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ARTICLE INFO ABSTRACT
Editor: Jianmin Chen Although the concentrations of five basic ambient air pollutants in the Yangtze River Delta (YRD) have been
reduced since the implementation of the “Air Pollution Prevention and Control Action Plan” in 2013, the ozone
Keywords: concentrations still increase. In order to explore the causes of ozone pollution in YRD, we use the GEOS-Chem
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and its adjoint model to study the sensitivities of ozone to its precursor emissions from different source regions
Precursor emissions

and emission sectors during heavy ozone pollution events under typical circulation patterns. The Multi-resolution
Emission Inventory for China (MEIC) of Tsinghua University and 0.25° x 0.3125° nested grids are adopted in the
model. By using the T-mode principal component analysis (T-PCA), the circulation patterns of heavy ozone
pollution days (observed MDA8 O concentrations >160 pg m™°>) in Nanjing located in the center area of YRD
from 2013 to 2019 are divided into four types, with the main features of Siberian Low, Lake Balkhash High,
Northeast China Low, Yellow Sea High, and southeast wind at the surface. The adjoint results show that the
contributions of emissions emitted from Jiangsu and Zhejiang are the largest to heavy ozone pollution in
Nanjing. The 10 % reduction of anthropogenic NO, and NMVOCs emissions in Jiangsu, Zhejiang and Shanghai
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could reduce the ozone concentrations in Nanjing by up to 3.40 pg m~> and 0.96 pg m™, respectively. However,
the reduction of local NMVOCs emissions has little effect on ozone concentrations in Nanjing, and the reduction
of local NO, emissions would even increase ozone pollution. For different emissions sectors, industry emissions
account for 31 %-74 % of ozone pollution in Nanjing, followed by transportation emissions (18 %—49 %). This
study could provide the scientific basis for forecasting ozone pollution events and formulating accurate strategies

of emission reduction.

1. Introduction

High concentrations of surface ozone pollution are harmful to human
health and crop growth (Feng et al., 2022; Liu et al., 2022a) and have a
huge impact on climate change (Wang et al., 2022b). The concentrations
of six basic ambient air pollutants except ozone have significantly
reduced after 2013 when China has implemented more stringent control
measures on air pollutant emissions (Fu et al., 2019). However, the
report on the State of the Ecology and Environment in China (MEE,
2013, 2019) shows that the annual ozone assessment concentrations
(90th percentile of the annual maximum daily 8-hour average ozone)
have increased from 144 pg m ™ to 179 pg m° in the Yangtze River
Delta (YRD) from 2013 to 2019. Nanjing is a key developing city in the
center area of the YRD and the ozone pollution in Nanjing has main-
tained a consistent growth trend with the YRD. The number of days with
maximum daily 8-hour average ozone (MDA8 O3) concentrations in
Nanjing exceeding the national air quality standard of 160 pg m™>
increased from 50 days in 2015 to 69 days in 2019 (NMEEB, 2016,
2019). Therefore, the prevention and control of the increasingly serious
ozone pollution is currently an important issue in the YRD.

Non-methane volatile organic compounds (NMVOCs) and nitrogen
oxides (NO,) have a highly nonlinear relationship to the formation of
ozone. The ozone pollution is effectively controlled only by accurately
analyzing the sensitivities of ozone formation to its precursor emissions
(Chen et al., 2021; Gao et al., 2017; Liu et al., 2021; Mao et al., 2022b;
Wang et al., 2022a; Zhang et al., 2021). The observation-based analysis
of Chen et al. (2021) indicated that the surface ozone concentrations in
the YRD averagely increased by 8 ppbv from 2014 to 2019 due to the
decrease of NOy by about 4 ppbv. The GEOS-Chem simulations indi-
cated the anthropogenic NMVOCs/NO, emission reduction ratios of 1:1
in the YRD in May, July and September, and 2:1 in October 2017 could
reduce the surface ozone concentrations in Nanjing (Mao et al., 2022b).
Satellite retrievals suggested that the urban areas of Nanjing were
generally under a NMVOCs-limited regime in 2016-2019; in contrast,
the suburban regions were mostly NO,-limited areas and
NMVOCs-NO,~limited areas (Wang et al., 2021a).

