gongetal, 2019) .

4.2.2 NERAZ T 2% RIRFE 2 FRIE

A 40 TR TA W = EEAREm ke nR FE, TR 2 8 8 A A0 Tk DIBEER (8 £ & (¥ T ks B B FLIE
%, Bl W B ) = A M 2 8 il 8 B 9 D E%‘%ﬁ: (4 LM R KE 5
HEBUA LG aEN UL KRBT RE, 5 WU A & gt i AERREDR) I B U7
ZHA B8, 28 7R E TR R IR s S IE s A 2ozl ajewski et al, 2023) . [FFE,
Xk 28 BBO LRIk, RO IR T — s AR B ADh AR A [ XU B (B A b v 22
MBI Tk, AL G 0505, RESERS A THIR G W B, U T XURE S5 Ut U 8T (07
IRl R, R FR R () e e P R v,
17y #r 2 18] K 28 v SR B AL T » G PRI AT, A 5 SR i 4 A 45
Hwt ettt 7 # T A (Dunc

=
==N

AAEUEAE G TE AR SR AL OGN
4.3 FREE TR FE

YL TR T KWL AT) 2 4 A T I P B B ML P T 990 3 L3 i i R STt . L
UK B TE S 24 (graphical turbulence guidance, GTG) 2577528,
4.3.1 FRBRFALTRIR

BEETHENLI G R, BUER R B A &, 18 FBUE AR 0™ SR A BT 12 8 204 Rl T
CZ2BON TR AMMBGE N, 2015) o HfE OB QR A 5 2 A8 A3 1 A AT TR b 2 RO N e 3
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(TBEESR, 2022) o XGUBEBEAT BB TR, BTk, AR BE s Bk, T SO R iR
B, ORISR, 455 PIREPs. AMDAR 45 BERLBEAT B0 iE I i i 4 (Venkatesh and
Mathew, 2013) . FEEU{E R TURT, i Tk IEEGERZ L, St iR EE L & & A R %1
NIRRT, SRR, BA SRR Rt ki (X8, 2018) o EHERIHHRITAE
PURTHAE R, WA ARG FE U, 6 B TR R RE 0 B AN R B — @ R RBRYE. 290K, XM R BREEE &
PERETHRRE IO AR BUEAR S D A B U N T B CAD BN, o B3 0. Fealit,
AERER (nfeonsl . B ERZESE) M AL SERUE AT IO & TH R ], JuRETT 7 R
R A A BRI UL TR SR 7RIS CRERESE, 2023) .

432 MEF3

ﬂmmamﬁﬁﬁﬁ%(#ﬁ%?ﬁ&%ﬂﬁ%%%%M$#ﬂl%ﬁ
R, BT SR R 2 RS ORI

and Wang (2024) #&H 7 —MHT Kin4h (K-
REFEHR . FEAMARIEE AL 8 M I IS W A AR ESFIE R &, 5] NS W IER E AL ML DL
LR TR MR, AT ) R R L

A REAZ AL 5 CatBoost (categorical Hog$ = alyn A (WOA-CatBoost) , j# il fififa f b 5% (whale

BRI, AT IR R R B AR S AT 11%, HAE T
) JTEA, HAERARRFMN T REFNT R —Plasr oI,

E MBI SRS OB REE & E ) gt — B4R, fets
NI AR A A TR U 4R it 22 4 fR % (Lee and Chun, 2025) .
4.33 B iR F 7% GTG

NT RENS T I AT E SN AR, Tebaldi et al (2002) 472 H 7 —Fh &z & TR 2032 ITFA Cintegrated
turbulence forecasting algorithm) , U T-Fifik 5 w2 S AU LTI AH OC (IS it . % R4 T 2003 4 3 H
RIEAE R imiiiE T RE GTG. GTG RAUL IR SRl & %0, Sk S IR ) & R,
NSRS SR, I H & & THIEM BRI XI5 (Sharmanetal, 2006) . Tl NWP (3
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A8 B3R LR T SR 7 I 18], TR ™ f A RCR AT I 18] 38 % i ) SIEBRIn (8] 2520 2 /iy . 21k,
il e S 7k (graphical turbulence guidance nowcast, GTGN) Gt T &1k /& 1 i It 1) 5 S INh
HEFUR A 755K o B2 — K RIE BB AL S i I L TR ™ i, B 1 P A it GTGN RGHLE T GTG
RGN OB TES T ZMRIGREESE, SO AAHRRAE R, Wil 15 2B P 5 LU 25
PR a0 TR AR A EIRSE) , SRYRERT . $2 = TR 2L (B 4) (Pearson and Sharman, 2017) .

