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Abstract ; This sﬁ.xdy investigates annually- averaged @urface PM - oonventratmns with the spatial resolution of 0. 01° x0. 01° to explore
spatio- temporal variations and influencing factors of annual PM,  over typical regions in China during the period of 1998-2016,
applying/the generalized additive model (GAM). Regionally-averaged PM, ; concentrations of five typical regions are ranked from high
to low as follows: East China (40.5 pg-m™) > North China (37.4 pg-m™) > South China (27.8 pwg-m™>) > Northeast China
(23.7 pgem~*) > Sichuan Basin (22.4 pg-m ™). The PM, ; over Northeast China showed a linear increasing trend, while in other
regions, PM, ; tended to increase from 1998 to 2007 and decrease after 2007. PM, 5 concentrations over typical regions were all stably
distributed which clearly exhibited areas with high PM,  values. For the single influencing factor GAM model of PM, ; concentration,
all influencing factors passed the significance test. The most influential factors with regard to the variations in the PM,  concentration
differed among typical regions. In the multiple-influencing-factors-GAM model of PM, 5 concentration, all factors exhibited a non-linear
relationship with PM, 5, and they accounted for 87. 5% 92% (average 89. 0% ) of variations in the PM, ; concentration, suggesting a
good model fit. The most significant influencing factors on PM,  concentrations were YEAR and LON-LAT in all typical regions.
Meteorological factors have different impacts on PM,  concentrations among the typical regions. The three most influential
meteorological factors in the five typical regions ranked from high to low are as follows: tp >, > ssr for Northeast China; temp > tp >
msl for North China; temp > tp > ssr for East and Central China; temp > RH > blh for South China; tp > temp > u,, for the Sichuan
Basin. Our results demonstrated that the GAM model could quantitatively analyze influencing factors in long-term variations of the
regional PM, ; concentration, which is important for the assessment of PM, ¢ pollution.

Key words: PM, ; ;typical regions ;spatio-temporal variations; GAM model;influencing factors
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2015-2016 over the typical regions and the rest regions of China
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ThiaB. T At X2 PR 4B AH OC R B/ (AR
HiIX R=0.71,"EFHLIX R =0.69, B R [X R
=0.60) , H i pu 1] £ b 28 M AH O R BRI (R =
0.26) . FHoAth M X A5 £k 35k DA 1998 AF 34 {8 % Ik T
URIZAE LT, 7E 2007 4F B Ik 2 = (B BT .

SyBAR AT, 1998 ~2007 AR ALK | AL HD
X, AEARAETR X | AT Hb XU )1 2 AF 34 ik
A4k 4y Bk 0.82, 2,77, 2.54, 2.16 F1 0.78
pegem L AERE AL E N 5.49%. 9.71%,
7.58%. 10.64% F1 5.19% ;2008 ~ 2016 4E 4t Hi
X, fEAbH X | FEARAE T X | AR R M X RO )1 7
i AE 2 He E AR AL 4y o 0.42, - 0.75. - 1.20,
~1.06H1 = 0.75 pg-m ™ AFEFUE B AL 4 Lol
3.59%, —1.17%, -2.59%. —3.08% 1 -3.18%.
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2.1.2  [XIR PM, SR EAS A 40 A AR 1k

R T TN A AR A X A PM,, | R A AR Ak
RAE ] 4 SRR T SR X IR PM, (VR AR A
)73 A1 , PM, o ¥ BE 73 A 52 90 W 25 i 2 ) 22 57, Z4F
A% XI5 PM,, VR B2 v {43 A AFDG RS

