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Abstract: The vertical column densities (VCD) of tropospheric formaldehyde (HCHO) observed by

satellites have become an important means for studying the spatiotemporal evolution of volatile organic

kS HHA: 2024 —08 —08; {&[E HHEA: 2024 - 10 -23
BEEWE : [E5F 50 &Y BIH (2021 YFEO117300) 5 [6 52 4 SAFI 236 4 Ve B H (42401435)
EE B T RME(1989—) 3 J1ifi, f#1:. E-mail: wangdk@ gzhu. edu. cn
* JWIE/EH. E-mail ;wangyel991@ hbun. edu. cn
SISck . EAHE, FE, XN, 2 SRS X 2013—2022 45 X0 i 2 F A ok B I 2S AR ERAE [ 1], T MR 222 3R ( A SR AL
Ji7) ,2024 ,23(6) :26-35.



5 6 1] TS BRI [X 20132022 AF X 3t J2 HY AT Mk B 1sf 45 Y AR P A

27

compounds (VOCs) at the regional scale. Exploring the spatiotemporal evolution of HCHO VCD in
the troposphere is of great significance for the coordinated control of PM, 5 and O, pollution in the
Guangdong-Hong Kong-Macao Greater Bay Area (GBA) and even in Guangdong Province. To explore
the spatiotemporal evolution of tropospheric HCHO VCD in the GBA, this research processed Level 2
formaldehyde observations from Ozone Monitoring Instrument ( OMI) using a self-developed oversam-
pling algorithm to achieve kilometer-level monitoring of tropospheric HCHO VCD in the GBA from
2013 to 2022. The influencing factors of tropospheric HCHO VCD in the GBA were diagnosed from
the perspectives of natural and anthropogenic sources. Research has found that the HCHO VCD of
GBA showed a rising trend from 2013 to 2022. Compared with 2013, HCHO VCD increased by
11.3% in 2022. Low HCHO VCD are mainly distributed in the surrounding areas of the GBA with
higher terrain and coastal areas, while high VCD are mainly located in the central area of the GBA,
with Guangzhou, Foshan, Dongguan as the high-value center region, as well as parts in Zhaoqing,
Huizhou, and Jiangmen. The average VCD in GBA shows a periodic pattern of winter < spring < au-
tumn < summer. Cities such as Zhaoqing, Dongguan, Guangzhou, and Foshan exhibit winter < spring
< autumn < summer, while coastal cities including Jiangmen, Zhongshan, Shenzhen, Hong Kong,
and Zhuhai present winter < spring < summer < autumn. The increase in vegetation in the GBA holds a
positive contribution to the rise in tropospheric HCHO VCD, but it is not very significant. The corre-
lation coefficient between nighttime light radiation intensity and tropospheric HCHO VCD is not high,
while the annual GDP of GBA shows a significant positive correlation with tropospheric HCHO VCD,
indicating that GDP growth plays an important role in the ascension of tropospheric HCHO VCD.

Key words: GBA ; tropospheric formaldehyde; volatile organic compounds; OMI; oversampling

KA )Z P B B (HCHO) 2 —Fify 7391
H 30 1) 5 & YA P14 (Volatile Organic Com-
pounds, VOCs) "' " B A A JL/N, 4Bk R
BRI BT SR BEARAR, 32 BRI T B
SRR T o K i IX A S R VR AT B SR
PEANIE, B ARIR 20k B TR
WAL 5 N A T E A 5 5 iy T A
HeRlcy A LT RO IR A R W B e A 1Y)
HHACEE , 33 N 2T Bl i DX P 1 v 1 32 %
SRR o IR AR R A T e il R A Ay L 4
B (PM, ) FIIR R (05 ) S HRAE TS G Y X 52
ARG YS O N B PM, S SRR AR
VOCs FI NO -1l pai i /2 5L S8 A PM,, 5 B3 [ 42
PO o 2021 4F 3 T IU A BRI E B
KATGYIA BB LRLE L VOCs JHE AT, inpesh
7% VOCs 75 Y% B 16 KL AR, i DR HF SRR AR 10%
PLEo 2023 42 (T AR A5 Y Biih (AR
AN R AEA HLT BRI I8AE ) St )5 ¢ (2023 —
2025 48) Y FE i, A R HTIAY) NO, #1 VOCs, 5¢

3 BLAUR VOCs W& 2, 52 i 10 000 43 10 [# 5
I8 VOCs Bk HEIT H |, A2 3R A AT 144 NO,
I VOCs FE22 T B M) TAE B Ar. B3 3K X
(GBA) JEBR = 1 Hh X 28 T & 8 dc oy a0k 1) 3k Tl
% GBA VOCs B 25 [l Xf GBA J5 £ A A
) PM, sl O, V5 4L P [a)4a il HAA B2 o Wil
VOCs & 52 3 PM, 5 Al O, 75 Ye P [A] 4 i 19 5%
BEUETRT BRI VOCs PR L ofe i 42 2% H B AL
P A AN [R) , 36 2 5 B0 4 W ) ufe B K Y
SR SRR B R A T RLE T
TENE VOCs 55 4804k %0 1 by 5 10 R g ok e
PRI SV on R 2 (g B mT DA IGB R VOCs By HET R
ARV R B Ltz At

