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Abstract: To study the long-term temporal evolution characteristics and influencing factors of NO, column density in the Yangtze River
Delta region (YRD), OMI NO, column density data, GPM precipitation data, MERRA-2 reanalysis data and socioeconomic data are used
in this paper. Combined with the ground-observed NO, mass concentration, the interannual, monthly and seasonal variations in NO,
column density and the main influencing factors are analyzed, as well as the consistency of satellite and ground observational data. The
results show that: (1) The OMI NO, column density is consistent with the ground-observed NO, mass concentration and can well reflect
the temporal distribution of ground NO, concentration. (2) High NO, column densities in the YRD region averaged from 2004 to 2022 are

mainly concentrated in core urban agglomerations such as Nanjing, Changzhou, Wuxi, Suzhou, Shanghai and Hangzhou. The interannual
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variations in NO, column density fluctuate, showing an increasing trend from 2004 to 2011, with an annual change rate of 0.68%, and a
downward trend from 2011 to 2022, with an annual change rate of —4.51%. The maximum NO, column density in 2011 was
(12.63x10"£9.16x10") molec/cm’, and the minimum value in 2022 dropped to (7.16x10"*+4.80x10'*) molec/cm”. (3) Due to differences in
meteorological conditions, there are obvious monthly and seasonal variations in NO, column density. The seasonal distribution of NO,
column density is winter > spring ~ autumn > summer, with the highest value being (20.20x10"°+8.89x10"%) molec/cm” in December and
the lowest being (4.81x10"+1.72x10") molec/cm’ in July. (4) The long-term evolution of NO, column density in the YRD is largely
affected by socioeconomic factors. Coal-burning emissions from the secondary industry and transportation from the tertiary industry have
greater impacts on NO, column density. In addition, vehicle exhaust emissions are an important source of tropospheric NO, in the core
urban agglomeration of the YRD region. With the implementation of a series of air pollution control measures from 2004 to 2022, the NO,

column density in the YRD region continues to decline along with the rapid economic development. This fully proves that economic

development and environmental protection can achieve a positive interaction.
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Fig.2 Time series and correlation between ground-observed NO, mass concentration and

satellite-observed NO, column density in the Yangtze River Delta region from 2014 to 2023
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Fig.3 Interannual and monthly variations in NO,
column density in the Yangtze River Delta region from
2004 to 2022

F1 2008—2021 EK=FAMEX NO, HIHETH
Table 1 Changes in NO, emissions in the Yangtze River Delta

region from 2008 to 2021
NOHEiltht/(10% 1)
AEfy -
T IR WIS RZBE KEMBX
2008 56.10 167.20 109.80 90.30 423.40
2009 51.90 170.90 108.90 96.20 427.90
2010 51.00 186.30 85.31 90.92 413.53
2011 43.54 153.57 85.91 95.91 378.93
2012 40.16 147.96 80.88 92.13 361.13
2013 38.04 133.80 75.30 86.37 333.51
2014 33.28 123.26 68.79 80.73 306.06
2015 30.06 106.76 60.77 72.15 269.74
2016 16.96 105.17 44.42 70.08 236.63
2017 16.96 93.18 42.04 58.37 210.55
2018 15.79 92.40 39.28 58.77 206.24
2019 15.16 87.56 38.04 57.34 198.10
2020 15.98 48.50 38.73 46.43 149.64
2021 13.57 44.34 38.05 44.58 140.54
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Fig.4 Interannual and monthly variations in precipitation and wind speed in the Yangtze River Delta region from 2004 to 2022
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AL AN B B (D2004—2011 4E 88 i py B, 4E 14
AL 0.68%; 22011—2022 4F N FEAKH BL, 4E 45
AL R —4.51%. 2004 4F NO, FE¥R JE o (12.23x10"°+
5.55x10")molec/em’, H1 F 2004 4F 10 H FF i A T A
NLIECHE , IR 2004 4F NO, FE3k B AL . 2005 4F
NO, FEVE BE#AIK, M (11.15%10"+7.06x10")molec/cm’,
G NO, A BE T 4R 3 4F 35 hin (2009 4F A BT AR,
2011 4E 35 Bl AR, Hovdr, 2010 4F NO, H: 46 5 i 3%
H4m, A EE 2009 4, NO, HEe RSN T 12.33%. &l 4
AT DL, 2004—2011 4FREFR 5 AH XT3 /D, MR B o R X6t
NO, R JEE 114 52 1] AF G553

