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Abstract: Rapid urbanization has led to severe air pollution in China cities, especially fine particulate matter ( PM, ;)
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pollution, which threatens human health seriously and becomes one of the main air pollutants. The clarification of the
spatiotemporal distribution of PM, 5 and estimating its health impact are essential for joint prevention and control of PM,
pollution. Machine-learning with the merits of the estimation of PM, ; concentration has become a research hotspot to fulfill
the deficiency of ground monitoring data. Based on the results of epidemiological studies, health effect models have been
widely used in PM, . health impact estimation research. In this study, we utilized the real-time PM, . monitoring data,
meteorological data, socio-economic data and Normalized Differential Vegetation Index ( NDVI) data from 56 air quality
monitoring stations in the Pearl River Delta (PRD) of China during 2014—2018, and constructed the random forest model
to estimate the PM, ; concentration in the PRD during 2000—2018. Then, the Global Exposure Mortality Model ( GEMM )
model was adopted to estimate the long-term variations of the PM, ;-related premature mortality in the PRD during 2000—
2018. The main results of this study are as follow: (1) the PM,, concentration in the PRD has maintained at about 35 pg/
m’ during 2000—2018, showing a spatial differentiation that declined from northwest to southeast. Precipitation,
temperature , wind speed and vapor pressure had a negative effect on PM, ; concentration, while GDP and population density
had a positive effect on PM, ; concentration. (2) The population-weighted average PM,  concentration was lower than the
arithmetic average PM, concentration, indicating that there was no obviously spatial matching relationship between
population density and PM, s concentration. For instance, Zhaoqing had a high level of PM, ; concentration and a low level of
population density, while Shenzhen had a low level of PM, concentration and a high population density. (3) PM,
pollution in the PRD had a significant impact on ischemic heart disease and stroke, but a weak impact on low respiratory
infections during 2000—2018. The number of PM, -related premature mortality has increased gradually and mainly
concentrated in the center of the PRD, especially the central district of Guangzhou. This study suggests that the government
should not only strengthen air pollution control efforts and improve the medical service level in city, but also pay more
attention to the urban population structure and guide population migration orderly, which will facilitate the alleviation of the

health impact of PM, ;pollution and promote healthy urbanization.

Key Words: random forest model ; PM, ; spatiotemporal distribution; Global Exposure Mortality Model ; health impact; the
Pearl River Delta
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Fig.1 Distribution of the air quality monitoring stations in the PRD
PRD. Zk=FH1IX The Pearl River Delta

(http ://www.resde.cn/) FEAEH) 2000 ,2005 2010 1 2015 425 [8] 40 B R K Tkmx Tkm [ 71 [ GDP 5 [6] 43 #i A
A EAE AR, R ArcGIS BEBURTSBE — A i IX. 56 723 5T 12k Mo W0 safy s % 107 199 1 PN A 7 V(L 3 o 2 A4
{5 ARHL 2000—2015 4F45- 3l 52 4R (1 GDP |, A K % 3145 2016—2018 4F45 3l 52 4F 1 GDP,

