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Aircraft contrail detection based on satellite-borne hyperspectral
images
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(1. State Key Laboratory of Infrared Physics, Shanghai Institute of Technical Physics, Chinese Academy of
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Abstract: Aircraft contrail detection remains crucial for maintaining airspace safety and addressing the greenhouse ef-
fects caused by the aviation industry. Existing methods for detecting aircraft contrails primarily relied on the radiance or
temperature differences between specific channels in multispectral images. But they did not fully exploit the potential of
spectral features. The advancement of satellite-borne hyperspectral imaging technology has provided a new data founda-
tion for aircraft contrail detection. However, methods that rely solely on either the spatial or spectral dimension of the
image are unlikely to achieve satisfactory results in the task of aircraft contrail detection using satellite-based hyperspec-
tral imagery. Therefore, a detection algorithm for potential aircraft contrails was explored using shortwave infrared hy-
perspectral images from the GF-5 AHSI. A spatial-spectral feature extraction method was proposed, which utilized the
complementary nature of spatial and spectral information in hyperspectral images. The method achieved an accuracy of
over 97% and a false alarm rate of less than 2% on GF-5 hyperspectral image data. It not only provides an innovative
technical approach for aircraft contrail detection, but also offers valuable insights for future researchers and promotes
further development of hyperspectral imaging in practical applications.
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Fig. 4 Gaofen-5 satellite imagery. (1) Zoomed-in image of the aircraft-contrail target; (2) Sampling point locations of the spec-

tral curve in Fig. 5 (a) and (b)

B I 1 R 0 HE 2K, PR B RAT AR 29 540 m, Bl 6-(b) Ky
TRATAS BRI A R b LR HE B KATERZY 1 660 m, A
T RAT AN ) R AR 2R BE B RATARA 5690 mo DL
3 Sk s i AR 2R T B R A A T 1), LA 6
X3, Uy HE 2k m) b B e il o ik 6 Rl e, WLk
[RS8 =30 S b S AN RS RN iR EER9 =5 i)
PR AR KT AR R, AT L R 3 Bl A v 2 S
RO, Fi BRI B i i M e iR A n 26 (near, 60 m) ,

m £k (middle, 180 m) , f£& (far,300 m) .

FEAEA IR B CATAR T a b N7 8, ST
AR THE B CATAR L o L L b A B AT
a P B I KA T R 10%, o {7 B AR a i B e KAE T
K 30% ; b 75 TEZEHE B RAT AR A IE B34 K, 7E 1K 6-
(a) H1:n AU B SO AR T m 2k, n R 7E 1
000~1 400 nm /N T 55 F 46, n & 7F 1 500~2 500 nm
5 (B M1 s EK 6-(b) H e n £k 4 8 Be i I 5



8 48 5 2 0K B 2 XX %

—Hb - HbsR — R#k1 — R 2 —— B3 — Hb o HERREN —— R Rk 2 JRik 3
JiE 4 JRiESs —— )R 6 —JRik7 — B8 — R4 — )RS5 —JRike SRk 7 Jik 8