The key of ozone pollution control is to identify the important source
regions and emission sectors (Ge et al., 2021; Lei et al., 2022; Liu et al.,
2020b). During the G20 Summit in September 2016, the results of
WRF-Chem and backward trajectory suggested that the polluted air
mass that affected the ozone concentrations in the lower-level tropo-
sphere in Hangzhou mainly came from Zhejiang and Jiangsu province
(Wang et al.,, 2021c). Gong et al. (2018) combined statistical and
backward trajectory models to find that the difference between the
contributions of the terrestrial and marine airflow to surface MDAS8 O3 in
Shanghai in 2014-2016 was 31-56 pg m™>. Wang et al. (2019¢) applied
the CMAQ adjoint model to show that the contribution of ozone and its
precursors from Anhui, Hubei and Jiangsu to the surface ozone in the
YRD region was 69 % in June 2010. For different emission sectors, Fang
et al. (2021) used multi-modeling approaches to find that transportation
and industry sectors contributed to surface ozone pollution over the
Pearl River Delta in 2017 by 29.2 %-31.5 % and 11.4 %-13.0 %,
respectively. For Zhengzhou from May to September 2017, the results of
positive matrix factorization showed that the main NMVOCs emission
sources were vehicle exhaust, coal and biomass burning and solvent
usage in the NMVOCs-limited areas (Li et al., 2019b).

Atmospheric chemistry model is a useful tool to analyze the source of

ozone pollution or the sensitivities of ozone to its precursor emissions.
Currently, the commonly used methods include backward trajectory
method (Li et al., 2019b; Xu et al., 2018), tagged tracer method (Li et al.,
2019a; Liu et al., 2019b; Wang et al., 2019a), emission perturbation
sensitivity simulation (Liu and Wang, 2020b; Wang et al., 2010), and
adjoint model (Jiang et al., 2015; Wang et al., 2019¢; Zhang et al.,
2009). The backward trajectory models only quantify the potential
contribution of regional transport to receptor area, and could not
identify the emission sectors; the tagged tracer method only obtains the
total contribution of specific emissions and tracers in the designated
areas to pollution, and could not distinguish the contribution on the
model grid scale; and the model sensitivity method needs to conduct
multi-group model simulations by perturbing the emissions of ozone
precursors with different ratios, which is limited to the number of sim-
ulations. In contrast, the adjoint model can efficiently calculate the
sensitivities of pollutant to its precursor emissions on the model grid
scale during a single simulation (Henze et al., 2007, 2009; Wang et al.,
2019c¢). Previous studies have shown that the GEOS-Chem and its
adjoint model can efficiently simulate the sensitivities of ozone to its
precursor emissions from different source regions and emission sectors
(Qu et al., 2020; Wang et al., 2021b; Wang et al., 2020).

The meteorological fields are also important factors to the formation
of ozone pollution. Liu et al. (2019a) showed that meteorological factors
can explain 43 %-64 % of daily surface ozone changes in North China
from April to October 2013-2017 by using a method of reconstruction of
ozone concentrations based on weather types. The appearance of
meteorological factors generally corresponds to the large-scale circu-
lation systems. The subtropical high and typhoon system often appear in
the YRD and Pearl River Delta (Huang et al., 2006; Hung and Lo, 2015;
Shu et al., 2016) and are favorable to the occurrence of heavy ozone
pollution. Under the control of subtropical high, sunny weather with
high temperature, low cloud cover and low humidity are conducive to
photochemical reactions. In the regions controlled by the peripheral
subsidence airflows of typhoon, high temperature and strong vertical
transport also cause the increase of ozone concentrations (Hung and Lo,
2015; Shu et al., 2016).

Numerous studies have shown that the principal component analysis
method is stable and accurate to classify large-scale weather circulation
(Liu et al., 2018; Miao et al., 2019). In this study, the T-mode principal
component analysis (T-PCA) is used to classify the typical circulation
patterns during heavy ozone pollution episodes from April 2013 to
December 2019 in Nanjing. The classification of circulation patterns is
helpful to predict the heavy ozone pollution events. Then the GEO-
S-Chem and its adjoint model are used to analyze the sensitivities of
ozone to its precursor emissions from different source regions and
emission sectors during heavy ozone pollution under the typical circu-
lation patterns in Nanjing, which can provide a scientific basis for ac-
curate emission control of precursors of ozone under the typical
circulation conditions. Section 2 presents the data and methods,
including the descriptions of the GEOS-Chem forward model and its
adjoint, observations and the T-PCA method. Section 3.1 shows the
evaluations of the GEOS—-Chem model performance. Section 3.2 presents
the typical synoptic patterns during heavy ozone pollution. Section 3.3
comprises the sensitivities of ozone to its precursor emissions during
typical heavy ozone pollution events in Nanjing. Finally, Section 4
shows main conclusions of this research.



