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Abstract Since the State Council began to implement the Air Quality Improvement Action Plan in
2013, the air quality in China has been comprehensively improved. However, ozone (O3)
pollution has become prominent. Due to the nonlinear influences of meteorology and precursors,
the response relationship between the evolution trend of O3 and the change in emissions varies in
different regions of Hangzhou. Separating the impacts of meteorology and emissions on the
evolution of O3 pollution and evaluating the management and control effectiveness of emission
reduction measures are of great significance for formulating precise prevention and control
policies.This paper utilizes the observational data of 15 monitoring stations in Hangzhou during
the warm seasons from 2014 to 2023, comprehensively analyzes the urban and rural evolution
laws of multiple indicators related to O3, and adopts the de-meteorological method based on the
random forest algorithm to separate the respective contributions of meteorology and emissions in
the long-term evolution trend of O3, so as to quantitatively evaluate the effect of O3 pollution
control.The results show that the annual growth rates of MDA8 O3 and O, in Hangzhou as a
whole are 1.4 pg/m’/yr and 0.07 pg/m3/yr respectively. Among them, the increase range and
concentration values in urban areas are significantly higher than those in rural areas. The
differences in O3 and Oy between urban and rural areas in Hangzhou continue to increase, and the
reduction of NO; emissions has failed to effectively suppress the rise of ozone. Since 2018,
meteorological conditions have changed from being unfavorable to favorable for ozone generation,
which is most significant in May and September, the months with the most serious pollution. In
the overall interannual upward trend of O3, 64% is caused by meteorological conditions, and the
rest is due to ineffective management and control. After excluding the influence of meteorology,
long-term management and control measures have effectively reduced the atmospheric Oidation
capacity in both urban and rural areas and curbed the increase in O3 concentration in rural areas.
However, there has been no effect on the control of O3 in urban areas and local photochemical
generation. The above results indicate that continuing to strengthen anthropogenic control
measures under unfavorable meteorological conditions (focusing on May and September) is key to
suppressing ozone pollution in Hangzhou.

Key words Hangzhou, Random Forest, Ozone, Effectiveness of Management and Control, Meteorological
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Fig.1 Spatial distribution of 15 monitoring sites in Hangzhou. The 12 urban sites include HMXX
(Hemu Primary School), ZIND (Zhejiang Agriculture and Forestry University), WLQ (Wolong
Bridge), XS (Xiasha), YQ (Yunqi), CXZ (Chengxiang Town), XX (Xixi), BJ (Binjiang), XFDD
(Fire Brigade), LPZ (Linping Town), SFDL (City Government Building), ZEZ (Zhen'er Middle
School), and the 3 rural sites include TLIN (Tonglu Jiangnan), HBDL (Chun'an Environmental
Protection Building), JCDL (Jiande Monitoring Building).
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Fig.2 Interannual variations of O3 and Oy at all sites and two categories of sites in Hangzhou
during the warm season from 2014 to 2023. (a) MDAS8 O3 and O3_mean, (b) O3;_inc and O3_min,
(c) Ox_mean, (d) Ox_inc and O,_min, (e) NO2, and (g) PM2s

R 12014-2023 SRR UM T EEARAT 2 FhSEuh i KOOI AN KGRm0 5 (1) O3 A Ox 4 PrA2
B g IR OREEAL: pg/md/yr)

Table 1 Trends of observed and de-weathered O3 and O, for the whole city and 2 types of stations
in Hangzhou during the warm season from 2014 to 2023 (concentration unit: pg/m3/yr)

WX 2 BUMEEAL WX 2 BN
MDAS O3 1.68 1.09 1.39 O, mean 0.14  -0.01 0.07
O3 _mean 1.49*%  0.68 1.08%* O, mean_dew -0.32* -0.47 -0.40
O; mean_dew  0.76*  0.02 0.39%* O, _inc 1.00 0.89 0.95
O3 _inc 0.55  1.05% 0.80 O, _inc_dew 0.60*  0.83* 0.72%*
O3 inc_dew 0.13  0.90% 0.52 O: min -0.34  -0.57 -0.46
O3 _min 0.99*%  -0.10 0.44 O, min dew  -0.58*% -0.86* -0.72