i e o 8

7N

Ak
% W& LDOYT)
¢ e 11|
AN z RO AN
HiLnm = S rririiirs -
. TR o
- B0 .
AL L

U L]

ALATE L
+ EfrMANE
(PIRER )

nANENN

.« ONTDA
INEXRADR &
L LU AR
RN

P o St il

K 4 GTGN R4 AR [HE= on and Sharman, 2017) &

Fig.4 Flow diagram for various inputs into the GTGN system (

5 SHEMEZEREHRE

o3 BT, WU AT R A
TR R, T 51 2
BRI, L C
B th
RAE) F4T00

ied according to Pearson and Sharman, 2017)

HEEBZRAR . SEIL I 20 HE R A
BYURIRA . B AP R T, R R AR 2 TR
ERCR BRI K LT A
s RO, i Aok, #
TR B AR E O R IR AR MRS AT o Xk M i s CRFL ) B5g,
i 4k AL 5 XA AT # 2 A R OMURF PR o R TE IR 2 S AR AU A s B e 2 A i
L5 PR S V7RG SRR BB E T . R XTI R A B S I RIFIE T
R, EVMFEADRIEE RSO DT Kk Rt — P IR
(1) BT ER A DL S AP - T e A8 10 2 i PR, BB T S SO R i
MBI S 2 MR . AR Tt A A B, AR i S SR B OIS, B
58 HE 73 AT AN 5038 BBl ELAE R RO RE I Ll b th B 5 00, AT DA =S
r R, SRR AR R TR, SRR TP Z I 2 5 A%, R i 2 i 1 3
FNE, F5E. XSmRS Z MM AR . BN, LRI AR AR AR S el
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AN R, R S AT A R ) EE i, BET SRR PR 2 U 7 A AR A

A TR AR ELAT O e I G AL s a5 1) RSBl RUEE” 2 DA RDILIN B L e 92 2 0 8¢
FARAN I AR ARSI, (H 2 RBERE A 0 B BRAE i R Tt XK AR A2 S R A7 75 SR N 10
LA R R . Bt LA, BB U LA 7T, A5 R R W B bRt

(2) FSGERIR I A E X PR B RIPR AR . A B SO F PO ARAE, X2 H iRt i

W I AR AL AR AR R E o Fery, RN ILIR e 2 P 2 T N p A2 2t 10 52 1 1L Mt 8 it 45
RV, XML RO MR . REERLA M T R4 E IR ML %
AR A N ) 5 2 () ROBERR PR AT AE 2 ikl A BB Tk, AR IR AFB 7R
o WU R AT HE T R, OB A N S A T 5, BETE
KA RN LI AR R R A T R B R RN . R e A R

in

FME N BRI, e R R . 52 i s A ke,
. l
il

(3) SRIBATAS GBI 2 kAR SR 7 0 2 UL g 1, Tk L i 2 8 4
RIFE, RREOLIE B HARTRK, % R TSR, o /55 TG 0 DLFLBR A B A8 AT 4
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T S RO A W 52 AR 7 FE MR ;. — RO T A A T

A
#e

B

R, XK, 2000. EHLEIRL:
safety of wing plane[J]. Flight Dyn, 18(4): 69-72 (in Chinese).

ITRAMIN]. K47 /15, 18(4): 69-72. An C J, Liu C W, 2000. The influence of the trailing vortex on the flight

B, TITH, RO, 55,2023, HETmBEREHCR ML S B AL iR 7 VA D], KSR, 47(4): 1085-1098. Cai X W, Wan Z W, Wu W H, et al, 2023.

An ensemble prediction method of aviation turbulence based on the energy dissipation rate[J]. Chin J Atmos Sci, 47(4): 1085-1098 (in Chinese).

MREETT, B, TN, 4%, 2022, HFgHh X i as 85 4 FR SRS S0E FH AT [3]. SR, 50(3): 412-419. Chen C Y, Luo Y, Wang G, et al, 2022. Application
analysis of aircraft turbulence index in South-Central China[J]. Meteor Sci Technol, 50(3): 412-419 (in Chinese).

