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Analysis of the Pollution Characteristics and Sources of Atmospheric

Particulates in the Western Qinghai-Tibet Plateau

ZHOU Xingiang', ZHANG Lei?, CHEN Bing!", LUO Tao?, WU Xue*, WANG Weiyi*

1. Key Laboratory of Atmospheric Environment and Boundary Layer Processes in the Low-Latitude Plateau of Yunnan
Universities, Department of Atmospheric Sciences, College of Earth Sciences, Yunnan University, Kunming, 650500

2. College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000

3. Key Laboratory of Atmospheric Optics, Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Hefei 230031

4. Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, 100029

Abstract The study of atmospheric particulate matter pollution characteristics and its sources on the
Tibetan Plateau is of great scientific significance in the fields of ecological environmental protection,
climate change impact assessment and response on the Tibetan Plateau. In this study, using the
observational test data of the second Qinghai-Tibetan Science Expedition in Ali in July-August 2019, the
observational data from the Shiquanhe National Climate Station in Ali, and the data from the Global Data
Assimilation System (GDAS1), we used the source-resolved positive definite matrix factor decomposition
model, backward trajectory distance clustering, and concentration-weighted trajectory analysis, etc., to
The atmospheric particulate pollution characteristics, source area distribution and contributions in the
western Tibetan Plateau in summer were analyzed. It was found that the total suspended particulate matter
(TSP) in the Ali region of the western Tibetan Plateau in summer consisted of sand dust, organic matter,
non-dust water-soluble inorganic ions, and singlet carbon, with contributions of 48.7%, 37.6%, 12.7%,
and 0.9%, respectively. Metal monomers in sand and dust were positively correlated with wind speed.
High potassium concentration and high organic carbon to monomers carbon ratio (OC/EC) indicated that
the impact of biomass burning in the western part of the plateau was much larger than that of fossil fuel
burning. The results analyzed by the positive definite matrix factor decomposition model showed that
there are four main pollution sources in Ali region, including sand and dust, secondary generation,
biomass burning, and fossil fuel burning, and their contributions to the total suspended particulate matter
(TSP) were 38%, 28%, 27%, and 7%. Naturally emitted sand and dust and anthropogenic organic aerosols
from biomass burning were the main components of particulate matter in the western Tibetan Plateau.
Using backward trajectory distance clustering and concentration weighted trajectory analysis, it was found
that the exotic pollutants in the western Tibetan Plateau mainly come from the short-range transport from
South Asia, and the influence of NW India on the western Tibetan Plateau was particularly obvious.
Overall, anthropogenic emission aerosols such as organic carbon, monomass carbon, sulfate, and biomass
burning in India have a significant impact on particulate matter concentrations in the western Tibetan
Plateau, while dust in the western Tibetan Plateau mainly originates from localized strong winds that start
sand, partly from transport from NW India, and to a lesser extent from the Taklamakan Desert in the
northern side of the Tibetan Plateau.

Keywords: Tibetan Plateau; Particulate matter; Distribution characteristics; Source resolution
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RARIBIR AR BT T R A AR A RO L R 20 S 2 MR &R IR A 1 EAR
Ry RBEVEHTDY 0.003~100 pmee 38 R H A A B R RIDRLAR 9 K SURTRLY) CEIRAE, 1999). R
RIS RT LA 23 9 N U8 B B ARV o ARAE A BN 2R, 4 B3 O 1 R R o S AR S
VRIS, AE R @I A S B AR BRI RR IR AR SR I 8 I AR BB A BB (OC) .
JLEW (EC). &Y. fHiRsh. MiRE. % (Jacobson et al., 2000). 1H 5% 13 i — B
RS2 AR N AT SR SRR 1) v 47 A K SUBURL 0TS Y4 I RE I (Daellenbach et al., 2020; Jain et al.,
20200, AMUE—RHBGZ N, A RE RSB TTRE RIS (Zhang et al., 2015; An et al.,
2019).

