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Clustering analysis of aerosol vertical distribution characteristics
based on CALIOP data
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Abstract: The vertical distribution of aerosols plays a critical role in improving the accuracy of aerosol retrieval in satel-
lite remote sensing due to its complexity and spatiotemporal variability. This study investigated the vertical characteris-
tics of aerosols using unsupervised clustering methods, based on CALIOP (Cloud-Aerosol Lidar with Orthogonal Polar-
ization) Level 3 aerosol profile data from 2010 to 2020. Three clustering algorithms—Gaussian Mixture Model
(GMM), K-means, and spectral clustering—were evaluated using multiple performance metrics. The profiles of extinc-
tion coefficients were clustered into five representative types using the GMM algorithm: low-pollution composite type,
high-pollution composite type, exponential decay type, low-pollution uniform type, and high-pollution oscillatory
type. The seasonal and regional distributions of these profile types were further analyzed over the Tibetan Plateau, the
Beijing-Tianjin-Hebei region, and the Yangtze River Delta. The results show that aerosol vertical profiles exhibit dis-
tinct seasonal and regional patterns. These findings provide a basis for improving aerosol profile parameterization and re-
trieval accuracy in remote sensing applications.
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Fig. 1

Determining the optimal K value using the Elbow Method and Silhouette Coefficient: (a) the relationship between WCSS

and the number of clusters K; (b) the relationship between the Silhouette Coefficient and the number of clusters K
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Fig. 2 The clustering results of the three candidate clustering methods (GMM, K-means, and Spectral Clustering)
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XX 5

EFHF A FET CALIOP K i) U e EL M AR IE SR 26 0 i

Height (Km)
w

LPCT EDT HPCT
—— Normalization
—— Max
5 Min
4..
2 4
11 —— Normalization { —— Normalization =
—— Max —— Max
Min Min
0.0 0.1 0.2 0.3 0 5 10 15 0.0 0.5 1.0

Extinction (Km~1)
(a)

Extinction (Km~1)
(b)

Extinction (Km~1)
(c)

LPUT HPOT
6 -
—_|[— Normalization —— Normalization
<<— Max =— Max
5 4 9 Min Min
4 l
€
.
£3
2
]
T
2 .
11 & 1
0 T T T l T T T
0 2 4 6 0 5 10 15
Extinction (Km™1) Extinction (Km~1)
(d) (e)

K4 i GMM RS IEFHRIR 5 A T 8-F- SO I & LR ok e/ ME I £&

Fig. 4 The average extinction curves, along with the maximum and minimum value curves, of the five aerosol profiles obtained

through GMM-focused analysis

B . LPCT B HT HPCT %435 1A ) 1 S 5 (B I AE
0.2km % 0.5 km 1= LRI . SR & AT
0. 2 km B, Y518 77 Bifi =5 B AR PR/ 0 5 £ 0. 2 km
11 km @ BB I ORI TP Y
JERRAT 1.1 km B, WG 8 7 i e 82 398 Jon 28 3 0 55 o
W3 A 5] T AY AOD 1 ALH 147 5243 531 4 0. 368 Fi1
1.998.0. 723 1 1. 996, EDT %I T 14 914 O i KAl
HIAEAR T 0. 1 km (9 =5 S BN o YRR = 5
F0. 1 km B, I 628 BB, FAOD F1 ALH
H B o 0. 735 F1 1. 325, LPUT 51 18 A4 O
BE IR AR (/NF 0. 3) e KAEH BAEZ 1 km (1)
AL, HAOD R ALH () 457 %5043 51 4 0. 088 Al
2.515. HPOT Y5 11 () 1 ' B 165 34 o2 5 52 80 f) 21

35, T I 2 AN E(E, L AOD AT ALH Hh
oo 1,227 F1 1. 653, AN, #R I AOD B4 A
AR, AT ORI T 53 o TS G A (HPCT L EDT,
HPOT) FIIk 75 Y4 2 (LPCT .LPUT) . FHor, w5 e 7l
) T e TR MR S v 1 AOD AL, S e T i A S I e
o MRS ALH B9 50 ARERAE , nl 47 o] 1 43 A 5 i
& # (LPCT, HPCT. LPUT) Al fi% ¥ 4% % (EDT.
HPOT) . o 4R 0 ) v %o 1oy 8 fg () ALH (B, 38 8 5
TP A IR S B A DG 1 I vl A 78 D 4 v
T bR X I

