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Abstract
airplane turbulence in various airport areas. Besides, using topographic and meteorological data, we analyzed the

Based on the flight quality monitoring big data, statistics were made on the frequency of low-altitude

correlation between low-altitude airplane turbulence and environmental factors. The results indicate a significant
correlation between the low-altitude airplane turbulence and relief amplitude, wind speed, and diurnal temperature
range. Also, the spatial difference of the effect intensity of these environmental factors is revealed via
geographically weighted regression (GWR) model. The effect intensity of relief amplitude and wind speed increase
from northeast to southwest, while the effect intensity of diurnal temperature range increases from southeast to
northwest then to northeast. The adjusted R* of the model is 0.512, which means that the model is very effective.
Based on the GWR model, we estimated the risk of low-altitude airplane turbulence on the national scale, and
obtained the classification map of the risk. The research results have reference value for airport location and flight
safety management.
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Fig. 1 Variation of turbulence frequency in different environment factor grade

B D5 B o R SCLARUIE A f51), g IR A1 501 95 4
IR E . K2 BB P A
U TR i RS LR o B I L DG N A DO ¢
Pt IR —ALAL B WTRUER ), T R R AR —
k2 g

ARSCE AT H -2 MU0 Kt 8545 H Y
WLBLIC R, 3 HT BB R 5 H -2 XU LR S H

B BIARSCNE o 181 3 5128 F0 23 S R AL 7 0 B 0 A
HAFRXGE AR R, WA, H P2 KU 5
FOUE < ) 2 R A A 3 AR O . A s S A
ESUESTES DUNE TP A (K

3 BETZEFREXESHT

N T IEBUE R AT, BRI R AT A

LA RN

If

ERHLE

-;§F;:; ]

lnt: L[k

[zpnve

T

HERNIS

i

IE = ="

Q HhHNG
ZMHLG

= |
=1 2
= =
| A &

E I8

KbHlsg

bR

MBI

W HH| | &N M RIENL

£

KiifB

5 AT U
WAL
®H K &

0

T b B i B BT

0 . %\ff\x — . —
#H KA B H KA B HE KX £H KA &5 KX £ 2 K &

686

| —o— jur  —— ik |

& 2

MRS RNENETENL

Fig. 2 Seasonal variation of turbulence frequency and wind speed



UGS R MR 2 J0E 5 M B R B IR T A S PR A

AR SCHEFF 2013 4F B LA 25 28 7] A320 K1 B737-700 P
FIHLAS AT BEIC Sk o 5B —HLASAA [, X AEARCRT L
PRBEARS R, EHE 2P 044), Nii7ER
KAREE L8 LSOl 2ead Bdii o i, K BLPIFD
HLAY B 50 5 A0 3 EA AR R B AR . BRBE A 744K
K AR R | AP 34 H A 2E T e B R B
33, ] 4 R IS ML H 458 A0 28 A K 3 A A IR A
[F) 55 2 19 25 8] 53 A o

K G T2 W fe /) — e fli 11 (ordinary least
square, OLS)HLAY L J2 75 [A] G 1127 Hp () oo 2 AL ]
U5 (GWR) A AL PO A7 401 A5 43 1T o A5 AL 1 L) L 37 i
W o AR, AN (B RRE . FHR
T H 822 FAE S W) o 3 722 . R T 3 B0 4G
SR AT M.
3.1 J/APZERMEITEBBE S

OLSHEIAI LA 25 R WL 1. R J7 2 08 ik I
“F(variance inflation factor, VIF)X} H S & 17 £ H
L VER 5, & H AR &0 2K /8T 10,
KU AR R RN A Z H A Ak, A Y I
R* 2} 0.468, FWIZMIAIAT DL g B ALK 2 1 i =
1 e A AR 251 46.8% . BLARY [ fp 25 PR 56 45 2R
FH, BAAE 0.01 KF B2, A AR R W TR
a5 AR, HP AR S AR H B ZE 0 13 R 5L

BUHS

1.0 1.5 2.0 2.5 3.0 3.5 40 45 5.0 55 6.0
JRE/(m-s )

PN

PR %

05 1.0 15 20 25 30 35 40
R /(m-s )