Y.-H. Mao et al.

2. Methods
2.1. GEOS-Chem forward model and its adjoint

The GEOS-Chem chemical transport model and its adjoint model
(v35k, http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Che
m_Adjoint_v35) are applied to investigate the heavy ozone pollution in
the YRD. The model is driven by the GEOS-FP assimilated meteorological
data provided by the Goddard Earth Observing System (GEOS) of the
Earth Modelling and Assimilation Office (GMAO) and with a temporal
resolution of 1 h for surface variables and boundary layer height and 3 h
for others. The model adopts a tropospheric “NO,-O,-HC-aerosol”
chemical mechanism (Bey et al., 2001; Mao et al., 2013; Park et al., 2004;
Wang et al., 1998) to simulation ozone pollution. We use a nested model
with a horizontal resolution of 0.25° x 0.3125° in the East Asian region
(70°-140°E, 15°-55°N), and the boundary conditions are provided by a
global model with a horizontal resolution of 2° x 2.5°.

The Emissions Database for Global Atmospheric Research (EDGAR
v4.2, http://wiki.seas.harvard.edu/geos-chem/index.php/EDGAR_
v4.2_anthropogenic_emissions) is used for global anthropogenic emis-
sions. The anthropogenic emissions in China for 2017 are from the
Multi-resolution Emission Inventory for China (MEIC, Zheng et al.,
2018). The MEIC emission inventory includes the emissions of ozone
precursors, such as nitrogen oxides (NO,), carbon monoxide (CO) and
NMVOCs, from four emission sectors (industry, transportation, resi-
dential and power sectors) and with a temporal resolution of one month.
Fig. S1 shows the monthly mean emissions of ozone precursors in the
MEIC emission inventory from May to July 2017. For spatial distribu-
tions of emissions, the anthropogenic NO, emissions are mainly
concentrated in the Beijing-Tianjin-Hebei and the YRD region, with the
highest NO, emissions in the YRD region (~11 Gg mon™}). Industry
sector accounts for about 42 % of anthropogenic NO, emissions in
central and eastern China (97°-125°E, 18°-45°N), followed by trans-
portation sector (37 %), power sector (19 %), and residential sector (3
%). The anthropogenic CO emissions are mainly concentrated in the
central and eastern regions of China and the Sichuan Basin. The signif-
icant high values of CO emissions are above 70 Gg mon ! in the Bei-
jing-Tianjin-Hebei, YRD, and Pearl River Delta regions. The
contributions of CO emissions in central and eastern China from industry
sector, residential sector, and transportation sector are about 43 %, 33
%, and 21 %, respectively, while those from power sector are <4 %.
Similar to CO emissions, the anthropogenic NMVOCs emissions are also
concentrated in the central and eastern regions of China and the Sichuan
Basin. The anthropogenic NMVOCs emissions are highest in the YRD
with the emission of about 14 GgC mon . For the anthropogenic
NMVOCs emissions, industry sector contributes about 68 % in central
and eastern China, follow by transportation sector (20 %), residential
sector (12 %), and power sector (<1 %).

For natural emissions, soil NO, emissions are calculated by algorithm
of Hudman et al. (2010, 2012). Lightning NO, emissions are calculated
using the parameterization methods (Murray et al., 2012) of Price and
Rind (1992) and Ott et al. (2010). Biogenic NMVOCs emissions are from
Model of Emissions of Gases and Aerosols from Nature (MEGAN v2.1,
Guenther et al., 2012). The fourth-generation global fire emissions
database (Werf et al., 2017) is implemented for calculating biomass
burning emissions with a temporal resolution of one month.

