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Interactive Effects of the Influencing Factors on the Changes of PM, .

Concentration Based on GAM Model

HE Xiang'***° | LIN Zhen-shan'”*>"

(1. College of Geography Science, Nanjing Normal University, Nanjing 210023, China; 2. Institute of Tourism,Kaili University, Kaili
556011, China; 3. Jiangsu Center for Collaborative Innovation in Geographical Information Resource Development and Application,
Nanjing 210023, China; 4. State Key Laboratory Cultivation Base of Geographical Environment Evolution (Jiangsu Province) , Nanjing
210023, China; 5. Key Laboratory of Virtual Geographic Environment ( Nanjing Normal University ) , Ministry of Education, Nanjing
210023, China)

Abstract: In this paper, the generalized additive model (GAM) was introduced to analyze the interactive effects of the influencing
factors on the change of PM, ¢ concentration during 2013-2015 in Nanjing city. The results showed as follows: PM, 5 and its influencing
factors appeared to follow normal distribution. There were strong correlations among the influencing factors, especially among the
temperature(TEM ) , pressure ( PRS) and water vapor pressure ( VAP). For the single influencing factor GAM models of PM, ,
concentration, all influencing factors passed the significance test. Moreover, the equation fitting degrees of SO,, CO, and NO, were
much higher. In the multiple influencing factors GAM models of PM, 5 concentration, the contribution of the SO,, CO, NO,, O,,
precipitation (PRE) , wind and relative humidity(RHU) to the change of PM, 5 concentration was 73.9% with significant impacts on
the change of PM, s concentration. Based on the diagnostic analysis of the effect of multi factors on the change of PM, ; concentration,
there were linear relationship between PM, 5 and SO,, NO, and wind, and non-linear relationship between PM, ; and CO, O,, PRE
and RHU. The GAM models, which considered the interaction of SO, respectively with CO, PRE and RHU, the interaction of CO
respectively with NO,, O,, PRE, Wind and RHU, and the interaction of NO, respectively with Wind, PRE and RHU, all passed the
significance test( P <0.01 or P <0.05). The interaction of SO,, CO and NO, respectively with other factors such as meteorological
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factors had the most important influence on the change of PM, 5 concentration. At last, through the visualized three-dimensional map of

the GAM models considering the interaction of the influencing factors on the PM, . concentration, the interactive effects of the

influencing factors on PM, ; concentration were quantitatively modeled. Our results demonstrated that GAM could be used to

quantitatively analyze the interactive effect of the influencing factors on the change of PM, ¢ concentration. Therefore, the research

method is innovative and important for PM, ¢ pollution and control.

Key words: GAM model; the change of PM, ¢ concentration; influencing factors; interaction; Nanjing City
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Fig. 1 Frequency histogram and density curve of influencing factors
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Table 1  Pearson correlation coefficient among influencing factors

S0, co NO, 0, PRE PRS WIND TEM VAP RHU SSD
50, 1 0.589*  0.709™  -0.053 -0.249* 0.330™  -0.131* -0.309™ -0.450" -0.550*" 0.297*
co 0.589* 1 0.625*  -0.176™ -0.093* 0.210™  -0.303* -0.296" -0.290" -0.053  -0.046
NO,  0.709"  0.625" 1 —0.222™ —0.164™ 0.349**  -0.389™ -0.304™ -0.442* -0.367** 0.152*
0,  -0.053  -0.176* -0.222* 1 -0.048 -0.327" 0.185™  0.341*  0.170* -0.215*  0.314™
PRE  -0.249* -0.093* -0.164*  -0.048 1 -0.218 ** 0.082* 0.077* 0.197*  0.365* -0.325"
PRS  0.330™  0.210™  0.349*  -0.327* -0.218" 1 -0.074* -0.882** -0.855** —0.255*" -0.009
WIND -0.131" -0.303™ -0.389" 0.185™ 0.082* -0.074* 1 0. 029 0.014 0.030  —0.094*
TEM -0.309* -0.296" —0.304* 0.341*  0.077* -0.882* 0.029 1 0.914*  0.122*  0.188*
VAP —0.450™ -0.290" —0.442" 0.170™  0.197 ™ -0.855* 0.014 0.914* 1 0.428* -0.058
RHU -0.550* -0.053  -0.367*  -0.215" 0.365" -0.255 0. 030 0.122*  0.428* 1 -0.690 "
SSD 0.297™ -0.046 0.152* 0.314* -0.325* -0.009 ~0.094*  0.188* -0.058  -0.690* 1
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Table 2 GAM model hypothesis test results between PM, 5 concentration and single influencing factors

