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W E RETAAHRFREFHNA. FAFZENIE, BFRF PMs HZETRHES B AT
BEHRERXEA, ETEENEEAAE KN 2014 £ 12 A-—2019 4 11 A PMs #3E, &£ 46H4%
it. REOF., HEFRMEF 7 ZET T REFAHMHMKX PMs FEHRERHELEETAE, #HET 3N FEK
UK, H#—FERT %Eﬁ PMos i IR H & . &R KA, T RIMEIRPMys FHREERE TR
B, EHTE32uegm®, B PMys EHRERKETE E EhBREHE, EFEETH KK PM,5 7L
AEE MBI DF S PMos R E UTEE X Oy F.0 AR A TR, SR L2 e waFE; X
MUXFERENREFERKE, WE42/ Moran | #H#1L 0.70 LL £ (P<0.0D), #ERBFELS;AEEL
FREEEE, ARRBEESAAELEMK; £ T REOF 2 TEEI 3B HEMK, Hi FE5HA MR
EERS, HEAHE TR W TRAS, KH PMys TRAEEFNRELS; RRERSAREAE
FIRERE PMs R EERFE R, HELARXBAGTEHAREEE,
X4 PMys; BTERE; EHEZRIERLEIH (REOP); IR E
Spatiotemporal evolution of PM, s and driving factors over central and eastern China between 2015 and
2019
YAO Rong-peng, ZHANG Bo’, WANG Li-bing, ZHANG Yao-wen (College of Geography and Environment
Science, Northwest Normal University, Lanzhou 730070, China).
Abstract: The occurrence of smog events in central and eastern China is common. Scientifically identifying the
spatiotemporal evolution and the drivers of PM, s, the primary cause of smog, is of great significance for regional
prevention and control. Using PM, s data from December 2014 to November 2019 of the national ambient air
quality station, and using the methods in geo-statistics, REOF and Geodetector, the spatiotemporal characteristics
and evolution of PM,s pollution were revealed, the subregions were identified, and the driving factors for
differentiation of PM, s were explored in each subregion. The results showed a steady downward trend in PM, 5
annual concentration in central and eastern China, with an average annual decrease of 3.2 ug m™. The area with
high PM, s annual concentration showed a rapid contraction in space, but there is an insignificant tendency of
increased PM,s pollution days in some areas. The concentration of PM,s decreased outward in the center of
Beijing-Tianjin-Heibei and showed a characteristic of “higher concentration in the north than in the south”. The
strong spatial agglomeration of PM, 5 concentration was distributed in central and eastern China. Global Moran’s |
in all four seasons exceeded 0.70 (P<0.01). Hot spots were mostly distributed in and around the North China Plain
and cold spots in south China. Based on the result of REOF, three regions were obtained. Its boundary roughly
overlaps with the topography and geomorphology. The time coefficients showed a “pulse” downward trend,
indicating a significant improvement trend of PM,s pollution. Meteorological factors and human activities are
essential drivers of differentiation of PM, s in various regions and have different key drivers in each region.
Key words: PM,s; spatiotemporal characteristics; rotated empirical orthogonal function (REOF); geodetector
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BHFRERS. DA, EiEmd. LTI, IRERERS, H2ES%ME (Lietal, 2016;
Cai et al., 2018; Anetal.,, 2019) HHEthin (FEBEEISE, 2017) RusZmamy GakiAl |, MR H A [F Y
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BT, BEWNIMRZFEE X PMos BIF T 2 77 I BIHEFT, W1 PMys 15 B EA 20 K 2 (Van Donkelaar
etal., 2015; Zhou et al., 2019). 7 4ii% (Wang et al., 2015). KSR 5 (Caietal., 2018; Leung et al.,
2018). fh& M (Huang et al., 2014) 5050, XL 5 WA RPN SSINER T X4 PMos (F& R T ORI §4
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PR 23 B3R H SO 20 ) o M AN DXt A (5Kkom4F, 2017; ¥E/NWISE, 2019a; Zhou et al., 2019). 2)
(ES I DR 2R T, R 2 (i G CBE/NNIZE, 2019a) . 23 )AL 52 (CEARIESE, 2019), HEERRILE (Zhou et al.,
2019). KESCHL (BUFESE, 20160 SFMIAYEAT RN, RN DB, BRIEIHFE. WEhE. Mg, <
REZR . MBI SRR PMys A AN RIREEE ) B DTk . Bl Tt 4 L B R Ik T A B
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ISP E XK (Liuetal., 2015).,
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Fig.1 Overview of the study area
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A, RAMETIRZE (OBBerror) i 0.215, FEIHAMNIRE LT . NAFELER, ¥HIUFRIS NEE (3—5 ).,
B (68 H). HF (911 H) MxZF (L4FE12 H—2 H), 5, FER58 EF 12 H—A4F 11
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1.3 WinE
1.3.1 FRIEAMX A EAHEKS IR AR AT A RGN, O 2 B T RS54 23 8] Bk
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1.3.3 AR IERZ KA (REOF) LIRIERZ ML (EOF) Mgk &iIEAZ K% (REOF) & Z M AT
TR R BRI S RHEM S 7 (BRRIE, 2007; FRBEESE, 2017 REMRA, 2017). EOF MJsMRMETET,
I3 I ZE B AT Y ST A TE SN HBIX AN BEIE IR 7R A (R R X S R REAE 55 P 3B AR A o e 250 1F
LA (REOF) AT LMR I Hb v il E IR R PR o FL 28 2QRBRAE SCiik (BRRIE, 2007) A VEIN A, AEER.
1.3.4 HOEERERIES  AS0E TV I R IR AR o —, B B RIS 5 KN )RR A T
RS e KYEE BT 7 CE K (E#IE%E, 2017). Wang 25 (2010) & FfEERA BB T KA
BAA B, WFE RS0 A MRS, RIS (GeoDetector, GD) J7ik. %
FEE| PMys 15 4 £ B2 NKiE B AR5 BB A4 &5 (Cai et al., 2018; Zhou et al., 2019) i
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Mo [Rl 7, HbERERIZAS I EE n] 22 3wk (Wang et al., 20100, AHEZKE .
2 GR545W
2.1 PMys¥5 g% AR 7 AR

