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Fig. 1. Deployed instruments.
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Fig. 2. Several erroneous spectra (orange lines) and correct spectra (green lines) measured by ASSIST: (a), (b), (c), (d) respectively

represent the four types of erroneous spectra collected; (e), (f) respectively represent the correct spectra collected under clear sky

and cloudy conditions.
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Fig. 3. The spectral characteristics of clear sky and cloudy conditions in three locations: (a) The spectral characteristics of clear sky

and cloudy conditions in the 540-1800 cm ! band; (b) a local magnified view of the newly added spectral characteristics of clear sky

and cloudy conditions in the 920-970 cm ' band.

200202-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 20 (2025) 200202

#*2 T2 s SRR 20 A1 R
(HIF 12 MEAEACR IR HFAE, J5 8 AR
L)

Table 2. Twenty selected features used to distin-

guish between cloudy and clear-sky data (the first

12 features represent the original features and the

last 8 features represent the added features).
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Table 3. The number of samples in the training set and

test set used for cloud detection.
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Fig. 4. Flowchart of the cloud detection algorithm.
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Table 4.
gorithm and lidar cloud detection results.
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TPR, TNR 435353 97.61%, 98.21%, 97.08%. It
i, AL C , g {20900 147.03, 9.19.
TAHT O RRIE, BT ARG BE G 25 . 2 203k

Feature
s
-

0 25 50 75 100 125 150 175 200
Importance/10~3

K5 RK2MATXDAEZHMESEEGFARRERREEATER (o) MARL 12 DRRAEEZHHDTF 4R (b) Bl 84

FHIE G TRy 45 2R

Fig. 5. Importance ranking results of different features used to distinguish between cloudy and cloud-free clear sky scenes in

Table 2: (a) The importance ranking results using the original 12 features; (b) the importance ranking results after adding 8 new

features.
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S FOHE BE AR AT DA R AT B r, TR
i 2 I UM R EEA BRI T, O T I7 ()R 2k
B, Rl R R B Y R 0 5 R AR TRy
VR TT %, BB AR AL 2 Y A B DG 2 A A T
ATk

K5 MRRRRRAEHE 5 AN R RRAEAS RO 1 Y

P Rl

Table 5. Cloud detection results with different

numbers of features after sorting the original fea-

tures.

AR PC/% TPR/% TNR/%
1 95.01 90.90 98.67
2 95.49 93.81 97.37
3 92.88 95.84 90.23
4 94.85 96.97 92.97
5 95.56 97.26 94.04
6 85.71 97.17 75.51
7 79.43 97.22 63.60
8 86.36 97.63 76.32
9 76.59 97.67 57.82
10 76.57 97.67 57.79
11 78.74 97.88 61.71
12 81.64 98.09 67.00

£ 6 HPHIRHEAR T S AN R R B00r 1 Y
Py all AT

Table 6. Cloud detection results with different
numbers of features after sorting the newly added

features.

SR (IRN PC/% TPR/% TNR/%
1 95.30 91.98 98.26
2 94.73 94.43 95.01
3 94.72 94.43 94.97
4 96.50 94.72 98.08
5 96.24 94.80 97.52
6 96.20 96.30 96.12
7 96.46 96.76 96.19
8 96.54 97.09 96.04
9 96.56 98.09 95.19
10 97.61 98.21 97.08
11 82.60 97.38 69.44
12 95.13 97.76 92.79
13 96.81 97.42 96.26
14 96.81 97.42 96.26
15 96.59 97.42 95.86
16 88.88 97.96 80.80
17 88.49 97.88 80.13
18 80.86 98.21 65.41
19 91.41 97.76 85.76

20 91.41 97.80 85.72

4.2 AEHEXREE THERETEM

BT BRI AL oA AR ¥ RH K4y
JFE T FHN A SARRRER, IR
R RS BE. 5, AR R UL A A5l
B, KR AR AN [RK IR X R I 25 22 =k
ARMATRI G, AR AR W ZR 7. B4, geit Tk
LR =AM S BUREAEAS R T LS. A
6 AT LAE S5O 7E RH > 70% 4514~
LA ME SR K, T H - A 7E RH < 30% 4%
T B R R, 3R PR A A TR AR VR 25
K. IR 2%, R e, & EREK R F
YA IX 22— T H S | Bk D, &
ST () P [ 96 DX AR T8 X 2 —. WYL ey
BEER M, SBEEN, B U A s e e
RH < 30% #5144 T BRI R e K.