In addition, the GEOS-Chem adjoint model simulates the ozone
concentrations at the central height of the first layer grid (about 75 m
above the ground), which may not be appropriate to compare with the
observed surface ozone concentrations. In the present study, we adopt
the method by Lapina et al. (2015) and Travis and Jacob (2019) to make
fair comparisons between model simulations and observations, which
applied ozone deposition velocity and aerodynamic resistance to correct
the simulated ozone concentrations in the forward simulation from the
central height of the model first layer grid to 2 m above the surface.
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2.2. Observations

The hourly observations of ozone in central and eastern China during
April 2013 to December 2019 are downloaded from the China National
Environmental Monitoring Centre (http://www.cnemc.cn/zzjj/jewl/
dqjewl/201711/t20171108_645109.shtml). For each city, all stations
in the monitoring network are selected and the observations are aver-
aged over these stations to represent the ozone concentrations in the
city. The ozone concentrations reported at the monitoring sites are in
micrograms per cubic meter (ug m~>), and under the standard state
(273 K, 101.325 kPa) before September 1, 2018 and then under the
reference state (298.15 K, 1013.25 hPa). The ozone concentrations are
uniformly converted to standard state in the study. The MDA8 O3 con-
centrations are calculated to evaluate ozone pollution in the YRD. To
ensure the validity of the observation data, the 8-hour averages are
calculated when at least 6 h of observations are available and the
number of valid 8-hour average values is >14 in a day. If the 14 valid
values are not met, but the maximum 8-hour average exceeds 160 ug
m 3, the MDAS8 O is still valid. We define the days with observed MDAS8
03 concentrations higher than 160 pg m ™ as the heavy ozone pollution
days, according to the Grade II standard of ambient air quality in China
(MEE, 2012).

2.3. Classification of circulations

Identifying the typical circulation characteristics during pollution
episodes could assist in the forecast of ozone pollution (Dong et al.,
2020; Zhao et al., 2021). T-PCA approach is a widely used and objective
classification method of circulations situation, which has high temporal
and spatial stability and low dependence on preset parameters. The
cost733 software is applied to realize T-PCA weather classification in
the present study. Previous research has shown that ozone pollution in
the YRD is mainly related to surface meteorological factors, 850 hPa
wind (Dang et al., 2021), and frequently affected by the Western Pacific
subtropical high (Shu et al., 2016; Gao et al., 2021). Following the
previous studies (Li et al., 2019¢; Gao et al., 2020; Mao et al., 2020; Miao
etal., 2021; Ye et al., 2016), we thus use the geopotential heights on 850
hPa and 500 hPa levels, as well as sea level pressures for the circulation
classification. The meteorological data is provided by the ERA5 rean-
alysis data of the European Centre for Medium-Range Weather Fore-
casts (ECMWF, https://cds.climate.copernicus.eu/cdsapp#!/dataset/re
analysis-era5-pressure-levels?tab=overview). The input data is in the
East Asia region (20°-70°N, 70°~130°E) with a horizontal resolution of
0.25° x 0.25° and a temporal resolution of 6 h. The raw data of four
times a day (0:00, 06:00, 12:00, 18:00 UTC) are averaged and stan-
dardized spatially before inputting into the cost733 software for classi-
fication, following the method by Li et al. (2019¢) and Mao et al. (2020).
In the present study, we would like to help predict typical ozone
pollution events in different seasons and analyze the corresponding
pollution characteristics, and thus haven’t removed the seasonal pattern
in the decomposition.

3. Results
3.1. Validation of simulated ozone

Fig. 1a shows the spatial distributions of observed and GEOS-Chem
model simulated MDA8 O3 concentrations averaged for May—July 2017.
The observations are the average concentrations of monitoring stations
in each city. The simulated and observed MDA8 O3 concentrations are
both 127 pg m~3 averaged in central and eastern China (18°-45°N,
97.5°-125°E) from May to July 2017 and the corresponding correlation
coefficient (r) is 0.77 (95 % confidence level). The spatial distributions
of simulated and observed ozone pollution are consistent and the ozone
pollution level gradually decreases from the northeast to the southwest
of China, which is consistent with results of previous studies (Lei et al.,
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Fig. 1. (a) Observed and simulated average MDA8 O3 concentrations in central and eastern China from May to July 2017. The yellow star indicates the location of
Nanjing. (b) Time series of observed and simulated MDA8 O3 in Nanjing from March to July 2017. The averages of observations and simulations in Nanjing from
March to July, as well as their correlation coefficient (), normalized mean bias (NMB), and normalized mean error (NME) are inserted. The pink shades represent the
heavy ozone pollution events under the typical circulation patterns for adjoint simulations.