BT — 2K ] GEMM BEAUZEE PM, A RSO0, i 5 B A 46 PM, o ok B8 2 ] o3 A Bcdie N 111 25 [ 4
A ks BRAET AR EL B TR, (1) ABEFEEE T BEHLAR PR A 345 219 2000—2018 4F- Tk = ffi Hl
DX 23 500 o W3 A ) PML, AR MR BE B , 7 ArcGIS R AT v L 4 2 R 4 {8 B SR AR AL B | 3R A5 25 (1] 43 B¢
H 1 km PUER =X PM, R EEZS T AR A8 . (2) A as ) 43 A B ok F T East View $2 8504 i BB I
PRI [ R 5256 28 (ORNL) FF & #Y LandScan™ 4Bk A 4 ( LandScan™ Global Population Dataset, https://
landscan.ornl.gov/) , ZEIEHEZT 1 km F0HER GIS Wb A 13525 J5) [ bR I0i B spoo S gt i A 052
Bl AR 24 /NEE T SEX 40 AR, 25 (8] N E 50 A 6 ME EL 43 PR & (https ://www. eastview. com/ resources/ e-
collections/landscan/) RUTFEHEIEER = M X AT EGH R A ArcGIS BRATIE IR B, S8 a3 Rl HER R 1
km FYER = FAHLIX 2000—2018 4 A 1123 i) 73 A B8l (A /km?) o (3) BIRSET- ABOK H T Global Burden of
Disease( GBD ) *F-15 ( http : //ghdx.healthdata.org/ ghd-results-tool ) 2 4L H & 2000—2018 4F#H 5 5 95 A [7] 4F %
PrBEARER BIE T N8, (4) 2 EEANBEOk A T Ch ESE 14 %) (2020 4F) (hitps://data. cnki. net/
yearbook/Single/N2020100004 )
1.2 B4
1.2.1  BEHLARAMAR

BEALAR AT 2 1 Breiman 45 A )5 H — b 35k PSR AR 1) JE IOL A8 2 > S0kl JE il 2 At o
R DA T2 e A5 28 (98 S0 A B8, AT P 3 g ke 53 ISR [l U Rt 7 [ U [ v | B AIL AR b 2o 58 i ) AR e
VEFR S T — i (51U 431 T s 94 22 0 2 bk 1), R 728 e TR0 1) 58 A P, S B AR ek 11 030 ) oAt
[ A — | BEBLARAR IR R AT LU, 2[R B (X, X, - X)) SRR Y Z A 22T A R
T e EER A~ A A 5 KR R A R, B R R R B L) o3 S I SR A A AR I 2RI

http ; //www.ecologica.cn



224 UG A BR ALK PM, R BE A R R RS A 8981

SRR | AR A TR R 8 s 0 v e . BEDLARMAR ARG 2 5, w] LAZE 19 78 o 2 60 R0 R 22 o
RAPEOLT ¥ 2 [ A it {5 AR A BEALARAMAEI AL X PR AR St (R (E A T A 5, B T BEHLAR AR ] ) 452
RIS AR SE 5 e i B SRR R £ R Ky G NDVIA %% B A N A ™ VB S A AR S8
I REHLARAR LAY | DLAS B2k = A H DX A PM, W B, BEBL AR MR ALY IncMSE (increase in mean squared
error) TEAR X B AR S A TREALIRAE , & B A8 S 28, U] MSE (mean squared error ) 34 ik 2 | 7] I F I8 0E4 H AE
ETE PM, s 78 53 0 B B B4 | Ine MSE BB K 38 W12 [ 78 f5 (0 B LR oR ) AR F 9 4 2 100 Bt ML PR MR
RIRT 5 2R
PM, s =RF(pr,temp,vap,vs, NDVI, pop,GDP) (1)

A, BRI pr(mm) R temp(°C) JKIRE vap(kPa) KU vs(m/s) JT—FRHIBARE NDVI A B
pop ( A/km?*) FlE A A 7 S pop (J778/km®) 5 PM, s (402 K72 5 S50, B 56 A2 A58 Wi 0 sl %o oz 174
PM, V& (pg/m*) o

R T IR A A A A vz AR PR RR AR SR B SR FH 2014—2018 4FBR = M HLIX 56 ~73 S5 i
AV Sk 1 A R DR A i ) 38 BN A i L AR ARSI BEAT 22 1R R R A R 2 ] i 22 0T B P
2000—2018 445> [ 742 i AYAFE B ECE A AL g A BEATL AR Y ) T LA 330 2000—2018 45 4% 1 il A )
PM, AESHRE . BRI . (1) K42 21 2014—2018 4F [ 28 B A A A8 B 19 12 H Bl #0431 i ke
i, BEAIL AT B 2R At | SR R 1B 5 F B REAL AR AR mNE AR (i FH e 2 280 (R ) A RMSE 1 345 5 2%
TEAGAS A A1) P, o Vi B R 1T SR (] AR DG | RT3 A7 2% B 28 5 5 PM, R BEEZ [ C R, (2) 4
T A AL SR ] 2000—2018 445 [ A5 5 A AR AR | Al B2k = M b IX. 56 />25 00T e I il A 2000—
2018 4F K PM, AR
1.2.2  PM, 5@ AU PEAf 15 A