AR fREdE SEAmE ¥ P R R R

S0, 4.583 5. 657 82.47 <2E-16*" 34.9 0. 346

Cco 8.581 8.951 174. 8 <2E-16™ 64.3 0. 639
NO, 2.726 3.453 169.9 <2E-16 ™ 40.2 0. 400

0, 4.522 5.59 9.054 5. 69E-09 ™ 5.99 0. 055
PRE 4.176 5.067 12.08 2E-11* 6.85 0. 064
PRS 7.768 8.614 10.9 3.34E-15™ 10 0. 092
WIND 1 1 39.98 4E-10™ 4.36 0. 043
TEM 7.876 8.677 13.15 <2E-16*" 11.8 0.110
RHU 5.268 6.385 6.437 8.79E-07 ™ 4.8 0. 042
SSD 2.793 3.45 15.93 6.96E-11 " 6.46 0. 062

1) % % FoRAE 0. 01 ACF FAERLR %0
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MEH BN 1B, sRECHLRANE T R
R 5N AR i PM, [ H A R R, M A
HEER T 1, 3Rm BRECR AR L i &7 72, 2 (R 2=
55 PM, i B AR AR ] AT SE R R M G R HL(E B
KA R . 450 EW, WIND( [ i E(E
J1) 5 PM, R BEEAR AL A B LML R; NO, |
SSD 5 PM, [t BA — @ AR LPE X R (H HEE
1E2 7247 e MR AR 2 S PM,  [RIEA IR B3
ARZRHE R, ARIFTR SR  PM,, VR AR (L5
R B TR, F e H8hRa 5 PV, kAR fk
R —ERYAEL I FR LA PM, RS2 AL IE 32

£3 PM, RES

Z R IKS0A 1) 52 A AR AL R A AL 7 51, Rt
K GAM BETRY AT LABET 43 B s i PR 3R (e i)
55 PM, §#BE (A AR ) [ ARG R,
2.3 ZMNZE GAM BT S Z B I M2

e NS N L AR S N = & I EASURTE 2 Y L
f) SO, . CO, NO,. PRE, PRS, O,, WIND, TEM,
RHU , SSD S50 R R AE M i B A8 1t f PM, EN
Wi 1 AR et HEAT 2252 M R R 5 PM, 5 kB2 (] 1) GAM
BT AE DL A7 () A SR FH AL S5 K R R 01 o 3
TR B, 1 T IR R 4511 R B 1 4D
AEERIE 3.

FIMERK GAM HERIZHIGHR"

Table 3 GAM model hypothesis test results between PM, 5 concentration and multi influencing factors

BN S0, (o0) NO, 0 PRE PRS TEM RHU WIND SSD
fiiFAmE  1.526 8.702 2.675 5.521 5. 863 6.236 6. 669 1.975 1. 408 1.685
SEAME 1909 8.972 3.419 6. 688 6.916 7.416 7.813 2.533 1.718 2.084
F 10. 248 50. 021 23.195 11.235 7.251 2. 111 2. 069 26. 855 3.638 3.48