9l )5t (Tibetan Plateau) A “EHKIE 2 Fx, FE LMK SCHEH e & HEAEH (Hansen et al.,
20000 Tk e R AR IAE I AR G A5 B EAE ) (Zhao et al., 2018). ZRTMIL LK,
BEE NIE R, R = A RSO B R AR R B R, A 3RIR T T 1.09°C,
TR e S L4 DARRAS B P U S AR R AR 22 M 7 A IEE I AL . VR LA, 51K E A A
WEEET 2R R Fa P HMARE . SR, AN L. SR, PR E LS5 LA
FHRAE, I E R R VA IR AL 2 B4 U & A fef (Cong et al., 2015; Kang et al., 2016; Wan et al.,
2016; Xu et al., 2020; Zhang et al., 2012; Zhao et al., 2013), FFiEiTFELIAERMEIL (Cao et al.,
2011) MIELLHURE (Chen etal., 2019) WFFL T BRBT ISR HI AT o 75 6y S 2R B 0 A 40 A b T 22
TEAEVR 53 A1 I B -]~ S PR A VL OR8N S s Gy, BR T IR BT
bb, A I O HEBOE T Re e — N EE M TTERE (zhu et al., 2018) . 35 1 7 9 o J5 74 341
HIX, I TR RRIRGOR R, A5G HUERIL, T TV AR O S E R ORI R R P
b DX —ANTELE FR 2R HEBGJR (Huang et al., 2007, Chen et al., 2017). Mehta et al. (2019) @it
Aqua Fl Terra T2 FEE MK 0 HE R BB (MODIS) #d S fiiE s, EHFERFIZE, Hillm
JEAG AN P 5200 A SRRSO, T 7 el e SR P 34 R R P i 52 AR U B R R, Bk B
I JEE YK I R H 7 2 B PO S0

H T ORIl f D B SR IR, T SR S B A o)« BRI DA R MR A FR)
FOZ B TR, e T P X, ISR o SRR Y R A IR
(IR AN AL 22 53, 2019 4R 7 3 8 H 22 8 H 2 HAEWI SR E K EH e T — LS MM
Mg, YA 7R STRIIN B RE . AR LM Bk}, Zhang et al. (2021) 7341 A3 i s S P &6
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FRZIRNIRDT o R SCRI A 2019 45 7-8 H 58 URF JRt =5 12 By B b DX S5 I T (10 00 00 158 5
I B L ST I R Ak R UL IR AN 22 b A B TR SR WA AT I R R R T
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2 #ENESEE

2.1 WMIEERE

2019 427 A 8 H&E 8 A 2 H, 88 IR & i 1 J5 45 & FBH 28 820 50 K00 AR R IR B 43 BAFE R
FP SR [ R S s (ABE 32°30", ZR4E 80°05', ¥R 4278.6 m) (1) FFIE 7 HUZ MM . Bil
L X AT B VT PR R SR, R LU X R R T R AR, SRR RIEAEE L
WA g B, g R ELIRSR I N T 2058 25600 Ao WS4 LFE 700 m Abfg EE 219 £,
F2 T A e SR P 0 LA

33°NA

30°NT
R

—— o
i (m) . /‘
27°N1 e

8208 0 140 280 420 560

s -

80°E 85°E 90°E 95°E
B WAL T, A TR NI SR I u .

Figure 1. Geographic location of the observatory, the red pentagram is the Shiquanhe station.

2.2 B8

(1) FELRSAMMM: 5 2019 47 H 8 H 9:00 2 2019 4 8 H 1 H 8:00 HAR], 75 Fif FLAf 5= "
ST TR A « REAS RIS S I ARDULI , 1 A, 3B SREX TR B A X )RS B, SR (T,
FHXNRREE (RHD. KA (WD) RUE (WS). A (P) FIfFEKE (p)s

(2) BLSERMM: £ 201997 H 8 H 9:00 £ 201948 H 1 H 8:00 #ilal, KET 24 M T
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SP FEMAT 6 N2 FARER, [FINTUSEE T PMos A PMyo FEAIFFRE . BSLE TSP A HE S 04T 1 DU A
BRIy KIEETCHLE 7 (WSIL Bl Na'. K'. NHs'. Ca?'. Mg?'. Cl-» NOs. SO4> ).
&JEicE (BRI Al Ca. Mg. Fe 1 Ti). AHLEE (OC) MIt&EmK (EC),