FRER, BURA, 246, 45, 2025, PRGOS B FORHE 2 AR R M Re T FE [3]. R 2%4ik, 83(5): 1313-1328. Cheng Z G, Quan J N, Li J, et al,
2025. Controlling data quality and assessing turbulence detection capability of a Doppler wind lidar[J]. Acta Meteor Sin, 83(5): 1313-1328 (in Chinese).



362
363

364
365
366

367
368
369

370
371

372
373
374

375
376

377
378

379
380

381
382

383
384

385
386

387
388

389
390

391
392

393
394
395

396
397
398
399

16
B, FIEM, P4, %, 2010, i KK ERTIREEAAGIT L] KSR 5RAH, 31(1): 31-34. Zhai J, Zhou H F, Shen H X, et al, 2010.

Forecasting algorithm for aviation meteorological factors and case study[J]. J Meteor Res Appl, 31(1): 31-34 (in Chinese).

JFBE TR, 2022, H T CAHLER B (4 R LB AR AE K R R FE (D] 7R A B R A 6 AT ¥ Fe. Fang L W H, 2022. Research on
characteristics and causes of aircraft turbulence on plateau based on aircraft detection data[D]. Guanghan: Civil Aviation Flight University of China (in

Chinese).

FRET, 5KER, R, 5%, 2025, IREATFIRRTH R A ST Rt R SR B 0]. A4, 51(11): 1455-1476. Guo J P, Zhang W, Zhou B W, et al, 2025.
Progress and prospect of research on the key frontier scientific and technological issues in low-altitude economy meteorology[J]. Meteor Mon, 51(11):

1455-1476 (in Chinese).

BAEZ, BRid, BT, 2021, o [ X AR U R A ds e PR S Ge 9] B R RAT S4B 244, 32(5): 63-68, 73. Hu B Y‘%l D, Gu L, 2021. A

statistical analysis of aircraft turbulence pilot reports in China in past decade[J]. J Civ Aviat Flight Univ China, 32(5): 63-68, 73 (in Chinese).

T, 2025, T DO IAZ T & 43 A0 AR R 5 TR BLIBUE O RPFAL[D]. ) o E R AT S B
distribution characteristics of tropopause folds in Tibetan Plateau and its relationship with aircraft turbulence[D].

University of China (in Chinese).

VOEE, HHOE, T4 A, 2004 RAMTSSEMNLEARN]. KLFRHE, 32(4): 213-218. Jia P Q, H

observations from commercial aircrafts[J]. Meteor Sci Technol, 32(4): 213-218 (in Chinese).

YR, 2024, FTR AR WHUR R AIEE 7 1T AL[D]. T30 T E R T 28, Ji

evolution and encounter based on temperature field[D]. Guanghan: Civil Aviation Flight University (in Chinese).

Zyor, WILE, XESC, 55, 2024, P IE 3B AU VUSRI &

2024. Spatiotemporal distribution patterns of turbulence on major

-797. Li KN, Wu K J, Liu HW, et al,

ARFIE[]. KARHEFH, 47(5): 7
itu routes in China[J]. Trans Atmos Sci, 47(5): 789-797 (in Chinese).

BT R, WA, 2008. H B AN —— SR T LI AR R FT R 1. mJERR, 27(4): 859-865. Li Z L, Huang Y F, 2008. Gravity

B, RE%2TG, 2010, FRE TCAUIINAS G ORGS0 S i SR R,21(2)7206-213. Liao J, Xiong A 'Y, 2010. Introduction and quality analysis

of Chinese aircraft meteorological data[J]. J App

013. i AMDAR #ERM3 5 i WHLARUKGE R[], S4Bl 41(4): 764-770. Liu L S, Jin S, Liu K Y, 2013. Diagnostic analysis
events using AMDAR data[J]. Meteor Sci Technol, 41(4): 764-770 (in Chinese).

XNER, WK, i, 2
and quality of AMDAR data[J]. Meteor Sci Technol, 35(4): 480-483 (in Chinese).