2012 41 2013 A4 = ff HLIX NO, A 46 TF Ui
WS TR R AR, AELATA AR A 35 K, 43R (12.49% 107+
9.30x10") Al (12.39x10"°+9.54x10")molec/cm’; 2014
25, NO, FEHR B I EFRAIK, 2022 4RH (7.16%107+
4.80x10")molec/cm’, H:H1 2014 4F | 2015 4. 2018 4F .
2020 41 2022 4F R RSN B, 4 B AT — 4 R RE
T 14.09%. 10.67%. 17.04%. 10.97% F1 19.51%.
4\ I, 2002—2022 4F F& W A X 3 22, 1RE BRad
FEXT NO, A 1 JBE 1) 5% i F 25, 7 A T NO, Ak
FE R REAK. EAh, H A 3 ] 0L, 2004—2013 4 NO, £
W B RS A U S HE AR B 34 TR KT, B 55 B
2013 4F 9 A T (RS54 B iR 1T sh i1kl ), 2014
SRR R T IR B UG, I NO, MR BE H 2014
AEA I it BLRA SR R
2.3 FEHAA RN

Il 5 AT DL: NO, #1 R BEAAAE 1035 1 H BrAn =1y
I3 AR, TEA R, B R RAK. 2010—2013 4F
NO, HEM BER 8, S H R R) 1 253 225 2013 4F 2
S5, 15 G 25 1) R 2R I ) d 208020, X ik SRR R Y —
FRYN IS Je By i 1 i Xof 25 A5 1 ) O OR i
AN, 7 2020 4F B 2 5 R 9 25 J8 e 22 17 B 4 30 i)
NO, FE3 B 5 F R, 25T 5%10"° molec/cm’, 3%
fIETF 2019 4= F0 2021 45, 3 156 B T3 L Y NO, #F
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W BT LAAR G- b sz AR b TR 5 2% Y5 i B 1) P A AR R
&L, B 3 WA & B, BT 2019 4FF1 2021 4, 2020
AF NO, FE v B 1 2 FEAIR, 38 W A e R s 2 e e
925 185 B F W TR) %) NO, A vk FE AR BrAZ {52 . BT
U5t R I B B G A 1] T NO, AR BE 1 AH AR
LA KA SRR AT T IRA T, 7E IR AR
RN

&L 3 AT L, NO, #: ¥k BE A7 76 91 (9 A PRz 4k,
12 A &% &, 4 (20.20x10°+8.89x10")molec/cm’; 7 A
A%, (4.81x10"°+1.72x10"")molec/cm’. NO, #1 ¥k &
(1) 259 VR o3 A 2 A > Rk > H R I RHIE. NO,
FEVR B PR AR o An 2R TREA M ES

2 MK 4 AT UL 6 H BRI R RN (234.6£96.4)mm,

HwE7H, M (220.8478.7)mm; 12 H W 2 i /b,
H (55.8+47.4) mm. K = £ H1 X Sk HL Y [ 37 PG 2 XL
S, EEBEATARMMN, BZE LA NO, #E ik
B (WA 1), Iz 2 =R rR AR v, TR & e, MR iE R
VR, BRI B 2R NO, AR BE fefik. B 22 om 2L K
FHAR ST A FT NO, Ui, 65 O, kA v A:
B Os, Me4h NO, & A 5 OH A HH FE 45 A A B by AE il
HNO,, Jf# af 198 U0 R o # R A i e, Xt &
NO, H:v B B B AR R R 22— & 227w At L,
I8 S it < O Al [ £ O [ W =
[ NO, A9k Bt n] gk ik 2= K = A X (WLIE 1),
Z RPN MR BRVE RS, 42 NO, #F
WP S . AR B ARk R O 4 3 IAURI B/ 2 UG 48 2
R NO, AR FE AR T4 = H 2t i T 5 2.

L 4 mT 0L, ASTR]H 0 B KU 22 S 88/, 6 H i
/N, N (5.420.3)m/s, 3 H K, B (6.120.4)m/s. Kk 2

B IS ISR I I IR, AN [F) 25 () XU 25
BN, FEZH (6.0£0.4)m/s, HZH (5.6£0.5)m/s, X %
XU S 52 ) NO, A H B A2 5 AR fh 1) 32 22
2.4 HELTRMHNER

& 6 Tﬂ , K =AM IX 2004—2022 4F A 1 &2
RS a3, Bk Ja B 16 R HE O 3 A3 Jn.
K= MHbIX 2022 4FHE AR 2.37x10° A, H 2004
AERAINT 3 194.95%10° A, B0 T 15.58%. A 134 Hn
oM AR T VR R A8 T R AR O R TR B .
2011—2013 44 = Ff b XN 7138 5 A5 e, 47348 i
SR 1.60%. 1.18% F1 1.06%. K = ffi GDP 7£ 2011
@ZF Bt G AT, 5k K B X N D AR S
PTG B B OE, X B A RAR R
=Pk

