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Abstract: The particulate matter emissions of vehicles exhaust has become the main source of urban air pollution, which
seriously affects ambient air quality and human health. Based on the total particulate matter ( TPM) emissions data of
municipal vehicles in China from 2011 to 2015, this paper explores the spatio-temporal evolution characteristics of TPM
emissions of vehicles in China from emissions and emission increments by using spatial analysis method, and then
quantitatively evaluates the influence intensity of main driving factors by using geographical detector model. The results show

that the TPM emissions of vehicles in China have been decreasing year by year, and provincial capitals and municipalities
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are the main contributors to the reduction of TPM emissions of vehicles in China. The TPM emissions and emission
reductions of vehicles in provincial capitals and municipalities are the largest, and their annual averages are more than twice
the national municipal average. Both the TPM emissions and emission reductions of vehicles in China showed a decreasing
trend from the eastern coast to the western inland, and the spatial distribution characteristics of “low emission, and high
increase ; high emission, and high reduction”. The “low emission and high increase” region is mainly concentrated in the
central and western of China, especially in the southwest provinces. The “high emission and high reduction” area is the
pan-North China Plain with Beijing-Tianjin-Hebei region as the core. The number and spatial distribution range of the High-
High cluster and Low-Low cluster areas of TPM emissions of vehicles have been reduced year by year, and the spatial
agglomeration has declined. On the contrary, the trend of spatial random distribution has strengthened. The Low-High outlier
areas have separated the concentrated and contiguous distribution of High-High cluster areas, so the spatial distribution
pattern of fragmentation in the High-High cluster areas has become increasingly prominent. The analysis of geographical
detection shows that the TPM emissions of vehicles are the most affected by the number of vehicles, followed by the use
intensity of vehicles, and the least affected by natural environmental factors such as average annual temperature and
altitude. The natural environmental factors such as annual average temperature and altitude significantly enhance the driving
explanatory power of TPM emissions of vehicles through the interaction with human activities. Exploring the spatio-temporal
heterogeneity and driving factors of vehicle particulate emissions is of great significance to improve the accuracy of vehicle

exhaust control in China.

Key Words: motor vehicle exhaust; total particulate matter; spatio-temporal evolution; Geographic detector; China
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Table 1 Annual changes of TPM emissions of municipal motor vehicles in China

2011—2015 H4 &

W City 2011 4E 2012 4E 2013 4E 2014 4E 2015 4F Inerement from 2011—2015
bl 0.44 0.41 0.38 0.31 0.24 -0.20
AR 0.30 0.29 0.30 0.30 0.29 -0.01
M 0.24 0.21 0.20 0.20 0.18 -0.06
JM T 0.64 0.62 0.57 0.50 0.41 -0.23
pEni 0.20 0.20 0.21 0.22 0.23 0.03
W R T 0.47 0.46 0.46 0.45 0.43 -0.04
WO 0.11 0.11 0.12 0.12 0.11 0.00
B 0.41 0.39 0.37 0.34 0.29 -0.12
AT 0.25 0.24 0.26 0.28 0.30 0.05
Ve 0.43 0.37 0.36 0.32 0.26 -0.17
E A 0.13 0.14 0.16 0.15 0.17 0.04
EAaT] 0.06 0.07 0.07 0.06 0.07 0.01
22PN T 0.08 0.11 0.08 0.09 0.09 0.01
AT 0.36 0.35 0.32 0.32 0.33 -0.03
RNl 0.29 0.28 0.26 0.25 0.28 -0.01
M 0.39 0.40 0.39 0.33 0.31 -0.08
g 0.85 0.79 0.72 0.61 0.54 -0.31
PR EHT 0.53 0.50 0.43 0.42 0.40 -0.13
Fap it 0.76 0.73 0.78 0.58 0.58 -0.18
Kl 0.38 0.34 0.34 0.33 0.32 -0.06
pE] 0.65 0.66 0.63 0.62 0.58 -0.07
IERY S i) 0.46 0.46 0.38 0.35 0.37 -0.09
R 0.48 0.50 0.49 0.49 0.47 -0.01
[ 0.20 0.18 0.17 0.17 0.16 -0.04
LS 0.14 0.14 0.13 0.11 0.09 -0.05
I 0.36 0.37 0.40 0.39 0.39 0.03
KA 0.64 0.57 0.54 0.51 0.49 -0.15
Kbl 0.17 0.18 0.19 0.20 0.21 0.04
FRM T 0.69 0.66 0.62 0.58 0.48 -0.21
GiNT 0.73 0.70 0.70 0.72 0.73 0.00
I RN A T 0.38 0.38 0.39 0.39 0.38 0.00
B E T A