Hi 3L G 3% Y (40 MAX-DOAS ., Pandora , FTIR
SRS @R AR gy 50 SR A
SRS A 1Y B AR LR E , (E7E R v AN
BT A R W 75 5K o T3 3 JEk ) K 1T AR
T e I I A A 2 A A R RUBE RN T 3 L
W RS B F B, A 1995 450 A



28 JUINREE S CH AR AR

923 %

BRI, s ERE AT T2
R A TORL RE O™ R, B FF GOME R %)
(1995,2006,2012,2018 ) , SCIAMACHY (2002 ) .
OMI (2004 ) ,OMPS %31 (2011 ,2017) , TROPOMI
(2017) \GEMS(2020) LA K RV & A7 £ 4 i) TEM-
PO(2023) 4, OMI ( Ozone Monitoring Instrument )
ARl T R )z B R BRI AR A% 22—,
EATEZHEFER T OMI 2 fiy WL Fr) P R i
st 0 [ R AU I 23 A R AE R AT 1 3 5 A9 20 A it
W B R LS W A A4, HL2S )5 B
(10 km Z5) , A7 5C T B HE ORI XA
1o 225 [ 73 B A R R T L ) A5

OMI #ifif [ 2004 4F S bf =4 A fEFF 2k 4R 11
P2 T2 3 A ) B, 2 H TR BB A7 I A
IR BRI UM W I A, e IR RUBE I I £
JEEARZR FE HE S 23 5 728 4 00 55 e 5, (HLISULG A9
OMI T3/ P 7 it 25 1) 53 B AR B0RE (13 km %
24 km) , AT A B3 R AL R , T i 3 o 22 ik
FRIR UK TR AT 5 % A% 11 5T BRA R, AT 3R
FoA M LU 2 ) 23 P 38 B R Y 2 B R I A A T
BRI o R S T e 56 A e A M
AR DX (A 375 R S 1 3 7 357 25 ) A9 Tl P
P AR S AR R T A VR I R
SRR RIS AR BEIOR RS
I, BUETRE B(E BN s B BOT, PR A IR
T8 X R R M L i 22 B4 R A% 4 OMT HCHO %4z
T2 Wr 2013—2022 4F B8 33 X0 i )2
WA T 2 P ) 2 A AR e S S

1 AR

1.1 WHRRHR

B KT X (21, 5° ~24.5°N 111, 5° ~
115. 5°K) i b v [ Rl AR e 1 T 2R VL AL Vi 11, £
FEEU RIS R AT BT R AT
I ML BN ARSE Pl VLT VR 9 A
Mo, EATARZY 5.6 x 10* km® o KIS X =1 111,
— TEH I T I -2 300 2 ke AR 1) b 3 AR AIE
1), RHEC023 £ R ER ATt Sk RS
THAMR) i, 2023 45K IR A N H i 8 600
TS B FRORR B o i 48 0 ) i ) X R
—,2023 A By ROV X BTk TR 14 7440t

GDP, 25 & H 2 3% B i) 11% . KI5 X & p
PRI 2= A, TN ZREE TR AE 4 ~9 ] AEREK
H 41 300 ~2 100 mm, F-HRIE N 23 C, iE4FE
oK, Bl KA Y4B iR I E AL, BRYT = A P IX
PM, il PM, S 522 T R, PM, 3522 5 ik br, T3
RS T 35 pe/m ™ H R IX 0 HeJ¥ &
W b TR R A R R T X B T L 5 A T I
P EE R A, Wil VOCs J25E8 PM, s fil O, 75 4%
PIp ] 9 ] 4 o B, T3 U0 4 X 98 )2 HCHO & M
X NBE 4575 VOCs B2 JiAS B S 3%

22°0'N  22°30'N 23°0'N 23°30'N 24°0'N

s 0 25 50 100

TIT°30E 112°0E 112°30E 113°0E 113°30E 114°0E 114°30E 115°0E
BT B EOE X A

Fig.1 Topographic map of the Guangdong-Hong Kong-Macao

Greater Bay
R E SRR T B SRR IS http://bzdt. ch. mnr. gov. en/ (# E 5 ;
(GS(2024)0650)

1.2 #iEkiE

OMI Z#2T Aura T2 [ LR THAR 00
RSN/ A IOEETEAX, 772004 47 J1 15 H RN,
DI H AP G BRIz 17, A 2004 48 1 9 H
TG RAERHE . OMI Al & 264 ~ 504 nm (141
T, G BEE N 0.42 ~0.63 nm, B F 5 %5 1]
OIHERN 13 x 24 km® 4} H BR324 it Bt
[A] 13.:38, AHF5E % A SAO ( Smithsonian Astro-
physical Observatory) & #fi f\j OMI HCHO Level 2 %§
5 (BRA3) L BEEL 2013 4E 1 H 1 H—2022 4F 12 A
31 H iy OMI HCHO % 4f A5 0 8 1k O 125 [X. F e
FEWRE I 25 53 A . % Gonzalez 267 B 5, OMI
AT e B ( HCHO Vertical Column Densities, HCHO
VCD) 23t WP S i B AR A, B ek IEEA L
2200615 (BOAS) Xif OMI Fg b #1755
HRMEWRE (SCD ), FLUR , SR JH 4 0 A% B R 8 g £k