5 Wang ZE AT R K-means J7 15 2] A9 =
T A T 51 T SR S 4 SR AT EE ) AR A 31 g SR 2
S0 FAD BRI G, R EE R nan k. BEFD



X LT 5N 5 B K k2

XX &

AR T S ) T ) S 0 A R AR AL S B L, e T
it b S B SV S AE AN TR i B B A B . iX
SR, — T A SCE R Al B R T
S TG RO = AR AR, BRI T S A
BHRRRIE A R AT 15 5 — 7 1, AT Wang 58 A
FAAIE 5% DX 3, A SC AT 5% DX I 1l B A A S A
SRL BRI T T R A2 2, X L A5 A e e
ELOT AR RSG5 AR B BN Z R RRAE
2.4 SRR EETHHHEE

R T BRFEBI 5 DXl P A s T ) 2 AR Ak
FRIE K3 H 4 H SHEXCHEE;6 H TH 8HE
NRHEZE9OH 10H 11 HeE Ch#ZE; 12 H 1 H .
2 UNAZE IS T R B 25 R
WE 6 fras . A5 Y2 A A4 H) i (LPCT A A1 LPUT
R FBH B E BB fb . LPCT A5 1h /e 5
AR B R IR 42 A7 R, 4000 R 40. 04% F
34. 69% ; 1M LPUT %4 1) 11 75 I8 B 45 s 1 2 22 ARk 2=
b 22, 00 5k 58. 44% F1 54, 48% , X TR TG YL
FIUA I TH , HPCT B9 A8 TR I B 55 K, e 7 L R
B 12.17% PR ER 8.45%, FFHET 4
3.72% . XFHARAL S ZE TS IR (AnE =Rk
T A TR IR IR EUDE ) O [R) 21 KA BRAE 1 1Y
ZRA RO MILZ T, HPOT %15 i i 28 1k i
T/, Hh RS T Z A 2 5 AR 1. 13% (I
KN 3. 43%, fie/NR2.30%) o

K17 (a~d) Fl Ce~f) 53 S 7R T R0 1 46 AR [
Z=5 (1) AOD A1 ALH 73 A R4 . NI 7 (a~d) AT LA
AR5 YL A LPCT AT LPUT 3 1 (1) AOD 4346 JL

AOD Distribution by Cluster

FARZ ZENT AR U AR AR BN N .
X R WIS PR SR e AR, F B2 =
RGN T, 380 52 B 77 M5 YL U8 14 5
i 785 75 Je 25 8 (% HPCT . EDT H1 HPOT 1 18 £ AOD
AR I 2 R R R FE R R A 2=
BB AR, BRI , HPOT &1 T8 4 25 45 28 1L 1 Ji
K, HAOD P A EUNE =R 1. 38 F R 2 kR
1.09. XtT ALH 2040 (& 7 (e~f) ), LR ] 1135 26 20
HARRL ZE T M RRE . AR TR AR B A 2R
25 T Y ALH S #2630 Mo e, S B R e 1.0 km
DL 5 I 76 B 45 1 B R RN 28, 4% THT Y ALH
(B BE VB8 T = 2 )32 B o A Y L R O] I8
1.5 km DA b o 3R/ S 3 B0 A 1 2 0 AR 4k
ST S ARSI ) 25 57 . & TR E KRR
SR A BRI T A R A T LR, I R 1)
PTG S UE T A I ] 2 25 AL % -
2.5 KBRS ST

WE S B Ab B BT 75 788 55 I (Qinghai—Ti-
bet Plateau, QTP) | 5% Ht 3L (Beijing-Tianjin—Hebei,
BTH) #14 = f ( Yangtze River Delta, YRD) =/~ #L7
Hi X, RS 78 T ) T Ml B0 A RRAE o A ep]
DA Y, = A 3l XA 0 e 3 T AR T G R A B
By F AL, 7E TR R X, LPUT 243 1
Fb i35 88. 9% , 3k — R AiF 15 1% Ml X Ik 19 A\ 2535 3
58 SRR B KA Y R X
T Y A ISR T o L SR, b LPCT AL e
43. 88% ,3X 1l g5 E A6 T B ZH WA TR RS
B 4 ZE IR IO HE AT OC . U S b X R =