(3) EREIEFIML R4 (Global Data Assimilation System, GDAS1) ¥ [ T 3% [ [H 5 g
R B R —2 ORI . A SCUREL T 2019 4F 7 H R9ECE F T2 #r Bl B 3 [X 35 e B
JE RIS, RAGHTIS R RIR . Bl N #Hhtk A https://www.ready.noaa.gov/data/archives/gdas|

23 53
2.3.1 IEEFFER T i (PMF) 57

KSR E RS R (EPA) BER B IEFEFE 0 PMFE 5.0 #6784, i Be) B 3 DX R URTREI 4L
FRPKIR (Wang et al., 20210 IEFERE RIS 2R BURL VIR BEREASHFE RS X 20 il 9 ail i (F)
FYETTER (G PIANHERE

P
Xij = Zgikfkj + €j (2'1)
k=1

Xij NEE 1 DR § RS RIS ;e AT IBRZERE RS s gu ER 1 IMREAREE kA
URHITTR: fig 3R k DNIETIRRIREE . 8 TR ZE RN, o RIEER TR, T Abrid Q,
AR T QEB/N g A fig HEFE

=32 22
oij & Xij AN E &
{EiZ4T EPA PMF 5.0 200, i ZHHERIGEIRE S (con) FIATHEE XAF (une), ANHiE &
WAIRRT 0, A TR AWFME DL S0k ) R BN TAES FE IR (MDL) iy

5
unc = = MDL (2.3)

ORI IR R TS AR (MDL) It

unc = \/(error fraction X concentration) > + (0.5 X MDL)~ (2.4)

X o AR«
Xy = c_ija oy = 4¢j (2.5)

oy A TR AE ) S AP 318

2.3.2 WERLEIA T (CWT)
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JHAR PEEASC A3 5 A ) 2t DX Ox B EEL s DXCRSORE A0 3% B2 Dk » R U328 BT £ X 34K 0 0.5°%0.5° ) A
1%, VS AS R A A IR BTRE I AT 2R, DA RS R o THE TR

v

> ety

k=1
Cii /4

i— " v "y (2.6)
>t
k=1

e e ARG D L) ITINBCTBIRURIYIIREE s o 956 k 2K i A1 B2 238 WL s B PR AL
WOREE sty 955 k 265 RPVEAE IR i (G, ) I BN TR], w7y 9B R, v e TR I EOH

1.00, 3n,,. <n;
0.70,1.5n,,,<n; <3n;
v 0.4,n,,<n;<1.5n,,

0.17,n; < ng,,e

HrA, nae N AR BT BIEE, non 25 (G, ) WIAR ST T A P S o B S .

2.7)

3 KRSFRLERS

3.1 Bk (0C) 58 FE™ (EC)

ARG AT OC/EC A, AHSRHT T I AV BB HFI) OC/EC v 4.1 £ 14.5, A
PEHEBCN 0.3 2] 7.6, ZEHHHECN 0.7 2] 2.4 (Watson et al., 2001), 585 5 H) OC/EC {HilH KT
10 (Chen et al., 2019). KAJ{ERNEDFUARHBUN /R EEF (Zhang et al., 2018).

AVGREEF, 78 HES H 2 H OCIKE N 1.56+0.43 pngm3, ik (TC=0C+EC) ] 94.
6%, EC WKEHN 0.09£0.11 pg'm=>, & TC ] 5.4% (K 2). OC/EC1E N 174, OC 5 K'HIAHKE R EL
R=0.59, £ 99%EE/KFTREFIEMK (& D; 1 EC 5 KM R-0.16, BLEH 7T H X
) OC FERHAYIBURGE. OC 5&BITHRLE 95% B E/K T MAERZEIEAK, M EC A5
Bz, TERIFEZRKRE (CaCOs M MgCOs) fEmh NI, 43 ME OC KWK Z W= (Chen
et al., 2019) .
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Table 1 Matrix of correlation between aerosol chemical component concentrations and their correlation with