5 6 1]

TS BRI [X 20132022 AF X 3t J2 HY AT Mk B 1sf 45 Y AR P A 29

TR R AT 5 (AME ) B SCD 5640y VCD,
PR A B 19 5 A BEIE A5 7€ 1) OMT HCHO
P, SR LI P R 40% ~ 100% AN
P, LB RS PR 117 oK 1Y 30% AN E 7, OMIT
L2 HCHO MZi& Rtk 50% ~105% , it
114 1 BB (B33 cloud fractions ( <30% ), solar
zenith angles ( <60°), and quality assurance value
( >0.5)) %} OMI L2 HCHO St 5 4 o 5 46 5 , i
5 ) OMI HCHO i g5 ] Fad SRt 2 0. 05°
(235 km) BY23 0] 73 B, AR U AR K00 B AN
PR, 427 OMI HCHO £ffs i i
1.3 IFXREEE

ABBNIF K I OMI R fg ot RAEFIL @
REINALE: i 2 AR B A =, 742 & OMI HCHO
2 B) 7 i L 491 R 53 9 238 418 i) I, G AT F R
(] A 500 B AN A s K RIS @ 5 TR
Botp S, MR A(p, i), BT p W
HCHO ¥ B2y Q (p) , Hoxd A& o % BT {5 5
DR A A M BE 5 A ) SR AR, ACER A 52 T AR
S1EoTH R S(p) i, B B Z G0 N(i) Xt
S i1 PP £ 5 DR, DO A R ERE W O
() WA (1) PR -

NG A(p,i)
Lo sy P

Vo A(p.)
2 S

A5 R T e 1 3k SR AR BRL 1 Ab R 2013 —
2022 4EAFH Level2 OMI HI R , 4145 59 Hk 0K
T IX A5 (A 53 32 0. 05° (25 km) FY A& A6 FH AT
I RACIT

Q3i) =

()

2 HREA

2.1 ZNWIE

ASHIFFEAE 53 A - P IR DO I 2= P I I s
OMRRHIEZ AT, 1 ek TR B /9 2019—2021 4
H TROPOMI T3 J FH R 0 /5% 32 Jo 7™ ot 5040 0 JH:
PEAT A Bk, FE T i SR AR SRk AL B TROPOMI
Level2 f4 H HH R 3115 45 (0] 73 B4 0. 05° (24
5 km) B YRR X H 25 A% A FH E R . 2
TS 5 K VS X 2019—2021 4F 4% Hby 7 fr) OMI il
TROPOMI HCHO A ¥{E 3L 377 2 Hla dE 47 3T LE

B2 SR TR R OA R 0. 72, R B B A
Ko (AT EHE BT HOARSEAR T2 EIEE
PR R GER2E Moid R i A T iR 22 AL R O 1
DU, ad SR BE Ak 4k F A B 09 w5 20 Bk R OMI
HCHO P4 A7 il i] T P 9 R X FR I I

2 I

12 +

10

»=0.903 3x+0.013 1
r=0.72

OMIF i fEk % / (10 molecules - cm™

s 6 8 w0 12 14 16 18 2
TROPOMI H! B4 /i / (10 “molecules - cm )
K2 KX OMI 5 TROPOMI HCHO VCD X Lt
Fig.2  Comparison of OMI and TROPOMI HCHO VCD in the

Greater Bay Area

2.2 ZEDTREFE
2.2.1 FERER A

3 Sk Bk RS X 2013—2022 4F HCHO
VCD R REZs [ 4r A Il Il 3 A %01, 2013—2022
AR VA DX A e R 22 T v R A, R A A
BEIAGAE ( <9.0 x 10" molecules/em® ) & B4 7
TE RV DX 8] 170 Ml 34 458 i M DX R Vg — 77, i 4
PR CEECN VT A b A v by DA S A s RLT) B
BRifg; = ( >12.0 x 10" molecules/cm®) =243
A AE RIS DX R b X, AT M B L AR 5E Sk e M
Rty X, i A 5 BE B BN YL TR A Hb X
2013—2019 4F, BB A ik 2 35 1 IX 3 Bl A 240 A 4
T, 2020 A R (R DX L ) w40 /)N, LR AT RE
J& 2019 AR ICAR K& 10 T st 28 1 BRAIR T AR 77 1 Bl K
S, NI T N R U ) Y R R o il A N A
DAFE I DL B AATT T 2 1 i R H 2R A8 DL &F 22,
2020—2022 4FAE 77 1 B 14 W 2 O3, H I A VAR BE 1y
A DX S B Ik #A . AT RUBER R
M 2013 AEFF 4G, T I A 1 AR 58 B 2602 I ey
(AT HL , 2013—2015 AF 2 1y {1 X2 7 1] RS X
HER AL X 3, 2016 AF T4y, B oo 1L DX E— 2P 1)
VUSRI BB, 25 2018 412019 4 F i = L IX.
WA RN K, Z 5 32 58 18 52 il v {8 DX LA B
/N o