FE0.01 7KF 1 i 3, 7349 XU 9 [ 5 & 0FE 0.05
KV L A RN

f =-60.366+0.011ra +5.73dtr +19.54ws,  (5)
Kb, £V R RIUEAR A SR, ra AHL 0
B RAR B, dr AL AR AR H 52, ws AL
G A3 Gk

OLS AU A 45 2, MB R . <R H
25 TN 2 KGH 35 5 TROL A 2 IR AR O, BIAL
DX S5 b T LR B R R, ST H R 25, P K
MK, B S KA KM S g
3.2 IR ENAERE S S

GWR BBl & 45 R L% 2. 5 OLS %,
GWR BRI 1 3 4% R 1 0.468 #2713 0.514, Kb (s
B EN] AICe 1 831.6 T K¢ 5 802.8, 4 AU fif B fig
Fy g, [ A B A5 1)o7 B X KL AS B A = R &
AR, AL X I A AR AR Sy

f=cta ra+a,dtir+a, ws, (6)

Kb, f RPN LR S B, ¢ Sy B0,
Qs Qe T, ST AR HBIE AR FE | AR 20 H A 22
FIAE R A 1 ZR 50

AL X IR0 S5 AR M, %2 ok
FA BRI a3 R

IERHE

0 05 10 15 20 25 30 35
R /(m-s ™)

BN

1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 55 6.0
RIE/(m-s ™)

3 EEEMERTHRERNEL

Fig. 3 Variation of turbulence frequency with daily mean wind speed

687



SIEF A BPEND B55% HaW 201947 7

SGUSBE AR %
!

5

1

.
® 10

KEBE®BE/C
* 62~7.8
® 7.9-96
® 9.7~12.0
® 12.1~155

HJE AR B /km
e 0.6~1.5
® 1.6~24
® 2.5~4.0
® 4.1-6.8

HGE/(m-s )

B4 BEFERRIGHRERFHRDE

Fig. 4 Spatial distribution of turbulence frequency and environment factor grade

HT GWR A5 U7 21 2% P 5] QAL 2 At i g 4F
R AR 4 B W) 508 R 2 IR, AN IAT S P o i Ml
FERARBEMTF, MZRAC [ VYR J7 ) K Jig, X LR
RS R U NALE A CPS s DN (NS e 45N
ARAE=A ALt REELILHRES, HuE AR Xt
RUI S A g ST S FEILR L v,
VL AL AR K 22 Bl AL FB S B 55 1 IE 15 B2 W 7R T

RN AW | R R D G R 3 2 B L
HFREFERYIE RN, 7EPGAL . PUR . R TR
)P 2 M, B AR S A IE 1) R

DT X AL 2 i A5 2 1 i A 0 R i ) 22
AR I AR BEAHARL,  AZRAE [ P4 R 5[] Gk 1) 52
Wi S T4 O itk H A2 X AL 4% A 8 < 1 kA
B0 #3814 1 1) 52 00 D) DA A Pl 1 PG A, R i) 2 I 7 1

F1 SNIERMITOLHERUEER

Table 1 Descriptive statistic of parameter estimates for OLS
H¥ ES 44 PRifEZE t Sig. VIF
HET(c) —-60.366 20.337 —2.968 0.003™ -

HOJE AR BE (ra) 0.011 0.003 4.127 0.000" 1.790
Rl H B (dtr) 5.730 1.370 4.183 0.000™ 1.482
S35 R (ws) 19.540 8.907 2.194 0.031" 1.446

R % R Sig. AlCc

0.486 0.468 0.000"" 831.6

PEH = H* 4> B RTE 0.01 A1 0.05 /K B3, TF.

688



X AT R RO ARG 2 B 1 i R 5T DY 5 A G PR AT

F2 MEHNAEMBAGWRBIEER

Table 2 Descriptive statistic of parameter estimates for GWR

- A
25%45r LB gL 75%53 %L
BT (c) -58.61 —48.99 —40.63
HIE AR KL (ra) 0.0015 0.0067 0.0131
A H 522 (dtr) 3.87 4.62 7.58
- H XU (ws) 12.39 17.21 23.51
R P R? Sig. AlCc
0.571 0.514 0.000%* 802.8