PM,, s A FUIIAUAE R BE SORR N TR 88K DA AR ZR 88 T PM, 5 e R b A At 2s 22 577
S IX PM, B KO B EFERR S T IR ER = A XA RS PRAY PM, R 5E XU, SR PM, A
TOAUFE R FEAE I AT PM, (R BRI RAE , I FLERE PM, o N CUIMAUARE XM BE A PM, BARAE YR B 2 (R 0 22 57
MR AR,

> cr,
Crp =, (2)
>, P,
i=1
Y
Cn = (3)

n
K, €, FoR PM A BRI , C,,.. F7R PM, SEAREI R I i FRMIE AR I0EE | AMEIT,n FR
M AR G oT AR, €, B P, S RIFORES i METTHY PM, R EERLA L8
1.2.3 GEMM 7Y

GEMM #iAI47 GEMM 5COD 1 GEMM NCD+LRI i PEAL#1A) . GEMM 5COD 25 & T LA FOFP5E0 9 il
SEREIA o RO RS | XU PR BH ZE R AR PEIRGE R YY . GEMM NCD+LRI RN 25425 [ T JE &4k
FET AL FE T A ARG Yo PR s A I I R Y X i R A5 2 ARBIFZE LA Tkmx Lk %53 8] R4 250 A A0
BT, A i PR PP 25 18 13 ASAS[RIAE IS BE AR 2240 PM, 15 G2 BN ) il B B, A7 Bk = # b X
PM, s a2 I EAG A OCTHRR AR

Mj
MRJ- = ? (4)

http ; //www.ecologica.cn



8982 JAE = 41 4

AM(..k)=MR.XP0p.XM (5)
L’]' ' l RR; 1)
C;
(jqk)ln 1+
B Q)
RR, =exp [ ] (6)

. =C.
1+ exp(’u(j'h) LJ

L)

C, =max (0,AC) - 2.4) (7)
Aol i ORI 5 i BT FORGS jFIGRRT b FIRE b DB M, FORE | RS9 A FL e -
B P TR AL B MR R4 | PR SRR IET 5, Pop, FUR i METEHIA LR RR ;) F7R%
e AFR BEATE R BEE PM, (75 4 FARAS S AR I A XS KUK FE ( Relative Risk, RR) 3 AM,,, %45 j Fh
BN 5 kAP BT A MEITHY PM, G RAET AT 5 € M55 i AMEITIEIA PV, JREE(E, C, 355 1
BRI B (8 2. 4p/m 5 T HEREA%E £ AMBIEHY PM, HRIEE (30 00 gu 7 47 GEMM B 250, T EEVEA A
28 W, Burnett ZEA9HF5E )

2 ERAW

2.1 BEHLARMAR AL 45 R
ABFFRARIEOR, HE T ER =AM HIX 2014—2018 4F 56 />25 5T ik Wil ol sy PM, MR EE K 7 > H A8 1 1Y
B EE A g R AL AR AR MR, 7 S R A

PM, e 5728 S O E EEPE DA AR 2 s, 4 2R3k, T

NDVI N F%?ki%ﬂ?kﬁ}f%ﬁ? *%Ekiﬁ f@ [Z ':P PMl5 {}{EE Normalized differ§n(§ial o
vegetation index