AR AR PMy s SRR A E TR, EWTH 32 ugm”® (H2a). 4558%KH, 20152017 4
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TFRCE AR BRI RATEN T ), BiJE 2018 4 7 AESBLEN R (FT Al K AR T =47 3hih-RI), A 2ot
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K- 36 pg m> (2019 4E).,

2% (SR EARE(GB 3095—2012)), HE—5%K PMos B EE RIS N 6 MIRIZEIX A, Siit&
DX [E) 3R T 25 5 L, T RAE A RS HLIX. PM, s V5 e A TE a5 (B 2b). BRI, PMys GR35I E
KT 35 pgm® (PMys TN IERR) RIS TSR 2, H 11.7% (2015 4F) Hin%| 36.4% (2019 4F);
8T 50 pgm (IR T HCE 11 39.8% (2015 48) HNF] 74.1% (2019 ££); T 70 pg m™ (O30 i B ) &
9D, H 16.4% (2015 42) [FFAKF] 0 (2019 ). [FIFEH T LAE H, 2018 4% i BE X (8] B R84k, PMas
EIIIR AR T 50 pg ™S 7T B0 280 60%, 14 62.2%, ik FEIX ] (570 pg m™®) FREL 2017 4R KIE > (R
DT 11.4%), 2 BH A AR AR R X A B B U R

B2 FREET PM, s FIGREALE S A RRE SR TR RN

Fig.2 Box-plot of PM, 5 annual concentration and variations of cities in PM, s concentration by range from 2015 to 2019