T T T T T T

0 L L I il L L L L 1 L I L L | 0 L L o | L L L L 1
1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509 1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509
Ykinm
1 1 1
08 08 08 |
\ / ‘
%06 06 ; 06
= =
Roa ‘/‘\/ \// \ /ﬁ 04 Xoal )| “ | A v/\)‘
2 | W | 02 02 Al ‘ v ) — 7
3 . ‘ | e N i
S0 9 dot 1008 2200 zsiv 1009 1309 1609 1909 2209 2509 1009 1309 1609 1909 2209 2509 1309 1609 1909 2209 2509
W kinm Wekinm #ele/nm Wekinm
(a) (b) (a) (b)
A B
——HE o HERW —— RS ——RE2 —— RE3 R4 BB RS —— RE 1 —— Rl 2 —— 3
RS —Rike ——RET — R&S8 Ri% 9 FE#E 10 —— R4 —— iS5 —JEE6 BT JEHE 8
09F T T T T T T T T T
0.8 ‘ 4
07 ]
06 i
¥ o050
=
X4 ‘
03
02 | | ‘
uld NS
0 L . . ' . . . I I . . . 1 L | 0 L I I ' 1 I . | I . . . . L |
1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509 1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509
Wekinm Ykinm
1 1 1 1
08 0.8 0.8 0.8 \
306 | 306 |\ %08 306
E I E ! =& S
Xoaf | \ Xoaf || | l "\' X 04 Xo.4 | l
| |
= [ J u \«‘,___J/ 02 W V\v__’_j"/ 02 02 | ,~J
. . | o R |
Toos a0 169 1s09 2200 2509 foos 1309 1609 1o09 2200 2509 1009 1109 1209 1309 1409 Toos a0 tes  s09 2200 2509
#K/nm WKinm #iinm WK/nm
@ () @ ®)
C D
— Hb - HERE Rkl —— Rk 2 —— Ri&3 — Hh  —— HiRRH Rl —— Rk 2 — R34
) ks ——)2ike —RHl7T — k8 Ris —Rike ——RET7T —Rik8 &9 JR#E 10
T T T 0.16 T T T T T T T T T T T T T T
1 0.14 - 4
012 4
0.1 =l
= 0.08 ﬁ G
B 0.06 ‘ i
| |
i 0.04 Mh f 1
Uh I
AL O T [ YRS
D= =\A If o= NTIAR AR AN
Y T S s L, WY S | R | |
1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509 1114 1214 1314 1414 1514 1614 1714 1814 1914 2014 2114 2214 2314 2414 2514
Pel/nm Yk/nm
1 1 02 0.1
08} ‘\ 0.8 i 0.08
306 | 3 0.6 3 3¢ 0.06
= | & = 01 =
X o4 X 0.4 ) X X 0.04
02 S Y 02 i / o0 | # 0.02 ] | |
A== = i ) ) Iad] | Wi
10009 1309 1609 1909 2209 2509 1nmw 1309 1609 1909 2209 2509 1014 1314 1614 1914 2214 2514 ?au 1314 1614 1914 2214 2514
#kinm #K/nm ¥ Kinm #K/nm
(a) (b) (a) (b)
E ¥

K5 Rl e WA AR TT B2 . (a) i ®ATAR s (b)) AT &
Fig. 5 Spectral curves along the contrails, away from the direction of the aircraft. (a) points close to aircraft; (b) points away

from aircraft



XX 5

AR AF R TR AR R /AT A8 R A I 9

BIRIRMCT m & (A n RAE RV BIIE S RFAEFL
2 72 6- () e n 2R 7E 2 000~2 500 nm I B 2 5
T m %, MUILATHEN , FEV Rl 5 “AT4%
D51 b BE B A — ALk b R B A
FAE 1 400~2 500 nm U7 BE N K 2 W = T O R b
P

ZEA UL LT, a5 A AT A% R O B B BL
B R IAEVE AT R -y I RIS A R

W R A T ARRE L (55 52 75 5% B WA T D 553
30 Lo O R AE S o S o BRILZ b,

W5 1) b AR o B A B 25 R TR 5 s
X o HA EEAEH
AU B AR R R T st S %,
7 B FERGHL TS 56T AT BRI, 3843 7T UGk
B (4npE 7+ 746 nm 750 nm . 827 nm . 832 nm I E)
ANET UL I H bR , 78 50 I 21 A0 BEAT) T I i BAR

GF-5 AHSI 30°39" N.119°48' E

0 L L L L L L L L (-
1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509

Peteinm

bZK}M’
I %H‘

A

16 6
V&lem iI!(KIm

(a)

L/d

(I 771405 nm. 1413 nm.1 834 nm.1 910 nm
WBD, B 5E R AAREIX I, R, AR E
BN GF-5 AHSI {9 %5 3% 21 1 % B RS 317 )8 b
e
3.2 XfTERREIERY AR B4

201845 H 9 H &S B &4 Tis BA(GF-5) 52
TH B b 55— W ) i X ek s R A A AT 28 A W 1
TR H B b ER R B i EOR Y RS
JIe A il % T D e 38 21 41 v i AH AL AHSI (the Ad-
vanced Hyperspectral Tmager) +2& [H x| 1 5 [F] B 3
Jist 7 5 AT 3 B ) = 06 1 o3 HE R AR SR
819 GF-5 AHSI 7 3 400~2 500 nm A G5 1% B,
330 T B (e iE ] DL 2 AR oy B
K5 nm JHIELLAMETE 53 FER A 10 nm, 1§ 58 60 km,
23] AR 30 m'® . GF-5 AHSI 5578 25 5 S8 i Bt 11
%ié‘ﬁﬁﬁb@dﬂl%ﬁam‘t AR TR EE [ B