Annual averages of provincial 0.39 0.38 0.37 0.35 0.33 -0.06
capitals and municipalities

TRIHE

Annual averages of National 0.18 0.17 0.17 0.16 0.15 -0.03
municipal

F2 2011—2015 E£H131E TPM HiE8T 8T

Table 2 The top ten cities in terms of TPM emissions of vehicles from 2011 to 2015

0y BLBN%E TPM HERCE -+ ATl

Year the top ten cities in terms of total particulate matter (TPM) emissions of vehicles
2011 RS G FEZE FE L ARZE RN R RO A5 R

2012 Tl MRS e FEg JEIL I AR JE O R AR

2013 RS e A B RESE AR I i R R R

2014 HRER N A 0 RSE ER A K LI Il TR

2015 HREER M R B RN R RSE ity A AR K

5451

HRER VM A ARSE RN R B AR L R

Total of five years

TPM . BRI total particulate matter

MG ERT LSS TPM el f) 2 TR Sy S ph 2 S T Ve 3 T A b IX 1) 8 08 Ay i 3l 2 X 228 ik
AR (K 2) . 2011—2015 4%, Fr [EHLE 4= TPM HEL i S D81 D0 B0 A DA F T 6 22 P 38 P Il i 1XC, L5
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Fig.1 The spatial distribution of TPM emissions of vehicles in China from 2011 to 2015
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BX., T VPG 0 3 T DX B eI, (Ll i /L | e 28 S RS A IS A T 9 45 SR AR AE L 2Rk
TIREB X, BB Gt B T M AR E S T AL 4 TPM RIS il 5 3. B KA 47 B9 HE H PR A4,
EPG IR T R L X ML B 4 TPM HERL A3 Kt S A5 5 R4
2.2 HL3I%E TPM HERBZS RIS 53 Bt
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A 61 D FRAK 9 2015 4F 51 4S5 ¥ 5 XY 3 T B0

2011 45 99 DFEAKA 2015 4F 79 /> s A I ZRFE A3k T 45t i 2011 4F 159 M5 E] 2015 4F 183 (3£ 3)
2011—2015 4%, HL8l 4 TPM HEjlHs & 23 ] 42 AR b A 8 0 DX 3ok s it iz 3zs /35 142 o5 DX ki 4

s, FLAFDGT (X1 30 7 50 e e 37 1 T AR IR AL X A kT 85 i . AILsh 25 TP HEICY t [R] IRHA7 E TE (B RN 7 (L

PO X Z 2R L4 TPM HERT B i 42 B X, ¥ X Z 2R HLEh 45 TPM HERCE IR A I AR R IX
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Table 3 Statistics on the number of cities with different spatial agglomeration characteristics from 2011 to 2015

Efy - -GS -4 -4 3¢ A
Year High-High Cluster High-Low Outlier Low-High Outlier Low-Low Cluster No significant
2011 61 9 29 99 159
2012 52 7 32 97 169
2013 60 9 32 94 162
2014 59 8 32 86 172
2015 51 9 35 79 183