P 0.0003™  <2E-16™ 1.68E-15" 4.93E-13* 2.26E-08 ™ 0.061 9 0.0589 3.00E-13** 0.0247*  0.0527

1) s FIRAE 0. 01 KPP ASEIE R o FIRTE 0. 05 KF AR B2

ZHZ &I, PRS, TEM #1 SSD 1y P {H1Y
KF 0.05, K id 76 0.05 KT B & K5,
WIND 7£ P <0.05 7KF R B 52 m PM, iR EAL,
HABRENNEALE P <0.01 KF T BFF0 PM,
JEAR Ak, AR Y R R ) GE R L 0. 743, J7 2% iR
75.5% ,FRUIAML G R R i 2 PR 0
T AR X PM, Wk B AR AL AR B R . PRI,
Al AHASE SO, . CO, NO,, O,, PRE, RHU #il WIND
X PM, s AR A0 35 5200 G AR

sk P R AT Ge it LI AR &, 40 PRS
TEM , SSD S 7E #1722 R 0 B i, 1 A il 4 i 3
PERGI , WA Gei 22 S AR T RE 2R 4% B 2 Rl

1=VA
7

FEAE LR I (3R AH SEPE M T S AR
AH BB A SRR o B 3) . ZE LM S
BASTTHE M 7 2238 K, S )y 22 Ak 7 (VIF) {E
MK ISR PR, T & RIS W, AT L
X 431k N 22 AL M ) R B A (R 4). S5
T PR E S SR R LAk 3
it , PRS 5 TEM Y2 E LM rl e e i eflS
PM, ¥ 35 A4 AR TR Fof TG 32 3 1ot 6 12 3 R 50 1
FRZ—. fEGEAF RGBS ZEILL N
J& MR PRS, TEM | SSD % 3 MNH &R, THMS
B (25). MRLJE R R AL 0. 73, Ml R
73.9% , 3 WIBR R AR 45 1, ik 78 e XF P,

R4 MERZEHMEMRIEER
Table 4  Results of multiple co-curve test of influencing factors
L0 S0, (0[0) NO, 05 PRE PRS WIND TEM RHU SSDh
HE 0.31 0.43 0.34 0.72 0. 80 0.17 0.75 0.17 0.32 0.41
VIF 3.26 2.33 2.94 1.38 1.26 5.94 1.34 5.99 3.15 2.42
£5 PM, RESSPMERN GAM EREERBER)
Table 5 GAM model hypothesis test results of PM, 5 concentration and multi influencing factors
ECE S0, co NO, 0, PRE RHU WIND IR 18
it AmE 1,696 8.679 2.812 6.413 5.775 3.214 1 A 70. 7864
SEHME 2169 8. 969 3.579 7.575 6.832 4.071 1 FRifE R 22 0. 7475
F 11. 469 54.727 24.398 7.121 5.947 27. 851 6. 898 t 94.7
p 6.71E-06 ™  <2E-16™ <2E-16™ 8.59E-09 ™ 1.20E-06" <2E-16™ 0.008 8 ™ P <2E-16 ™"

1) s FIRTE 0. 01 /K FAS R W 1Y
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TEAE . 25T GAM BRI S0 K 2RSS HARE X PM,, e 2 AR AR 52 27

e A AR R A ey 5 RSNy AR PR BT 5 A
il AR B A S R, T R R R TE P <
0.01 /KFT BEF M PM, (W EEASfk. BF5E 45 R 3%
1,30, CO. NO, . PRE. O, WIND . RHU Xf PM,
WeREARE e B Gt L, 5 PM, MR B2 AR K]
BT W E LR LM e R,
2.4 PM, ikBEAREAZ 22 R 3R 52 M A5 N 12 W 55 5L 78
o e
2.4.1 FZWPREXT PM, AR RGN 2 W
WX Z R R (AR ) 5 PM, b AR
SIS, GAM AU R A5 A BE AR F 19 ~F- 1 1] U R
B, IR B0 PR Z6 P, vk R 52 M 2507 T (An ]
2), B 2 i 2 F s LG AT R B 1 A I 2
RII(E XA Y b T RR; SEZeqUER PM, o Wk
TG 2. B AR AR RN & fif B AR 1 1Y S, 90
ASFRFE N AR B X PM, S B SR LA . 9N
AEFRAE S BUEACER AL T B R EEE. 45 R KB, S0,
5 PM, s[RI AH G HER BN G &R BEE SO, W JE
EIEET, PM, BRSNS, CO 5 PM, WA

150

s(S04, 1.7)

-100 U

5(03, 6.41)

-100 L | | | | I
0 50 100 150 200 250

O3/pgm™
50
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-100 L1 I 1 1 It

0 50 100 150 200
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50

S(WIND, 1)

S

=100 1 1 1 1 1 | 1

WIND/m-s™!