RIE—PHRIN PMys 15 B E 2 0] ERIARESS, ¥ PMys HIWRERI D N 4 ANEH (RR . BB, R
FEE ML), 48t 2015—2019 FEA[E PMys HIJIR RN FIRE. 25 58 ) 85300 i 8 R IR EmT B
FAEZS, Wl tebEge 2, SO T, 57
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s D, WIS 2 J5 1 — IR B X (R IR B, d, NIRGEFEIREE X RS, o NGRS, Td NENER
5, d NN PMgs SEIR 2 % 2015—2019 4F -4 5 X [F] R #03E 47 Theil-Sen [B1 943 41 AR 78 AR A0 A5 1)
it ah R 3 fias. KEBINTIT AT B REL (p(PM2s)<75 pug m™>) SNk (54t iiss i &
Eb 85.6%), HriEid 0.1 2058 E R IG TT & B 39.8% (RAAEIL PR X A3 A ). KER/ 38T
BANRECN 1~22d ™, FURFERHELUA LR R X s o 5.3, ik 22~46d at (& 3a). J54LKR
0 (p(PM2s)>75 pg m™) M B RAA T RS, PSS TR s —5, 08 DA AR E i
s o U JE RN S R 3T R A DA BT e R R A B B &S (B 3e~d). X X
—B RN, H ETHESA T EARIAE 2018 SELAHT, 17 2018 LKA BRI, B 2018 AE R — M A,
X 5T/ (2019a) K I 20152017 F ¥ 7E PR HLIX Y PMys bR R EOE LW A —5. 78 34
TSREL (p(PMys)>T5 ng m™) o, J5 4L REUE AN 3 T EL9] 73 51 A 2.5% (75~115 pg m™). 8.5% (115~150
pgm?®) F18.0% (=150 pgm™). KB, HAREHIX PM,s A9 & L b5 e R BRI b S, TR
PR X A R E R FRE&E S, R AR NI E N GO R R PMas 15 4« KB N
FEass (RS HPA A ), (HHBAANEE DA KRB,



B3 2015—2019 4EAFE PM, s H MR B R T RS A 5=
Fig.3 The trends of the number of days at different daily PM, 5 concentration levels from 2015 to 2019

W FonERIEE 0.1 HHI EE R
Note: indicates that the trend passed the significance test at 0.1 level.
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1 FH 2256 U137 50 B 4yda6) 2015—2019 4EIUZE PMy s WE AT I, DU B TUZS PMy s ¥R FE ) 20 Aotk
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EKCE, K E A TP R R T R 20U BT L, B PMys iR R R RS
KDL AR, HA BRI S, PMas 15 450 ™ 5 KA & U S X o SUTHR AR T & MK PMas
WAL, WE de~h Fin. PMosiKE 2B AT m, EERIL, BRERF. F. BAKESHEEE
R BE#a% (P<0.05), EXTFEIERITE 3.1~3.5 pgm > IR, HPEERIFERA (35 pgm?), MEAZE
B REM TS, THERER 2017 ELAFRUEH (1241 pgm™®) MBETR (130.2 pgm®) fim 7
HZRSCH DX (R BRI S o S 40, A3 TT ) PMps S {3 B HILAE 2015—2017 4F, 2018 F2 J5 PMys
WHEA R BFEICRE S, THELSE (F4h, FBREIET LR R,

B 4 2015—2019 4E PM, 5 IEZT M 4% R A

Fig.4 The evolution of spatiotemporal patterns of PM, s concentration from 2015 to 2019

2.3 PM,s 7 B AR BERHIE

BT ArcGIS THEH R FHLIX PMy s TR FZ 48 Moran |, ¥idid Z /058, Sitk& Rk 1 .
HZE, HZFE KFEMLZE Moran | ¥R T 0.7, HFEFEEIHAER S, BERIKIIFHE, R\NFEYH R
H RS MR

K1 HREIX PM,s IRE LR Moran FEEKREK R

Table 1 Global Moran’s | of seasonal PM, 5 concentration in central and eastern China and its tests

A5 Variables ~ Moran’s | P z()