2011—2015 H&

Increment from 2011—2015 88 A 4 H 203

2.2.2  HlEh% TPM HRiEsS [ 5 RARIEAS Jay 73BT

2011—2015 4% , HLah % TPM HEBCE GG X EZE P F IR PSR RS P50
Hh s DL RCBR = A SR TR X ¥ R DR AR AR R TN U DU PR ER P A R X (18] 3) . L
B4 TPM HERCE: 25 (B4 RAFE B3 A8 A 1 XIS 17 AR 0 SR AR BB 14 ik 06 AR 7 B 0N gt | 6 3 9 2 S5 0k
7, AT R OB E A AR B 21X, AT, Bk = A DX AR R IIRD M )RR hp s X B8 AR B X, iz
AT D PG S R S 114 i P A7 BE R B 2 R S T ph FE 3 X AR S A X, 2011 4EHLB) 4 TPM HEl i
AV R DY BRSO (T 0 PSRRI o BN DI T R S DR IX i, O 5 ¥ 5 DX AN W 4
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/N, 2 2015 AR i DX AT R ASCELAE Ho P U] PR R DY R )P AR AN AR DU AR AR X, 2 g A
PH A BV i DX T R > e 22

BLEhZETPMHET 2 TR SR R AHAE

[ AR [CROES SN RIS
B E-EARER ) fRmsi® [ osde

B3 2011—2015 £ EHZHE TPM HiERAIMIEER T M EHEXDH

Fig.3 Analysis of local spatial autocorrelation of TPM emissions and increments of vehicles in China from 2011 to 2015

HLBIA- TPM HEHCEE AT i (L DATARDOER B DX 1) ek T v s R R X2 8] (161 3) o 2011—2015 4,
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DX 1 LA P P AR R AR, 0 DX ISE A b PRI AR e (X SR 20T rh P i 4 25 S SRl i
YRR SR ELP s DU R T A ARAEIRTT XS TTRA N F REE ARS ASCIR R R
B ORA S e M 55 B R R DR, SO sl 4 TP HE i 25 v T Rl X (BRI A0, A T AN e (i
DAY H] BE S JEL T L8l 4= TPM HERO™ A= 9 BSOS BOH R 3 ph v s R 8 A E 2 X it
PR R] BB -5 DX 3l A A SR T 52 5 S P B DR e PR A, A 8 S HE B o (8 L 0 4 8 ik 390 el SRR s A
XA 4 L LA i DO — B LA T b DX IR 58 , 33 5 T Aol 2 A Y B T e AR L

MR BR = ALZRF 8 IAEARHER ALat KA AR AT IR IE AR A% X 3y L3 4% TPM HEjik i )
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PN X AR R ML ZE TPM HE S & i 7% X, 28 B Gk 26 gL 3l 4 55 TPM. HEBC ) B4 45 B E A, L3 24
TPM JHERCE 2 . =~ FE DU SN PR B CHR TV AR R rh i i R A AL R AT X A L B
% TPM HECHE 5 A% R X, R PG, R 0 P R 4548 T A WL Bh 4 TP 0 386 i 1 B2 2R R b IX
(K3, s AF X ] o 55 X, s o B 442 i 7RG 56 A ] HEE 3l I A L3 45 TPML HE i 184 8 14 3 HICHA A5
X, 2 B 3 sie R P 8 358 43 L X AL 3l 4 TPM HE B 35 im S22, T30 26l XA S IR S A 2 i 55, I bl 3 4
TPM HE 38 I o 0 52 iR 75 B iy 5 | A v B DG s e,

XiF FEAL B 25 TPM HE S AHE SO B A0 2 8] 4 B ARAE 0T L& B, h EALEh 45 TPM HE RS (R HEL , o 384
s e HER A S [ ARAE . L ep e AR R, R 1 A X A Hp R i X A S P R A T
HERC R 4 DX ek D 5 S 0 (K32 A ST R X, 3 5B T AR R oP P M X ) P T A%
BTGP IR A RA TS K R R R A IR AL B 2 PR R 5 2 3 b XA X S A, 3
HLBh 4 TPM HEHCERIE AN 5 117 LA H S A 20 A2 A b S DX K 3038 A2 25 9 2 4 4005 YL AR ), 4 b BT
BT R AHEBCR | 5 HEUE RS i, B AR LEH S TPM HE . 2 S 300 P A W 4 i DR e, L 34 45 81
Rl DR B
2.3 HL3h% TPM HERCE 5 m R R Hr