30 P2 L RRRE D) 23 %
e R UL IR RO O, BB
Y e | e o IR e , 4 7 RS R JE AT, 27 2 Y S
sy ! VAT TV i, 5 7 P AR VI B R B B . A
) R KA, 4 25K 15 1K T A i 0 R R v
ooy T 2 o SRV LR 2 AR, 7 28 YIS R 4 085 18 X 4 o
(| ' AEI IR AL, LA M 1L P 3
SO S T A P S, B 2 P KT
HE— 2R 8 1R 26 B K X o b
| R o B, LU GRS R T BB L R SE R
s Tae T s T | NP R (L BT SR R, PR
S Al AT AT TR LG X 1 7 3, 75
N T N BB ZR2E T el TR 0 R AR
‘ Hi X, 50 25 B 15 95 P KT A Bk R I

H oig L. ~siiihi 2020 - uil ; A
Sloo21 TS 2022 ‘g ! - - - v il

K3 KREX 2013—2022 4F HCHO VCD 4E 43 [a] 434
Fig.3  Annual spatial distribution of HCHO VCD in the Grea-
ter Bay Area from 2013 to 2022

2.2.2 FHEMHAH

K 4 Sk B IRV X 2013—2022 4 HCHO
VCD ZE45 28 6] oA o 55 4F B 25 8] 23 A ik AN [
F RS A A B T L F AT
7L AR IX A AL T R AP B
MR 21 2 R BB R . X R
A%, —J7 i, AR A IR T AR 2 Y
S 176 A S SR A HE TR A S T — M ek b, S 8
A8 R ST S L 3 P L A2 S R T s 5 — T
T, AR A R R T RV RE T, R
i) VOCs By E AL RN PEREAR . LA, FER IR
WA T AT A G Bk F SR S BT & 5
BAR I TP AT R BE AR o R X A R 114 2

E 4 KIBX 2013—2022 4F HCHO VCD ZE35 25 [a] 43 A
Fig.4  Quarterly spatial distribution of HCHO VCD in the
Greater Bay Area from 2013 to 2022

2.3 RfENEEHFE
2.3.1 HFERL

Bl 5 R T B ORI X 2013—2022 4F
HCHO VCD 4FBEARfRFRIE . 2013—2022 4[] K
[X ) 10 4F F [ A vk BE 249414 10. 4 x 10" mole-
cules/em” , F B BLTE 2013 4F, K 9.6 x 10”
molecules/cm” , % 55 i & 2019 4E [ 11.0 x 10”
molecules/cm” , B 1A K F, K X 4F & HCHO
VCD % | FF#a 3, 2022 4 40t T 2013 4£ HCHO
VCD KT 11.3% , 1£ 2013—2022 4], H FHi
AT SARAE AR, 43318 2015 4Ff 9. 8 x 10" mol-
ecules/cm” (FH 1L 2014 4E [ 4. 7% ) F1 2020 4E 11y
10.1 x 10" molecules/cm® ( #H Ht 2019 4E F [

8.1% ). 2013 4£2 H ,J7ARA KA HRAERIL=



5 6 1]

TS BRI [X 20132022 AF X 3t J2 HY AT Mk B 1sf 45 Y AR P A 31

FAUN I 3 25 AT SR —5 = B Bt (2013—
2015 4F) 2 R TR S s St T ), kG IR
HEA WD AT W s HE i, T e Tl
VOCs HEBOREE, KA 1E VOCs #=1 J7 BE , Al B2
2015 4F R X HCHO VCD FRFMEZR R, M
2019 4F 4 K B e B 5 , 4 3 [ 6T AR 7 R
ATSEAT R AL, A TR SR AT R R
£ 2020 4FE AT X HCHO VCD BH g R B 114 32 2 i
B, 2013—2022 4E[a], A X HCHO VCD K &
fc bR B AF iy Oy 2014 4F, AH EE 2013 AR BE T
7.18% , H Yk 2016 4F (AH L 2015 4FE 38 m 1
6.92% ) F12021 4F (HH H 2020 4EH4H T 3.96% ) |
2021 4F HCHO VCD [y B i 38 fin 5z e 1 R X )
YR B4 1 A 255 R ERS AR X S 15 FHL LG 1 T 2%, A2
HE TRV XA =16 S B I o

11.2 -

11.0

10.8

< em?)

104+

10.2+

9.8+

HUESHE K J2 / (10 molecules
=
=

9.6

9'4 L 1 L 1 1 L 1 l 1 1
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
F4

KIS KIEIX 2013—2022 4F HCHO VCD 4F A5 (R4S AE
Fig.5 Characteristics of annual changes in HCHO VCD in
the Greater Bay Area from 2013 to 2022

B 6 7R 1B IRV X & b T 2013—2022
4F HCHO VCD 4F FE AR AL RRAE . 45 b Ti7 A HH PR A
WeRE G R 1177 (8. 10 x 10" molecules/cm”) <
ki (8.70 x 10" molecules/cm®) < 7 (9. 59 x
10" molecules/cm®) < B (9.743 x 10" mole-
cules/em”) < 1 (9. 746 x 10" molecules/cm®) <
Hl (10. 10 x 10" molecules/cm®) < 1.7 (10. 18
x 10" molecules/cm®) < ZE P (10. 55 x 10" mole-
cules/em”) < A5E(11. 07 x 10" molecules/cm”) <
"M (11.26 x 10" molecules/em®) < flli 1l (11. 74
x 10" molecules/cm® ) , % B MR 1], Bk 1 . 7 Wb