mOC

mEC

2019/7/29

meteorological parameters

5.4%

OC EC NH' K' SO& NOy Ca?* Mg* Al Ca Mg  Fe Ti WS
OC 1.00 034 032 0.59™ 027 027 0.65 021 055 048 039 049" 048 0.1
EC 100 027 -0.16 0.03 020 011 -0.19 0.1 0.17 0.02 011 025 0.14
NH* 1.00 -0.02 077 0.71"* 023 0.15 034 020 045" 037 020 027
K* 100 0.13 002 032 020 027 020 018 019 0.14 023
SO4* 1.00  0.66™ 045° 024 046" 037 058 048 025 043"
NO5- 100 028 0.8 031 022 042° 036 029 028
Ca?* 1.00  0.53* 090 0.85™ 0.78"* 0.87" 0.75" 0.89*
Mg?* 1.00 044" 027 0.50° 046" 021 036
Al 1.00 0.91™ 091 097 086" 0.97"
Ca 1.00  0.86™ 0.91™ 085" 0.98"
Mg 1.00  0.95™ 0.78" 0.91*
Fe 1.00  0.86™ 0.96"
Ti 1.00  0.87*
WS 1.00

e R 0.01 25 (U2 , AHRPERE; *7E 0.05 ) CWR) , MHRHERZE.

32 &BERK

St aE R IR, Al Ca. Mg, Fe. Ti IR 714 0.1140.05. 0.96+0.43. 0.09+0.04. 0.19+0.09
F1°0.005+0.003 pg-m. fEAHXS TR TTHRH, Ca 748 50 B9 46 K5 73 (70.6% ), HUUZ Fe (14.2%)
Al (8.0%). Mg (6.8%) A Ti (0.3%) (K 3). Al. Ca. Mg. Fe. Ti iKE1E 99% & 15 /K F FHiH
PR R E IEAR GR D, 22— AR &%, RPXHMEBIRA R E T H—AN5
Pellio AHELT & JB RS+ (Ca? Ml Mg?h), & )& B2 H AT AURER . &8 R 5 K& (WS)

PALIECRERTE ¥ P e

+
4h

7

R RITRTRER A TR
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Figure 3. Time series of mass concentration and relative mass contributions of metallic elements.

3.3 KBEMHFTMEF (WSID

It at R BN, K NHs " Ca?" \Mg?" \NO5.SO4> [ Z 73514 0.13+£0.07.0.19+0.13.0.45+0.20.
0.43+0.11. 1.07+0.43 1 0.16+0.07 pg'm>, Ca*" (5 T A E 71 44.1%, H KN NOs (18.5%)+ SO4*

(17.8%)+ NH4" (7.9%). Mg*" (6.4%). K (5.4%) (4>, ML H, BB X 38 ia R

=
n

LW AR i e JR P 3 KIWRFEE A 0.0120.01 pgrm™. FKIL#EA 0.01 pgm>. KEEN
0.04£0.03 pg'm> (Xu et al., 2015; Zhao et al., 2013; Zhang et al., 2017) . A< YRI5 W0 I 21 75588 =0 Ji 7
X KR BEA 0.13+0.07 ug-m™, F B 1 58 e J5 78 3 [X A B 22 AR W) A e UKL ) - NO3™. SO
NH4 XL ZRTGRMITE 99% B G K FPIEEEAAAE B2 IEAR GE D, RUTEANIA AT Rek H

TR M5

mK NHa*
.Ca:H .Mg2+
w 3
‘.E ENQ;~ mS04
g 7 17.8%
Y
% 1 4 I I I 6.4%
0 -

2019/7/8 2019/7/15 2019/7/22 2019/7/29
B 4 JRKIETETCHLES 5 AR FEI 18] 77 51 LA AR J5 2 DR

18.5%  7.99

5.4%

Figure 4. Time series of concentration and relative mass contributions of water-soluble inorganic ions.
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KEHETLAHLE T (nd WSID .
LT 243
OM =k X OC (3.1)
AR Q2.D HkEHAOM 5 OC ML, HIOCH 74 i AR k fH 1.6+0.2, HF
W N 2.120.2, AEWIFIREIX N 2.440.2 (Sciare et al., 2005; Xing et al., 2013; Zhao et al., 2013). 7
HFiEE, WA RZE AR XK k EN 2.28-2.63. B TATF WM NEZ, %Ik HH
2.28 #E4T4r T (Zhang et al., 2021).