N ANZE SR R WL A XL 4 TPM HE R B B B, N3 8 AN R s
TN ISR TENA BB AR BN A2 A (R . — BT S, N 150 B RN % 6 428 bl R L 0 2 P e o e
1, HLEhZE TPM HEBCE K ; JT A A IR BN A SR AR i A AR BB A A4
TFe & (ORI HERC AR, A ARFRBE S5 1 ob B AF S8R AV 3R 18 B 2 S 0 WL B 42 TPM. HERI ™ A8 BB (0 3
Wi, AHSCHTIT R, BRBEELE A P2 11°C  WLBh 75 TPM HEf - 288 in—15 " 4k 25 B > 3000 m B, AL
B4 TPM HERL 20 4 JE Y 2.35 50

W EIRHT  ARTFFTIET 2011 4E 2013 41 2015 454 [ 357 AT (& & FET) T m s | gE B
SHLah 415 4 Y HE R S DI B FE br (52 4) 15 Bl BRER I 25 80 25 18] 4 S R AE 5 R A B P 3, #R 98 45 0K
SR ZE X E L8N 4 TPM HERL A2 A2

R4 HEhE TPM HEMIR 3 A E IR Sk

Table 4 Geographical detection analysis of TPM emissions of vehicles

PR FEHF Index 2011 4£/% 2013 4/ % 2015 4£/%
INHEARIE R (X)) Highway freight volume 36.60*** 37.08 ** 36.34 %"
TNATE LA R (X,) Number of buses per 10,000 people 15.68 *** 12.67 *** .34 *+*
ML AR AT i (X;) Motor vehicle population 41.30*** 45.87%** 40.69***
NH# (X)) Population density 13.79 *** 12.66 *** 13.03 ***
AEPHS R (XS) Average annual temperature 7.30%** 7.33 %% 7.81%**
W (Xg) Altitude 9.99 *** 9.40 *** 7.87 %

* % % /N P<0.01

231 Hlsh4 TPM HEj i ) B P 4

WFFE A RALW] AT FE T I 6 N URKEh PR B X LSl 4= TPM HECE HAT 35 RS20 | i B 1 RN (R
FIN LB FRA S A ST IE > NS T N A SRR S ST R SRR (K 4) o Hlshse
TPM HER i 32 WLl 4= B i 3R Sl f ik, LU S AL Bl 2 5 8 A 3RS AR T, 52 A ARR B 28 AR ) K Bl A
PR

N n i N AR AR R R SRR R R T ¢ (EARPRARALA, T AN IR A
(IR RE ST g (EBAFREAR, DL 0 A R AR RE ST ¢ (5L B4, 2011—2015 AR50 Ih] [l A 4= AT [ DU
i, AR RRAR A LB 2R V5 Y i HER . S A2 PR L3 4= TPM. HEI Y 2R IE 2013 4F 4216
AT A S 3 2 ) DU HE AR A X 5 3k A2 UL HE T A B BRI, S BORE ) B BRAEL R 0.1 g/kwh [ AR 31
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0.02 g/kwh, Bl BAR A A9V DR AR HERCRME RS20, BLSh 22 /AT BERO IR RE ) g {ELAE 2013 47 A IFE I
WA, 5 Wu' ™ 55 NPT S5 ARG . 2011—2015 47 FR 7 A AR A0 RIS K T 12.71%, A%
B R R g R M 2 FEARALEN 4= TPM HERCE: | I ARG A R R ) ¢ (B AFREAIE
2.3.2  HLEh% TPM HECR B XA 152 59K S