0.7

=
|
= U M

1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509

J\/LM

08

)
(. \ ‘
\

oaf ||

02l \J \//

0 o i (T bl
1009 1309 1609 1909 2209 250
Kinm

52
?x!}H‘

1n09 1309 1609 1909 2209 2509
o i/nm

f n n
08 d i i
f f
(243 /’
06 / |
305 !
=
X o4
|
03 /
jn} N
0.2 ]
»
P
01 :C\N"
A P
1009 1109 1209 1309 1409 1509 1609 1709 1809 1909 2009 2109 2209 2309 2409 2509
¢ K/nm
1
08
\ %06 )
\ =
X o4
-/ J .
P
N =
09 1909 209 1009 1309 1609 1909 2209 25

K6 aE RIS (a) T ATHI; (b) BlHE; (o) i (AT

Fig. 6 Spectral variation along the vertical wake direction: (a) near the aircraft; (b) in the middle of contrails; (¢) far from the aircraft



0 ST Bh 5 B K W ¥

XX &

1413

1405

Kl 7 GF-5 A WL B (B —17) 5RO 5 — A7) B A Lt

1910
A /nm

1834

Fig. 7 Comparison of GF-5 visible band ( first row) and shortwave infrared (second row) imaging

HACERME B AT , Sy BB W G R S 4R L By ik A
SIARAL T U0 R R

BT 301 g R KA T e R B FR AR
P, SR 2. 179 e 42 HY 09 07 % GF—-5 AHSI K2k 21
ANEMGHEATSE B UE , SCRES R A 8 s .

Kl 8 (a) s e or i A, 1 8 (b) 5 A]
BEAAE A K 8 (o) i 5, B 8 (d)Hh
e TR SN NN W Rr e 2 =R/ e 1]
T YA REA ORI H 2P
3.3 XL ER

S K HE 8 FH GF-5 AHSI 35 B 0 ik 21 40 5k
P, 25 R 2 R 200%200, B 5% KR A 180 4~
BB 5 1.000~2 500 nm [ BEE R, SGig R
10 nm, % RX'™ [LRX" . LRASR"" KIFD"* Py fh
SRS T i A G v ) TR AT 8 R I AT X L
AT . EBEHERZE (Accuracy) (F1{H | HEE K (False
Alarm)VE N PET R bR o B T 4@ 2 A5 21 A9 52
URE IR B A R A5 R T DL A B AT L
L2 M BB G (=1 s W ED O K RPN N e s S5 o | St
IREEH NG — T R A SR I Bk i S 5
25 L HLROC 26 1 B Al (B X B 9 TP (True Positive
Rate) 5 FP(False Positive Rate ) BUE %} 45 - b f1 —
HACKEEE TP R . B 9 XS L SR g 45 21 | K]

WSS 14T HbRbR i B R 58 247 BA R, Je &2
BAT 5 0 Rk RX B3 \LRX 359 (\LRASR B |
KIFD B35 AR SCHE ik S i a5 1 . 3= 1 g x)
N PEM R R

MR 1R, HER 3 i e AR SO s 3
HRAE 97% LA L, k& KIFD J73 , S 34 R AE
92% LA I, Bl J5 J& RX J5 v , - B HE i % 7E 90% LA
I, LRX 5 LRASR AY-F- 2 1 2R )32 A6 T i 3 b
2% T FUE , A BAH L KIFD T RX B R AEF
Y WA S FUEAE 52% LA E & T KIFD Ay
39% Lk 15 RX [ 28% ; X T &R d8 b , AR U %
B T B KA F- 24 %, 75 0. 8% LR, ik T KIFD
(7% 5 RX 1 9%, “AT#R BBl 14 R 2 ML e
Rk, R IR R B 43 A W Bk S T R A, R
SR FH b PG 8 i A% R B LA 4 R AL A A T
¢ 1Y RXAG I 80 R 0, 45 L4 b & 00 T MA Ry 5 400
AT S0 A9 LRX, KIFD ikt T R4 H 5
AR 5 v i O 5 1 JELARL , A A R B AR R T
OTSU J7 16 3547 B E 43 &) , ¥4 2 5y 3 iForest 1) 2% J&
TR R T A, PR T R AR I R
11 LRASR J7 3 00 5 - 38 2o 35 1176 g 2 o 0 >F 221 i
BRI EREE M, RIS A T R B E Ak .
ARSI IEE R R BhRgi & T a5 Mgt 508 5