2022; Liu and Wang, 2020a; Wang et al., 2022a). The most serious ozone
pollution region is the North China Plain with MDA8 O3 concentrations
exceeding 160 pg m~> in most cities. In the YRD, the ozone pollution
spatially shows a decrease trend from north to south. The MDAS8 O3
concentrations in several cities in the north of the YRD exceed 160 pg
m ™ averaged from May to July 2017, and the pollutions in the south of
the YRD are relatively light. Nanjing is located in the central area of the
YRD and the MDAS8 Os concentrations also reach 159 pg m>.

Fig. 1b shows the time series of the observed and GEOS-Chem
simulated MDAS8 O3 concentrations in Nanjing from March to July 2017.
The observations are the averages of ozone concentrations at 9 moni-
toring stations in Nanjing and the simulations are the average concen-
trations of the model grids corresponding to the monitoring stations. The
observations show that the MDA8 O3 gradually increase from March to
June in Nanjing. Nevertheless, the plum rain season in early July may
alleviate the ozone pollution in Nanjing, and the concentrations increase
again after the plum rain (Xian et al., 2020). The trend of simulated
MDAS8 Os is consistent with the observations in Nanjing. In order to
evaluate the performance of model simulations of MDA8 Og, Emery et al.
(2017) suggested that the model simulations are acceptable with the r,
normalized mean bias (NMB) and normalized mean error (NME) be-
tween model simulations and observations of MDA8 O3 >0.50, <15 %
and 25 %, respectively. The simulated MDA8 O3 are within the
acceptable range, as the r, NMB, and NME of simulated and observed
MDAS8 Og in Nanjing from March to July 2017 are 0.65 (95 % confidence
level), 5 %, and 21 %, respectively.

However, the GEOS-Chem adjoint model could not perfectly capture
the observed high-level ozone concentrations and tends to overestimate
the low-level ozone observations, which have also been reported by
previous studies (e.g., Qu et al., 2020). For heavy ozone pollution days,
there are 53 days with observed MDA8 O3 >160 pg m™* in Nanjing from
March to July 2017, among which 19 days (16 days in spring) are not
simulated to be in exceedance by the model. In these 19 days, the dif-
ference between the simulations and observations ranges from —32 % to
—7 %. For 14 days (9 days in summer), the MDA8 O3 concentrations are
simulated exceeding 160 pg m~> but not actually observed. For
March-July 2017, there are 57 light pollution days (observed MDAS8 O3
between 100 and 160 pg m™3) in Nanjing, among which 46 days are
accurately simulated as light polluted. The deficiency of the model may
be partially due to the uncertainties in emissions of ozone precursors and
the chemical and physical process in the model simulations (Qu et al.,
2020; Goldstein et al., 2004; Zhang et al., 2009).

3.2. Dominant synoptic patterns of ozone pollution

Weather circulations are classified on the 391 heavy ozone pollution
days (observed MDA8 O3 concentrations >160 pg m™>) in Nanjing from
April 2013 to December 2019. The cost733 software classifies the cir-
culation patterns into 3 to 11 types (Fig. S2). Based on the studies of
Huth et al. (2008) and Philipp et al. (2010), we select the circulation
classification scheme of four types as the change in explained variation
and pseudo-F value outputted in cost733 are relatively large. The
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circulation patterns of heavy ozone pollution days are thus divided into
four types by using the T-PCA method: LBH (Lake Balkhash High), ST W
(Siberian Trough in the west), SH (Siberian High) and NL (Northeast
Low).

Fig. 2 shows the seasonal occurrence frequency of four types of
synoptic patterns corresponding to the heavy ozone pollution days
during April 2013 to December 2019. The results show that heavy ozone
pollution in Nanjing mainly occurs in spring and summer, consistent
with previous studies (Liu et al., 2020a; Mao et al., 2022a; Mao et al.,
2022b; Yang et al., 2021), which is largely due to the increase in tem-
perature, radiation and resulting photochemical reactions. According to
the classification results, the different types of circulation patterns
generally occur in different seasons, containing seasonal information of
meteorological data, which would be conducive to the auxiliary pre-
diction of ozone pollution in different seasons. The type LBH and type
ST_W are the most important circulation patterns, accounting for 74 %
of the heavy ozone pollution days in Nanjing. The type LBH (49 % fre-
quency of occurrence) is the dominant synoptic pattern of the heavy
ozone pollution days and mostly appears in March-April-May (MAM)
and September—October—-November (SON). The type LBH occurring in
May, April and September accounts for 21 %, 11 % and 7 % of the total
heavy pollution days, respectively. The type ST W (25 % frequency of
occurrence) only occurring in the warm season from May to August
accounts for 1 %, 9 %, 9 % and 6 % of the total heavy pollution days,
respectively. The type NL (16 % frequency of occurrence) and type SH
mainly occur from May to September and the occurrence frequency of
the type SH is the lowest (10 %).