ARALHBIX, AT DL i R K R-TE FE T kT
R H 30 PM,, 5 {EL, LA |l DX PM, 5 ¥ 5 3 ik
1998 ~2002 4 PM, ; (R fHTE 40 pg-m > A 47 HAor 7
JEREI# 252003 ~ 2007 4, W 7RI K H DL R X
PM, (e BEG K3 45 pg-m 25 A, H W IRIE-K %-
TLBH™ 3k i B B 3 35 K 2] 40 g m 7P 224752008 ~
2012 4%, W R EE | KABEMILBH PM, ¥R 5 ¥ T 5
50 pg-m 5452013 ~2016 4F, MR K H ARG Hb
X PM, W& EHE—2 TS 60 pg-m 7 247, “ IR
TR - BH ST B B I 3G K 2 50 wegem LA L
DRI R 3 S 1 3 2R bl DA 2k B e [ )
AR —5. AEdbHb X PM, MR 40 A R B X da
e I 22 55 B A B, W LA ) 1998 ~ 2002
ARAEAR PM, VR BRI, S {E1X (60 pg-m 2 47) 7E
dbat, KE AT G Y8 JH BfF . 2003 ~ 2007 4E i,

i
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Fig. 4 Spatial distribution of multi-year mean PM, 5 concentrations from 1998-2016
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JEH 50 ~55 pgem 7 REEF 45 ~50 pgem . K=
FAHLIX 2000 ~ 2010 4E PM, SR 23 &/
K. BR=AHIX PM, ARSI IR T 55 wg-m .

ARMFFTIT 2 A A 5 B B A5 BB 5% 45 A5 4R
FAfE—se 2253 R A . OA R A iR 2E.
ABEE S TR AOD 5 RS AL 2B A 5 s
A BRAE (Mo i i 5 W A AOD, i FH BP
N T A28 R 246 0 S 5 o) i ] D BIL P Fh RV AR 25
FA R A BB AR s R 23 i 9 Y B 22 31 AR 9% J2:
1998 ~2016 4FEH1[E 5 A MRS X SR I 4] 43, T % %
215122000 ~2016 4F L7 X 54345 %11 43
2.2 GAM FEX A H 5 50F
2.2.1 PM, (5HZWKEZERN GAM BIRSH7

# YEAR, LON, LAT. u,,. v, msl, blh, RH,
ssr temp Fl tp 3 11 20 [ R AE g B A i, 4
URIEFE 1 AR R 2R ARy i AR 2, PML,  /E Ry i
A5tk P RO B RO | 55143 BT 4
TR [ 35§ R 4 i Tk o o7 725 )5 ) 8 S
BRI (1 ~5). GRRU P BN %
HIE P <0.001 ZKF X PM, | We JiE A8 LS ML B
{45 BRI 1 PM, | VA S e
ARG 55 A R K % 1 i o
1 RUIS G R P I A 0 35 0 4 4%
PEC AR ¢ A LX) R BB LON Al LAT 24 |
iRy A (441% ~81.3% ). He TON [LAT -
6 RS0 B 3K PM, | VB 25 TR DT
T RE % (b R A R 1 MR 22 9 LL ) 2 R
(33.1% ~68% ) B &, ;X HIGUE T 1.2 359 LON Al
LAT 254 28— 01 sRE P (1 A B 5 5 A DX X
PM, ¥ B 7% Ak 52 i figf o 228 28 e 19 45 1 52 i A1 2% 1t

FEA AR, AL X LON-LAT 1 v, %} PM, , #¢J&
Pk S i) PSSR i B R K 1 (44, 6% ~ 65. 4% ) , ]
WO T BB (0. 446 ~ 0. 654) , FHIX 2 A5
PRI X PM, kB AR A b A A 5 R 46 BE AR A 5
HAth 52 g LR XF PM, ok BE AR Ak ) i B R IR
(1.52% ~ 19.9% ), ¥ #& F & R £ (H W B K
(0.0151 ~0.199) , R EATHIMXT PM, ik ARk
SO AT G BEA 22 BRI PM, R B AR i
e 2. fBJbHbIX LON-LAT. temp. u,,. ssr.
msl 1 blh X PM, o V€ 85 A48 fh 5% e (0 B 50 it e e A
(32.5% ~ 719% ), ¥ % H| % R E 8 K (0.325 ~
0.79) ;48 A £ i X LON-LAT. RH il YEAR %
PM, ¢ 5 A8 £k 52 ) 10 A5 8 il R R A0 (25, 2% ~
58.5% ) , PHHEHE REEK (0. 251 ~0.584) ;457
HIX LON-LAT il YEAR 3 PM, ;7 28 (R g 52
RS REE TG (39. 70~ 44. 1% ) , 8 Sl ol e
K (0. 397 ~0; 4489 ; P11 LON-LAT, témp Al v,,
5 PM, VI A B W R 55 (37, 2% 4
81.3% ) , R K ERBEL K (0. 372 ~ 0. 441 ) A5
SR, 5 AYSLIR BCSUR PN, (S (R T e g 2
[ 3 R R PR 1 B AT R SR AT 4 B R
A ST R PM, | AR )y E 1A RS
RGN F %, AL
GAM BAR T3 M o 45 S R W, PM, W
WA R Z R AE LR, H 5 N AX
B R K (1 PR R 3R R 28 FHE R YA R TRD e
SR R 28 10 1 B MR G B gt X
PRI, R GAM A5 80 A] DL 458 - 43 #r 22 b 5% i PR %
5 PM, s e E] AR 2 6 .