XX 5

AR AF R TR AR R /AT A8 R A I 1

(a) i

# 8 By Ak GF-5 SWIR [&I4 it 52 46 4%
Sence 3: GF-5 SWIR(/ 5% ). (d) Sence 4: GF-5 SWIR(J

e — db B

PAYEIPS

(b) A2 T

y
(c) 155t (d) B= 5t

: (a)Sence 1: GF-5 SWIR (i =7 5t). (b) Sence 2: GF-5 SWIR (I 21PEF4E). (¢)

EZ )

Fig. 8 Experimental results of the proposed method on GF-5 SWIR images: (a) Scene 1: GF-5 SWIR (thin cloud background). (b)
Scene 2: GF-5 SWIR (non—uniform interference). (¢) Scene 3: GF—-5 SWIR (sea background). (d) Scene 4: GF-5 SWIR (thick cloud background )

& 1 FMiEtR
Table 1 Evaluations note: the best result is displayed

7 B UL Y JE: , 25 1B B PRI 48 D 1 S A e s
FRIBZ D , AR SCT7 R 6 R SR ARG I F) g JEE AT T PR

:n bold, and the second—best result is under- I HLp T 0 ] B A R (g A B T e ] TR
ned B T A WA R0 LA, WA T 15
Jebr RX LRX LRASR KIFD 0% .
i 4 Z5iE

Aceuracy (1) 0.9096 0. 8025 0. 8884 0.9392 0.9804 o e s L o
Sence I FIScore ( 1) 0.3711 0. 1981 0.3099 0.4741 0.5751 B AR R R B 1 L 1 5 B Ty A
Accuracy ( 1) 0.8399 0.4500 0. 6438 0.9278 0. 9787 I8 R AT B0 AF R U 21 A0 i B 2 B i
Sence2  FlScore ( 1) 0.2154 0.0624 0. 1082 0.4107 0.3377 TiF 1T 5 S0 2 S5 A B T ) ) B AL 22 49007 5 R
False alarm ( | ) 0.1598 0.5566 0.3609 0.0728 0.0002 E%%Km%@ﬁbjz E@Eﬁ%i’%ﬁ-’\:%ﬁ E(JIEQ‘E\E%O Zlgjtjfﬁj\
Accuracy (1) 0.9047 0.7669 0.8143 0-9201 09864 geug - thesie b i o 7 O , ity T —

Sence3  FlScore ( 1) 0.4323 0.1009 0. 1212 0.2891 0.5310 O s N
False alarm (| ) 0.0173 0.2324 0. 1838 0.0796 0.0033 ST R EMR Y AT A I A Dy ik, A GF-5
Accuracy ( 1) 0.8850 0.5736 0.9012 0.9128 0.9732 Bl k3 97% Lh I HERG R 5 2% LR 1
Sence 4 FlScore ( 1) 0.1153 0.0721 0.3638 0.4063 0.6755 B JEARSCRHE T — 2T MAEL Y 4B, AE R T
False alarm (| ) 0.0942 0.4249 0.0988 0.0884 0.0241 6 I BE 7 B4 . o B 0 4 Bk T B0HE 47 & i

T LA RAHLE /S RIS R bn H Rk

WP, LB D5k O S T A e L g A
B RAT S AL 55

FE, I ERAFAE R IR o SR, AR SR J ST 5 58
SEWIPRESE S AL T R AR S A S



. LT 5N 5 B K Bk O XX %

LRASR

Proposed

(b) (c) (d)

F o XFHARE LR (a)Sence 1: GF=5 SWIR (15 5). (b) Sence 2: GF-5 SWIR(AEH ST ). (¢) Sence 3: GF-5 SWIR (115 5%).
(d) Sence 4: GF-5 SWIR(JE =155t

Fig. 9 Comparison of experimental results: (a) Scene 1: GF-5 SWIR (thin cloud background). (b) Scene 2: GF-5 SWIR (non—uniform in-
terference ). (¢) Scene 3: GF=5 SWIR (sea background). (d) Scene 4: GF=5 SWIR (thick cloud background)



XX ] AR A R T R RIS R AT AR R A I 13

References

(1] Gryspeerdt E, Stettler M E, Teoh R, et al. Operational dif-
ferences lead to longer lifetimes of satellite detectable con-
trails from more fuel efficient aircraft [J]. Environmental
Research Letters, 2024, 19(8): 084059.

[2] Minnis P, Young D F, Garber D P, et al. Transformation of
contrails into cirrus during SUCCESS [J]. Geophysical Re-
search Letters, 1998, 25(8): 1157-1160.