O3 min_dew 0.65* -0.47 0.09
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Fig.3 Diurnal variations of O3 (a), NO; (b), and Oy (c) at urban and rural sites in Hangzhou during
the warm season from 2014 to 2023
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UM O3 JAH R Z AN FRFRIRAE 22 7 (14 BR A2k« 45 R 7k MDAS8 O3 I AU-R 23 EFH1)
e (0.59 ug/mi/yr) , 1 O3 mean I AU-R ZHT M 2015 4E 2 57 B8 2015 LU 1
IEfE, WEEE) BT (0.63 pg/myr) , (HETHIA R, IFE 2018 FHEBZE R K.



WX NAHEHOR, JGH PMas 235080/ 0 3G BOR B4R S 3G 58, 3E— Dt Os el A i, &
# MDAS Os I [X Blg s b, 1 T 2016-2020 4F 241 O;_min F#%, SEIMIX O3 mean &
T 24, Os_inc AU-R EAREN TREES, FEHEZEHR 0.51 pg/m¥/yr. Os_min FJAU-R
S EE RN/ E, X TR BT NO, BRI ES T NO X SRR e, R
BT Os R, AEITT Os_min 2 EFHEH, (HIKFERK/NT 248 Os_min. £ 2014-2023 F
WEZ= A, Ox_mean FJAU-R 2ARZE K EFHES, £ 2018 4FH1 2019 FAU-R K, 4341
N 28 ug/m3 F 24 pg/m?, HARSEGY )25 FAEAE 14~20 pg/m3 Z 18], Vi3 T H X 1 KA AL
R N1UR % T 2 HEMX . O, inc Al O, min (AU-R BKZ 5514 0.1 A1 0.2ug/m3/yr, O, inc
A1 Ox_min A U-R 3K 50 BITE 15~39 ug/m3 M 3~13 pg/m?® 2 [7], Z{EFRFELE 2018 fix K. H
T 2018 4 2 B X NO, HFHE M KR D, &K Oz IR BEMIBFAE, M3k i X JLT ORFEAS
A, %A O3 M Oy AT 2 S K. BRIk, RUEHUNTTREAR ) NOL R JE FF%, H2MT 05
WREERIRE N, IR A 2 Xk (A i KRR IR R ZE e, B 2 A 2 7 B E
I FREERSIE R AR 2 % R B NEHAE UK ZE R (Cheng et al.,2018; Cheng et
al.,2019; Zhang et al., 2023) , T R ANFEIRTX Oz BRI ER, WP Oz /E R Zikis 4
MR BB E IR .

% 22014-2023 FFREFEHMI TIN5 £ HuE 5 Osn O ERGUIFEER (AL pg/m®)
Table 2 Statistical result of differences of O3 and Oy between urban with rural sites in Hangzhou
during the warm season from 2014 to 2023 (unit: ug/m?)

MDA8 O; Os mean  Os inc O;_min O, mean O, inc Ox_min
Year Avk  Dux Aux Aue Avx  Dux Avr
2014 10.1 -1.2 28.4 -11.4 14.8 19.4 6.9
2015 11.8 -0.6 28.2 -11.8 14.8 20.0 5.4
2016 25.2 8.7 35.8 -3.4 20.5 32.7 9.3
2017 239 7.9 34.7 -4.5 15.9 359 2.6
2018 33.6 12.9 44.8 -2.8 27.6 38.5 12.5
2019 27.5 8.8 39.5 -5.0 239 353 11.5
2020 12.8 1.1 235 -6.3 17.5 15.0 11.1
2021 21.9 10.5 27.6 1.4 20.1 26.2 11.1
2022 21.9 8.7 30.6 -1.0 17.2 304 6.9
2023 19.3 8.1 26.2 -1.6 15.7 24.2 6.3
Slope 0.59 0.63 -0.51 -1.01* 0.15 0.11 0.23