HCHO VCD HAR A n] BE Jt P2 i sk i FR A0S, HL
i HCHO VCD B) 32 g RIRHL, 25 — 7l o FEAS
LRI s HCHO VCD Bl REJRIA o

14

[TJ2013 ] 2014 [ 2015 ] 2016 [ 2017
[ 12018 12019 [ 2020 [__]2021 [ 2022

12+

1

=

FH A 7k BB / (10 “molecules + cm®)
-

Pl 7O ZRSE EEER VT P BRI BN & PR R
Rt
K6 RIEX443TT 2013—2022 4F HCHO VCD ARk
FHIE
Fig.6  Characteristics of annual changes of HCHO VCD in
various cities from 2013 to 2022

NSl T PR T A e A SR, R I A i
11(2013—2015 45 ) A XS AAR, 110 J5 S PR HS I i
P, K& Hb T 7E 2018—2019 4 35 B & & 1
TR/ INR R ] B T R 7 s P T A 0 B2 8 (R A 11K
ZEVEREXT A IR ) L L R AR S8 A b ) A
WREE e o A5 MU T 2022 4F FH A Vi B2 ZKCOF- A1 e
T 2013 ARG KR Ry HEK (8% ) < k1l
(8.04% ) <AT(8.39% ) < BM (10.57% ) <%
PN(11.35% ) <3k (12.07% ) < 71.17(13.04% )
<l (13.56%) < M (13.73% ) < % 52
(15.84% ) < F i (16.90% ) .

2.3.2 E¥mE

7 Sk IR X K 45 M 2013—2022 4F
10 4F HCHO VCD Z=5 A8 (AL , B4 b b 1 1 %
T2 A Rl i PR AT W B2 S B e A, B IR
V25 DX R A b i PR A A B2 R SR LA o — 3
TR AR, HR VA MESEF
(14 PP A o 8 R e, DX S, A RV DX 7, B
B ERE . & (7.77 x 10" molecules/
em®) < 725 (10.20 x 10" molecules/cm®) < fkZ&
(11.19 x 10" molecules/em®) < HZ(12.07 x 10"
molecules/em’) o 3 T R BE 1T 5, P Bl ) 288 B

=)



32 JUINREE S CH AR AR

923 %

REE T MAMBILER AT <FF<UFE<H
T BRI A TR <KTE < B <H M
SCTTALFEVLTT Ll TR s N Bk T R B &
Z<HFF<HE <HE, BRI AR
VRIS 1Y B R I ) A DR, S BRI
S E A REL B Ry, X Rk g A
WERTEENATRERENZ —, &Z=HEHTRE
A AH AT (6. 63 x 10” molecules/cm”) |
S P AE 2 1R (8. 13 % 10" molecules/em®) ;
47 2 PR A 3 o P HE AR 98 (7. 83 x 107
molecules/cm”) | 5 5 Bt B AZE (B 1L (11,57 x 107
molecules/em® ) ; k5 FF I Aok e J3E 5 A1 {1 41 B A 3
17(9. 87 x 10" molecules/cm” ) , Fx /i (B 1 BUAE 19 1Ly
(12.51 x 10" molecules/cm”) ; B Z5 ATk B B 1%
{EHIRAET (7. 50 x 10" molecules/cm”) , 5t /5 (B
HEZER 1L (14. 40 x 10" molecules/cm®) .

K 8 f T H s IS X 2013—2022 4F
HCHO VCD Z=45 22 fR4FAE , ol LAF 51,2013—2022
SRRV X AR B EH R BN A < FF <
R < Z R0 R, A I(E PR 2013
AEIR A 7R (7. 10 x 10" molecules/em®) , f 55 H
PRAE 2018 4E [ B 25 (13. 45 x 10" molecules/cm?)

VT mas A X

HUEAEYK B /(10 molecules - cm™)

¥
T

LT 2013 4F,2022 4EA K T 0.56% , 2
WMEKT 3.7% , FHK T 21.2% , EFHK T
10.8% . & 8 AIHN, & ZFIE IR EEA K,
EERE RN .

15

14 —— 2%F

W

= ©
T T
/O

i H: vk B2 / (10" molecules - em”™)
© © o

-
T

f=2)

&

& L& FE 8 N
¥

I

$ 8 A AN Ho N

S TE PSS
Q%\\@

B

BT RIS IX K45 Tl 2013—2022 4F 10 4F HCHO VCD Z&
JEARAL L
Fig.7 Characteristics of quarterly changes of HCHO VCD in

the Greater Bay Area and various cities from 2013 to

2022

R R R YRGB B S P Ty
FEISTFIFIFIFIETEELEIFLFIELEFTIISISSEIELSIFS
R R R R
"
=

8 KX 2013—2022 4F HCHO VCD 1525 fLRHAE
Fig.8 Characteristics of quarterly changes of HCHO VCD in the Greater Bay Area and various cities from 2013 to 2022