PERINAEL SRR, EE/NTZ 1.8 mg-m ™ X [H]
WL B CO MR BER N, PM, oV & SR a Wl 3 24
CO WERT 1.8 mg-m *If, PM, ¥ J& 5 b i
BIHEINARAE. NO, MBS PM, ok B 1] (9 AH e M
B LR R,NO, WS, PM, IR E R
FAPHEBNE. Oy 5 PM, ¥R IO AR L K
R, 0, WEE/NT 25 150 pg-m B PM, ¥ BE R
PR PRI 2 0, YR KT 150 pg-m HF, 2
NG FEARE B, IFTE 200 pg-m 7 A2 A DR AT AR
FEFR 5 PM, R IEA L R BN B AR &R H
e A RPN R B 2 A T R B, PM, VR BB R R AN
P MRS PM, R AR LR BN AR Lt ¢
2 AEFIXT IR BE /N T 50% BF PM, | ok 5 A8 AL AR 2%
PEIATI, YA XTI AE 50% ~ 80% Z [a], PM, |
JE SR B B R X T B Ak S 3G i, PM, MR SR
P REAR RS, SE RS PM, W R I 2
KA, R BEXGESE I, PM, ok B2 1A B I B AIG
ALY R AR, X S H T R A T A AR P 8 U
2.5 mes T ZEA G HL R PM, B H TS LR
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Fig. 2 Effect of influencing factors on the variation of PM, 5 concentration
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Wil 5y w1 AR w55, BEA R T RIS Y
Z IR A
2.4.2 BRI AT

I8 A AMB R o M 22 i e SR ek o b fe A5
FIHY f B AZ /SO, . CO, NO,, O,. PRE, RHU,
WIN %7 NHRE S PM, M 155 GAM B AL 141
B EERT S R R XF PM, e BE AR L i i B R A
. [N O T A B SR H 10 58 X
TR X FL 7 1) GAM B AT 80 UE. 7E 45

GAM FAEHE b, 2 9 (i Bl E A7 AR AL B5 1
13 B8 FH I 57 RSB SR A T4, I SRR HE AR 1
TR 2% e e AL R EiE T,
B TR REASE B T T — Ui HL A Bk 4l — k.
A IR AT A R L e IR Y GAM i U
A SRS gk 6 K 3. X H A Hre] L7
M RAS RS T P <0.01 () B E KK, 10 37
SEX R T E A 569 , TG -5 SC A 19 22 (E /.
SEILUII , GAM ABY (R 3L A RO AT, T B3

F6 PM,  iRETL GAM A 10 $7 3 XIGIE

Table 6  The 10-fold cross-validation of GAM for PM, 5 concentration variation

ELon S0, co NO, 0, PRE RHU WIN
Bl sE 1 1 1 1 1 1 1
S5 A 548 156 482 848 17 659 11765 8017 40112 5903

F 982. 4 865. 4 31.6 21. 1 14. 4 71.9 10.6
P(>F) <2E-16* <2E-16" 2.50E-08 ** 5. 00E-06 ** 0.0002* <2e-16"* 0.0012**

1) = % FIRTE 0. 01 AP N A G2 R E

—~Fold 1 o
“ Fold 2
&
300 |- * Fold 3 &
< Fold 4
- Fold 5 w,
Fold 6 [+]
50 |
#i0 Fold 7 5 <&
~* Fold 8 - e
s L Fold 9 &QT" Pl
& = Fold 10 e
o #°, A8,
< #
REES
100
50
0 o

0 50 100 150 200
RO 4 e A el )