¥: AU-R AN Urban (317) 5 Rural (Z4H) i SKEEE, *RNTHEEEDT 95%K) 5
B T
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LA O3 A1 O W L AAL T LAy N TR MM A DS HEBGE WM &8 70, X 38wt ST d8I18] O3 AT Oy 12
N AR TTHR N 73 5 66% A 60%,  HLAR N AHERTTIR . TR AR Os 1 H ZEH] &



T &R G T EEREEHEF RN : RH(19%~25%) « Uvb (8%~14%) « BLH (9%~11%)-
Tem (8%~10%) « WD (3%~4%) . Pre (3%~4%) . WS (2%~3%) . Rain (0.7%~0.9%),
X Ox BIFEIHET A : RH (20%~26%) + UV (7%~13%) « Tem (8%~10%) + BLH (6%~8%)-
Pre (3%~5%) « WD (3%~4%) . WS (1%~3%) . Rain (0.6%~1%) , PEMEAANFE. &
PRI H RH A1 Uvb A2 REIAATMN O3 fl O LI E BRI F . (HRSRERX 03 fl O, [H4E
AR A5 RS A A F], Uvb 5 Os Fl O AFEIMERIAH R R R ey, 4300308 0.63 1 0.58,
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Fig.4 The importance of each meteorological variable affecting O3 and O, evolution in Hangzhou
(a) and (c); Interannual variation of key meteorological factors during the warm season from 2014
to 2023 in Hangzhou (b) and (d). The pie chart represents the percentage of importance of the
emission. R represents the Pearson correlation coefficient between each meteorological factor and
O3 and Oy
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Fig.5 The long-term trends of monthly averaged observed and de-weathered O3 (left y axis in a) in
Hangzhou. The blue bar and the red bar represent the intensification and alleviation of
meteorological conditions affecting ozone generation, respectively (right y axis in a). Annual
averaged contributions of emission (b) and meteorology (c) related concentrations for O3 at two
categories of sites during the warm season from 2014 to 2023, respectively.
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3.3.2 HEBUESIRIRE O LSS

ERRGW G, BUNHEBCRA SRR O3 MEE (Os_mean_dew) H 2014 4[] 62 pg/m?
ETFE 2023 F 72 pg/m?, KRN 0.39 ug/m¥/yr (p<0.05) (58 1) o AHELALIIEIE 1.08
ug/m/yr, 5% O FBEBAK, HiNEER O AT 36% & H Ti15 & EAF S 2,
64% TR FFAFTTHR . Yao et al., (2024) FIFIZ £ o2 P [ )3 77 12145 tH AT/ 2015-2022
49 H R ETHEH TR TTERA 54%, WHIBIM O B E Z 2R WR 2, mE T
NAERRMERE . R 1 AE S B, OsMERRIREEMIERX s T 28, 2HMNNS
AR 0.02 pg/m?/yr, IR E I8 EA ZOEH] T 2 R AR . Os_inc_dew
03 min_dew 283 FFFEa%, (HIRT Os_inc_dew BOWIMIAE FIHEME &3 T, Uil R5
O3 b 24 BEE I AR

Wiz 1 frox, HiJ Ox_mean_dew. O, inc_dew £l Ox min_dew [F14F FRA8 (L 34 43 51 2H-0.4
0.72 F1-0.72 pg/m¥/yr (p<0.05) , HIFRIEEMW)G, O PIHLEFEHR AL 10 3 2 25 11 3 5
ZEEE 6 nTULES], HAHT NO, min_dew i3 FF%, XA O, mean dew 203 T [
P, FIEFEN-0.32 pg/mPyr (p<0.05) ; [FEBHEXH 2 B O_min_dew th 2 23 1) N Ei&
e, RFEZN 0.58 A1 0.86 ug/m’/yrs T T AN 2 3 f 1) Oy inc dew 2 & E M _EAHER,
Tt BT 2 Hb (1) A2 A BOR WA 15 28 Rz