AR ZERHRFAE B s AT 3], A% BH, 35(4): 480-483. Liu X W, Cao Z Y, Lan H B, 2007. Analysis of characteristics

G, SR, FREE, 4%, 2019, IRAHT CHLIRAS B 5 Hh BEASE R TR OGTERT FE[0]. ALRUR 22440 (A 2B )R), 55(4): 683-691. Liu Y F, Zhang K, Chen
Y, et al, 2019. Correlation study of low-altitude turbulence in civil aircraft with geographical environmental factor[J]. Acta Sci Nat Univ Pekin, 55(4):

683-691 (in Chinese).

PN N S 7 N T 10 R N 5 S 7 [ O L G vl S EANE 527 NI~ b S /(0] I R LR EC I G e
https://link.cnki.net/urlid/31.1339.tn.20251216.1241.032. Su L, Luo X, Huang L H, et al, 2025. A review of ground-based LiDAR techniques in
atmospheric turbulence profiling[J/OL]. Chin J Lasers. https://link.cnki.net/urlid/31.1339.tn.20251216.1241.032 (in Chinese). (RN L%k}, K3
A%SCHRIEI B, ERAD



400
401

402
403

404
405

406
407

408
409
410

411
412

413
414
415

416
417

418
419

420
421
422

423

424

425

426

427
428

429

430

431

432
433

434

17
B 145, AE, EXBHAR, 2009. AMDAR M L o3 br F i ez il [9]. A%, 35(12): 65-73. Tao S W, Hao M, Zhao L N, 2009. Quality control procedures and
its application in AMDAR observation data[J]. Meteor Mon, 35(12): 65-73 (in Chinese).

WEAE, BPIE, AR, 5 2022, B G XL ERA/NEHTII]. S R 1R, 38(4): 554-568. Tu C Y, Zhao Z K, Li W B, et al, 2022. Wavelet

analysis of turbulence in boundary layer of typhoon in South China Sea[J]. J Trop Meteor, 38(4): 554-568 (in Chinese).

FPTS, S4EY], AT, & 1997, CHLEISE L IIROTIEM ] A SRR, (1): 29-34. Wang H F, Jin W M, Wang B R, et al, 1997. Research on aircraft
turbulence and its prediction methods[J]. Meteor Sci Technol, (1): 29-34 (in Chinese). CEEAM ¥k, FIBBIAKCRPTESAE R, HHIL)

TR, 2014, TYHLIBIE AR AR REALAI R e RASTRIN LR [D]. S P RS Wang S C, 2014. Possible mechanism of airplane bumps and

its application in weather prediction[D]. Qingdao: Ocean University of China (in Chinese).

RAK, MK, XIFHE, 4 2014, FET AMDAR FEREHS A T b A G WL I Se i oA 0], REBHE, 34(1): 17-24. Wu Zhou L, Liu K F, et
al, 2014. AMDAR based statistical analysis on the features of cross-ocean airplane turbulence over China's surrounding . eor Sci, 34(1):

17-24 (in Chinese).

simulation method for three dimensional instability of an aircraft wake vortex pair[J]. Acta Aerodyn

FKEEWE, WRSLT, VLB, 4%, 2025, — MR MG AR AL AT R K B RIS S [3].

XY, et al, 2025. Analyse of turbulent flow conveyance and kinetic energy budget in the boundary |

6-196. Zhang X Y, Yao H X, Shen
s of a South China squall line[J].
Torr Rain Dis, 44(2): 186-196 (in Chinese).

RAATILE, 1987, [E SN 2 TR L PPIA[Y]. mE R R PR, 10(3): 361-370. Zhao S H, 1987. A
Nanjing Inst Meteor, 10(3): 361-370 (in Chinese). (FEFEIM _L##} p RILBI KL CRHITXE B, EHIA

JEAR, BB L, 2015. 3 10 ERE SR AITT AR RN]. ERRHL, 43(0):
ten years[J]. Meteor Sci Technol, 43(1): 91-96 (in Chinese).

uang C F, 2015. Advances in clear air turbulence researches in last

Chinese).

Atrill J, Sushama L, Teufel B, 2021. Cleg;

Burns A, 1966. Turbulence in

Chambers E, 1955.

Colson D, Panofs , 1965. An index of clear air turbulence[J]. Quart J Roy Meteor Soc, 91(390): 507-513.

Duncan JrJ B, Hirt roeder J L, 2019. Doppler radar measurements of spatial turbulence intensity in the atmospheric boundary layer[J]. J Appl Meteor

Climatol, 58(7):

Dutton J A, Panofsky H A, 1970. Clear air turbulence: a mystery may be unfolding[J]. Science, 167(3920): 937-944.