F1 FIE PM, SRES5B2ZWE RN GAM ERRBIRBWERY

Table 1 ~ GAM model hypothesis test results showing relationship between PM, 5 concentration and single influencing factors in Northeast China
S R I vt A i BE 2% HIE F P T IR % PR R E R E(RY)
YEAR 8.993 9 2565 <2e-16"" 19.9 0. 199
LON-LAT 28.96 29 6 044 <2e-16"" 65.4 0. 654
LON 8.851 8.993 3354 <2e-16"" 24.5 0.245
LAT 8.443 8.913 981.6 <2e-16""" 8.63 0.0862
g 8. 664 8. 968 877.7 <2e-16"" 7.84 0.078 3
Vi 8. 684 8.972 8321 <2e-16"" 44.6 0. 446
msl 8.924 8.998 158.3 <2e-16"* 1.52 0.015 1
blh 8. 802 8.989 1719 <2e-16""" 14.3 0. 143
RH 8.731 8.98 1113 <2e-16"" 9.73 0.097 2
SsT 8.977 9 1 065 <2e-16"" 9.37 0.093 6
temp 8. 858 8. 994 1820 <2e-16"" 15 0.15
tp 8.993 9 980. 1 <2e-16"" 8.69 0.086 8

1) # = * FRIRLE0.001 /K- FALH2 B ER, T IH
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®2 KX PM, RESBEIMERN GAM #EERIZHIGL

Table 2 GAM model hypothesis test results showing relationship between PM, 5 concentration and single influencing factors in North China

S VR4 i A % Al F P T RERRRER % TARHE REL(RY)

YEAR 8.977 9 1038 <2e-16"* 9.43 0. 094 3

LON-LAT 28.96 29 11602 <2e-16** 79 0.79

LON 8.858 8.994 5309 <2e-16" 34.7 0.347

LAT 8.901 8.997 4686 <2e-16** 32 0.32

o 8.992 9 12918 <2e-16" 56.5 0. 564

vy 8. 622 8.96 3370 <26 -16 25.2 0.252

msl 8. 968 9 5922 <2e-16" 37.3 0.373

blh 8.7 8.974 4818 <2e-16"" 32.5 0.325

RH 8.711 8.976 1753 <2e-16"" 14.9 0. 149

ssr 8.965 9 7525 <2e-16" 43 0.43

temp 8.96 9 23076 <2e-16* 69.8 0. 698

tp 8. 982 9 1972 <2e-16"" 16.5 0. 165

3 HRERMEX PM, iRESEZMEZN GAM #HERIERIGER
Table 3 GAM model hypothesis test results showing relationship between PM, 5 concentration and single 3
influencing factors in East and Central China - i ,. s