SRS, BUMN BRI E RS T SBT3 R 2 B X ) R RE T, (R R4
DL SR BB 06k 2 A B ) 58 3R P S FS A8 o DR IE R SR S M  E AN R SR 2% AR I T, R R
I R, JCIRTE R EN S AR 9 B, KA BT IR BN I R TS IR .



4 &P

ASCEET 2014-2023 4 4-10 AU 15 ASEE IS S I , 208 7 IR T B 3
Z AN ) XIS A K AR AE R B T B AL AR PRI (1) 25 R G e 7 VP4 T R 0
Os5umi, VAKEBHEMINA R FEERWT:

(1) M T HEAR ) MDAS O3 F1 Os_mean fE3EK R 735009 1.4 F1 1.1 pg/mP/yr, NO, F
FEHEA 1.0pghmlyr, B O mean (3 KH (L 0.07nghmyr, (HAFFRZ BT )
[X O3 Fl Ox FAEHE K ZEF NO2 (4 N B d a1 2 880k i BB fiC. BUMIRIX 5 2 HH2
[E] (1) O3 Fl Ox 22 S FFEEIE K

(OBIM O3 4EBR I 2 G 5 A IR A FE FE (64% ) B B s T 2 HEFBOIR IR 5211 (36% ),
HA GRS R O3 Al O A FRyR IR I B I 2 R 5, 32 TR R AR X P A8 A4 5 5
2018 LU SRS AR LA A B A R LA AR, 7E 5 AR 9 A 85w S5 4 A
AGMEON R, IET O B .

(3) BIBRA GG, B PR P i G SRR T IR TR 2 A X K S A RE
71, @ T 2 X Oz WRE RGN, (EXITT Os LA R B 5 A i R LRk . R
SR X AN G 2% A () TR S SR HCBE I A PR s e A i, JC IS Y ) S AR 9 H,
BB B IR 1) SR %

2k (References)

Camalier L, CO, W, Dolwick P. 2007. The effects of meteorology on ozone in urban areas
and their use in assessing ozone trends [J]. Atmos Environ, 41(33): 7127-7137. doi:
10.1016/j.atmosenv.2007.04.061.

Cheng N, Chen Z, Sun F, et al. Ground ozone concentrations over Beijing from 2004 to 2015:
Variation patterns, indicative precursors and effects of emission-reduction[J]. Environ Pollut, 2018,
237:262-274 https://doi.org/10.1016/j.envpol.2018.02.051.

Cheng N, Li R, Xu C, et al. Ground ozone variations at an urban and a rural station in Beijing
from 2006 to 2017: Trend, meteorological influences and formation regimes[J]. J Clean Prod,
2019, 235: 11-20.https://doi.org/10.1016/j.jclepro.2019.06.204.

FISCR, Bk, T a5, & FETHE TR AR R AR K = i X 2
W RAIGRMIIR (1], FREERLE, 2023, 44(11): 5879-5888.  Fu Wenxing, Huang Lin,
Ding Jiahao, et al. Elucidating the impacts of meteorology and emission changes on
concentrations of major air pollutants in major cities in the Yangtze River Delta region using a
machine learning de-weather method [J]. Environmental Science (in Chinese), 2023, 44(11):
5879-5888. doi:10.13227/j.hjkx.202301119.

Geng G N, LiuY X, Liu Y, et al. 2024. Efficacy of China's clean air actions to tackle PMas
pollution between 2013 and 2020 [J]. Nature Geosci, 17(10). doi:10.1038/s41561-024-01540-z.