AT = I AR, AR R TR 1) B ATL AR AR

BT 2000—2018 4E 7 A H 2R & A AE S50 | A B3k P

Precipitation accumulation

THER = FHLIX 56 />3 A i W 3k 45 2000—2018 4F
B9 PM, JHREE . (1) A Al B ML AR ARAR 7Y 54 Ak S50KS

DL 2014—2018 4F 523 (1 PM, . e JBF {8y 4% A5 F, LA Vaporpevse °
2014—2018 4EAH B PM, 1% FE(H M P AR A, 25 Tl 1A

PELAIE 3 0% , S5 50 5 00 45070 7 8 Aok 0 o .
ARSI, {E A B A SR AR 10 75 B 1 DL 38

U RETRL A B P, i JEE 0 T 52 90405 22 6 ) R g - .
0.824 ,RMSE # 2.898pg/m’ , i 1 HLAT K U (1Y 2% 2] fig femperature

1, Ree ARG A PM, VR BE L (2) MBI AS B AR J X

ARSI Ak 5 285 TR 5 el 1) pREIOOC 3R, AR S 24 1 38 43 AR o (% Windsﬁgfl °

(Partial Dependence Plot, PDP) @& 4 s, HJF 7R

TR B — [ A% R TR R A AR AN AE | 2 Ak I P4 2 2 R

Gross domestic product

SEA R NI BRAT AR AL BT 5 | AL SR 1l . 25
FHPM, RS BB R K I XU A K 35 A 4

HAREI T S B GDP 1% B2 AT NDVI A9 34 i 15 20 25 30 35 40
BRI TR, AT SRk b R KU K et enor

VORGSR TR PM, (YR FUAT 57 50, GDP FIA
1358 S R TR PM, (VR EE LA EE B0,

2 BEEEEMHF

Fig.2 The importance order of independent variables
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Fig.3 Estimated results of random forest model
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Fig.4 The partial dependence for estimated PM, ; concentration based on several dependent variables
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5 2000—2018 FER=FMX PM, ik BB =5 M 4HE

Fig.5 Spatiotemporal distribution characteristics of PM, ; concentration in the PRD during 2000—2018

2.3 PM, 25 KB Tl

2000—2018 4EIIE] Bk = fAHBIX (9 PM, FEAAERIIR BEAE 35pe/m 2o 4T, IR SRR, Hoeh 2 e
PHAEE LAY PM, B ARAE SR B 4 R A 3] [ R — b 35pg/m’ (£ 1) .

R b NHERTE T PM, 15 YR AR 25 22 53 R TBR = AL IX A BESEPR Y PM, o 2 5% XUBS: , AR AiF 9% %
FEN T BERN PM, IR RG2S [ 9C R |, U3 PM, o N EUITBUFE MR BE AN PM,  ARAEI MR Z [l 2252 45 PM,, A
ARV I KT PM, B AR AF I S A B KM I ELAT B PM, % ek < Bt A1 0
1 PM, R IR A ZS BINCAC O R, [ 2, 45 PM, N IR EE/INT PM,, AR R B e BN 11 %%
FER R A X A RARAT PM, SR 2 X R N 1 2% R PML, WA S R I 119 25 [RI DT R G &R

http ; //www.ecologica.cn



224 SEHR A IR HLIX P R PR S R Ak N A 8985

F1 2000—2018 FEE=RHX W HH PM, BEAREHREMA OMBELRE

Table 1 Arithmetic average PM, ; concentration and population—weighted average PM, ; concentration in the PRD during 2000—2018

P, TR BRI g/ ) P, s K MR g/ )

st Arithmetic average PM, 5 concentration Population-weighted average PM, 5 concentration