Dutton M J O, 1980. Probability forecasts of clear-air turbulence based on numerical model output[J]. Meteor Mag, 109(1299): 293-310.

Ellrod G P, Knapp D I, 1992. An objective clear-air turbulence forecasting technique: verification and operational use[J]. Wea Forecasting, 7(1): 150-165.

Ellrod G P, Knox J A, 2010. Improvements to an operational clear-air turbulence diagnostic index by addition of a divergence trend term[J]. Wea Forecasting,

25(2): 789-798.

Endlich R M, 1964. The mesoscale structure of some regions of clear-air turbulence[J]. J Appl Meteor Climatol, 3(3): 261-276.



435
436

437

438

439
440

441

442
443

444

445

446
447

448
449

450

451

452
453

454
455

456
457

458

459
460

461
462

463
464

465
466

467

468

18
Frehlich R, Sharman R, 2004. Estimates of turbulence from numerical weather prediction model output with applications to turbulence diagnosis and data

assimilation[J]. Mon Wea Rev, 132(10): 2308-2324.

Gerz T, Holz&fel F, Darracq D, 2002. Commercial aircraft wake vortices[J]. Prog Aerosp Sci, 38(3): 181-208.

Gill P G, 2014. Objective verification of world area forecast centre clear air turbulence forecasts[J]. Meteor Appl, 21(1): 3-11.

Gong S H, Yang G T, Xu J Y, et al, 2019. Gravity wave propagation from the stratosphere into the mesosphere studied with Lidar, meteor radar, and

TIMED/SABER[J]. Atmosphere, 10(2): 81.

Gu A Q, Wang Y, 2024. Optimizing clear air turbulence forecasts using the K-nearest neighbor algorithm[J]. J Meteor Res, 38(6): 1064-1077.

Guarino MV, Teixeira M A C, Keller T L, et al, 2018. Mountain-wave turbulence in the presence of directional wind shear over rocky mountains[J]. J

Atmos Sci, 75(4): 1285-1305.

Hallock J N, Holz&pfel F, 2018. A review of recent wake vortex research for increasing airport capacity[J]. Prog Aerosp Sci

Holz&pfel F, 2003. Probabilistic two-phase wake vortex decay and transport model[J]. J Aircraft, 40(2): 323-331.

Hon K K, Chan P W, 2014. Application of LIDAR-derived eddy dissipation rate profiles in low-lev d sh

and turbulence“@lerts at Hong Kong

International Airport[J]. Meteor Appl, 21(1): 74-85.
Hon K K, Ng C W, Chan P W, 2020. Machine learning based multi-index prediction of aviati’tu

100008.

Atmos, 128(2): €2022JD037491 .

Keller T L, Wurtele M G, Ehernberger L J, 1983.

Aeronautical Meteorology. Omaha, NE: NTRS.

ly induced turbulence above deep convection[J]. J Appl Meteor Climatol, 51(6): 1180-1200.

Kim J H, Sharm trahan M, et al, 2018. Improvements in nonconvective aviation turbulence prediction for the world area forecast system[J]. Bull Am

Meteor Soc, 2295-2311.

Kim J H, Park J R, 021. A detection of convectively induced turbulence using in situ aircraft and radar spectral width data[J]. Remote Sens,

13(4): 726.

Kim S H, Kim J H, Chun H'Y, et al, 2023. Global response of upper-level aviation turbulence from various sources to climate change[J]. npj Climate Atmos Sci,

6(1): 92.

Kope¢ J M, Kwiatkowski K, de Haan S, et al, 2016. Retrieving atmospheric turbulence information from regular commercial aircraft using Mode-S and

ADS-BJ[J]. Atmos Meas Tech, 9(5): 2253-2265.

Kronebach G W, 1964. An automated procedure for forecasting clear-air turbulence[J]. J Appl Meteor Climatol, 3(2): 119-125.

Lane T P, Sharman R D, Trier S B, et al, 2012. Recent advances in the understanding of near-cloud turbulence[J]. Bull Am Meteor Soc, 93(4): 499-515.