SRR, WK, THHE, 552024, FEFRENLARA LR L AR XU AT e F AP AR
FAFFHE GRS A 5T [7]. B RLARF AT, 37(03): 493-501.  Gong Anbao, Xie Huan, Yu
Yangchun, et al. Random forest-based analysis of meteorological condition and emission
contribution to regional ozone pollution incidents in Shandong province [J]. Research of
Environmental Sciences (in Chinese), 2024, 37(3): 493-501. doi:
10.13198/j.issn.1001-6929.2024.01.05.

Grange S K, Carslaw D C, Lewis A C, et al. 2018. Random forest meteorological
normalisation models for Swiss PM o trend analysis [J]. Atmos Chem Phys, 18(9): 6223-6239. doi:
10.5194/acp-18-6223-2018.

Li K, Jacob D J, Liao H, et al. 2019. Anthropogenic drivers of 2013-2017 trends in summer
surface ozone in China [J]. Proc Natl Acad Sci USA, 116(2): 422-427. doi:



10.1073/pnas.1812168116.

Li K, Jacob D J, Shen L, et al. 2020. Increases in surface ozone pollution in China from 2013
to 2019: anthropogenic and meteorological influences [J]. Atmos Chem Phys, 20(19):
11423-11433. doi:10.5194/acp-20-11423-2020.

Li C, Zhu Q, Jin X, et al. 2022. Elucidating contributions of anthropogenic volatile organic
compounds and particulate matter to ozone trends over China [J]. Environ Sci Technol, 56(18):
12906-12916. doi:10.1021/acs.est.2c03315.

Li X, Zhang F, Ren J, et al. 2022. Rapid narrowing of the urban-suburban gap in air pollutant
concentrations in Beijing from 2014 to 2019 [J]. Environ Pollut, 304:119146. doi:
10.1016/j.envpol.2022.119146.

Liu B, Wang L, Zhang L, et al. 2024. Evaluating urban and nonurban PM> 5 variability under
clean air actions in China during 2010-2022 based on a new high-quality dataset [J]. Int J Digit
Earth, 17(1): 2310734. doi:10.1080/17538947.2024.2310734.

Lu X, Zhang L, Wang X L, et al. 2020. Rapid increases in warm-season surface ozone and
resulting health impact in China since 2013 [J]. Environ Sci Tech Let, 7(4): 240-247. doi:
10.1021/acs.estlett.0c00171.

Qian J, Liao H, Yang Y, et al. 2022. Meteorological influences on daily variation and trend of
summertime surface ozone over years of 2015-2020: Quantification for cities in the Yangtze River
Delta [J]. Sci Total Environ, 834:155107. doi:10.1016/j.scitotenv.2022.155107.

Qiu S, Du R, Tang G, et al. 2023. Characteristics of Surface Ozone and Nitrogen Oiides over
a Typical City in the Yangtze River Delta, China [J]. Atmosphere, 14(3): 487. doi:
10.3390/atmos14030487.

Shi Z B, Song C B, Liu B W, et al. 2021. Abrupt but smaller than expected changes in surface
air quality attributable to COVID-19 lockdowns [J]. Sci Adv, 7(3). Doi:ARTN
€abd669610.1126/sciadv.abd6696.

Wang T, Xue L, Brimblecombe P, et al. 2017. Ozone pollution in China: A review of
concentrations, meteorological influences, chemical precursors, and effects [J]. Sci Total Environ,
575: 1582-1596. doi:10.1016/j.scitotenv.2016.10.081.

Wise E K, Comrie A C. 2005. Extending the Kolmogorov-Zurbenko filter: application to
ozone, particulate matter, and meteorological trends [J]. J Air Waste Manag Assoc, 55(8):
1208-1216. doi:  10.1080/10473289.2005.10464718.