- A 5 fhit A dE ZEAME  F P T BEMRR % ﬁ%fﬂ%?ﬁ( R)
YEAR 8. 989 9 “ 3185 <2e-16"" == 1502 0.251
LON-LAT 28.96 29 CPRLY <2e-16"" | 4 583 0 584 -
LON 8.931 ~8.999 - 804. 6 <2e-16"*] | -1.83 0. 0:48 2 S
LAT __8.841 | 8992 (& 3397 <2e-16"F 6.4 0.264 4
g 8. 926 8.998 | '. f _u952-3 9 <2e-16T" gy s ROV 0.079 647
o, e A a Boo21 5998 /. Jrass <ae-167 S - 438 -y 0.0437 |
mél 2 78.88 8 996 /1399 <2e-16""/ | 12.9 0l 1297
blh =4 889 - 5. 9 * .;;:--"537. 8 <2e-163 ¥ 345 0-0844 =
RH ~ 8.911 8998 ) 14743 <2e-16 "4 33.3 0.333 % o
g = 8.67 18.969 | 4 6982 <2e-16""1 = 6.85 0. 068 4
enip! | 8.876 L 81996 4 1 041' ) <2e-16" 9.9 0.098 9
w | 8949 8.999 * 1 A6 <2e-16* 10.9 0.109

F4 EEWE PM, SRES S HMERN GAM BRBEHIES

Table 4 GAM model hypothesis test results showing relationship between PM, 5 concentration and single influencing factors in South China

SRR i BH [ F P I LR % TR RBL(R?)
YEAR 8.969 9 3200 <2e-16*" 39.7 0. 397
LON-LAT 28. 83 29 1188 <2e-16*" 44. 1 0. 441
LON 8. 826 8.991 2923 <2e-16%" 37.6 0.376
LAT 8.258 8. 838 310.3 <2e—-16*" 5.92 0. 059
Uy 8.942 8.999 673.2 <2e-16** 12.2 0.122
Vg 8.959 9 261.6 <2e-16*" 5.12 0.051
msl 8. 693 8.974 317.9 <2e-16*" 6. 14 0.0612
blh 8. 899 8.997 488. 4 <2e-16*" 9.15 0.0913
RH 8. 673 8.97 589.6 <2e-16*" 10. 8 0.108
SsT 8.791 8. 988 213.6 <2e-16*" 4.22 0. 042
temp 8.329 8. 88 205.5 <2e-16*" 4.04 0.0402
tp 8. 844 8.993 150.4 <2e-16*" 3.01 0.0299

2.2.2 ZEWHEZE GAM BRI Hr IR B XA TR P # H] 5E 2R 0. 88, T M

BB R Z A G Mgt BB R 88 1%. Rt XA R* 4 0.919, Jr 2
) YEAR ., LON-LAT. u,y., v,o. msl, blh, RH, ssr.  f#ERESR92% . AEAR A v M DX RS 70 o) 48 ) o R AR
temp Fl tp FE0A R K AE N B AR & 8 PM, AE NI 0.875, 5 ZMfBEK 87. 5% . 1ERT i X AR AL 48 1) 5
NS BIA LM H RS PM, JREZEER,  RECH 0.876, M BR 87.6%. 1U)I| & Hu s Al
*%ﬂ%ﬁliualﬁ RIUFEST- M pR gL, 5 MBI B JREHIE RECH 0.899, 7 22 i BE % 89. 9% . LY
il ] GAM BERIADLA S5 5 23 Bk 6 ~ 10 FR. X3, GAM #5570 S 34 65 700 3 4 ) 52 220K 0. 89, °F
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Y7 ZE RN 89. 0%, #5 X I GAM BEREILL& FE
B, FR6 ~ 10 W LIE BT A N R 8 B i
PRT 1, R ZIRN RS PM, AR 2
FRAMEE R U TR P A R R P E /N T
0.001(P <2e —16) , HA B F MK PGt 5 L.

