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ME] AR MER (Future Earth) 7 3R LL K AT RRZ2PEFRL2:  (Sustainability Science)
A FIRIE [R5 ASCERMEGAER™, RNPRT AR, WBOH=E RGN
SCHN A SRR BTG YL BT A AR S AR A T % 1, XHR MR AR R T ft Ak i o0k B
L S —T5 T, B BB A RS A AAT, X T B s ) 4k T A AN
i, ZA0 T TR RUEE R RAT5 G2 (BRI , = X005 Gy AR B DL K ) PR 3% 114 28
()36 BN F R, BT AE RARTE IR

PRI, SR ARG AS R B T 25 g v B A 1k, R R T DA S T
FAL S AT Tk ARG T R, AR SO b B 2 T 00 DX 3 25 S 5 R 2 ) 400 £
Wk, Lifis Iz ) [ AT R 2 Fhas [ RS, 43T T 50 HEEE 202 4> X L PMs 1)
BF2s o SREAE , E I b T B 1 AR 5 N SR i) PR 28 R G2 () 1 A0UN 6 A T R B8
BN FN AL . ASIFIE S S P ) & R St () B 5 3K, x4 o DX SRk Tl
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2 HHERIES AL

2.1 #ESRiIR A

A S PM s AF 319 B2 S FAME St B IR TR R A5 AR E, S I EL RUBE T4 PMs
WeREk A TR 440 (ACAG) ™, 28l G T 3 B | BIRIBHLAIS, i
S BB, R AR i 1998-2014 4F 1 0.01°x0.01° AU MR K ,  H HE A v -9 2 Al
FI, WAL . http://fizz.phys.dal.ca/~atmos/martin/?page_id=140, 2014 4E H J& PM,s it J& 3k
SR M X 79 /23 STl R A H SEIEEE , IR G ik B 5 TR B B e
(https://data.epmap.org) .

FRES | A A SCRRREE , A ORI e e 1Y A AR I 3R i B i R AR B K i L 4RI
T, ARG AR . AR TR . VR MBI, R . Bk A
KRR | S8 Xk S5 A R B R ARk B EA S AWM (http://data.cma.cn/site) , J5 R
B4l 2014 4F TR M DX 160 NGl 19 D s, AR AR | TG
THERERFEE, BoKEITTE2E DR, HT DEM [ Kriging 4/ {8 7 21158 0 1
X AR SR OMIHE 4346, 32 FH Ordinary Kriging 77 A N REE | AFFE K H FISE- 2 XU
(AR HS AR

IH—AEARBEFREC (NDVI) SR AR A ROIRAS St w78 56 FE e s R, AR S B
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I 7 A0 NDVIEE, JERIBRAKARA 2, DB I WO AR A B K S e i 2 1y
R PR S AR . IR AR Bk A 3G E s MR (NASA) - (http://modis.gsfc.
nasa.gov/data/dataprod/mod13.php) .

TR FE A I A AR B AR PR A 7 i RS (DEM) 113453, DEMER R T “J
X S IXBFERE 0" (http://westdc.westgis.ac.cn ) .

F TR LS R 2 % R K N GDP . B N AR RIKSF- RN 11 %%
FE . RN GEA P A TR REFE R RE IR T 2o da 4l . e b 254 i 25 — k5 GDP Lt i, H:
HEEVRTH SRR RO S 1T kA . HAW TS . RTINS . Al AR A R
FHPH T, A5 R DMSP/OLS 2 [0 X YA R 15 RE IR 28 A7 A 10 2 ) 2 PR A DGR,
A SCR ) DMSP/OLS £l , W44 7B IX S8l 6] oA %) Jr A A B8 L 2 R A A e 32 DX
REEIA 2 mda s, DTG RV TH 2846 BOR 142 S A [R] DX B 1 BRI 9% 1% L . DMSP/
OLS Fa z& 7 Ia] AT SR ke 11 26 [ [ S PR AR BR) - (https://www.ngdc.noaa.gov/eog/
download.html), Hftl#t 2238k A (20154 b E H g 4% (Big) ) dbx
KIS HEYE (2015) ) (CRHESEIHEY (2015) ), PAKILAE 11 iigei4r s,
2.2 ETALE

e, X PM.s B RITA R B AR i 5 202 4 X BLATBUATHEAT 23 (B DR L . K PM,s4E
Pove s . BRIRIN DRAR AL . AERK R . AR . AEIXGEE . NDVIL MU RIREE . AR
X EE (AR Bt £E ArcGIS 10.2 HifE A TH IR IX BATEG A0 R sk, o Rg iR 248
BOSs R iz, AQRARIRTH e i, LA AR R O T34