X4y AR RH {8 BB D4, 430l 5
JEAG T R T R T sk A5 B S5 R an g 8
FT 5. i T R A R AT, AN R AE RH &

# 7 AFE RH T INAE = A b n R A 25 A

% RSB (5 P 1 B 43 e 35 B o T

RH 705 Pl P4 (95100 S5 2 0 5 2 50 22 ) £ e 1)

Table 7. The total number of clear-sky and cloudy

samples at the three locations in the test set under

different RH conditions (The percentages in paren-

theses indicate the proportion of data within the se-
lected RH range in the test set to the total test set

data).
WK T
AR s pew ST
RH < 30% 1883 1060 2943(57.6%)
30% < RH < 50% 250 79 329(6.4%)
509% < RH < 70% 327 158 485(9.5%)
RH > 70% 243 1109 1352(26.5%)

RH =< 30%
B 30% < RH < 50%

B 50% < RH < 70%
RH > 70 %

100 —
90 | [
80 .

70} -

60
50
10|
30|
20}
10t .
0

Gao Meigu Mo Tuo Ri Tu

Probability /%

K6 MR = AN GBSO TEAN I RE 2500 T 1 B HE R
Fig. 6. The probability of the data from the three locations
in the test set appearing under different RH conditions.
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# 8 ASSIST MEOCEATEARIE RH 4FF 2K 4t 5 il — 2ok

Table 8.  Consistency of cloud detection results by ASSIST and lidar under different RH conditions.
AFRH ik PC/% TPR/% TNR/% FPR/% FNR/%
N DIRES 94.33 94.53 94.21 5.79 5.47
RH < 30% e ”T
B IWIRES 97.93 96.89 98.51 1.49 3.11
YGRS 94.53 93.67 94.80 5.20 6.33
30% < RH < 50% )
BT 96.66 94.94 97.20 2.80 5.06
SR T 98.76 99.37 98.47 1.53 0.63
50% < RH < 70% e
B IWIRES 99.58 99.40 100.00 0 0.60
YGRS 97.34 99.82 86.01 13.99 0.18
RH > 70% o
E AR 98.82 99.83 91.89 8.11 0.17
1.4 3.0 T —
o — Sunny (RH > 70%) o — Sunny (RH > 70%) 1| i
= 12} Cloudy (RH > 70%) 5 Cloudy (RH > 70%) |
e Sunny (RH < 30%) e 251 Sunny (RH < 30%) | |
Z 4ol — Cloudy (RH < 30%) G — Cloudy (RH < 30%) fi i
) . 20} | o
E 0.8 g b
z E 15}
T 06t g o
2 = : 1]
—~ — 1.0 | /\ 1
~ ~ | I
g 04 3 " WAL - o
: S o il IRV R
= 02} 5 05 V A | Ay \NNAJ'\/ \
£ | £ o)) | i !
o L2 g

600 800 1000 1200 1400 1600 1800

Wavenumber/cm~1!

K 7 R RH T, ASSIST T 56 ity il i 25 Ml 2 2Ot Y ARAE

e BOBT % B9 1 25 #1220 2 0 HERHAE B4 )R R A 4

0 . R . .
920 925 930 935 940 945 950 955 960 965 970

Wavenumber/cm~1!

(a) 540—1800 cm ! P B %5 FI 2 ZOGIFE; (b) 920—970 cm !

Fig. 7. The spectral characteristics of clear sky and cloudy sky measured by ASSIST in Gao Meigu under different RH conditions:

(a) The spectral characteristics of clear sky and cloudy conditions in the 540-1800 cm ! band; (b) a local magnified view of the

newly added spectral characteristics of clear sky and cloudy conditions in the 920-970 ¢cm ! band.

WIRARAYIELL T, W25 A2 2GR RS B2 40 L
Ji dr D7 B FO BRPHRG JRE vRr , U X i 2 s RO i)
R A B R ORI AERG 25 N ANR] RH (12
SO UG S IR B 7 R IR LR
e M RH > 70% IF, ASSIST FFi i) I 23 Y4 hE
M ZCTERREAR L, I AHTRE, RIEAE RH ¢
Fe IS, BT v RE A B TR HE B 2 Ok, TNR M
86.01% #2715 T 91.89%, FPR M 13.99% F&AKL 3
T 8.11%.