UL GAM BRI & 40 hf, 235 YEAR HI LON-
LAT 3% 2 M2 HH S 1, LA wyg | vy, msl| blh,
RH ., ssr. temp Fl tp iX 8 LK T PM, JKEZ
(] (R A DGR, % PM,, R AR A0 LA B 35 5 M)
AR .

x5 M&EH PM, RESBEZIME RN GAM HERIEKRIEER

Table 5 GAM model hypothesis test results showing relationship between PM, 5 concentration and single influencing factors in Sichuan Basin

SR LR it B b % g F P T7 ZERRRER % THEEHIE R B(R?)
YEAR 8.923 8.998 350. 2 <2e-16"" 4.74 0.0473
LON-LAT 28.98 29 9471 <2e-16"" 81.3 0.812

LON 8.867 8.995 8333 <2e-16"" 54.2 0.542

LAT 8. 838 8.992 1131 <2e-16"" 13.8 0.138

g 8. 969 9 1832 <2e-16"" 20.6 0. 206

o 8.79 8.987 4171 <2e-16"" 37.2 0.372

msl 8.807 8.989 262.9 <2e-16"" 3.6 0.0359

blh 8. 888 8. 996 2787 <2e-16"" 28.3 0.283 "
RH 8.89 8.997 1508 <2e-16"" 17.6 0/ 176477 o
st 8.817 8.991 — 386 <2e-16" -~ 12 0.-05;8':“ e
temp 8. 943 8.999 | 49264 <2e-16" [ 77 732, 0.72 =
tp 8 257.3 0703502

.979 9

<2e-16"" | ¥ 3,541

it GAM B4 F {1 H % B sl e
SR 2 0 . 5 0 5 ) 3R A S S
CAN BUBHIASE 3 R YEAR AITON-FAT g
(ELI 5 R T 5401 LA B e 7 o GAM
BRI 3, HER AT P ST

(S b P, AR AR Rl 4

EYIE. BRIEZSL, TN AT PM, S BB
TEAS AP TE AT, AR AL XS IR PM, 5 Y e
W3 4‘%%?%[”?7@@ > Vyg > SST At X
A stemp > tp > msl; FEARIEFHLX N ; temp > tp > ssr;
TERFHLIX K s temp > RH > blh; VU1 ZH5°A < tp > temp
>uy. SR B F IR R N LR R 2
(2 tp 1 temp , RIVREEZK IR BE X PM, 5 % B2 5 1 £
3.
£6 FIMEX PM,  iREMESHMEEN
GAM A FLHER
Table 6 GAM fitting results of PM, 5 concentration and

multiple influencing factors in Northeast China

k=1 fhitAmE Z% A mE F P

YEAR 8.998 9. 000 9716.82  <2e-16""
LON-LAT 29000 29. 000 1634.90  <2e-16""
g 8.761 8.984 5287 <2e-16""
umn 8.938 8.999 250.48  <2e-16""
msl 8.940 8.999 134.01  <2e-16""
blh 8.370 8.897 80.99  <2e-16""
RH 8.510 8.940 192.94  <2e-16""
ssr 8.851 8.994 230.11  <2e-16""
temp 8.742 8.982 14713 <2e-16""

tp 8.958 8.999 631.04  <2e-16""

HUAR 5 A SR Y GAM #5070 40) 4525 9 i )
AL X 3 AR R R PM, B R
L S 2% DU 2% DR X P, (TR
FLURTENA. KA ALt S X bR 3 SR
T PMy R R, AKX PM, v

WA 1 BEIEE TR B v, BN E BT B

sst AR ABJLHLIX PM, U SR temp BG I
B ETE HEE p BB BT BEE msl 305G 2
FH TRRIG ISR E BRI PM, ik B Bl A
temp 4N BT FEE tp BB sh BT BEE ssr B4
TR AERGHIIX PM, (R BEREAE temp 39 IN3E 30, B &
RH 340 F [, Fti 5 blh 343k 20 F B 7O )1 435 i
PM, (W FERER tp 3050 b 2 T B Je I s e e , b E
temp G IS ETb BEE w, 3NN T RE. DA
F7 AR PM, iREFMSHZME RN GAM REYSER

Table 7 GAM fitting results of PM, 5 concentration

and multiple influencing factors in North China

k=1 fhitAmE ZFAmE F P
YEAR 8. 994 9. 000 6040.57  <2e-16""

LON-LAT ~ 28.951 29. 000 1565.74  <2e-16""