M M, M, - M
r,Al,O4 . [Al] + r, Sl-O2 . [Sl] + r,Tl-O2 A [Tl] + r,FeX—Oy X [Fe]
dU,St: 115 r, Al M r, Si M r, Ti r, Ti
r,K,O . r,CaO .
* A.x K]+ A, ca [Cal
M — M M — M
1 Mrcaco, rCaO | (] 4 Ar-MgCO; rMEO | (o] (3.2)
Ar,Ca Ar,Mg
— 115 1.89 - [Al] +2.14 - [Si] +1.67 - [Ti] +1.36 - [Fe] +1.2 - [K]
- +1.4 - [Ca]
+1.1-[Ca] +1.83 - [Mg]
nd WSII =SO; + NO; + NHj (3.3)

Hi T~ Ca? Ml Mg? RS T MD HUZKIEMERR 43, BRIMAE v 55 8 P 5 IR LR E A

AW (OMD, ¥4 (dust). kK (EC). IEMAKEMTHEF (nd WSID HEWKE 7
1) 3.55+0.98.4.61£1.58.0.090.11 1 1.20+0.41 pg-m=, % 8 2 J5 () TSP TTHRZE 735N 37.6%+48.7%-
0.9%- 12.7%. HEEJ5H TSP Ji&E N 9.45 pg-m>, /NF UM P TSP, AIRESAFAELL FiRZERE: (1)
Ca Ml Mg JCEK AT fe AR RR Sh AR R #h BTE NAFAE; (2) dust HOREEEAMEE R % 1.15 AT REfR /s (3D
JERETT BRSO B K 28R, S EUNE AR R T R (4 (R ERBUE R P A . W
00390 I SORE1A FEE CRRE AE X /N YR, VA R AR VD A A o I B TSP KN 15.72 pgrm,
PMas iKFE AN 5.18 pg-m™>, PMioiKE N 8.64 pg'm=>, PMio 5 PMas HIIKRFEELAE N 1.7, TSP 5 PMas
I LLAE N 3.0, BHULA H TSP HRLEURIA) & HLEE K. PMo 5 XU TE 95% B A5 /KT T B &M%,
PMa.s 5 RUHAH Gt 55 0 K 46 45 B2 BF ST 5L DXORELASS 388 BORL A7) 3 252 PR A b 5 R 2 A
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Table 2 Correlation matrix between particulate matter and wind speed

TSP PMio PMz s WS

TSP 1.00 0.75™ 0.15 0.58"

PMio 1.00 0.35 0.44"
PMzs 1.00 0.09
WS 1.00

VE**LE 0.01 e (RUE) , MRMERE
*E 0.05 25 CWE) , MM EE,

4 B R X R IR IR R AR

4.1 EEEEETFIE (PMF)

K FH PMF YRR 23 BT BT B DX R ASRORE A (SRR, SR T 12 Fsesy, 435l TSP OC.
EC. NH4'. SO4*. NOs'. K+. Al. Ca. Mg. Fe. Ti. LM 7 VUG YLk, Bl BREE. 1k
ARG VA AR (B 6D BT HLHIX N DD TOHEBOKFAS, W Aoy E 2, A
NHEBOIRE D, Hoim g 1 EoR B T HARHER LR A RIS IR . ARAT H IR & B R ERY) IR AR AE

WA, R OLIEE B RTEEE L A A R B HERRE .