469
470

471

472
473

474

475

476

477
478

479

480

481
482

483
484

485

486
487

488

489
490

491

492
493

494

495

496
497

498

499

500
501

502

19
Lee Y S, Chun H Y, 2025. Machine learning application and operational strategy for global low-level aviation turbulence forecasting[J]. npj Climate Atmos Sci,

8(1): 38L.
Lester P F, 1994. Turbulence: A New Perspective for Pilots[M]. Jeppesen Sanderson, Englewood, CO. (ZFFIR_E¥kl, RI|BIALKCRIOHI, HHIL)

Lilly D K, Kennedy P J, 1973. Observations of a stationary mountain wave and its associated momentum flux and energy dissipation[J]. J Atmos Sci, 30(6):

1135-1152.
Lilly D K, 1978. A severe downslope windstorm and aircraft turbulence event induced by a mountain wave[J]. J Atmos Sci, 35(1): 59-77.
MacCready Jr P B, 1962a. The inertial subrange of atmospheric turbulence[J]. J Geophys Res, 67(3): 1051-1059.

MacCready Jr P B, 1962b. Turbulence measurements by sailplane[J]. J Geophys Res, 67(3): 1041-1050.

Majewski A, French J R, Haimov S, 2023. Airborne radar doppler spectrum width as a scale-dependent turbulence metric[J]. chnol, 40(12):

1541-1555.

Manami M, Mann J, Sjcholm M, et al, 2025. Squeezing turbulence statistics out of a pulsed Doppler lidar[J]. Atmos Meas Tech, ): 7513-7523.

Mann J, 1994. The spatial structure of neutral atmospheric surface-layer turbulence[J]. J Fluid Mech, 273:

Mitchell K, Sholy B, Stolzer A J, 2007. General aviation aircraft flight operations quality assurancéfovercomi s[J]. IEEE Aerosp Electr Syst Mag,

22(6): 9-15.
|

Mufbz-Esparza D, Sharman R D, Deierling W, 2020. Aviation turbulence forecasting at upper levels watl chine learning techniques based on regression

trees[J]. J Appl Meteor Climatol, 59(11): 1883-1899.

O’Connor A, Kearney D, 2019. Low level turbulence detection for air| ronaut Aerosp, 6(1): 3.

Oncley S P, Friche C A, Larue J C, et al, 1996. Surface-layer fluxes, profiles, bulence measurements over uniform terrain under near-neutral

conditions[J]. J Atmos Sci, 53(7): 1029-1044.

Pantley K C, Lester P F, 1990. Observations of severe

Schumann U, Sharmai ake-vortex encounter analysis for upper levels[J]. J Aircraft, 52(4): 1277-1285.

Shapiro M A, 1980. Turbulent mixing within tropopause folds as a mechanism for the exchange of chemical constituents between the stratosphere and

troposphere[J]. J Atmos Sci, 37(5): 994-1004.

Sharman R, Tebaldi C, Wiener G, et al, 2006. An integrated approach to mid- and upper-level turbulence forecasting[J]. Wea Forecasting, 21(3): 268-287.

Sharman R, Lane T, 2016. Aviation Turbulence: Processes, Detection, Prediction[M]. Cham: Springer International Publishing.

Sharman R D, Cornman L B, Meymaris G, et al, 2014. Description and derived climatologies of automated in situ eddy-dissipation-rate reports of atmospheric

turbulence[J]. J Appl Meteor Climatol, 53(6): 1416-1432.

Sharman R D, Trier S B, 2019. Influences of gravity waves on convectively induced turbulence (CIT): a review[J]. Pure Appl Geophys, 176(5): 1923-1958.



503

504
505

506

507
508

509
510

511
512

513

514

515
516

517

518

519
520

521

522
523

524
525

20
Storer L N, Gill P G, Williams P D, 2020. Multi-diagnostic multi-model ensemble forecasts of aviation turbulence[J]. Meteor Appl, 27(1): €1885.

Strauss L, Serafin S, Haimov S, et al, 2015. Turbulence in breaking mountain waves and atmospheric rotors estimated from airborne in situ and Doppler radar

measurements[J]. Quart J Roy Meteor Soc, 141(693): 3207-3225.
Tebaldi C, Nychka D, Brown B G, et al, 2002. Flexible discriminant techniques for forecasting clear-air turbulence[J]. Environmetrics, 13(8): 859-878.

Trier S B, Sharman R D, Lane T P, 2012. Influences of moist convection on a cold-season outbreak of clear-air turbulence (CAT)[J]. Mon Wea Rev, 140(8):

2477-2496.