HR A SCHR 25 R e B 1) 28 1t P AR AT BB AAAE 2 F LA P R, SRy R O 22 I ik IR+
(Variance Inflation Factor, VIF) #4177 A fift B8 i i) 22 ML 2 Ve o3 By, BV 4 e B 1)
VIF>75, Ui HARAT i 50RBHIE BR EAEE 2 B geb:, WObRizs e, KRlan
1) 10 R AR R RS N AR . R LR T RS R RS T . A ik 52
i) ARG 56 , i B R B HAR 28 SR i /R IR A8 it R B AN G IE S A0 A . MOE R
HOBFR A2 5 PM,s i Spearman AHOCTER IR A5 R, W LUA BBk T A GDP. Lk
HHAEREK AN, HABAS HE 5 PMos BIFETE 0 35 RO AHOCHE . [FIE, 4t Moran's | 1 1 2%
PE, DB e sl iy e . B LR IT A AR s kA7 T b AT AR e, FT LAV M A
FIRFEAR eSS (] RS s,

®1 BETENHEAMST. FSTHS=EBEMEXKERE

Tab. 1 Descriptive statistics of explanatory variables and spatial autocorrelation test

iR A AT EH BUME O BORME daE AR M R MICHREC Moran's |

A GDP(IL) GDPPC - 4686.7 2877584 41853.3 36099.1 33 151 0.04 0.36
NV (N km?)  people + 458 351544 21361 53725 41 175 0.56™ 0.95™
REURIH e Al energy + 945.0 114412.0 17743.3 148489 25 9.7 047" 0.22"
i‘é%;}k i GDP second + 4.2 75.4 455 149 -05 -0.1 0.01 0.30™
AEFE K A (mm) prec + 343.1 672.1 53076 6751 -0.1 0.1 0.04 0.53™
AERR(C) temp + 15 136 1095 273 -17 25 071" 0.44™
NDVI NDVI - 27346 84638 56416 11761 01 -02  -0547 057"
AEB R (m/s) wind - 1.4 2.9 20.5 29 09 05  -0.17" 0.63™
P EAR S wavi - 15 311.3 54.8 744 13 06  -0.72" 0.41™
ARSI (%)  RH - 47.3 67.1 58.2 37 -08 0.4 0.55™ 0.55™

e L RIS 1%, 5%F1 10% 1) S E K
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Fig. 1 The spatial distribution diagram of natural and human factors
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3.2 FEtEEE

A3 (AN E AR Y ] A R R 2 1 [ A 43 A I 72 A B %) 23 TR 1 [ AL, FH A 2 ]
(] S AU A 45 25 ) JS B A (SLM) | #5225 (SEM) | 25 [ FEZE 28 (SDM)
SRS IR IR ZZ T AE A [B] L AHDCHT, RIShZs [EiR2E A (SEM), HRRXunT .

Y =X B+ WU +é,6~N(0,5) (3)

AP YRR, InxLmE; XFERMREARE, Budimpmitky, 0
J(nxk) BYHFE; BR/RIBIH RS, A (kx1) [mlfE; u i FEBLIR2E M 6 b@lilﬂﬁa%é
Z I A2 (B AHDCME R B WRR— (nxn) SRR ; eFRBEALIRZZT, 38 H A
REANT A

i R LR () P 2 TR AR X AR 7R I8 45 3 SRR I 2 B0 T 25 [RIAH G, B h 2 [
F R AR S 23 [a)i e s (Spatial Lag Model, SLM), Az R .

Y =pWY + XS +¢,6~N(0,5%) (4)
e pFOR AR HRN, (WY) BIREL, HR/N s [ 4 5lal 2 a0 e, an
%pﬁ%, AR A R 1 22 A A AE — 5 125 (R
o3 [a] kL BRI (Spatial Durbin Model, SDM) & Rij R AU it B — i IE X, SLM 4
ST RS E (V) NS, SEMALE TiRE (¢) [AINASH AN, T SDM
L& T NS BN (WY) SHMEZHRN (WX) B Ah:
Y = pWY + XB+WXA +¢, e~N (0,6?) (5)
K ORAMELZHRN I REL, 240 =00F, BIHSLMALRL, 240 = —ppif, HIZh SEM
MR ot 2 3 W i B R A7 AE 10 2 B A2 ELAE B, , SR RO REXTHE T A7AE 45 6]
T RN AR Z5iE .