FEL AR SR AR S — 7k (RARBOIE ) 5 =k
A . BBUE Tolk) FsE ==l (k55 . FeARk) 78

| ZE 22 B M I A TR T o5 8 L9 = X2 — ™
b i FEARAR, LAEE = =k o L Sl 2R

FHA SRR 3, NO, 2 L4 A SR 5 Al BE ) HE R
F. K = A AR PO ZE P ELEBAE TR T
AUEHR AN A V148 B 38 H DX, RO 3l T B X 7 Ee D,

— 7k AR TR b XY NO, FEVE BE AR (WA 1),
Kl 6 T UL, K = A HLIX 2F — 7\l GDP 7£ &L GDP H111)
i FE TR FRAIG, 2022 4F & 2004 4E 1Y 3.47 1%, IR T48
75\l GDP(5.90 %) A% = 7=\l GDP(9.90 £i5) )1
MR, X FRBH K = A i D5 — P2k X NO, A ¥k B 4F B
A B M ARG/,

S AR R R IR AT R AR, WA R
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Fig.6 Interannual variations in resident population, GDP, motor vehicle ownership and electricity consumption in the Yangtze

River Delta region from 2004 to 2022

K1 R AREE I T AR R A K& NO, ﬁFTiﬁliﬂ‘/\ R2 2004—2019 ER=RMKEREEE

KA, 15 NO, M IR 55 = =\ 3c il ia fiy . & Table 2 Changes in coal consumption in the Yangtze River Delta

N ﬁﬂiﬁﬁ%ﬂlﬂﬂ WA 45 551 JIL izl region from 2004 to 2019

5 XA 0 Kk e B NIV A BRI AR, X No2 BB RER/(10% 0

HE R 5 TR 2 ORI T AL B 4 R S HE AN e wne wne mRE Ko

A JE A TR IR HERL, X NO, B3 ”WEE??E Fnik 2004 514432 1327208 836183  7823.06 34 601.29
K= A X 25 m R R R IR S =2 LAk 2005 5324.52 1677857 9680.80  8339.64 40 123.53

ReVR Rl ., 2 *ﬁiﬁ(ﬁ$~ fd!, X kR T 2006 5143.09 18427.68 1133443 883052 4373572
/)? XF TR R A R R R e, K A X 2007 5259.53 1995180 13024.12 978374  48019.19
2004—2019 M RIEFER I 2 iR, K =MHIX 2008 546391 2073671 1304094 1137710 50 618.66
PERIEFES S — =k, 58 — /=L A1EE ==\l GDP 1) 2009 530517 21003.02 1327616 1266640  52250.75
AR5 0.88. 0.99 1 0.74, 55 — =\ GDP 5 2010 587552 2310048 13949.86 1337570 56 301.56
SRIRETH B A DGR i e, 3% R B 2 X R A T A 2011 614200 2736400 1477600 1453800  62820.00
Sk FAE P PRI RE . 2011 AEFRE TR 2012 5703.00 2776200 1437400 1470400 62 543.00
HLIE 2520, AR e 2R E T NO, HER 2013 568119 2794607 1416126 1566508 63 453.60
SRS B TR G U “ AR BT S xt NO, HE 2014 489578 2691261 1382437 1578698  61419.74
FO S BRI, i L 7247 S 5, B 2011 422 i (2004— 2015 472813 27209.12 1382607 1567132  61434.64
2011 4F) = F i K45 — 7=l GDP LLAE # K 23 2016 462562 28048.13 1394849 1572868 6235092
16.30% F9 3 5 1 T (VLI 6), 1L B B NO, B W 2017 4577.84 2662003 14262.04 1608462 61 544.53
5 FFFREHA, NO, BETR 555 — ) GDP 5Ly ] 2018 442062 2540728 14180.08 16673.06 60 681.04
TR AC 20, 0.69. A 6 AT, 2004—2022 2019 423828 2490205 1367690 16699.74 5951697
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AR = A X AR b GDP A8 L3 AR —3,
X BRI A2 T R DL T 3, Tl
FHHL R SCLASE =l By . P, 4
(AR A0 AT LA B T S Bt 22 i 1) 25 5 1 Bl AR 1.
2004—2011 44t 25 FH Hi i Pk 386 o, 4 24 3 3 m 3k
11.82%. M BLETFR E X T7 . K JT 605 15 REVR A& L L
b, FEELURIE R R .