RSN R X LS4 TPM HEC i A2 00 n] e AR A AR AT, DRI 20— 20 X 45 5 i [ R 47
XA A HARD . BRIMEERAUNZE 5 B AR AT PSS PR 2R S B FH A R 2450 1 B — DR A A i F) i
FETT AR LA 55 14 58 HATE S TR % e s g T X0 PR 498 5 ) 52 A 2 Y A i, 3 W 2% 9K sl DR 3R i
PR RIS ALE 4 TPM HEBCRAT W8 B s . ALl 0 B (X)) AAEF 23R (X ) ZZ B AR A Y
fiRRE B, g (H R i5 55.43%; A BEbTis i (X,) FIALSh 00 i (X,) ZZBEAE G MR ke, g HoN
49.40% , FBIRAFFEIR(XS) A B HIIERE ) g AR, (05 AR At AR Bh N 3R 52 B A 4 R 24 o AR e
PR 5 | 2 W AR 2 R A -5 A 9Kl DR 2R % ] A4 T i 2 3 s X BIL Bl 45 TPML HERCRE AR T . ANfiE
ISR IRIE DR SR AE AL B A FORE ) HE AT 5 o A 6 3 5 AR 220 2 i), I T S S22, 11 SRR A58 IR 3% 5 HL A
He 2P R FAMEAE RIS, I %25 (4 A AR RS 2 P JE R FLBN %= TPM HEL

5 2015 FREWHERZERMER

Table 5 Interactive detection results of various impact factors in 2015

AR HIZER AR HIZER AR HIZER
q/ % . . q/ % . . q/ % . .
Types of interaction Types of interaction Types of interaction

X NX,=40.41 XA T4 58 X, NX;=45.45 KU -1 5 X, NX;=55.43 L P,
X, NX;=49.40 XU 715 X, NX,=24.05 AL P X;NX;=45.78 A 1G53
X, NX,=44.08 XL 715 X, NXs=21.73 AR R X, NX5=30.67 ARt
X, NX;=46.27 Jh L 3 X,NX,=20.31 1L 3 X, NXg=22.17 Jh L 3
X, NXy=42.50 XU -4 X, NX,=47.73 CER T X;NX;=26.88 T2 P

X, 532 & Highway freight volume; X, ; JT N/A LK 441144 & Number of buses per 10, 000 people; X5 : HL 3 4= {4 & Motor vehicle
population; X, : A\ 1% ¥ Population density ; X5 : - V-34Sl average annual temperature ; X : K =1 altitude

3 HAwirtig

3.1 %

(1)2011—2015 4, 2 FE L3I 4 TPM HEiE 2R FEREAGES, A SMEFET LS4 TPM HEBCE R HE
AR, B E T RAERE R 2 £, RUIE SR TR T EYLSI 4 TPM HEBCR AR A F 25Tk

(2) 7z 1) b, v R T B s X T L8l 4 TPM HECE: 38 o AR T, BLARF & F7E%0., Hlah 4=
TPM ol HE 2 119 755 1 DX 226 2 S v 1A B v A e DX, 5 22 1 PG 1) AR 3o 1) 4 [0S Sy, 28 v D S, AR 312 v A6
VO R R o3 H XML Bl 22 TPM HE it 98 /0 13 i A8 S A

(3) BFFE ], MLB) 4 TPM HEjl it 125 (R 4E R R 1%, 25 [RIBE ML/ A A o . AL3h 24 TPM HECE A 4
JIX AN S5 IX 25 (A3 AT JE Y AR 4 /N, HLBHZE TPM HEHC: ARSI B X #0281 $05 X A v i 3 A, 34
SR RRAR I 25 [R] A3 AT Jmy O B3, X DX B 355 1 3 PR AR AT

(4) TP EHLEN 4 TPM HERCR “ARHERC, B3 ; mHEL Sl 128 [ A ek . “ARHERL, i X3k
S PGS M DX AR RV A A T 5 < R i 9D DXk DA SRR A O 2 AT SR