SLM 5 SDM Y r] DAk i AR 1 i B850 (direct effects) 5 [aI3440 (indirect
effects), {HH T SLM BB RKARBREES, A SCHEH SDM AT, B4R JEd5 A4
HiL A 5 R A M55 g S ) 5 TR R0, UMM s () s tH AN, AT LA R R A R A
1, RIS b A2 i PR 6 410 30T At [X e 55 %'iﬂﬁﬁ’ﬂﬁji IS 30T 1 DX P9 352 ) P %o A L 2% %E’J
M (1-pW) (BAWOY XS FIER IO R B B RN, AR R TT R S W] 300
TSN, P Sk 25 P A 0 R FH SR A R 8 PR P )

A B KSR (Maximum likelihood, ML) X 23 ) o] 5465 280 3R 47 2 804 11
S AAEFEFFEAE S SLM ., SEM, SDM iz Fd B Pk % | B N R BUEM:, XWeRar -t Em
BN, A SO e R AL TR B K T 4B (k-nearest neighbors), Hitk = 6, BT
BERLE B, (AR A 0 e AR 750 5 S A RS il P FH T Queeen £B42 5 28 1L IR R B 451 550 1)

23 AR B OGS EE B IE o AN RV TR 4EL 5 00 B 1) EL R X RLAR e (LR) A TAG G
Moran's | 1931538 i GS+Version 95¢ %, 4% [A]3H A AU FH 19 IR AR 1R A% 5K A Elhorst 1948
[T 20 Matlab T HAR,  Hu &I HI/E(EH ArcGIS 10.3 521
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WH KR S XEORE, WAL RS . kR 0T AL ZE 2 5d0E . L vrgdeisiL
XA HB X PMs MR BEARXTHRAR . 540, 2 AT B X ) PMs R B AH LT 8] FRIAR X A
Tl HiL X P24 155 10~20 pg/me, AT LA XN S 16 Bl KA 75 Y HAT O i B

b. 20054F
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d. 20144E
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Fig. 2 Spatial-temporal evolution of PM,s concentration in Beijing-Tianjin-Hebei (Jing-Jin-Ji) urban agglomeration
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R R AT RS S XL RATT YR, B 2014 47 PMs 34V B A AN AS £
P IX BLAT L X RISy e s, 45 RN 3a i . 76 202 N IX Hor, ARk 3 e {1k
Y X 30k 20 pg/m?®, A 4k BE d s 19 IX 3k 103 pg/m®s H R AR A A AR I X B
(PMs <35 pg/m®, El3ar X)) HA 284, 55019 13.9% (HR4E 2012 4 E &k
M) (A T EFEE (AQD) HiARMIAE), PM ARk A 35 ng/m®, 2= i
KFR) 5 A 924 X E PMys K F 75 pgim®, 25 Mi5 Ye g, 2 IRt A DA 4l
21 (WHO) TFRIE, PMosAERH /N T 10 png/m® A REXS NRAEREA = A fa 3, A
— X ERR . TN, A SRR A AT AN i A5 S0 R B ) B b X 13 Ik
T PM.s IR BE I H B2, TR RIS . PRE . AR ITEEIRG T By, 55
AR E, SRE O, RS BROIEA—HATMETEN T, SRR, B4
M2 2R U7 &L RIS Y AE— AT = ARG = A H 2L e el H 4y
8, WAEUL, SRR R KA R R E R

FET MR ECHE B E %0 (Inverse distance) AY%S [ ACE RS, 115 X B R 2014 4F PM,s
AE ISR BE Y Moran's |1{E 4 0.477, H.Z{E}17.22 (>2.58), Bl PM,s¥ 87778 552 (1) 1F 7]
258 { AR, DB S I T B XK AR TG Y A [ A R AERED LIRS, i 2 B &
FASRAERYE, 2, 5 JB/R T 3 WK 5 1) PMas 25 1] [R) 14 25 (8] F AH OG0 4T
X At b T AR P R R T D SRR B Y S SR A T NSS4 Moran's 1B, AT
DI M A 2], W3 T [R50 2R B 7E 200 km DL I, RATS Yu A B IE 058 H 5
Wil = ELSCF2 i e (B 5 11%) 4 6 T 44 5
4.2 EEALERIEB S MEZER