2011 4F 2 “+ =R IR Z AR, — R AL ER
Jt R A A, 45 Tolk Al 1 Ab 55 BT GE A B B,
W NO, ¥R B ATY AR+ T 38 OIR 255 0 2011 4F 2 )5
(2012—2022 4F), B & FE K “+ — 17 BRI ST 7%
SERN b =T R SRR R NO, 2R HE
R BRER G 1 — 20 4 i, DA S A 2 S B ) e
HEHE, Tlb Al PR % 0047 v o & 8. B 6 1]
U, 55 =k GDP 34 3 i 3% i 2%, 2012—2022 411
A 6.85%, 2013 4F55 = 7=\ GDP M55 — =k
GDP. 2012—2022 4F-4K = M H X 55 — 7=\l GDP /i &
GDP (1) LL H B AR AL, PR 42.97%; 55 ==k
GDP (4 & GDP [ F 5 & A5, F-341E S 52.53%,
FE I = 1 DX b T 0 YT G RS . 3 1]
NO, FEV B 5255 — 7=\ GDP & I 3 7 A 5¢, 6 R
HR—0.80, FHAXT NO, 15 iR HAY AR 28 .

H e 2 AT L K = A i X 5 T R B AR B,
ESEASTR] 2 O 1) 22 S 50 b 3. Vg v A e i R e A
2011 AFTRBIWGEAE , e B¢ T AR e TR B A1 WV
JE IEAE AR 2012 4ETF 4R T R, {H 2015—2017 4F
WA [ T VL5 48 2014 4R 1 % I AR 1 B B FR AL,
2015—2016 4EWEAT BT, Db S5 X 4R s BEAIG; 2284
IR T RE R AUAE 2015 AEREAT B MG, HEAY AR 3 2
B K =M IK R AR S R 22 5, — &
FRRE [ 5 e R il DX 25 4 ) YR L AR A Aok
A, K= MHIX A 2011 4F 2 J5 I FE T iRk b,
R AR 1 2 1 25 0] 40 A AR B 5T 1. eAh, 2013 4
LR PR [ A 08 e 0 5 I AN v, RIS YL B, T i
& 2013 4E (CRAT5 B iR TR ) 5 — R A 1 25 K
S P G A A PR T, TR T EE AT B B L
B TR AR AR, IR T Tl Al A Akt
JEARI | PoAbd & Re I5 R 545 TR . FAR I
HAXFE A SRR, 5 =7k GDP s 34 i, {H &
NO, MHEC & FEAL (W3 1), NO, #E Mk B2 M 2013
EFFUR T OB (WL S). B & 6 AT 0L, A H o
TE 2013—2015 4F 34 R4, 2015 4F 2 J5 I HL 8 T
U S RGN, — 5 T AR R R R T T R (I HE Tk
e, 55— 7 T T RE VR A& H o FLR AR R, PR L A

SR FRL BT AR DR i, {HE X NO, 1 BTk K I
TEREAR.

Wi e XN AR, MLEh R £, SCl iR R
S HNO, I EZRIE. K = M X 2004—2022 4FHL
NZEORA B EOR B AFZ8 0 (WA 6), 4E X3 %
ik 16.18%. 2022 FHLENZEHERL NO, =ik 637.5x10' t,
i A NO, HER R 1Y 26.52%, i HLsh 4 B S ab
PHAEW R0 HOR | BURE A LSRR Z T T, J2
NO, 4575 Y Wi HEME &S ALl R B e =k
J IR B Hb DR R, A T L VLR AT LA ALl
BARA R (L3 3). VLR 2022 4E ML) 4245
AR 2 496.80x10° 4, Hop M, BT . B AL
T3, 7 38 T3 AR T4 R 507.3x10°, 258.87x10°,
320.6x10%, 239.3x10* F 176x10* %l , & VT 95 4
50.56%; HLM Tl 2022 AFHLBH R4 R 414.2% 10" 4,
R T DL 42 R Y 17.78%. A4 (h EHL3h
BI5GB R AR TR, KT = AN X AL sh 4 R R
1 NO, HEOR FE L 5 T [ bR 2K 7. 5538, 76
e =AU T R X AL ) G R B R R, Sl YR
HERCAY NO, 5 A< = i X WL Bh e AR A7 iR 42T