ALH Distribution by Cluster

w
o

IR

-

ALH(Km)

1618
141
121

10

44 °

L

HPCT  LPUT  HPOT
Cluster Label

(a)

LPCT  EDT

&5

i GMM ZEHUAY 5 AN EEE R . (a) AOD 4341 5 (b) ALH 23 A1

HPCT  LPUT  HPOT

Cluster Label

LPCT  EDT

Fig. 5 The 5 clustering results obtained by GMM: (a) AOD distribution; (b) ALH distribution



XX 1

EFHF A FET CALIOP K i) U e EL M AR IE SR 26 0 i 9

Cluster Distribution by Seasons

100
I LPCT
3 EDT
B HPCT
N LPUT
80 B HPOT
6
40
20
0 z
Winter

Spring Summer Autumn
Seasons

Blo Ao el i SRR A 2= 45 70 A Rk

Fig. 6 Seasonal distribution characteristics of aerosol profile

=)

ntage (%)

Percel

clustering

£ M XY 3 E 2SR 43 B Sk LPCT AU (5 b
43.88%) M LPUT 4 (5 Fb 41. 16% ) , 11 He Al w85 75 2
AT 4 5 HE /N . EDT 831 1 76 53 76 A4 HiL X
Hede s, a3 a5 =, 5 ek 18, 629% F1116. 54%,
X & B ED'T TR 5] T 7 AV 4 V76 1 DX %) H 35 4 A e
TR B i o R UL, SR M g SR 4B R T
S ) T A [ b DX ) B S M A3 A R AIE .
o D X A5 YR 2, R TR ACH T
P 1 BT BRI = A b RV th UG 75 Y 1 2
T 5 AR AELE L 30% B 255 Y 5035 11 20 AT o
9 g7 T Rl T AE = AN HLR X ) AOD
MALH M . I 9(a~c) AT LI H, BT 1 T 250

TE T P J X2 S AR i T ek . o,
HPOT 4 5] i 7 50 S b X A9 AOD P sh K, ZeBk
SEHE 12 X 28] T AOD f5 KA 5 e /IMAE Y
Z{E N 1,78, I 9(d~f) i] LAMEL S, ALH 15 75 i
e D M DX B B Y s A AR . S TSR
AR = A b DA LY, 70 5 i A Mt 250 ) T (B EDT
UGN ) ) ALH H B35 T 2. 81 ke

T A — 22 5 (4 JEL R 5 O () DX B RS
S AT G HE O 16 25 5 B DIAH G o 75 78 D
DX b AL e, MU 02 4 6 AR 32 o S 2 XU ), (45
HRUAGEMRZRKATREY . X RE
SRR )E = BE T i [FI S AOD (H AR, L4,
TR e b DX A T e A D DL SRR IR I R
W TRE Ry PRI, i A DX A s ) T 2R AR
(75 Yo KRR A . AL Z T I HESE K =
by DX LY (% MDA R T DX, A IR ke 1 T
R 2% ALHE Tl HERL A8 38 15 e AL W) TR 55
XL A SRy i Gl ) s HE R S B AOD B 1 25 T
2.6 SERERSHEFE

J T RIS AL S AT FRAE , EAL 53 M7 T
CALIOP L3 iy $2 A 1% - o =095 e IV 78 (A 935 35
TR L A T T OB P AR A ) 5 3 Z A Y
KR ERME 0w IWEHRRTIL, & i 21
S BT A i G 2k B2 7 (Polluted Dust) | 4> 352 7Y
(Dust) VL K ¥5 Gk K Bt/ 35 % (Polluted Continental/
Smoke) o HE—H4HT R , G B2 2 Y £ A i
TR ) T 118 0% S IV TR 4 A B A 28 3 AR

(a) Spring (b) Summer (c) Autumn (d) Winter
L]
4 4 4 4
L]

34 1] 34 8 34 34 °
8 o g
= o + 24 o 24 24

°
i % % 14 % % 1 % % 14 % %I
0 T T T % T 0 T T T % T 0 % T T % T 0 T T T % T
(a) (b) (c) (d)
(e) Spring (f) Summer (g) Autumn (h) Winter
10 10 10 10
$ .