T XA AT B S A (R R AR AT LR, AR SO Sl A A )
Z vk (OLS) #EfTHIAIfETT . LA 2014 4F PM, AR MR FE Al Beis e, LIS HARFIA
SCHZE MR AR A A 38 o B AT A B A A AR IR BR AR Sy 25 1, AE M
3BTRS 5 AR A PR 2 [R] S AROC B b B, 25 SR AN 2 Ffrsk, OLS1. OLS2 J& 43 Ukt A 3¢

a. PM, SAEE e iE

b. OLS[El T fREE
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Fig. 3 PM.,s concentration distribution in Jing-Jin-Ji urban agglomeration in 2014 and standard deviation of OLS estimation
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Fig. 4 The PM,s concentration monthly change of 13 cities in Jing-Jin-Ji urban agglomeration
LEMARLZMINI, OLS3RLE G 00—
FrAEREIE, Rai NGk 04F *e
Ao, X LA E (Log < 02} =
likelihood) . ¥4 & J& B9 L & 8§ o0 , . . .
. 2 ST JF) : N 2 100 200e 300 400 500
gAdJuEsted R%), ﬁi@*%iO‘Li?; EE’J{E# 2 sl PAERGm® o
BRI, LA S 2P AL AL TG SO
AT RR A A, LA Y
5y 39 0.564 F10.895, TMizia ey ¢
1R T2 I [ 0 400 A R ik FIS JETPREHIPM:s 214 [ Moran's | (i

0.929, ﬁﬁ\%lﬁTﬁ%Fﬁ%%ﬂﬂ Q,ﬁk Fig. 5 Distance correlation of PM.shy calculating Moran's |
HASCUEHRNZEE R0, —JrH

B AR AS it PMos A1 S 25 I 25 0] [ AHOCAE 5 05— D7 TN AR A OLS3 1 [l I Bk o 25 E A 728
] A0 (813b), H:Global Moran's | 40.231, Z{}711.23 (>2.58), 7£0.01/KF
AR BE L L, AEFZ R HESE OLS Jrxt s MR AR IS EA T A, A5
Lok M AR P BEA R, S5 RS A E R 1%

FF BB, A SCHE AR A [A]  E AR SR 06 e LM (lag) #1 LM (error),
Ll J2 Robust LM(lag) fl Robust LM(error), 44~Z40¥7E 0.01 K- 1 i 3, AR MEHI W53 5%
25 [ e A (SLM) . S [R[iR 248 (SEM) Flas[FE AR (SDM) BEHEMF— 5
Hific WAh, il R 1H R Moran's | THELRIKG S, 2 BA AR R A8 B 240471 Wl 35 19 25 8] F AR
Kok, MERIVERRNN 5 M B i Z (M A S8 AN o PRI, RS DL AR 93 i T ek
ISR (Maximum likelihood estimation, ML) X =R RI44C A BSR4 1115

X2 2 v =2 s ) [l E R AL 25 B T M. B SE, @ X EE Log likelihood
Adjusted R?, W] LA G % B =R f . SDM AR RS (4004 85 R e, SLM LRI - T
SEM #7 . WxINPM,s 75 1% 7K F T .3, SLM FI SDM 1 4 4t 1 43 %1 35 £ 0.511 il
0.569, Ui AR B PMos A AEAR SR B 25 (8] b B N AR SR BRI, RS il A LAt i o A o
PIRTHE T, ABITHBIX Y PMos BT 1%, K S 3ACHE PM,s 22 /0 755 0.5%, XK <0T5
P B AL i T B H Y PM s 52 903 XS R2 e i 2 . SEM BRI ZE IR I 7R Wk fE 1%7K
R R, B R 25 I 2 (] AR 2S () AR BN, U AT REAEAE 5t T 0 A
At T Hax SR s AR S (W) B HARH . X REiRR AR ) i R T . A
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#2 OLS. SLM. SEM5SDM Hyfhit4E b4k
Tab. 2 Estimation results of OLS, SLM, SEM and SDM