[3] Schumann U, Baumann R, Baumgardner D, et al. Proper-
ties of individual contrails: a compilation of observations
and some comparisons [J]. Atmospheric Chemistry and
Physics, 2017, 17(1): 403-438.

[4] Lee T F. Jet contrail identification using the AVHRR infra-
red split window [J]. Journal of Applied Meteorology
(1988-2005), 1989: 993-995.

[5]SuH, WuZz, Zhang H, et al. Hyperspectral anomaly detec-
tion: A survey [J]. IEEE Geoscience and Remote Sensing
Magazine, 2021, 10(1): 64-90.

[6] Liu Y=N, Sun D-X, Hu X-N, et al. The advanced hyper-
spectral imager: Aboard China’s GaoFen-5 satellite [1l.
IEEE Geoscience and Remote Sensing Magazine, 2019, 7
(4):23-32.

[7] Joseph J, Levin Z, Mekler Y, et al. Study of contrails ob-
served from the ERTS 1 satellite imagery [J]. Journal of
Geophysical Research, 1975, 80(3): 366-372.

[8] Bakan S, Betancor M, Gayler V, et al. Contrail frequency
over Europe from NOAA satellite images[CJ//Annales Geo-
physicae. Gauthier—Villars, 1994, 12: 962-968.

(9] Engelstad M, Sengupta S, Lee T, et al. Automated detec-
tion of jet contrails using the AVHRR split window [J]. In-
ternational Journal of Remote Sensing, 1992, 13 (8) :
1391-1412.

[10] Weiss J M, Christopher S A, Welch R M. Automatic con-
trail detection and segmentation [J]. IEEE transactions on
geoscience and remote sensing, 1998, 36 (5) : 1609—
1619.

[11] Ng J Y H, McCloskey K, Cui J, et al. Contrail detection
on GOES-16 ABI with the OpenContrails dataset [J].
IEEE Transactions on Geoscience and Remote Sensing,
2023, 62: 1-14.

[12] Li L, Zhou X, Hu Z, et al. On—orbit monitoring flying air-
craft day and night based on SDGSAT-1 thermal infrared

dataset [ J]. Remote Sensing of Environment, 2023, 298:
113840.

[13] Dekoutsidis G, Feidas H, Bugliaro L. Contrail detection
on SEVIRI images and 1-year study of their physical prop-
erties and the atmospheric conditions favoring their forma-
tion over Europe [J]. Theoretical and Applied Climatolo-
gy, 2023, 151(3): 1931-1948.

[14]1YuJ, Zhou X, Li L, et al. High—-resolution thermal infra-
red contrails images identification and classification meth-
od based on SDGSAT-1 []J]. International Journal of Ap-
plied Earth Observation and Geoinformation, 2024, 131:
103980.

[15] Reed I'S, Yu X. Adaptive multiple-band CFAR detection
of an optical pattern with unknown spectral distribution
[J]. IEEE transactions on acoustics, speech, and signal
processing, 1990, 38(10): 1760-1770.

[16] Kwon H, Der S Z, Nasrabadi N M. Adaptive anomaly de-
tection using subspace separation for hyperspectral imag-
ery [1]. Optical Engineering, 2003, 42(11): 3342-3351.

[17] LiJ, Zhang H, Zhang L, et al. Hyperspectral anomaly de-
tection by the use of background joint sparse representa-
tion [J]. IEEE Journal of Selected Topics in Applied
Earth Observations and Remote Sensing, 2015, 8 (6) :
2523-2533.

[18] LiS, Zhang K, Duan P, et al. Hyperspectral anomaly de-
tection with kernel isolation forest [J]. IEEE transactions
on geoscience and remote sensing, 2019, 58 (1)
319-329.

[19] XuY, Wu Z, LiJ, et al. Anomaly detection in hyperspec-
tral images based on low-rank and sparse representation
[J]. IEEE transactions on geoscience and remote sensing,
2015, 54(4): 1990-2000.

[20] Bresenham J E. Algorithm for computer control of a digital
plotter [M]//BRESENHAM ] E. Seminal graphics: pio-
neering efforts that shaped the field, Volume 1. Associa-
tion for Computing Machinery. 1998: 1-6.

[21] He K, Sun J, Tang X. Guided image filtering [J]. IEEE
transactions on pattern analysis and machine intelligence,
2012, 35(6): 1397-1409.

[22] Kércher B. Formation and radiative forcing of contrail cir-
rus[J ]. Nature communications, 2018, 9(1): 1824.