%2 Spring 0.72 0.01 20.78
22 Summer 0.71 0.01 20.54
2 Autumn 0.72 0.01 20.81
428 Winter 0.74 0.01 21.33

42J7) Moran | AR XA BTG SR RAE L 50 A, DRIt — 20 R AT Getis-Old Gy f@ir H A 46 2R
Wiote IS ATRAE Y, A2 AT &, A R A e AP SR S A3, Al TS, 1
ARVGES TR LA Pa A X, v i AR I, AETTR L AR AL AR . DA A
A EREARF, F XA R, AR BT AL I A R AE . B
HEEAKERIL A FE AL, RS N TCRHIE AL 0P SRR A Z g s o s A s
TN TR, TEEE A RERORRSS . RN SR FEUK BUM AR TS BRI, A Z 1 MRy
fik, R PMas {5 93 S A 2 1A I A A28 SRR 4 e 3



B 5 2015—2019 4E PM, s IR T2 A E R HE

Fig.5 Spatial agglomeration of seasonal PM, 5 concentration from 2015 to 2019

2.4 PMyssrIX g iR
FT 2015—2019 FHRAEALFE S5 ) PMys B 2MEFEAT EOF 4347, FE#7E4T north #6536 (5 BRAS B 45 52BrR



R RS, S T 3 /N i A 56 1Y) EOFs )3EAT AR T 22 1E A Jie e , 1931 31 REOFs, Tt ik % 73 Jill 9 35.5%
34.9%7F1 14.6%, 5 TTHAZ 85.0%, REMERAE PMos W BRI S ()43 A 4544 » X REOFs HEATHG{H, FHFikHS
H B A X3 AT P 5E LA X

A 3 A~ REOFs LA K Hoxf R ] R4 DL K X K45 R an ] 6 Frome BB — s EEX (1 1X) ek
TLUARGHBIX, ALFE AR VOPH. AR, WIRG. Wik, ZeBUrg s AWV Ve pe il i X, R 0 1% 25 [R] 43 S 2R
AL LR HLIX S PMos H SRR SR, St B RIUR X . ARSRIE T R HOCRTEIN, i 5%
¥ 0.15, FELA LRI A O FABRE K. B S REX (X)) FEATRIATERX, &%
6] 70 SRR A SRR X, BRI T A TEOR ARG AR X, AREIR T A B, SRk
1%, BT RE A8 0.15, 0.15 A1 0.14, AT RER PEIRIE PR, B EBESEEX (XD AT bR
JALUIVGHI X, SAiZ s (8]0 SO0 R SR U X, g s, G, BRPG RS, VRS DA R b L
X, mEfr REACERIR T KR . PE A K, B 2B AN 0,18 0.17 F1 0.14, ) R i B
fifl. FTLAEH, 25—, 55 R SRS PMys IREEARIL BA IR PERFAE, (HES — R0 28 — s Al PERFAEAS G
FEEMAHE., BEMSKRAMAES Lu & (2019) B A —8, BIA S SR T RS Eis R
o AbTTSTT AR TS Y R R TR T R Ak, =AM KA RBOEE A 1 kR R, 6 A6
A%, HI5SHH B kb B R RS (P<0.01. P<0.01 A1 P<0.1), B =Fh2s a4 5 AYE 548 1 A1
6 Hiric v iy, H PMpsi5 4 IR E, 5 EiRgi R —3.