B3 PM,  iRE 10 3 XBIERFNIE
Fig. 3 Predictive values of 10-fold cross-validation

of PM, 5 concentration

2.5 YRR HEAEFXT PM, AL 52
PM, W A8 Ak 52 Z2Fp sz i PR 2 i 3R [R5 i, 4%
ff AR R 2 18] 28 AR R X PM, MR AR Ak 2577 A i
FUSZ 0N . 8 R R AR AT A A GAM
B SRJG A HT B AT PM, R BE AR R B 520, A5 A
FAT , A MU N X PM,, | e 25 Ak Y
SR FH. 3 k5 e BRI 22 ) 8 B A A
GAM #BL Jprrl F1 (£ 7) ,1X SO,-WIN 5 0,-PRE
LI AR T A LT 1, I 2R IS

PM, W AR AL AT 10 25 i AR St G R 5 A 8 3 1)
TE B0, 785, M FRR 82. 1% , WK RIS & AL 45
1, A EAE RS IR 3 P, e 3 A5 Ak fifp B R A
s BRI AR S0,-CO | SO,-PRE ., SO,-RHU ., CO-
NO, . CO-0,. CO-PRE. CO-RHU, CO-WIND, NO,-
WIND . NO,-PRE . PRE-RHU 2§ 11 52 XUfifp #7575
Vi ol i R g, R EA TN P <0.01 F1 P <
0. 05 7Kl E 520 PM, M EEAR (k. 2553, 280
TN S5 4 Y0 €O, SO, NO, 54 %
KBS HAE, 35 PM, ik AR ik 82 ) 23
IG5 3G B W 28 BAE FH AT B 52 )RR AE
W)

JOBTRURTE 2 ey L A= ¥ Ko ey =S QDL 5l
RSPl AR 2 P (I 4 ), o] 53 A i g AR
PM, VR TE AN [R) F AS 2 48 3 1Y) [ B A8 fb R AE.
HI1El 4 (a) AT, 24 SO, MR BEAARET, & CO He
SN, PM, e EE RIS I 2 SO, WAL, CO
FERART  PM, SR B 3 B SO, 5 CO Mk
EF G , PM, ¥ B (8t S 34 e SRR AiE. el 8]
4(b) AIAT, 76 MW AN B SO, e R,
PM, ¢ S B i Ra 34, (H B 25 o T 4348 i, PML, ¥k
JEE P S AR A R R K 29 120 mm S5,
PM, ¢ S PO BRI AERE , 3X 5 SO, HA A 15 i
FARBEFHFAE—3 . & 4(c) A%, 24 SO,
WA, Bt 25 AR G B2 A 388 o, PML, R 3 3 A
WA AR, AR B BN B SO, e EE RS,
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Table 7 GAM hypothesis test results between PM, 5 concentration and interaction of influencing factors
55 I S0,-CO S0,-NO, S0,-0, S0,-PRE S0,-RHU S0,-WIND CO-NO,
AT E H B 14. 148 5.97 5.352 14. 06 8.241 2.013 7.227
S UM E 14.785 7.338 6. 821 14. 582 9.558 2.439 8.785
F 8.188 1.622 2.01 11.419 4.972 0.919 2.272
P <2E-16* 0.094 9 0.0788 <2E-16* 7. 80E-07 ** 0.349 6 0.0178*
28 LI €0-0, CO-PRE CO-RHU CO-WIND NO, -0, NO,-PRE NO,-RHU
A E B 7. 865 6. 083 9.156 10.712 3.424 4.968 5.851
ZHHAME 9.359 7.213 10.773 12.225 3.781 6. 114 7.548
F 4.392 9.923 2.131 6. 421 2.859 2. 666 0. 86
P 8. 34E-06 ** 5.09E-12** 0.0181" 5.91E-11* 0. 0706 0. 0306 * 0.573
23 LI NO,-WIND 0,-PRE 0;-RHU 05-WIND PRE-RHU PRE-WIND RHU-WIND
it B i E 6. 998 1. 605 4.62 3.98 3.915 11. 046 10. 746
S UM E 8.21 1. 986 5.783 3.998 3.981 12. 121 12. 409
F 2.576 0. 303 1.729 1.929 38.771 2.20 2.082
P 0.0079** 0.7174 0.1051 0. 096 4 <2E-16** 0.050 8 0.069 3