SRR, WRFEid, Beds, 55,2024, 5T KZ BB AR B =M REEH 12 m [J].
o E PR EE R, 44(04): 1905-1911. Wu Shuangshuang, Chen Xinchao, Xue Xin, et al. Analysis of
meteorological effects on the trend of ozone in the Pearl River Delta using the KZ filtering method
[J]. China Environmental Sciense (in Chinese), 2024,44(4):1905-1911. doi:
10.19674/j.cnki.issn1000-6923.20231113.001.

REMLZE, AL, AN, 4. TR 2 SRR A B E A B B R TS B HE R VF
il [7]. ABIRLEEAR, 2019, 39(1): 116-125. Xiong Yajun, Xu Jing, Sun Zhaobin, et al. 2019.
Air pollution reduction effect evaluation based on data mining algorithm and numerical simulation
technology [J]. Acta Scientiae Circumstantiae (in Chinese), 39(1): 116-125.
doi:10.13671/j.hjkxxb.2018.0271.

VRHEFS, B, TR 2019 AR PMy s 15 4 E BERE M 7). b EPRETR
%, 39(11): 4546-4551. Xu Yanling, Xue Wenbo, Lei Yu. Impact of meteorological conditions and
emission change on PM3 s pollution in China [J]. China Environmental Sciense (in Chinese),
39(11): 4546-4551. doi: 10.19674/j.cnki.issn1000-6923.2019.0529.

WMARIT, 2500, B, 5%, 2025. 2022 4R E 7 il i R EDT R R A5 G R
BeE A 7). KRAEFE, 49(1): 1-12. Yang Zhenjiang, Li Ke, Liao Hong, et al. 2025. Analysis
of surface ozone pollution and its meteorological causes in China during the record summertime
extreme heat of 2022 [J]. Chinese Journal of Atmospheric Sciences (in Chinese), 49(1): 1-12.
do0i:10.3878/j.issn.1006-9895.2302.22211.

Zhang L, Wang L, Liu B, et al. 2023. Contrasting effects of clean air actions on surface ozone
concentrations in different regions over Beijing from May to September 2013-2020 [J]. Sci Total
Environ, 903:166182. doi.org/10.1016/j.scitotenv.2023.166182.

Zhang L, Wang L, Wang R, et al. 2024. Exploring formation mechanism and source
attribution of ozone during the 2019 Wuhan Military World Games: Implications for ozone control
strategies [J]. J Environ Sci, 136:400-411. doi:10.1016/j.jes.2022.12.009.



BRI, M, FEK, 552020, 5T KZ JEH A THEESE 2013~2018 4 K05 GG B AL
AT (1. S MESIRBEREFE, 25(5): 499-509. Zhao Yuqi, Yang Ting, Wang Zifa, et al. 2020.
Effectiveness of air pollution control efforts in Beijing-Tianjin-Hebei region during 2013-2018

based on the Kolmogorov-Zurbenko filter [J]. Climatic and Environmental Research (in Chinese),
25 (5): 499-509. doi:10.3878/j.issn.10069585.2020.19094.

Hh [ PR R A 2 o LA Gedi i b 2 B 4. 2024, T [B R AATS BB R B R 1S (2023
FEOM] AL R H R A, 164pp. Ozone Pollution Control Professional Committee of the Chinese
Society for Environmental Sciences. 2024. Blue Book on China's Atmospheric Ozone Pollution
Prevention and Control (2023) [M]. Beijing: Science Press, 164pp.



	1 引言
	2 数据与方法
	2.1 研究区域概况
	2.2观测站点和数据
	2.3 基于随机森林的去气象影响方法
	3 结果与讨论
	3.1 臭氧及前体物的长期演变趋势
	3.2 臭氧和Ox的城郊差异变化趋势
	3.3 量化气象和排放源对杭州臭氧长期变化的贡献
	3.3.1气象波动对臭氧和Ox的影响
	3.3.2 排放源引起的臭氧和Ox的变化趋势
	4 结论
	参考文献 （References）