8 8 8 ° 84 °
E ° ) °
¥ 6 6 6 6
< Py °
3 § .
£ u 4 4 44

i 11 = 2 Loy é

LPCT EDT HPCT LPUT HPOT
(e) (f)

LPCT EDT HPCT LPUT HPOT

LPCT EDT HPCT LPUT HPOT LPCT EbT HPCT LPUT HPOT
(9) (h)

K7 TLRRE AR 2= 15 97041 : (a~d) AOD 73415 5 (e~h) ALH 73+ i
Fig. 7 Seasonal distribution for the five aerosol profiles; (a~d) AOD distribution; (e~h) ALH distribution



0 ST Bh 5 B K W ¥

XX &

P8 o il i SR A A P [ o X ) Ml o A A
Fig. 8

profile clustering in China

Geographical distribution characteristics of aerosol

BOA T, o5 Y R RS IR S i 2 . B
PR T, AR AR B A K ) S EDT 835 1 rp 975 e 2
BAVIB IS, H o HE AR 29. 01% T R R4 F
M 22. 68%, 7 Wl H 41 43 HA B W 2= R g Pk o
FE A B 2 U B e I, % 2 T 1 A IR 4 AR
Ak a2 2, e H R EDT U5 (475 Y K i /40 25 A
R, N EFEZER 0. 74% B m B 2 &1
28.22%. & BGXFIIRG R IR A 5 EE =R
TR Z R E R R A B 224 5. 534, LPUT

TUF A 20 o FEBO AR , 33t T i) i 3 22
HIRAE 75 G AR B AR A M X, H A0 R IR AR
MELRAE 2 2 AR R RN

3 #it

AR FH = A R X 2010 4F 2 2020 4119
CALIOP L3 3% e & o B ds SE A7 7 S M R 2K
BT, AR 0 e 51 T ) A 0 A RRAE K A 43R 5
FRHARFHEM BRI, AR SO 25
WUF .

(1)GMM ZR 2 J7 v RE A% B o b R AE <08 ) T
RO HE H A A ARAE . 184S GMM R 2/ 5 5 TE
BT b, 52 Bl S T T L3 A Y BUOBURRAIE , SRS 4G
HARALEG ART5 Je 4l A A (LPCT) | & 75 Y 4l A Al
(HPCT) J8 5008 % (EDT) k75 YL 5] % (LPUT)
Al V5 Yedik % B (HPOT) .

(2) S R 5 T 114 230 PR AR AL 3G B I 3 1)
fE . A T5 e 2 R0 ) 1 (LPCT AU A1 LPUT &) 78 4
ZERIAZE 7 LUK, 4151 R 40. 049% F11 34. 69%, 1T
TE = FRNAKZ A T, 50 & LPUT #9350 1w, &
Fb 7 B 23 RN Rk 2 40 il 38 BI] 58. 44% Tl 54. 48% . 15
75 YL 25 R (5 T R, HPCT B Y 2575 P A8 Ak 55 1

QTP Region BTH Region YRD Region
4 4 44
3 3 ® 3
o
]
<
2 2 24

| =
e}

-

184

-

1,0

(@) (b) (c)
QTP Region BTH Region YRD Region
10 4 10 10
°
L]
8 8 8
6 6 6

ALH (Km)

IS

& ] &

N
N

brtde

N

bidds

LPCT  EDT  HPCT  LPUT  HPOT LPCT  EDT
(d)

HPCT LPUT HPOT LPCT EDT HPCT LPUT HPOT
(e) (f)

P19 TRk e S A b F 53 A (a~c) AOD 43 Aii 5 (d~f) ALH 534
Fig. 9 The distribution for the five profiles in typical regions: (a~c) AOD distribution; (d~f) ALH distribution