N 8.973 9. 000 255.85  <2e-16""
L) 8. 609 8.959 494.84  <2e-16"
msl 8.988 9. 000 535.93  <2e-16""
blh 8. 695 8.974 233.40  <2e-16"
RH 8. 884 8. 996 37.74 <2e-16**
ssr 8.762 8. 968 154.83  <2e-16""
temp 8.935 8.999 987.27  <2e-16""
tp 8.989 9.00 957.21  <2e-16""
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x8 HFRLEFHX PM, REMESHMEEZN GAM R9 LHMEX PM,  iREMSHIEEN GAM HRYEE

ERAPNESER Table 9 GAM fitting results of PM, 5 concentration
Table 8 GAM fitting results of PM, 5 concentration and multiple influencing factors in South China

and multiple influencing factors in East and Central China F8FR MitrEHE SHAHE F P
EizE iyt AmE 2% AhE F P YEAR 8.994 9. 000 4798.45  <2e-16""
YEAR 5,086 9,000 575487 <20 -16"" LON-LAT ~ 28.954 29. 000 807.96  <2e-16*"
LON-LAT ~ 28.983 29. 000 4996.20  <2e-16"" to 8.833 8.993 8103 <2e-16""
g 8. 456 8.925 282.86  <2e-16"" V1o 8.571 8.951 26.24  <2e-16""
i 8. 875 8.995 151. 56 <26 —16** msl 8. 828 8.992 110.97 <2e-16""
msl 8.944 8.999 236.56  <2e-16"" blh 8.888 8.996 134.39  <2e-16""
- 8. 926 8. 998 83.46  <2e_16+*  RH 8. 491 8.931 141.24  <2e-16""
RH 3. 877 8. 996 159. 15 <De—16* ssr 8. 860 8. 995 80. 00 <2e-16""
ssr 8. 828 8.992 332.79 <26 —16** temp 8.928 8. 999 56. 05 <2e-16""
temp 8.928 8.999 75172 <2e-16"" P 8. 940 8.999 211.29  <2e-167"
tp 8.992 9. 000 418.20 <2e-16""

¥ PM, SR BE BT —FEA BRI B 1 — K AR

RO A AR TR S5 B AEAS R BURL DXCO0 PM, A i e IS0 300 4 i 00 1 B2 oI
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Fig. 5 Effect of three significant meteorological influencing factors on variation of PM, 5 concentration in five typical regions
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#;QYEAR 1 LON-LAT R W & PM, MHCHER,  B%F 3k
B RIS ARG, ST (1) Chodin S, Do S, Soih Kt Ambint P, s
e 2 2y n.\ . 2y expected premature mortality to in India under climate
ﬁlz:]] ’ ﬂiﬂéﬁ ’/T = /\fmﬁﬂ:h%ﬁxj‘ J’J‘}ay_’jl‘ change scenarios[ J]. Nature Communications, 2018, 9. 318.
R10 Dl PM, <R EEFI S R0 E 5 A9 [2) KW, %6, 0, . WOIHTR b PM, o5 PR 2
GAM RIS H R FEAE M SR T S IR M (1] FREERLE AR, 2018, 38
Table 10 GAM fitting results of PM, 5 concentration (1):41-51.
and multiple influencing factors in Sichuan Basin Zhang L, Li L, Zhang L. J, et al. Spatial-temporal characteristics
T it EmE 2ZAmE F P of the local PM, 5 pollution episodes in Shenzhen and analysis on
YEAR 9,000 9,000 2632 14 <2e_16™ background circulation of typical samples[ J]. Acta Scientiae
Circumstantiae, 2018, 38(1) ; 41-51.
LON-LAT 28.983 29. 000 1279.78  <2e-16"""
L (3] XUEE, B, Db, 55 &HE 42 PM, s hIeil4l
Uy 8.244 8. 868 224. 41 <2e-16 , ; el
) . - 119.85 <26 16" BUBARHE SRR )], FREAL, 2018, 39(3) : 980-
V10 . . . .
989.
s 8.936 8.999 150. 39 -16**
E; 8. 984 9. 000 131.31 <§e 1: . LiuJS, GuY, MaSS, et al. Day-night differences and source
RH 8. 759 8. o84 %5‘ o4 < Ze - 16+ apportionment of inorganic components of PM, 5 during summer-
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