4.3 AERESETEETME

ASSIST 7E 55 = 4544 T A5 A 6 1S RRAE A1 e
25 2 T OGS RREARAL (ULIE 8), ¥Ehn T =k
M RXERE. A T RS A R IR B A 20, 8 R 25
XU F8) 38O B TR HE AR AS CBH 20E Kl 43 1% 4 38
Bl (L2 9) HAT43 8T, [RIREHD, FRATH ST T K
S of = A b BOE 7R SR CBH R H B AR
9 25 5 R I 4R v iy S5 oy I A A i B
1km < CBH < 3 km [HER K, maM . H -0

TAEA H R CBH < 1 km BE S HER A, AN, W
TEA 18] = A3 5 5 LI &St B8 CBH > 5 km (15
SRR, RIS .

# 9 AR CBH TS 3 4SRN Z B AR
(3 PR E 4 bR IR P Brik CBH S Bl N A B
5 S s 2 Rl He )

Table 9.

three locations in the test set under different cloud base

The total number of cloudy samples at the

height conditions (The percentages in parentheses indicate
the proportion of data within the selected cloud base
height range in the test set to the total test set data).
RIFCBH MHREE L mAEA
CBH < 1km 1196(49.69%)
1km<CBH < 3 km 494(20.52%)
3km <CBH < 5 km 646(26.86%)
CBH > 5 km 70(2.93%)

IEF R4 CBH JE B AR, TR =
K, A5 3] p 28 BLAnsE 10 5. 45520 fd e
HRFEAY RIS NS RTE CBH R 2 A E
LT, Rk B R s T IR 7 VA RS B, & X
3 km < CBH < 5 km 1 "' 2 Fil CBH > 5 km [ & &
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Fig. 8. The results of the ASSIST measurements of clear sky and cloudy spectra, as well as the total extinction coefficients of clouds

and aerosols detected by the lidar under different CBH conditions:

(a) The clear sky and cloudy spectra measured by ASSIST;

(b) the total extinction coefficient results of clouds and aerosols detected by lidar.

SRR A R &, BV R AR B >
FAE R, 24 3km < CBH < 5km, PC M 95.45%
P H] 98.64%, FNR M 4.55% F&IK 3] 1.36%; 4
CBH > 5km, PC M 87.5% #& /& % 91.67%, FNR
M 12.5% FEAEE 8.33%.

CBH < 1 km
B 1 km <CBH < 3 km

100
-II

90 +
Gao Meigu Mo Tuo

I 3 km < CBH < 5 km
CBH > 5 km

80 F
70 -
60
50 F
40
30 F
20 -
10 |
0

Probability /%

Ri Tu

B9 MR 3 AN B TER R CBH 2604 F Hh LA
Fig. 9. The probability of the data from the three locations
in the test set appearing under different cloud base height

conditions.

200202-

#* 10 ASSIST FHOLTEIXTEAR A CBH &1 T
TR ZE R — Sk

Table 10.  Consistency of cloud detection results by
ASSIST and lidar under different cloud base height

conditions.
AFRICBH i PC/% TPR/% FNR/%

CBH < 1km AR 98.53  98.53 1.47
BT 99.26 99.26 0.74

1 km < CBH < 8 km JRIETTE: 9643 96.43 3.57
BT 9762 97.62  2.38

3km < CBH < 5 km JiEJEE 9545 9545 4.55
BT 98.64  98.64 1.36

CBH > 5 km JRIETTE: 87.50  87.50 12.5
Bk 9167 9167 833

4.4 RHIFR

JAETH TR 0 = R RS B 7 1A i T
{HHATI T RERE TR T = B35t (%5 E 45) %
FIA . BT LI a] ) 52 PR R AOIRBE , AT
BT T 2 s k) SR NS RE RS2
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TH O ZR B AR DL Y B R X v [T 11 rhas RS
BAGAFAE A 25 3Rl s B AR B A [ 2 o = 1. 7E
WEAENLT, ASSIST WA i FRAF AT 25 Heii%
e ABRL, FRATEE A7 LI A K 2 s
HA =G, UL X T 2 RS L
SR ZE- AR

442 BE

Bl 12 /R T 2025 4F 3 H 24 H ASSIST 7£ 55
IR I A5 %) 5 25 R 55 T i 22 ). O SR TEAR N,
Ao 20 00 381 ()T o6 R B B S R L /] 13 rhae
K25 ABASCHA R 3 1 R 45 R Al 5875 3 0 B i 1]
FFERSE. RO, ASSIST A Atk e
TEFE 2 GIEEE AR, FEOR SO IR O01E
WA =635 302 TS HA W AR 4L
WL, WEMIGR T RN ATLSMRS, DGR

Radiance/(107% W-cm~2-sr-cm 1)
=
=y

—— 2025/03/25 10:33:42 (sunny)
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(a) ASSIST I8 B (b) HOLH I A9 2

Fig. 10. The spectra of clear sky and mist measured by ASSIST at different times in Motuo on March 25, 2025: (a) The spectra
measured by ASSIST; (b) the total extinction coefficient results of clouds and aerosols detected by lidar.