XX 1] EFHF A FET CALIOP K i) U e EL M AR IE SR 26 0 i 1

Spring Summer

Percentage (%)

Clean

20 B arine
= Dust

Polluted
inental

0 /Smoke

LPCT  EDT  HPCT  LPUT HPOT  LPCT  EDT  HPCT  LPUT  HPOT b
ean
(a) (b) B Continental

100 Autumn Winter - e
Elevated

B Smoke

Dusty

80 B2 Marine

Percentage (%)

LPCT  EDT  HPCT  LPUT HPOT  LPCT  EDT  HPCT  LPUT  HPOT
(© (d)

BI10 TR IF G AR AN [ 219 9 U IR B 4
Fig. 10 The aerosol type composition of the five extinction

profiles in different seasons

WLHE N BETEN12. 17% F RN 8. 45%),
TREIREE LR 3. 72%

(3) I Jee 5 T 1) 2 TR A S () i Ja 2 R o 3
B3 A 22 S o 5 e JR DU T5 Y268k 3 LPUT
TUFITH (5 FE i35 88. 9% 5 5t HETE Ml X I A = 15 4 28
RIk 3, LPCT AU 7 ok 43.88% ., K = ff X %
g LPCT B4 AN LPUT 435 it , EDT B35 1 78 5 HE 3 A
K= ALK b L

(4) FLANH ) THTAEAS [F] 225 1 R e 2 L 4
AR E AN o TR AR A 2R, R B ) ]
A A S L I8 A Sy T 5 T AR Tl B R R L 2
ENERTTOEReES 2 E s ey =

AR SC ) 32 B BT IR AL RS WA IR — 2 R S
A AT UIARE Y B AL T HEORS 40 ) A T T LA A AR AR
AR B T O AR S AL s RO R T O s
JEITE T AR T AL 2% ) SR AT A0 I A L) A I
U T A () 0 DX SR 45 A5 S 30 A B R T AT HE S
ARE

R R BIFZE 0T LA DA B[] A1 233 [0 19 A 448 3 %o 4
P IEATY T, T A 5] AT ] 25 RN B R
BRI, A B T 4 T A U I L0 A Bl A AR AE
PETHAIF 5T 45 J (0 P | DA S 4 5 K LAY R A
SRR SR RN H o 3 Ah AT LASE A 12 SR
) T B A B R AR O Ol 2 A T ) T
45K

References
[1] Calvo A I, Alves C, Castro A, et al. Research on aerosol

sources and chemical composition: Past, current and

emerging issues [Jl. Atmospheric Research, 2013, 120:
1-28.

[2] Colbeck I, Lazaridis M. Aerosols and environmental pollu-
tion[ J]. Naturwissenschaften, 2010, 97(2): 117-131.

[3] Song C, He J, Wu L, et al. Health burden attributable to
ambient PM2. 5 in China [J]. Environmental pollution,
2017, 223: 575-586.

[4] Hoek G, Krishnan R M, Beelen R, et al. Long—term air
pollution exposure and cardio— respiratory mortality: a re-
view[ J]. Environmental Health, 2013, 12(1): 43.

[5] Mehta M, Singh N, Anshumali. Global trends of columnar
and vertically distributed properties of aerosols with empha-
sis on dust, polluted dust and smoke — inferences from 10—
year long CALIOP observations [J]. Remote Sensing of En-
vironment, 2018, 208: 120-132.

[6] BabuSS, Moorthy K K, Manchanda R K, et al. Free tropo-
spheric black carbon aerosol measurements using high alti-
tude balloon: Do BC layers build “their own homes” up in
the atmosphere?[J]. Geophysical Research Letters, 2011,
38(8): L08803-1 — L.O8R03-6.

[7] Ge C, Wang J, Reid J S. Mesoscale modeling of smoke
transport over the Southeast Asian Maritime Continent: cou-
pling of smoke direct radiative effect below and above the
low—level clouds[J]. Atmospheric Chemistry and Physics,
2014, 14(1): 159-174.

[8] Remote sensing of surface visibility from space: A look at
the United States East Coast [J]. Atmospheric Environ-
ment, 2013, 81: 136-147.