G 00 2003 2006 2000 2012 2015 2018 2000 2003 2006 2009 2012 2015 2018
R 4023 3746  36.65 3669 39.81 3895 4130 4033 37.87 3624 3639  39.04 38.69  41.12
Il 3577 3692 36.66 3742 3653 37.69 3835 3599 37.43  36.97 37.45 37.42  38.50  39.21
Hhily 3591 3547 3556 3621 3597 37.11 3845 3495 3534 3587 3621 3635 3733 38.42
B 3438 3445 3326 3553 33.63 3251 3320 3421 3452 3261 3489 3343  32.08  32.46
s 3043 3005 33.85 3522 33.90 34.82 3590 3125 31.06 33.99 3529 3446 3552  36.59
0] 301 2041 3079 3335 2972 3173 32.84 3077 28.61 29.89 32.88 2970 3121  31.97
3l 2812 2975 3237 33.84  29.11 30.16 3055 28.19 3128 3076 3272 28.23 29.45  30.13
il 2750 2645 29.48 33.07 3049 3076 31.81 27.61 2653 2932 33.00 3121 3125  32.47
Bl 2722 2662 29.54 3279 2829 2898 2991 2721 2639 2833 3150 27.48 2831  29.16

=AM 34.92 34.01 34.19 35.57 34.87 35.08 36.37 33.92  33.28 33.65 35.08 33.74 34.50 35.44

BR=MAHLIX PM, N FUMBUERIR B S PM, EARAE SR BE () 22 (45 R an &l 6 PR, 2000—2018 4F 4[],
PR =SB IX T PM, s N IIAAE S0 BE AR T PM, s AR AE Sk B, 2 W IX BN N 11 % B2 D P, R 32 R 2 ]
B A AR AN DT IE G 2R, N 136 R A R A X B IR B PML, S H B3, 17 A 11 %88 3 AR B b X EL AT 4 v 1) PM, ik
JE 5000 N 3l T P K S R P 28 DN 11 485 B AR L PV, S R B 50 v, T T T A AP A5 s B TR A 10 5
FE PM, W AR, BR = A X AT B B BN R - (1) ) MU RIZR SER) PM, o A F1 AR ¥ B 35 K F
PM, SEARAEE MR B VLT TRIBRIE I PM, s N BRI BE X /INT PV, SRS B, BB NN ARS8 A
195 R P, VA B 76 255 [B) - i B2 DG, N 101 % 88 4 v 114 b X LA B v 1) P, YR B2, PML, A T 2% 8 XU 458
KT TRERIEN R 2, PM, N B ZE KU 5/, (2)2003 4EZ i, 2850 EIIFTE M A9 PM, o A AR 2k
JERET PM, AR | LIGEIIFR I, 15, =T A9 PM, A EUITECAE 13 B /N T PM, SR
AERAHR B S AT N I A v ) b DX BT X R Y PML, TR AT SR TR AR B R 3, P, o T 2% 8 XU 3%
WREAK, (3)2012 4F 2 )5 , B LA il i PM, o A FUIASUARE Y93 BE =5 T PM, SRR AR SR | SR BH A3 i A
1 J3E 58 12 P9 b DX T XoF 02 1) PML, 5 R 8 7 320 T R PR B 34, PML, 5 N 101 5 58 XU 20 T 186 K

6 2000—2018 & PM, ; AOMAEHIRES PM, BEAREHNIRENEME (A=PM, N IMBUERMRE-PM, s BARFERE )

Fig.6 The difference between the population-weighted average PM, ; concentration and the arithmetic average PM, ; concentration during