B 6 ET PM,s A¥IRENET 3/ REOFs (a~c) REXRHINE A EXRILEER (I
Fig. 6 The first three REOFs (a—c) and their time coefficients and division results (d) based on the monthly PM,5
concentration



2.5 PMys JXENF AT

5T REOF #r#r AT X K, LA 2015 4F Wit , FIFH PRF PRI 8 - X3 A & 5200 R 755 PMs
TSR S RN, G5 R3 2 Fos. T XA i /il 0.3 msema Bl FAR O AR E (0.487) >4ERE
K (0.454) >igribZ (0.437) > bmiHbiE (0.356) > A¥J GDP (0.317); I XAKIK A H
& (0.391) >F/AKKT 0.1 mm HEL (0.351) >AHXFEE (0.345); MIX KN N %R (0.463) >4H
SHERE (0.405) >FHE (0.400) > “SEALMHE (0.393) >4E[F/KE (0.338); 4 XMIZRILH I &
FIREME, RIRERDNA LRI ZE (0.267~0.489) >HuEHE (0.223) > A28i%3) (0.110~0.189), LA -4k
RRIPZTIXII PMys 0 HHI R EIRE) I EHEER, | XEEZKRRERRMEAR, AR XT3
B IR AE S R A EEAE T, 1 R K U BE 8 E 20E bR IBRIY) (Tai et al., 2010, AN
Wab . AR HECE I A GDP 5f PM,s B H B sm], St i% X 52 2 5 Rsh H5mi; 111X
LR HEERN, HIRARRNER, REEEX A OEE, TilRE, £&FESFRNKIERXE,
HIREB 307 CAK TR BN, AR — R b Sl 1 IR T PR ORI HE SR P TITX 32 A2 380 N %5
s, [FBREJRNE 9% (B EM ZEAmHERE) SRLEFHEFRM PMs 77 57%. 282X KE, K
G TR SE T PMys 705 10 B RSN /7, LU= 3 B kT B il 71, 38 N 3h S

X2 HmEFHBERNSTS R
Table 2 Geographical detection analysis of PM, 5

RS I R T
Influencing factors Region Region Region Ent_lre
I I il region
A 125 % Population density 0.043" 0.253 0.463 0.166
A ¥ GDP Per capita GDP 0.317 0.218 0.205 0.133
Wi 4L Urban greening rate 0.437 0.180 0.284 0.110
=k 5 Lk Proportion of secondary industry 0.220 0.259 0.197 0.112
Tl A HERCR: Industrial soot emissions 0.293 0.166 0.268 0.121
ZEALERHECE: Sulfur dioxide emissions 0.356 0.217 0.393 0.174
FH ML & Electricity consumption 0.300 0.391 0.400 0.189
FEWFFTEE Annual average relative humidity 0.487 0.345 0.405 0.489
£EB&/K B Annual precipitation 0.454 0.238 0.338 0.447
fnzkjﬂ: 0.1 mm H%{ Number of days with precipitation greater than 0.1 0.107 0.351 0.113" 0.267
T # a0 NDVI 0.149 0.082 0.216 0.101
HFE 3% Terrain slope 0.067 0.297 0.146 0.223

VE: oAl B R, H AR IE I 0.01 ZL KRG
Note: * represent that the significance test has not passed, and the others have passed at 0.01 level.

3 W B

HZREBHLIX PMs B3R T F EAL TAEILP IR, RMEA THrHIX, RICILEm R =g, +
B RE TR ALk = g5 0 22 3 Bt dby X 2 UK B A RETR AR A &5 E T A E, H
I A AR LR, RA BRI, A RAEAT SIS 3, (RAEHESH R By g T rg Jy H X 32 DA
BITWAGLNNE, SRMHCERR . ER S0 E, PMys SHEHIELAZTE, MUEZ RS2
GeEAN s, T AR B R R E S S E (GKIBCPAE, 2016; 7K58%%, 2017; Cai et al., 2018).
R, AZERIREUE, I B R T ERAT N ORI, S ECHEB ORL) B FL AT A AR B AT
WEF . AR, SRRSO AR B FE S, U st i KA RS R 7 Hh RN (Leung et al., 2018;
An et al., 2019), M FEOSFE RN, VSRR . X AR T A28 U F M DX 7R 2RI
SEAmALRAE T A e 5 44 RS (Wu et al., 2017).