[9] Wang Y, Sun X, Huang H, et al. Study on influencing fac-
tors of the information content of satellite remote—sensing
aerosol vertical profiles using oxygen A—band [J]. Remote
Sensing, 2023, 15(4): 948.

[10] Koffi B, Schulz M, Bréon F M, et al. Evaluation of the
aerosol vertical distribution in global aerosol models
through comparison against CALIOP measurements: Aero-
Com phase II results [J]. Journal of Geophysical Re-
search: Atmospheres, 2016, 121(12): 7254-7283.

[11] Kessner A L, Wang J, Levy R C, et al. Remote sensing of
surface visibility from space: A look at the United States
East Coast [J]. Atmospheric Environment, 2013, 81:
136-147.

[12] Wang T, Han Y, Huang J, et al. Climatology of Dust-
Forced Radiative Heating Over the Tibetan Plateau and Its
Surroundings[J ]. Journal of Geophysical Research: Atmo-
spheres, 2020, 125(17): €2020JD032942.

[13] Liu Y, Zhu Q, Huang J, et al. Impact of dust—polluted
convective clouds over the Tibetan Plateau on downstream
precipitation [1]. Atmospheric Environment, 2019, 209:
67-77.

[14] Winker D M, Vaughan M A, Omar A, et al. Overview of
the CALIPSO mission and CALIOP data processing algo-
rithms[J]. Journal of Atmospheric and Oceanic Technolo-
gy, 2009, 26(11): 2310-2323.

[15] Yu H, Chin M, Winker D M, et al. Global view of aerosol
vertical distributions from CALIPSO lidar measurements
and GOCART simulations: Regional and seasonal varia-
tions[J . Journal of Geophysical Research: Atmospheres,
2010, 115(D4): DOOH30-1-DO0H30-19.

[16] Winker D M, Tackett J L., Getzewich B J, et al. The glob-



12 AN/ RS9 S g o

XX &

al 3-D distribution of tropospheric aerosols as character-
ized by CALIOP[J]. Atmospheric Chemistry and Physics,
2013, 13(6): 3345-3361.

[17] Fan Y, Sun X, Huang H, et al. The primary aerosol mod-
els and distribution characteristics over China based on
the AERONET data[J]. Journal of Quantitative Spectros-
copy and Radiative Transfer, 2021, 275: 107888.

[18] Wang L, Lyu B, Bai Y. Global aerosol vertical structure
analysis by clustering gridded CALIOP aerosol profiles
with fuzzy k—means[J ]. Science of the Total Environment ,
2021, 761: 144076.

[19] Zeng S, Vaughan M, Liu Z, et al. Application of high—di-
mensional fuzzy k—means cluster analysis to CALIOP/
CALIPSO version 4.1 cloud—aerosol discrimination[ ] ]. At-
mospheric Measurement Techniques, 2019, 12 (4) :
2261-2285.

[20] Crisp D. Measuring atmospheric carbon dioxide from
space with the Orbiting Carbon Observatory—2 (0CO-2)
[C]. Earth observing systems xx: Vol. 9607. SPIE, 2015:
960702.

[21] Hunt W H, Winker D M, Vaughan M A, et al. CALIPSO
lidar description and performance assessment[J]. Journal
of Atmospheric and Oceanic Technology, 2009, 26(7) :
1214-1228.

[22] Tackett J 1., Winker D M, Getzewich B J, et al. CALIP-
SO lidar level 3 aerosol profile product: Version 3 algo-
rithm design [J]. Atmospheric Measurement Techniques,
2018, 11(7): 4129-4152.

[23] Lu Z, Wang J, Chen X, et al. First Mapping of Monthly
and Diurnal Climatology of Saharan Dust Layer Height
Over the Atlantic Ocean From EPIC/DSCOVR in Deep
Space [J]. Geophysical Research Letters, 2023, 50 (5):
€2022GL102552.

[24] Lei Y, Zhang Q, He K B, et al. Primary anthropogenic
aerosol emission trends for China, 1990 - 2005[J ]. Atmo-
spheric Chemistry and Physics, 2011, 11(3): 931-954.