Truscott B S, 2000. EUMETNET AMDAR AAA AMDAR Software Developments — Technical Specification[R]. Doc. Ref. E_AMDAR/TSC/003. Met Office,
Exeter, UK. (ZERMN L3R, RIRBAL R, EHIL

Venkatesh T N, Mathew J, 2013. The problem of clear air turbulence: changing perspectives in the understanding of the phenomeno Sadhana, 38(4):

707-722.

von Kaman T, 1948. Progress in the statistical theory of turbulence[J]. Proc Natl Acad Sci USA, 34(11): 530-539.

Vosper S, 2003. Development and testing of a high resolution mountain-wave forecasting system[J]. Met p (1),75-
Williams P D, Storer L N, 2022. Can a climate model successfully diagnose clear-air turbulence apgdyits onse 1
148(744): 1424-1438.
|

Wolff J K, Sharman R D, 2008. Climatology of upper-level turbulence over the contiguous united states], ppl Meteor Cli

ange?[J]. Quart J Roy Meteor Soc,

tol, 47(8): 2198-2214.

Waurtele M G, Sharman R D, Datta A, 1996. Atmospheric lee waves[J]. Ann Rev Fluid Mech, 28: 429-476.

Wyngaard J C, CotéO R, 1971. The budgets of turbulent kinetic el
190-201.

Zhuang Z B, Li H'S, Shao J Y, et al, 20,
Appl Sci, 14(11): 4419.

|



i

LUEIZERAE

AiWI4R% (Roach, 1970) : Brown fa#fith 1 Ri i 5 FE, FIFHREIRK R, OB RAE KX
MU feh, 258 T ELADI AR SRR K-H SRR 52 X A8k FA 52

Brown = i @ [1V,5° (1)

mz

ﬁq:‘:vws:[g 2

/
2
4%y] BRRE D =03 +Dg” + D) 2,

ou N y 4 pp1s NI
ﬁm,og:§+—ﬁﬁ@%ﬁm,;ﬁﬁwﬁgmo

PIESR BN BN T
RIS WHR L, X R MatAT RS 20, BURY (81 A% Dee MR EEE )

A2 Vs Z IR A :

BRBERE L (TIL MR P HlEde% 2 (T12)  (Ellrod aVlK pp,

TII=Vys [ )

[Flif, Ellrod AL BAR/INT D » (EXTHEZ SR>, RUAE TIL RgEAS BN b T

FEWICyg » 152 TI2:

3)
HH: Dge W KA & (AL F5 7 ER A , Dge=(Dsp?+Dsr? )2 s Cye NHUE I,
VG (Zu +%) o /

MR T (Reap, 1996) : fEiILIZIIT, MOS-CAT HEZ Ttk K 17-7E NCEP R E M 4%
B S (MOG) A AR Tl 25 RAR -«
MOS=|V | Dgr (4)
VIR U .

Fffi4E%; (Dutton, 1980) : Dutton ¥ Ttk i 55 &b R B T 48 B 2 % 31 )3 73 Hr
PSR LRARE, RN 25 17K DA B )22 .

Dutton =1.25S,, +0.255; +10.5 ()



aul®

2\V/2
A, sy —(u)é—(v)éi%/%ﬂi?mfﬂ%‘ﬁ, S‘/:[E 15 ] TR NIEEDIAE, s e RRE

HAERE (Sharman et al, 2006) - PREARL A KER > E AN K FmitiZ# (Endlich, 1964;
Kronebach, 1964; Dutton and Panofsky, 1970) . FREFIWEKE, F/DFEREENT, W22 BT
IRC-Z IR ARG ENE AR . 2 RN, e R AERMEL . Bk, Hig L, Ri/NXIENIZ2 T
T R X I

2
Riz%
Refr, N2 = gg‘gda%gaa—g 0 B, 6, WERE, g

TAEFERTR (MacCready, 1962a) : EDR F/RIL#hf EU\?
ERAE M X3 I R B RS ,z%}’”ﬁjtwﬁmﬁﬁaé%%ﬁ

T E B I B s iR (u’=u—\/_T, Hrv, ) A PUEZAR BT (u’/V_TD 1) . EDR
h and Sharman, 2004) , (ii) IRtk

rman et al, 2014) .