Ko TEV7R . Mg, VLV SR, 52 mFE B A
S, EZB WAL, =L SN WL TR, i
B MV A, SRR R A FEILZR L TR .
Bevd . HR . BrsmdbERaE X, SRR R AR TR
WS WPE . Wb S AR dE =48 S5 Hh, 52 2
AR5

e, SR GWRERIXT 2014 4F B - #1375 X 45

(14 1 2 F S A AR R AT T, o T 45 R 5 S Bt
DULHEAT LU, UNTET 6 fr ik, A5 0 e 22 A R R
RANFE 3PN, FTLLE i, H4S5 R SRl vl H
A BRI AL, P12 %5 1% 22y 1.94%, Y77 2%
N 2.42%, R REGE B AU G IR 1 5
FOUBE AT A< 2 [A] Y AH DG

4 R=HE R 5 2R

ST BR b FANA R RS L5 A5 R, A 4
V] 3 A 1 s 0 A 0 R AT A . T S A fEL 23 AT
AP | AR 3l H B2 LRI & AR
JE 25 [ AR O3 A o ST GWR ALY (5(6)), 115
BRI B O AR AT . XA THEREAT K,
I X ) S AR AT 5 91, 45 51 4 1 Vi A9 41 =
S ARG A o AT (B 7)o TR I, R P R
15 FRLR A 2 A XS 8 eI, HE v R g L X
M AR AR RE | XU Rl H A e A, B LR
Ho T AR AR B ARG, TP U X K m g i i

(a) MR RE o (b) REAKE °
o °
o o )
° o o2 0 ] e %o
° g 0 5 o o
LK) o 820 &y & ® e 0 3% ¢ o
® 0O/ o0 ° @D o 0 o® ° )
o0 0 PP 00’ 0 00oo°
e P00 50 o ®0e "0
¢ ) © Qo h o © Ss¢}
° °0 e 0%, 7 ° 26500 ’
& PRV U® / 5 ou2 0P o /
ELEEY ® e L B 0 ELEESS S0 1 B Pl v
©-0.001~0 s °, o v 01.8~3.5 8 °¢ o b
©0.001~0.005  § L ¥ e ©3.5~5.0 8 % % e
@ 0.006~0.010 ° - @5.0~7.5 o} -
©0.011~0.015 L ©7.5~10.7 0
(o) R o
o
)
] o o SN
° oo
® e o 890 8575
6 6/ o0 >
o0 0 O P
o P00 s
M e ° se)
L ... Y ° ) : ) /)
° ® !
EPEER . "o 8 o .
(] [ ) [ ] @
0 3~10 & o yo
0 10~15 t | % ¥ e
@ 15~20 ° -
® 20~26 °

Bs5 ERFHMEENZESH

Fig. 5 Spatial distribution of environmental factors’ effect intensity

689



R RFFMARFERI) 558 H4W 201947/

()
)
o A
o .o.o
® ()
*. 28.%
L] :d:";
[ } Q*'.'
[ ]
o 0“ ...:.
‘ » o/ Ol
BR/% 8% e o X ,
-1
) % e ¥ e
® 10 s -

(b) HIAE °
[
e
[ ] ' @
® *e’s
®
RS § J 38
LX) ...-.‘..
( J .Qﬁ..‘
. ... ry . .: ° ,l
I \ !
P /% 4‘0"’ o’ ;o
-1 o, ¥ ,
® 5 '. 1
® 10 ° -

6 HETMNESHEREX

Fig. 6 Comparison chart of model predicted value and the true value

* 3 GWREETAMIRE
Table 3 Performance of GWR

FRMRE%  FRIEIRE/ % VAR E% W E% FARR

—6.27 5.32 1.94 2.42 0.55

AR PR P ARG 2 A AU DA A ), X
DX M AL AR BE L AU R L A 22 2 2 vh S 0
ARAC T3 P S5 vty r S e i T XA 2 11 5 XL
W6 20 S 50 e, 3 4 DX AR R g DR S 3| A AR 2 i A
FOFI TN, K%L iy DR 2 A58 KBS 25531
R, FE b TR X HRZEAR R, B SR
ik B Lk B R bk ik 28 [X s 8K 7 1 45 AU
GO R, EZRRKAMIEERESE

5 it

AR SCIH] (] AT A B B, T RAT M R

I YT PR
[J0~5 mlo~12 B - Sy
[15~9 M 12~20 -

B7 R=EHHERESR

Fig. 7 Grade map of risk of low-altitude turbulence

690

AR HHE AV G IR, % BT RMILARG s F S 3t
YR TR T 087, 52T 458,

1) i FRASE (] U5 A58 78 R 6% A b 400 ER 25
9 55 PRI R 1 O AR S

2) i s A e A R S MG Rl AR
LI AR B HAT B35 B OGE, BRI XIS
FI 35 1) M 5 R A A 25 [ 2 5

3) AR SCHE TR D) G 8 A A Y 42 [ BT
2 J0 3 IR, S5 5 A T Xt ALz e ik A AT 4 4
HAZHME.