11 F 2025453 A 25 H 3 M A, &R G SUE N E %

(a), (b), (c) 2 HMMCFEIL 5UIF[E] 12:00:03, 13:01:11, 14:04:26

Fig. 11. The images captured by the all-sky imager at three mist moments on March 25, 2025: (a), (b), (c) Represent Beijing time

12:00:03, 13:01:11, 14:04:26, respectively.
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Fig. 12. The spectra of clear sky and thick fog measured by ASSIST at different times in Motuo on March 24, 2025: (a) The spec-
tra measured by ASSIST; (b) the total extinction coefficient results of clouds and aerosols detected by lidar.

A 13

162025 4F 3 A 24 5 3 ARSI 2, 4 K28 sS4 00 1B 1%

(a), (b), (c) 4rHtF b mt i [H] 03:12:08, 05:46:59, 08:21:50

Fig. 13. The images captured by the all-sky imager at three thick fog moments on March 24, 2025: (a), (b), (¢) Represent Beijing

time 03:12:08, 05:46:59, 08:21:50, respectively.

FHIEEIT T = BOIERAE. I, JREEX A =
R pIRESIDE R IR TE A R

5 @

D OB e AR N =15 oyt S 72111 L7 B e u 1 N =2
R IR BEAG B 1), A SCRI ] ASSIST FE RN 71
Fl K ICE L BN GEINE A H A B f] B S R R

B A I 5 AR I I, TRA T T X
7 FIE 25 5 D GIEARAE, R T — RO RRiE 1
SRAK S HLER 27 > = Ry .l WF % T A TE
A RH, AR CBH 458 T 5 HOGE A RIS R
RIS, ik 7 AR, 45 RRY]: 51K
WEETERAIE NS, Rt Re B & 12T, PC, TPR,
TNR 43513k 2 97.61%, 98.21%, 97.08%. 1EA[A]
RH 4%, B ok BE 00 IR bn O i, Jo
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Abstract

Clouds exert a significant influence on infrared radiation, making cloud detection a crucial step in the
application of infrared hyperspectral data. In particular, water vapor interference and the limited accuracy in
high-cloud identification constitute two key challenges for ground-based infrared hyperspectral cloud detection.
Traditional threshold-based cloud detection methods are difficult to adapt to different locations and
dynamically changing atmospheric conditions,while machine learning methods can achieve cloud detection with
higher accuracy, greater robustness, and improved automation. Building on the advantages of machine learning,
observational data from the atmospheric sounder spectrometer by infrared spectral technology (ASSIST),
collected at Lijiang (Yunnan), Motuo (Xizang Autonomous Region), and Ritu (Xizang Autonomous Region) in
China, are used to analyze the spectral differences between sunny and cloudy conditions in this study. Based on
these differences, a spectral feature enhancement-driven machine learning method for cloud detection is
proposed. Finally, by incorporating synchronous observations from lidar, meteorological stations, and all-sky
imagers, the proposed method is systematically evaluated under different relative humidity (RH) and cloud base
height (CBH) conditions. The experimental results show that the consistency between the results obtained by
the proposed method and lidar-based detection is as high as 97.61%. Under different RH conditions, the
proposed method outperforms the method based on original spectral features. Notably, when RH > 70%, the
accuracy of clear-sky spectral identification improves significantly: increasing from 86.01% to 91.89%. Similarly,
under different CBH conditions, the proposed method also exhibits superior performance compared with the
method in which original spectral features are used. In particular, the accuracy improvements are especially
notable when identifying mid-level clouds with 3km < CBH < 5km, as well as high-level clouds with
CBH > 5km. When 3 km < CBH < 5 km, the accuracy increases from 95.45% to 98.64% and when CBH > 5km,
the accuracy improves from 87.5% to 91.67%. The proposed method significantly enhances the automation and
accuracy of cloud detection, thereby providing higher-quality fundamental datasets for supporting subsequent
applications such as radiative transfer simulation, remote sensing parameter retrieval, and data assimilation in
numerical weather prediction (NWP) models.

Keywords: ground-based infrared hyperspectroscopy, remote sensing, machine learning, cloud detection
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