R3 20042022 FR=ZAHXIHEREE

Table 3 Changes in motor vehicle ownership in the Yangtze River

Delta region from 2004 to 20 222

BB AR A B/(10%4)
Ay §
[R5 T W/ X2 WLE TRAE KEMbX
2004 8351 161.19 162.34 68.28 47532
2005 95.16 19225 202.92 80.50 570.83
2006 107.04  240.80 24836 94.61 690.81
2007 11970 29631 301.61 113.42 831.04
2008 132.12 349.51 35284  134.89 969.36
2009 147.11 436.81 431.73 167.36 1183.01
2010 175.51 550.80 54205 209.81 1478.17
2011 194.75 675.18  656.80  258.62 1785.35
2012 212.66 80220 77356  303.13 209155
2013 23491 94435 90199 35874  2439.99
2014 25503 109545 101205 42246  2784.99
2015 28223 124091 112058 49870 3 142.42
2016 32287 142791 125735 60081 3 608.94
2017 36096 161282 139580 70893 407851
2018 39337 177657 153295 81420  4517.09
2019 41382 191266 166127  907.83 489558
2020 44234 203804 177338 98654 524030
2021 46550 217649 192362 106267 562828
2022 537.00 249680 2329 157426  6937.06
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RIS, K =X 2004—2022 4F NO, #: 1 BE i AR FHAE B = S5 mi X 2545007 959

1B NO, HEjif i HIBAEREAT (WK 1), X R Y] NO, HEil
s HHLEN AR o L AT RETERE .

2004—2022 K =M AT, ZE—r=\k GDP,
55 7=\l GDP, 55 ==\l GDP, HIi | SR HFE =
TR PRAT B 5 0 JZE NO, AL M B2 AR B R A AR 5 R 4L
435I-0.77. -0.76 . —0.80, —0.85, —0.79, 0.55 F1-0.87
(REIR TS FE £ 1 B 25 KT8 0.05, FEAR R R 1) 1 35
PR 0.01). 45 R FRW], tt A TR R 5 X002
NO, FEMk i 2 B ARG, X UL 57 & B 5 IR 4P
A LASEEL R PR 5.
3 it

a) OMI T[22 WL i) NO, A3 ¥k B 5 Ml T 08 0 Ay
NO, e B — St Bchs, =35 A Y E T H YEA O 2
124 0.90 1 0.65, i it 0.01 B FPES G5, P
XTI 2 NO, AR 77 i BE S 4 I b S Wit 3 T NO, ¢
JEE 8 0 A5 B LAt ) AR A A AT

b) £ = £ Hb [X. 2004—2022 4F NO, A ¥ JiF i 4F
PRAR AL S sh AR T ka %, 2011 A B R AE (12.63x10°+
9.16x10")molec/cm’, 2022 4EikfR/IME, {H (7.16x107+
4.80x10") molec/cm’. NO, F: ik Ji = {8 £ B 4E TP 7 By
RN TEB L SR L L RN A A O T M X
R A T NO, A3k BE I REAIR, XGH XS NO, A3k i
Y2 AL /1N, NO, AR FE AR PRS0 m] 432 2 A B B
2004—2011 4 g B4 I By B, 4F ¥ 48 46 R 0.68%;
2011—2022 4 1y B By B, 4F 34 725 4k % N —4.51%.
NO, FE e A bR AR b 322 32 G 45 A FHE IR 1) 5%
M. 2004—2011 4F-FE RN AL, RNFIF NO, H 5%,
FE2s 205 e e it ) THRER R e JRe, AMRE RN Tl YR 4
N R AR 25 2011—2022 S PR 8 £, A
NO, W& bk, & = A HL DX 7=l 2548 T e Y, R TR HE
D

¢) NO, F: ¥ B2 A7 75 B . 19 H B A0 215 PE AR fb Ay
fE. 12 H 8% &, M (20.20%10"°+8.89x 10" )molec/cm’, 7
H 5%, H (4.81x10"°+1.72x10")molec/em’, 4 4 25>
HZe kT A ERIE . NO, Bk B 1 BRFIZE 15 4%
M FEEH TRE R 2ERTFEL

d) K = A X NO, A9 B A 0 38 AR AR fiE A2 A
SRR AR, 12 X A 6 TN 25 — =l HE
AR AT NO, AR FE B 52 /0N, 56 =7l A i 4R
JRER AN =l 22 T IS 6 NO, AV BE 5% 1 45
K, WL Bh ZEHE RS 12 1 DXAZ U 38 7 X2 NO, 1)
FEORIE. 2012—2022 4F NO, vk B 54 &2 5 A
RZIP R REY], 0%k 5B AT DL R
Y1 Z).
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