RSB R 5E TN 5 75 5 AR BB I [H - LA
Je F B W0 B R R, 3 TR i R T 2+ 101 8 )
A INER, WG 4 R/ A e —E R 2Z . 4
J&, Bt T RS AL AT 5 TR LA SOULI T B A i
Th, X—ARABRERME. 55k, TR R
JELIA AR SCAUEE X 8 2 ML AT 3B, AT % 2 Fh
PLRLTTJE e AT, 25 I 1 50 vh s 28 A0t A
— N ETTH

2% 30k

[1] Colson D, Panofsky H A. An index of clear air tur-
bulence. Quarterly Journal of the Royal Meteorologi-
cal Society, 2010, 91: 507-513

[2] Gultepe I, Starr D O. Dynamical structure and tur-
bulence in cirrus clouds: aircraft observations during
FIRE. Journal of the Atmospheric Sciences, 1995, 52
(23): 4159-4182

[B] 7R, a2, CHLBSEMIIREMI. &R
ISR AF5E, 1999, 19(2): 22-23

(4] AR TIOR3 g 2E 20 o A



%

RO R LR 25 B0 15 b BRI 7 A DG PR A 5T

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

KRR, 2004, 27(4): 527-531

BFR, ®ACT. MBS 0 LS K R
BSR4, 2006, 32(11): 32-35

Guest F M, Reeder M J, Marks C J, et al. Inertial
gravity waves observed in the lower stratosphere over
Macquarie Island. J Atmos Sci, 2000, 57: 737-752
Nappo C J. An introduction to atmospheric gravity
waves. Amsterdam: Academic Press, 2002

Snyder C, Skamarock W C, Rotunno R. Frontal dy-
namics near and following frontal collapse. J] Atmos
Sci, 1993, 50: 3194-3211

AR RS A DX AL Y — i TE AL Y R
W R R A BE A, 1997, 12(4): 298-302
Moraes O L L, Acevedo O C, Degrazia G A, et al.
Surface layer turbulence parameters over a complex
terrain. Atmospheric Environment, 2005, 39(17):
3103-3112

Keller J. Performance of a quantitative jet stream
turbulence forecasting technique — the specific CAT
risk (SCATR) index // 22nd Aerospace Sciences Mee-
ting. Reno, 1984: 271-277

Dutton J A, Panofsky H A. Clear air turbulence: a
mystery may be unfolding. American Association for

the Advancement of Science, 1970, 167: 937-944
Oard M J. Application of a diagnostic richardson

[14]

[15]

[16]

[17]

(18]

[19]

[20]

number tendency to a case study of clear air turbu-
lence. Journal of Applied Meteorology, 2010, 13(7):
771-777

BT, IVETE, EMAL TR R AL L
HURE O AT LA AT v R R AT A BE A AR, 2011,
22(1): 5-9

S, JAK, XIRHE, 4% LT AMDAR YRR
T 1 R i R S L B S o . AR
2%, 2014, 34(1): 17-24

e, TR, JLk. B E LR YL
Gt oy . MUERME B TR 22 BE AR, 2017, 32(4):
426-432

FRCGR . TRALAEE AR BT RE AL S H AR R AT
LRI D] H S T EE R, 2013

Mitchell K, Sholy B, Stolzer A J. General aviation
aircraft flight operations quality assurance: overco-
ming the obstacles. IEEE Aerospace & Electronic
Systems Magazine, 2007, 22(6): 9-15

L. 3 VT 2 TRLI G 43 AT B 43 AT (D).
JUR R R AT AR B, 2009

Fotheringham A S, Brunsdon C, Charlton M. Geogra-
phically weighted regression: the analysis of spatially
varying relationships. West Sussex: John Wiley &
Sons, 2003

691