1) # * FRIRTE 0. 01 /KPR AZ S A+ FRIRTE 0. 05 /K FAs i i % 1Y

PM, ¥R BEPREEIE N, 24 SO, ¥ — i, A XHE
JEESEIN, PM,, R BE A W GG i, O T0A 3
AR G5 SRR W] AR EE 5 SO, 28 HAEHIN
PM, (¥R JE AR fb g w55, & 4 (d) vl 24 NO,
WA, B CO YREERS TN, PM, ;¥R J3 e 3%
I, 24 CO MBERARET , BEE NO, W EEHS I, PM, ¥k
FERER RN, B CO 5 NO, RN, X
YR, PM, Wk B SR a3, B I&l 4 (e) W%, 24 CO
W AT B O, VRIERG N, PM,, VR 3 52 31 8 /)N
BRBERG I 24 O, WRJEAARES, B CO W R,
PM, e SR IE IR AL BEE CO 5 O, W
K. ZHAEH, PM, s B 2P B shi k. K 4
(f) FIN, 24 CO MR RARIT, i B W B3 0, PM,,
W EE S SRR MR RN S CO W
JEXEHN, PM, s ¥k B 2 i gh sl 3 m; MW RS
CO YR FEXG NS, PM, (Ve B 5 I SRR A8 4L, S B R
HIK 150 mm Ji5, PM, W S U RRAIGE . IRl 4
(g) AT, S CO Ve BEAEBCARAT , Bl 2 AH X 5
PM, ¥R BEAS AR 55 /1Ny 224 A0 XV B A B I st B
CO VR BEXE I, PM, (Ve B P B ke % B CO
W S AR MRS I S2 BAE ], PM, e 52 0
I Rl CO HBER T 292 mg-m ™ ,RHU K
F50% J&i ,PM,, e BE RGN BETE K. A 4 (h) AT
H1, M CO MR BERARAT, B 25 1 35 XU Y 38 in, PM
SFEAURRIE ; P2 KGH AR, B CO ¥ B34,
PM, e SRS, S CO WBEERS I, 52

HAER, PM, e B 52 I B 34 I RRAE | 25 SR U5 B XL
AT REAH A5 Y W R g I, DA el R0
W E ARG, 7 A XU st 36 35 e 9 (8] B i B AR
FIAE 5, A PM, R BERE T, X 5 X1k
BRI A E—E. MK 4() AT, 2 NO, R
BRI, A 3 W 0 48, PML, Vi B 52 00 5l e IR
fiE, FLFA T H2t 1 A, PML, I 38 oA A1l B8 R, 24
R AR/ N, BEE NO, ¥R EE G I, PM, sV 5 52 )
Sy Y NO, W S REW RGN, 8 BAE
FH , PM,, Ve 3 D0 552 % 0 o 1 SRR AIE | AR 1) 2 [ R
HIKZ) 150mm J&5 , PM, ¥R JE PR FFIL A, hE
4(j) ATA B NO, W& BEE 57249 XU i 38 i, PM,,
Ve S 2 AR TR A X B Y RGH AT e, LT
NO, 159 W R4 S5 TR A VF F S &3, 5 A |
T NO, 8T Z A2 VIR i P, V5 .
4 (k) AT, B ARG S R I ELA 3 IR A G
P 2 R R 5 R (R R e 2 B S R
HIEKTERK, S RER K, PM, W 5 205 s
Rt H, HAEREFR A2 120 mm J , PM, (HeJ8E SLp
PR

ASAIF 5T 45 2 W, 3 Ao R T R PR 2 52 A
(1) GAM B 7Y BEAE AT 50 2 Z AT e 1 A8 o PM, VAR
ALRHE. PM, Wk A8 052 Z I Z R 25 A 5
M fE B AE US TAE R o] E— 26058 | H4E 3
AN KD L 5 PR 2 () 4 38 EL AR Sy BT A e A o 6
M 17 25 e PM, 5 % B A8 Ak 1) 5 i) o 5 RPAE
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Fig. 4 Three-dimensional effect graph of driving factors on the variation of PM, 5 concentration
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