6 (a) AWFILLEIRH TSP 24 4.19 pg-m=, (544 TSP [ 27%. HAy5 4445 LL OC F K
RN, WEN0.78. 0.09 pgm?, [HEEHBIKE GIERZE) 1 51%. 69%, KEAEY R I s B
Y, K5 R AR — 3, MOGMERE (R=0.75) (B 6 (e)), FF&AEWm ke iR

YRR EC 19— KR, %44 EC WKE N 0.017, (55 EC 1) 17.7%.

B 6 (b) tAMREHABEE S TSP N 1.07 pgrm>, 54 TSP 1) 7%. Hri54eiE4 s> L EC &,
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1 WKFER0.08 pgm™, HE EC ) 82.3%. fbAMRENAKA EC 1R —3, FETHEE
2 HAHRTE (R=0.99) (Bl 6 (£), FraftARiRHREEHERT. 5 m IR gb Tk, HZEE
30 ELRARARAT RS, MEE 219 BAFEAY, BG83 FRAHL Fifa =8O
4 B,

5 Kl 6 (¢) VARl TSP BN 5.84 ng'm™, (541 TSP (1) 38%, (5t K. HArisgeyss
6 LLAL. Ca. Mg. Fe. Ti NE, WKEHIN 0.0497. 0.389. 0.0365. 0.086. 0.0034 ug'm3, 5%H
7 RIREE (TTRRE) 1 47.0%- 42.9%- 40.3%- 45.5%- 70.2%. &)@ P RIKRE 2 770 B E e (R
8 2), &EPFUEE AE R ARIEEORER, HAX 32 EMHWAE (dust), 57545 A1 32 1L
9 B, MHLMEE (R=091) (EH6 (g), FFAbRIRMHEN . WM HAE >R, Wb
10 SRADERANA, BT ARRE BT FUR D R X I8

11 B 6 (d) IG5 HIEF TSP IKE N 4.32 pg-m™, 5 TSP [ 28%. :A¥5 44 7+ L NH4 "«
12 SO+ NOs"AE, WESHIN 0.16. 0.20. 0.26 pgm?>, H8& HEIKE (GTEZE) 1] 90.2%. 48.4%.
13 60.4%. {75 Gl 5 R Sh AT H IR Hh s R FE I I AR A — 8, MO (R=0.89) (6 (h)),
14 BRERERAIHIR B B IS ), AR S RR HENT . R R AU B ARG,
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Figure 6. The source apportionment results of TSP in the Ali region. (a), (b), (c), and (d) represent the four source factors
of TSP in the Ali region (black bars) and their contribution percentages (red dots); (e), (f), (g), and (h) represent the time

series of tracers (black lines) and sources (red lines).

4.2 R

Je T T8 SR 8 o3 M A — ooy T 90 KSR A SR DR ANk BR AR I 7 v o RIS AR & I
M3 A5 5 1AV 2, AT DB TS eI SRR AL B A%, AT 29 A R SURORE) R SR U ARFAE. (Borge
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¥ BRI SR IAF B FAT7 17 AT

TR AYIGG EE SO m MEUE (B 7 () ) w1, Bl 1 REBEARZHIAZSEN, SN
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SRR, A S R G R LK AR 2 A PR ISR A R E R IEHLIX (5 S 77.08%, T 2
FEZE 3 ok H ENEE PR A ENBEVT 5, (LA 34.90%. 16.15%, 30 4 KB EF PR A, &
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M, EEN 5.73%. 23.44% . SR H RS VL X (5 S BIZE Y 70.84%, LI 3 ok B B RE PG AL ES 4 B EE AT
J5, HEEN 42.71%, B 4 ok BAERCE IR A, 5N 23.44%, B 5 Ok BERCEERARES, L
N 4.69%. FILEEE 1000 m HZEFT 500 m 224l (B 7 (o) ), FTHIX SN 76.92%. MWK 7 15
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Figure 7. The 72-hour backward trajectories for the Ali region from July 8th to 31st are depicted as follows:

(a) represents the trajectories with an initial height of 50 meters; (b) 500 meters; (c) 1000 meters.
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