2000—2018 (A= the population-weighted average PM, 5 concentration—the arithmetic average PM, 5 concentration )
PPM, 5:PM, 5 N A AR 2 e Population-weighted average PM, 5 concentration; PM, 5 : PM, 5 BORAE U B Arithmetic average PM, s

concentration

http ; //www.ecologica.cn



41 %

&t
48
=

8986 H

2.4 PM, fRBERN IEA
TR =M IX AR PM, A Gt BB TS A DA A
AR B BE N T 6 7 ) PM, o A 56 i 3B T A 4L
PM, G R BT N E Y 25 18] 43 A 4% O an 1l 7—9
TNo BERFEM. (1)2000—2018 4F I JE], Bk = £ Hb X
PM, AHAE A0 T A FECAR TN, th 2000 47113327
T ABE ] 2018 4-1% 91.90 T A (GEMM NC+LRI) , Hd
AR E 1 PM, AH G AL T A £, (2) 51X
GEMM 5COD it 55 455 R v 1 45 22 95 5 28 AU, v W
( Stroke ) G i PECBERG (THD ) & PM, 475 Y2 fiF 80t
BTN B 2 W PRI | T PM, s 15 G4 Fir B0 S8 A
TR T R 9 (LRI B AT AN EUR 2>, 2000 ,2003
2006 4F AN HE K 2 8 T PM,, B8, B K
(Stroke) Mt FALT I NE IR 2, 43R 9.69 ,17.27 FiI
17.50 T A ; b J5,2009 2012 2015 A1 2018 4, A#EK
AR T PM, PRI R DRI i PO B (THD ) 1 o 7 7 20002018 EH = FAMEK PM, HEST BT AR
FET-HI AR, 209 0 19.12 25,89 28.67 F131.33 T (525 %)
Ao 2000—2018 4FHA A, PR St il 22 0o F 995 ( THD ) Tfij45f  Fig.7 Changes of PM, s-related premature mortality ( ages>25)
—%%tﬁ’]}\é&ﬁﬁi‘ﬁzﬂiﬁ( 371. 21%) . [‘ @ﬁﬂ;&% ﬁ in the PRD during 2000—2018
ifiss ( COPD ) T 3t HL 76 T i A5 1y 1 K 22 5 /1 (61, LRI F I AE YL | Lower Respiratory Infections ; LC ; ili i ; THD ; ikt
06%) . I AR NER = f X PM T b ML 5 5 COPD 18 4 BEL 2 4: Jili 55 5 Strokee : 1 XU NC  JE A% etk
IO ISR (THD ) A1 XL ( Stroke ) o £t B 52 0 45 b 257
TR F PP TE B (LRT) B fa R ma 85 55 , H PM, 75 Gt sl it 0o Es ( THD ) 174 52 2 i 1) 7 38 30 1 444
Ko (3)IR=FMHIX PM, HIOGLRIET AT PM, AR 1925 [R50 A1 22 57 0. 2%, PM, A G A8 T A AT
S ATEE T PM, R R R 0 b DX AR T A e N 18 R B M DX AR ) N U X PML, R TR LA

800 18.00 - 5009
2 20004F 16.00 4
14.00
= 600
) 12.00
X 1
oS 40 238
< E 6.00
t_lg 200 4.00
R g 200
Er‘l’ 0
2);3000 o o+ & Y OO T o F o O
] . 20184F N e A w N O o o~ & ®
K
iy CTT I T ITITITR
= = el (=] lal (=] bal (=] wv (=] w) (=) wy
0;32000 N A O v own O O >~ >~
g8 SR B Ages/a
®
§ 10.00 == Stroke LC
A~ COPD LRI
0 ‘ IHD  —*~NC+LRI

AN v & T & T & T o T

AN N N T v o own O o >~

Y S G S R
AR BE Ages/a

E 8 2000,2009.2018 F k= fith X R[E F & B PM, HHX T BIET AH
Fig.8 The PM, ; age-specific premature mortality in 2000, 2009, 2018 in the PRD

http ; //www.ecologica.cn



224 SEHR A IR HLIX P R PR S R Ak N A 8987

9 2018 EHR=FAMKX PM,iRE ADO.PM,BXTEETAAZHEHS A

Fig.9 Distribution of PM, ; concentration, population and the PM, ;—related premature mortality in the PRD in 2018
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Fig.11 The PM, ;-related premature mortality in the cities of PRD in 2018 (ages>25)
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