[25] Wu G, 1iZ, Fu C, et al. Advances in studying interac-
tions between aerosols and monsoon in China[J]. Science
China Earth Sciences, 2016, 59(1): 1-16.

[26] Aggarwal C C. An introduction to cluster analysis[M]. Da-
ta clustering. Chapman and Hall/CRC, 2018: 1-28.

[27] Frades I, Matthiesen R. Overview on Techniques in Clus-
ter Analysis[M]. Matthiesen R. Bioinformatics Methods in
Clinical Research: Vol. 593. Totowa, NJ: Humana
Press, 2010: 81-107.

[28] Miu Y W. The analysis of data based on the hierarchical
clustering[ D]. Anhui University, 2013.

Bt BT RERRBEMEIL 3 [D]. ZROKY,
2013.

[29] Saha R, Tariq M T, Hadi M, et al. Pattern Recognition
Using Clustering Analysis to Support Transportation Sys-
tem Management, Operations, and Modeling[ﬂ. Journal
of Advanced Transportation, 2019, 2019 (Pt. 5) :
1628417.1- 1628417.12.

[30] MacQueen J. Some methods for classification and analysis
of multivariate observations [C ]. Proceedings of the fifth
Berkeley symposium on mathematical statistics and proba-
bility: Vol. 1. Oakland, CA, USA, 1967: 281-297.

[31] Rasmussen C. The Infinite Gaussian Mixture Model [ C].
Advances in Neural Information Processing Systems: Vol.
12. MIT Press, 1999.

[32] Pfeifer T, Protzel P. Expectation—Maximization for Adap-
tive Mixture Models in Graph Optimization [C]. 2019 In-
ternational Conference on Robotics and Automation
(ICRA). 2019: 3151-3157.

[33] Von Luxburg U. A tutorial on spectral clustering [J]. Sta-
tistics and Computing, 2007, 17(4): 395-416.

[34] Nan Y, Wang Y. De—coupling interannual variations of
vertical dust extinction over the Taklimakan Desert during
2007-2016 using CALIOP[J]. Science of the Total Envi-
ronment, 2018, 633: 608-617.

[35] Pan H, Huang J, Kumar K R, et al. The CALIPSO re-
trieved spatiotemporal and vertical distributions of AOD
and extinction coefficient for different aerosol types during
2007 - 2019: A recent perspective over global and region-
al scales [J]. Atmospheric Environment, 2022, 274.
118986.

[36] Kar]J, Vaughan M A, Lee K P, et al. CALIPSO lidar cali-
bration at 532 nm: version 4 nighttime algorithm [J]. At-
mospheric Measurement Techniques, 2018, 11 (3) :
1459-1479.

[37] Ketchen Jr. D J, Shook C L. The application of cluster
analysis in strategic management research: an analysisand
critique [7]. Strategic Management Journal, 1996, 17
(6): 441-458.

[38] Halkidi M, Batistakis Y, Vazirgiannis M. On clustering
validation techniques [J]. Journal of Intelligent Informa-
tion Systems, 2001, 17(2/3): 107-145.

[39] Abdi H, Williams L J. Principal component analysis [1].
WIREs Computational Statistics, 2010, 2(4): 433-459.

[40] Huang K, Zhuang G, Li J, et al. Mixing of Asian dust
with pollution aerosol and the transformation of aerosol
components during the dust storm over China in spring
2007[J]. Journal of Geophysical Research: Atmospheres,
2010, 115(D7): 2009JD013145.

[41] Zhang X, Xu J, Kang S, et al. Chemical characterization
and sources of submicron aerosols in the northeastern Qin-
ghai - Tibet Plateau: insights from high—resolution mass
spectrometry [J]. Atmospheric Chemistry and Physics,
2019, 19(11): 7897-7911.

[42] Kong F. Spatial and temporal evolution characteristics of
days of disastrous dust weather in China from 1961 to 2017
[J].]. Arid. Land Resour. Environ., 2020, 34: 116-123.

[43] Huang L, Chen J, Yang K, et al. The northern boundary
of the Asian summer monsoon and division of westerlies
and monsoon regimes over the Tibetan Plateau in present—
day [J]. Science China Earth Sciences, 2023, 66 (4) :
882-893.