Api OLS1 OLS2 OLS3 SLM SEM SDM
CONSTANT 1.612" 3.893™ 3.468™ 2477 0.069™ 2.413™
INGDPPC -0.129™ -0.009 -0.006 -0.004 0.001
Inpeople 0.278™ 0.026™ 0.035™ 0.064™ 0.074™
Inenergy 0.313™ 0.036" 0.045™ 0.047" 0.058™
Insecond 0.259™ 0.064™ 0.051™" 0.049™ 0.036™
Inprec 0.189™ 0.198™ 0.123" 0.122 0.016
Intemp 0.533™ 0.479™ 0.187 0.337 0.232™
INNDVI -0.325™ -0.31™ -0.161"" -0.072" -0.151"
Inwind -0.262"" -0.245™ -0.233" -0.219" -0.321
Inwavi -0.096™" -0.098™" -0.071" -0.081"" -0.048™
InRH -0.002 -0.004 -0.129 0.548" -0.212
WxINPM_s 0.511™ 0.569™
Wy 0.776™
WxInGDPPC 0.013
WxInpeople -0.068™
WxInenergy 0.033™
WxInsecond -0.008
WxInprec 0.092
WxIntemp -0.109
WxInNDVI -0.161"
WxInwind 0.209
WxInwavi -0.032"
WxInRH 0.109
R? 0.564 0.895 0.929 0.963 0.961 0.9713
Adjusted R? 0.555 0.822 0.926 0.961 0.958 0.968
Loglikelihood 57.620 146.250 188.311 225.653 222.181 255.733

TE: 7L TR RIFRIR 1%, 5% 10%6 MK

WL OREVRIE T . BB R AR IR PML s YR BE AR IE 17 B R s A
FRTERC. G . HBTE AR BEXT PMs Ve B A A7 T 1) 1) Jb 352 e 5 B/ K RIORE R B AN AE —
ABERIRTE 100K A B&ME; A3 GDPIE=/MERIF IR B %, 7oh, dh—H %
T Queen S84 O 7 FIIE TR CQIE 26 8401 25 [H) AL JHE XS SLM . SEM ., SDM =AM AY i
FTIME, SRR B R g v S SRR e W s An ke, DA A SRl AR
HA R AP rRR e
4.3 EBENA 5% 8t H 3 A

F2 R RIS T RAESME S TN (WX) B R %kt 7T LLFE 3] WxInpeople,
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The spatial-temporal characteristics and influencing factors of
air pollution in Beijing-Tianjin-Hebei urban agglomeration

LIU Haimeng', FANG Chuanglin*?, Huang Jiejun®, ZHU Xiangdong*, ZHOU Y7,
WANG Zhenbo!, ZHANG Qiang*

(1. Institute of Geographic Sciences and Natural Resources Research, CAS, Beijing 100101, China; 2. College
of Resources and Environment, University of Chinese Academy of Sciences, Beijing 100049, China; 3. College
of Resources and Environmental Engineering, Wuhan University of Technology, Wuhan, 430070, China;
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Abstract: Air pollution is now the most serious environmental problem in China, especially for
Beijing- Tianjin-Hebei (Jing-Jin-Ji) urban agglomeration. Under the background of Jing-Jin-Ji
integrated development, it is of great importance to study the spatio-temporal distribution and
its influencing factors. This paper firstly analyzed the spatio-temporal characteristics of PM,s
concentration in 202 counties of Jing-Jin-Ji urban agglomeration using spatial analysis and
visualization. Then we quantified the effect degree of different natural and human factors and
the spatial spillover effect of these factors using Spatial Durbin Model (SDM). The results are
as follows: (1) The PM.s concentration was on the rise as a whole from 2000-2014, and it was
high in autumn and winter, while low in spring and summer. Seen from spatial distribution, the
PM.s concentration was high in the southeast, while low in the northwest of the study area, and
the concentration in urban built-up area was 10-20 pg/m?® higher than that of its surrounding
suburban and rural areas. (2) The counties, whose PM,s concentration was below 35 pg/m?,
only accounted for 13.9% in 2014. There were significant spatial agglomeration and diffusivity
of PM,s, and the mean distance interacting among the cities was 200 km. The PM,s of a city
increased by more than 0.5% for every 1% increase in the average PM.,s of neighboring cities.
(3) Socio-economic factors have positive impact on PM,s, and most of natural factors have
negative impact. (4) Among the influencing factors, contributions to local atmospheric
pollution with direct effect are: mean wind speed > annual mean temperature > population
density > relief amplitude > the secondary industry share of GDP > energy consumption >
vegetation coverage; however, per capita GDP, annual precipitation, and relative humidity have
no significant effect on local pollution. (5) Contributions to neighborhood atmospheric
pollution with spatial spillover effect are: vegetation coverage > relief amplitude > population
density. The findings suggest that we should adopt the adaptation strategies for natural factors
and control strategies for human factors. A coordinated and strengthened cooperation between
local governments should be established for air pollution control, and environmental planning
and legislation should be strengthened in a new round of urban agglomeration planning in
China.
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