2.4 HmMERSH AT ANBE AR OGN, (HAR R AR B s UK X

HELABHE I 4 7 138 4 1) 284 S B X )2
REIY 2 AR TR o R SRR 11 28 4K
B, ASBIEFELE R NDVI A5 895 A XA SR
X R L 2 P A R B8 AR5 o 08 [ KT UG 4 S 5
SEATAERE 2 A A S T AL RAE , Pu %57
FER WAL DI BE b 8] KT e A ik 2 5 Y R

THRAUESE , PRt , A5 e RO 6] KT Ol i J3E PR -
PRI RIS DX I T A 7K 0 6 3 2 P R A 3 11 5
Wi o AR 7 B 25 K AR 1 o5 — 46 A,
I T BT N g RER 0 R O 2 R AT R A
SO, AR SO0 U P IR RV XA JEE A 7 RMELT
e



5 6 1]

TS BRI [X 20132022 AF X 3t J2 HY AT Mk B 1sf 45 Y AR P A 33

9 W, B IRR T X 4% Tl NDVI 5%
JZ& A S IE RO G AR MG R K r 1 047,
B REL R A 1 JIOXs DA DR 2= P TR AL ok 2 1 3
KA IE R STH, (H0b STEkoF A K Mo 25t
I B PIAS T AR AR, AT SRR E TR RIAT
DGR S 5 AR RV X R ER P, 181 10 (a) 7R T
B IRORTS AR YRR T AR AT 3 5 5 GDP A
Kk, G R "B A A & I IE AR G A G R
W IBF 0.92, R XA E] AT 6 Kt ol F T 48
2B KA. B 10(b) 7R 1 B HE O X AR
PR TDAT 8 4 54 FEE -5 o O 2= P TR A B8 ) A 5%
P, “ERIHIEMSEE R R BRI KT
S B R I, R PR A v B R B i B T
B ST A R R e FY I A 4k J5E 1) 98 A7 A I 16
SR , (E R 6] AT Y4 S5 56 B8 55 X 2 P T A ok 2

14.0

r=0.92

GDP/(10Y{Z75)
s
<

4.0 45 5.0 55 6.0 6.5
VAT AR HREE/ W - em” - s17)
(a) AFH0 WA G AR IR 5 555 GDPIGAR 5%

FRH O R BOAN 1, AN A D 8 X it 2= Y I 7 2R
A NIDES AR TTRE 8

—
=

r=047

—
-
o

—
~

OMIR! S HE B8 / (10 molecules - em™)
© =

6

035 040 045 050 055 0.60 0.65 0.70 0.75
NDVI

K9 RIEIX AT H 2 NDVI 5550t 2 B R A G
Fig.9 Correlation between monthly average NDVI and tropo-
spheric HCHO VCD in various cities in the Greater

Bay Area

— r=0.41

.
B
10.6 .
o 104
> 10.2 F
.

9.8

o
=

4.0 45 5.0 55 6.0 6.5 7.0
BT S FRARE/ (MW - em” - s1)
(b) A4 IKT YC AR TR 5 032 P A VR BE TR DG

B0 R X ARSI SR S5 B2 5 GDP M It 2 HY Ak B2 f) AR Sk
Fig. 10  Correlation between annual nighttime light radiation intensity and GDP and tropospheric HCHO VCD in the Greater Bay

Area

B 1L BoR T BRI AR BE GDP 5%
JEHEREU S AR, 45 R KW GDP 53337 )2
R 52 B 38 I IE AR SR G 2R M SR R B r ol
0. 64, W] GDP F 4% 4 X X It J2 HH A vk & ) T
FEAE TR, LR R, RIS X A e
15 NDVI BIE]ET 't 6 45 5 B2 A1 GDP 941 ¢ 2 %k
PR TR BV R I A, R DX 2= P T e e 2
JOE H AR UERI R PR 2545 5 M (9 45 2R, TR I ol i
ST A 1) 5 R 5 ECHE R 4 PR T A A DR 1Y
DX Sl e i i 5 3015 22 3T S5C B IR 1 AT S MR AN 8
BT E 8

112

r=0.64

1.0

—
b
%

—
=8
=

15 2
10 “molecules - cm )
-
=
N

<102

73
=
S
>

OMIHI vk
e o g
o

ok
'S

8.0 90 100 110 120 130 140
GDP/(10{Z75)

B 11 KX AR GDP 55Xt 2 AT v B i A e
Fig. 11

o
=

Correlation between annual GDP and tropospheric

HCHO VCD in the Greater Bay Area



34 JUINREE S CH AR AR

923 %

ST LU BG5S Hr, B T X R R
s 5 NDVI A1 GDP 4 5 1F A O¢, 4 4% J& HCHO
VCD [ % [ SR, §5% HCHO VCD 5 NDVI #
KA i 35 10 It R A 3 — DR R, GDP 5
HCHO VCD 28t A48 i A0 ek, (R 1 A28k
PRI LR A R TS bR TG TR E— 2P B i i HCHO
VCD F = A IR HE RS A, B 58 45 Tl =)™
b 5 H HCHO VCD i HECR & B A B TR
FFEAM HCHO VCD & 3377k BLak,
B WS TRV DX b 4h T [ AR B T U v B L3 A AR
FIJR AT E 2 5% 1 NDVI Fl GDP 5 HCHO VCD [
TR E