1/2
D () } @)

213
7 7°Cy

Sy BN TE) B P ST Dy X B L S R R

1971; Oncley et al, Strauss etal, 2015) ; 7 2 FiE BT (2s <7 <5s) MEARFIHME, KFR
FEZ)8 400 ~1000 m, HREF|AHL A 200 mOs™ ;RS FOR AT HI1H
GiD) AT LB K k73 B R B BF 7 R AR LA B 5 SCAAR : T T Py 0 00 1 Fg IR 4 8 T 3R it 5

[S;, (i =U.V,W)] B KAl EDR FRER S B4 :



EDR=(§ZYB{§4é§Ef} ©
T K

V,
A R fAGVEHE ( f=2T

k, HofkZ2EH) £02~05 s*, 5= (1) g B G EMAS,

T
R 28 A2 e SCI PR S B 9 B P ARS8 . B o R U s A Uk #k v EDR2, JFH EDR2 (1) U, V FlI
W [RE 43 BIFRiC N EDR2U. EDR2V 1 EDR2W.

(il)EDR 7] U Y e R AL A 1 77 vE AT At o, %07 T e 3t WL ARG S, ) FIIAETE

W (S ) \
f2
1 z Sops () 2

EDR =[
P — P +1 f=1, Smodel(f)

)

=] i (von Kaman, 1948;
H

ﬁ*=Hﬁhﬁ&%ﬂBS%rﬂﬂm%mmm?@ﬁimﬁit“

Mann, 1994) I {EHETE e Smodel | (A 5 (0 52, ULI0 1 S
FI A
ST (W), 2 D - 8

A WHISA (8) fi

(10)
A o NERABEY 1.6 (Shar : LB R EE, HEHE Sharman etal (2014) &L,
BHEE N669m; Hl e Mgt 1S
X2 (V) AL (W), AR N
-2 2
model (k):ia‘QZ/3 SL° +8k (11)

110 (L2 +Kk%)He

EDR3V f1 EDR3W.
SEEEE NI (Gill, 2014) : EXEREEFEXGEE (DEVG) &AM 77k, A DR IxX s
ZHEGIAT I . ZHEE (most) AR ARE X:

Am|An|

DEVG = (12)

A | An|= WHLE R AR T 1 g (0 Bl Z R WA R E (A7 @), m= RHLERE (AN ,



V = i BE VA LN A HE RS T, DA AL, A=BE RAT SRR AR AL LR E S48, JFRTEL BT
s Wi V8

A= /X+c4(/S—c5)(%—1) (13)

—_ C2
H =ik, m= LIS ERE, 259 C S g whl, 36008 & B747%400 110/ Trusbott,

2000) .
KR SRR E S % (Sharman et al, 2006) : 7K¥2§1}§$ﬂ’?}§i§‘2¥ PS

M
/|
F

AR AN B )AL 1) A
EARE, B E AT S TR A .

HTG =V, T |- {(%)2 ; (%)2} (15)

L-P 488 CGE#LE, 2010) : L-P 3kt mas fE R A 1) B«
R L:
ou

+0.718— +0.318— - 2.52 (16)
an on

ot Z—j?y?&%ifi?‘iﬁ)ﬂﬁ B oml, a—n N FET b (K TR BLE C°C /100 km) ,

a—uﬂy%ﬁﬁﬂﬁ% 4 [(mOs00km]. 4 L>0 M HERAEH: L<0m, WHHRILA 5

TE LA BARYE L f5 50T HMER P
1
1+ 1+ 050 17)

FIEA: 2470%>P>50%, TR HREEL; 2485%>P>70%, Ml HEEH; 4 P>85%,
TR A 7™ A
Colson-Panofsky f5% (Colson and Panofsky, 1965) : Colson-Panofsky f& ¥R T-imii st (TKE)

FHETITRE, S TR

CP= (A)( )(1—

Ri ) (18)

crit



A z 2R, AZEEEMKBSIEE, Ri, & MEAEERE, HERI, =05.
BB S IETER e %0 (Ellrod and Knox, 2010) : DTI &7 TI1 J:al 2% & 7 Pud A i R 8, A

T AL %5 (divergence trend term, DVT) :
DTI=TI1+D,,, (19)
e

Dy =C[(Au/ AX+AV/ Ay), —(Au/ Ax+Av/ AY),, (20)