(5) M FRHR 25 H 5K 3 R 2R 4 A b R W 4% B 2l R 258 40 P P S A E I XS AL 8l 42 TPM HEUR B T g 18
HA W WRERIER AP OR AR & A AR IR R AR F SRR ) o (EANAIL (0 228 2T 5 oA
IR h PR 2 A [V i 2 3 i WL s 45 TPM HEdi i B9 g 8 0, DR LT B fin ik 19 SR RS 0K 2 R 6 5 H At L
SRR R R A HAE AR .
32 ifie

rh EHLE) 4 PR A AR R H,2011—2015 438 E AL 3 42 UKL M) 48 B TH I 38 1.3% , RUTARFFFEAS
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) 2011—2015 “E2EHLE 4 TPM HEil i 28 4F T A M0 5F 6 TR, 44 2 F ELEE T SR A K
Tl X RATT e () SR 4 IR T S N 101 25 4 X AL 50 42 35 Y ) HE IO A OR300 R %) BT iR R 3 3]
30% i AT  AEMR ARG AT, EIBF] 50% LB 5508t iy DA A A T4 2R S5 i 5T 7 A% 1 v 1 A R e
O RIS N R 55 e B 2 14 R4 o = K i B Xl P i 30k T L 3 4 VR A SR 4 e T
& AR BIR ], 412 A5 7R SV V3l T A X B — 2648 2 R B T LN 42 TPM HERCIR B AR 2 2, i s i 2 3R
PM, AR5 Y% 0 X7 38 36 KA &, K 2s SR M A R 93 26 W HIL 3h 20 HE O R AT5 YL i1 2k
PRI R AR X N LEh 4 TPM HERCRE AR B G IX R4 SEtin , B SRR AR E 5 s 45
b DX AT YRR B I 4 T T Mo AT 307 28,2013 4E LISK SUIESE L X, PM, AT B IR Y 2017 4EAH
T 2013 4F T RE2 39.6% , 3k = T4 HL A X0 A3IE T AR5 LA S HEBE R 20 1992 A b T S X R ML
B4 TPM HEBU “ mHERL | S IR 2538

T PG X UML) 42 TPM HER ) LA (G , FE AR FE A8 | )y ML 2 42 PR W45 A A M X SE A
SHHLE % TPM HERCRE ARSI, SCAHLSN 4 TPM HERCE A 5 A PR X sk > X EE 2012 4E 1 2016 4F
W E ML B ZE R B A BIAR 4R R B, 2011 4F 1 2015 4V R4 B T (= ra L SoM D)1 55 PR ) ML 3h 4 A 42 ik e
FHETS 2 % FHE A% 240 BT, S5 AR 55 v VU R 4548 T A AILBN 22 TPM HECEE “ IRHERC, S8 i 45184

G0 FEHIREH  ATRE S A CVB I HLEh BRI, VO R B0 M XA Tl R 4 LA AR N V8 BE R, i 1

WAER AT oM T PR S 22 B 1 R A7 J A A A, A SR ML ol 253 B i R B3 AT S 8obL 3 42 8
SHERE PR K

RS R M L5 5 & B, SR AN A SRR IK S R S ML B0 B 07 iE A S 4 0 K
Bl F i 2 AR XML ZE TPM HEjlci r= A 2 B3/ 75 2 U I A0 2, 8 (T W 0 s X L o e A0
iR SR AT AR B 5 AR B X 22 7 2 SRR AR AR S | RS B A S A s s &
S50 G S L R g D DX A T Y HE R R T AR IR X, A TR VG b X A S IR R 3
TARTFARI Y ERIREEN Z M 2 IR, A% A ML B 42 0k ) HE BObR E LA AP I A S 4 T At sk
351 SORE AR DX R A T R M X AL Bh 4 TPM ek HE A S 2R 06 £ S ) T o S e R R A
T HLIX, S R AT AYALBI A TPM T35 JeHERICIE BEEE it , AR 24 b A S B 250 81 3ul it 5, IR1 St 5, okt
o St BT T S X A R A X TS R IR B B

ARHFFE T DML R e AR iE i T A IR B A D% S R E A S 4 s IRk s
FXFHLsh 4 TPM HERCR AT IR s 80, A — e ARt eah , HLsh 4= 0k HE i 32 B0k 5 1 5 AU AR
FIERIR A FE BRI T4y 2 BRI T4y 2, o i i S 5 BRI ¥ & X HLBh 42 TPM
HEJOR= Az g T T A R it R AR AL S IR 3 R 2R A AT 22 LA SE MR AT R T AR A BT X
LUK PR R AEHLS) 4= TPM HE b a9 S A TR AT
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