3 4%

(1) OMI Zkfif 55 TROPOMI 2 faf i HH i T2 /2 31
JRRT i L R TS X S R A S A G
RHN0.72,

(2)2013—2022 4= K78 X A vk B I 2
FhEs a3, 2022 4E M T 2013 4E HCHO VCD 3
KT 11.3% , B ok B (AR (B = B2 0 A 4 RV
DX 320 b 95 A vy b IX B U — 7, L G SE PR L
VLT ] b A A o by D B ol ) BRI
(B T A0 A2 RV DX P b X, AT BB Ll R
SER ARG X, LG 2 P BN VLT R 43
DX o A5 M) FH AR VR L MR ] < BRI < A
< HM <IN <Pl <V <R < RE <)
M <l TR A /0N AT B I R A s A

SE

W P S IAR, ST ARXT BB ) M A LU AR 58
S5 M TI P B A U T e o

(3) BRI [X % 45 Tl 2013—2022 4F 10
4F HCHO VCD Z 15 A8 (L FRAE , B4 Ll v v 3k i
1) A i gl T A O R R A, R X
HEMR BRI AR < FF <KFE <HZFMH
SRR . ARG B ZE P AR SE T MR 1L 3R
AT <HEF <HFE<BF BEMEAHALT<
M <BE < B F IREWH AR Al K
I FEEFBREGERIE AT < FF <HE <R,
A2 TS DX 25 Mt T 1) F A A o B 4 A I LA 25
K, 2 FH AT VA 2 v L DX A v e RS IX b g
DAT™JH A3 L R0 SN PG 3R Sy 32, SN P PR Y R A
YR S v, B 2 PP s {8 6 V0 LA R X bt
Wi — 2B K, DL BB Ak iy M il AR
SEFITEL N P 5 Ay s B o0, Bk 2 FE R o (B KA
JITREARS , v fL X B [ RS 95K

(4 ) VL5 0 A VS DXL A 1 8 X A VS X% 9
J2 AR R B 1) 18 KA I [ BTk, (H AN R B
VER AT K e bR 22— PR AL AT S5 5 9 B 5 %
T2 FP A W B 1) A G 3R BEOAS 1, T B s YRRV
XAFHE GDP 55 %) it 2 F R A v i SR B o |8 2 1
EAHRSE R, F W GDP i 39 K X % 0 )2 FFY
WEMTH S B A EZE T, (HZR G kA, TRE%
T T I3 19 532 i) 3 SCHE i A H R A D g IXC
S A i T 5 ORI A Mk S NDVIL % ]
KT 5 55 B A GDP A R OG 28 50088 oK G B4 5
7K

[1] Salthammer T. Formaldehyde sources, formaldehyde concentrations and air exchange rates in European housings[ J]. Build-

ing and Environment, 2019, 150, 219-232.

(2] ka2, fPg, £, 4. JUatias 05 R el R GEBO 1 12 A B Zma [T ], w EEREERb2, 2014,34(9)

2401-2407.

[3] Chance K, Palmer P I, Spurr R J D, et al. Satellite observations of formaldehyde over North America from GOME[ J]. Ge-

ophysical Research Letters, 2000, 27(21) ; 3461-3464.

(4] EHEMS, PEAE, Avl, . JET TURERIHEEM Z RS HZ0ET]. =W R 53R I, 2020, 5(3) .

43-52.

[5] LiuR, Feng T, Wang S, et al. OMI satellite observed formaldehyde column from 2006 to 2015 over Xishuangbanna, south-
west China, and validation using ground based zenith-sky DOAS[ J]. Science of the Total Environment, 2018, 613/614 .

168-175.

[6] LiD, Wang S, Xue R, et al. OMI-observed HCHO in Shanghai, China, during 2010—2019 and ozone sensitivity inferred
by an improved HCHO/NO, ratio[ J]. Atmospheric Chemistry and Physics, 2021, 21(20) ; 15447-15460.

[7] Gonzilez A G, Liu X, Chance K, et al. Updated Smithsonian Astrophysical Observatory Ozone Monitoring Instrument ( SAQ
OMI) formaldehyde retrieval[ J]. Atmospheric Measurement Techniques, 2015, 8(1): 19-32.

[8] Yousefi R, Shaheen A, Wang F, et al. Fine particulate matter (PM, ;) trends from land surface changes and air pollution



5 6 1] TS BRI [X 20132022 AF X 3t J2 HY AT Mk B 1sf 45 Y AR P A 35

(9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]

(23]

(24]

[25]

[26]

(27]

[28]

[29]

(30]
(31]

policies in China during 1980—2020[ J]. Journal of Environmental Management, 2023, 326. 116847.

TS, BERE, XIEE, & KREMMIX 05 5 PM, SR Ts LA FE ], FREEIRA Rl 2021 ,47 (4) :38-46.
AN, ERME, R, %. ST OLL A TROPOMI TR S A L at i AT AR pE e [T ). [ BREE R} 2, 2024,
44(7) : 3592-3600.