A5 i RV R X IR ) PMos 15 YR S8 SR A 78, (HIXIRN SR 6 M R3S R = A
[i) 7] RE S5 25 AR PM,s V5 B A AR AIE . A 7036 T REOF VAR r tH =AM R AL X 3k, HiaFEAR s
M E S, S HTE SR EXS PMys 25 [AAH G I REN . HTE 46 THE F Re i e <URiz s, 1F
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T B A8 KA R 8 FE DL S PRSI EE 500 A (14 KR, 1995; X E# etal., 2012), [ii7EHS SR AH % 25151 (1)
X, FHRSIRAAE A AR, 580X PTG Rk B AR G AR AL (FRIBEESE, 2017). F X35 PMys
5 10 SR PR AN [F) R B & X3 PMps V5 I A BB 22 5. T X STITIX AL B R A T4
NEBRMAL, — R T T XENTEE G EEF X, MXAENREE. 1645 E T PMys
MIRCIA . ISR, EARM IR ARSI R AR R 0 5 AR A SSE S A, &R & T X PMs 70 57
() B DR R AN R R R R, () B 30— 2D 3R B R AT K X 8RB 1 R DR ), A 0 B0 L X AT R 5K
M 4o i8I A S B

F T 52 b [ S 500 R AL 2 2 DR A R SRER B, A A BT T3 5 4 PMos 5 Y 2S48 =) S5
#, AXLL 2015 AW b T & R ARG X R SRS R TR BTk S0, T CVEAR AL IR BN R TR 1] AR
B FR, BT ERAAE AT s, T Re AR AR A EEIRKENEHME R, FEAATREE—E
IARRE o BEAE, W F KRRG-S KRG HCM T YEE TS, EARXIEN RS RG] GEAA (£ H B 1 2R,
T BEIERKIRANIRIT, MM —2D G PMas RFIESS S S A IRSHLE],  SHBUR ) E ST G ih BLEUR 12
L SR (1 S LA e
4 & #

TR B AR PMys SEIUR S S RAE T 4835, 4EH T 3.2 ngm?®, i 2018 4 T 5 A &
2 PMys SF P9 B X 7E 47 ) b R PR 4 a3, 2019 4EMK T 50 pg m ATl 5 S B0 E AR 2015 4R 39
T 34.3%; HZRERHLIX PMys I FE K DA 175 e R B R I s, R R AR P IR Hh X A 2 10 R s,
[ o B A7 LE /N X IRTE Rl Y PM s V5 e R B N, (AR AR R IR .

MG TH T B, PMys WA b R A S F R IR, DA S 1 Xy ot 1) DY R B 5 PR
it 5 EFEIRE R, . BAKEHEEEN FTHES (P<0.05), THIFEE 3.1~35 ugm®, 25
ERRHED MR, WUAZET PM,s IREEA B35 1S M4 5 PE, 42" Moran | 4 0.71~0.74 (P<0.01).
PO X E B A AL TR R R, AR, RV R LA X, A T
R, B3GR, R R X .

REOF 73 #f1 % T~ 2015—2019 4F PM, 5 H 359K FE L H K b AR L X K1) 53 3 MR ELARAGIX, 23 i KT
DAREHIIX 2= BV i b X RN AR b~ TR DAV X, 300 75 T 30 B S 5 o e TR) R ik 280 B 9
R PMps {5 A R &M, —MrE L AR 6 ARl 1% 3 NMRIHBIX 53 5 de M2, DX P A D B
=] o

KB JIfE i R R R 5 2G5E N2 51 E S XI5 PMos 7 I EZEIRE R R . AN XN ES
WHEFAR, 1 XRICYARFEZR TS, BETTEkHT N AHNRE > ERKE >SS E > =
AALBRHEE > A GDP; I X AMIX N 4t 25 &R 5 1S, HPanh: ABEE>FKKT 0.1 mm
F ¥ FEOHR RE, A 35 B > ARG B > F BB > AR E > ks . AP R IX Ak E,
SHEIRE R PMys 2 7 R EIRSN 77, FLUGRHEIE B TR BIR08H 71, B = NS sl .
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