Wang Y, Zhao Y, Liu Y, et al. Sustained emission reductions have restrained the ozone pollution over China[ J]. Nature
Geoscience, 2023, 16(11) ; 967-974.

Ding D, Xing J, Wang S, et al. Optimization of a NO, and VOC cooperative control strategy based on clean air benefits[ J ].
Environmental Science & Technology, 2022, 56(2) ; 739-749.

Zhao Q, Bi J, Liu Q, et al. Sources of volatile organic compounds and policy implications for regional ozone pollution con-
trol in an urban location of Nanjing, East China[ J]. Atmospheric Chemistry and Physics, 2020, 20(6) ; 3905-3919.
Kaiser J, Wolfe G M, Min K E, et al. Reassessing the ratio of glyoxal to formaldehyde as an indicator of hydrocarbon pre-
cursor speciation[ J |. Atmospheric Chemistry and Physics, 2015, 15(13) ; 7571-7583.

Vivaldo G, Masi E, Taiti C, et al. The network of plants volatile organic compounds[ J]. Scientific Reports, 2017, 7(1) ;
11050.

LiY, WuZ, JiY, et al. Comparison of the ozone formation mechanisms and VOCs apportionment in different ozone pollu-
tion episodes in urban Beijing in 2019 and 2020 ; Insights for ozone pollution control strategies[ J]. Science of the Total En-
vironment, 2024, 908 . 168332.

Su W, Liu C, Hu Q, et al. Primary and secondary sources of ambient formaldehyde in the Yangtze River Delta based on O-
zone Mapping and Profiler Suite (OMPS) observations[ J]. Atmospheric Chemistry and Physics, 2019, 19(10) ; 6717-6736.
Guo Y, Wang S, Zhu J, et al. Atmospheric formaldehyde, glyoxal and their relations to ozone pollution under low- and
high-NOx regimes in summertime Shanghai, China[J]. Atmospheric Research, 2021, 258 105635.

Zhang Y, Li R, Min Q, et al. The controlling factors of atmospheric formaldehyde ( HCHO) in Amazon as seen from satel-
lite[ J]. Earth and Space Science, 2019, 6(6) : 959-971.

Rivera Cardenas C, Guarin C, Stremme W, et al. Formaldehyde total column densities over Mexico City: Comparison be-
tween multi-axis differential optical absorption spectroscopy and solar-absorption Fourier transform infrared measurement[ J ].
Atmospheric Measurement Techniques, 2021, 14(1) : 595-613.

Ryan R G, Marais E A, Gershenson-Smith E, et al. Measurement report: MAX-DOAS measurements characterise Central
London ozone pollution episodes during 2022 heatwaves[ J]. Atmospheric Chemistry and Physics, 2023, 23(12) ; 7121-7139.
Miiller J F, Stavrakou T, Oomen G M, et al. Bias correction of OMI HCHO columns based on FTIR and aircraft measure-
ments and impact on top-down emission estimates[ J]. Atmospheric Chemistry and Physics, 2024, 24(4) . 2207-2237.
Fan J, JuT, Wang Q, et al. Spatiotemporal variations and potential sources of tropospheric formaldehyde over eastern China
based on OMI satellite data[ J]. Atmospheric Pollution Research, 2021, 12(1) ; 272-285.

Shen L, Jacob D J, Zhu L, et al. The 2005—2016 trends of formaldehyde columns over China observed by satellites: In-
creasing anthropogenic emissions of volatile organic compounds and decreasing agricultural fire emissions[ J]. Geophysical
Research Letters, 2019, 46(8) . 4468-4475.

Baek K H, Kim J H, Park R J, et al. Validation of OMI HCHO data and its analysis over Asia[ J]. Science of the Total
Environment, 2014, 490, 93-105.

Sun W, Zhu L, De Smedt I, et al. Global significant changes in formaldehyde (HCHO) columns observed from space at the
early stage of the COVID-19 pandemic[ J]. Geophysical Research Letters, 2021, 48(4) ; 2e020G1.091265.

Zhu L, Jacob D J, Mickley L. J, et al. Anthropogenic emissions of highly reactive volatile organic compounds in eastern Tex-
as inferred from oversampling of satellite (OMI) measurements of HCHO columns[ J]. Environmental Research Letters,
2014, 9(11) : 114004.

Zhu L, Mickley L J, Jacob D J, et al. Long-term (2005—2014) trends in formaldehyde (HCHO) columns across North A-
merica as seen by the OMI satellite instrument; Evidence of changing emissions of volatile organic compounds[ J]. Geophys-
ical Research Letters, 2017, 44(13) . 7079-7086.

B, fedE, B, S A S RE KRS YRR KO B ORISR /R [T]. A EREE 240, 2022, 31
(11) . 2242-2250.

B, T, N, AR 2006—2019 AEER = IX RATS PGB ] FREERE, 2021, 42(1) ; 97-105.

Pu D, Zhu L, De Smedt I, et al. Response of anthropogenic volatile organic compound emissions to urbanization in Asia
probed with  TROPOMI and VIIRS satellite observations [ J ]. Geophysical Research Letters, 2022, 49 (18 ).
€2022GL099470.

[ REHE: @]