Fig. S3 shows the typical circulation patterns of heavy ozone pollu-
tion days from April 2013 to December 2019, in which Fig. S3a shows
the sea level pressure and 10 m wind field, Fig. S3b and S3c show the
geopotential height and corresponding wind fields at 850 hPa and 500
hPa levels. The type LBH is the dominant circulation patterns in heavy
ozone pollution days, characterized by the Balkhash high, the Northeast
China low, and the Yellow Sea high. In the type ST_W, the trough is
anomalously located over the West Siberian and the Yellow Sea is
controlled by a weak high. For the type LBH and the type ST W, the YRD
is at the bottom of Yellow Sea high and controlled by the high-pressure
system which is conducive to the development of fine weather with high
temperature and low humidity and thus is favorable for the formation of
ozone. In two main types, the type LBH and the type ST_W, the YRD is
affected by the southeast wind at the surface and 850 hPa level, which
probably cause the transport of ozone and its precursors emitted from
the southeastern YRD region. The type SH and the type NL have the
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Fig. 2. Frequency of circulation types of heavy ozone pollution days in Nanjing
in each month and season from April 2013 to December 2019. Different colors
represent different months, and shades of different shapes represent
different seasons.
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similar characteristics of circulation patterns with the Siberian High and
the Northeast China Low. The Siberian high in the type SH moves
eastward and is stronger than that in the type NL, and the Northeast
China low is weaker in the type SH than in the type NL. A weak high
appears in the Yellow Sea, which is favorable to the formation of sunny
weather in the YRD.

3.3. Typical heavy ozone pollution events

Following previous studies (Chang et al., 2021; Mao et al., 2020; Xiao
et al., 2020; Zong et al., 2023), we analyze the heavy ozone pollution
events corresponding to the typical circulation patterns. To ensure the
results more representative, we select the pollution events for the
adjoint simulations based on the following criteria: heavy ozone pollu-
tion occurred for 4 consecutive days or more under the same circulation
pattern; the differences between the simulated and the observed surface
ozone concentrations in the selected events are within 25 %. Two typical
heavy ozone pollution events in Nanjing are thus selected from April 27
to May 1, 2017 under the type LBH in spring, and from July 25 to July
28, 2017 under the type ST_W in summer, The daily circulation patterns
(Figs. S4 and S5) of the two events are basically consistent with the
average circulation patterns (Fig. S3) obtained by classification. The
heavy ozone pollution events in the type SH and the type NL are not
included in the present study, as the frequencies of the two types are low
and the continuous heavy ozone pollution days in the same type are
basically few.

Fig. 3 shows the sensitivities of surface ozone in Nanjing to NO,, CO
and NMVOCs emissions emitted from anthropogenic and biomass
burning sources during the heavy ozone pollution event of circulation
type LBH from April 27 to May 1, 2017. The GEOS-Chem adjoint model
is integrated backward for >40 days. As previous studies have shown
that the emissions from biomass burning sources could increase ozone
concentrations in the YRD (Liu et al., 2022b; Xu et al., 2018), the ozone
sensitivities in Nanjing to precursors emitted from biomass burning
sources are also calculated in this study. The sensitivities represent the
changes of ozone concentrations in Nanjing for a 10 % increase in
emissions at model grids under the condition of constant chemical
environment, following the study by Wang et al. (2021b). Fig. 4 in-
dicates the changes of ozone concentrations in Nanjing caused by the 10
% increase in the emissions of ozone precursors emitted from different
regions, and Fig. S6 shows the region division.

According to Fig. 3, the sensitivities of ozone in Nanjing to anthro-
pogenic and biomass burning emissions in the YRD show a similar
spatial distribution. The sensitivities of ozone in Nanjing to local NO,
emissions are negative, indicating that the increase in NO, emissions in
Nanjing could reduce local ozone pollution; in other words, the reduc-
tion of NO, emissions in Nanjing would thus aggravate local pollution.
The ozone sensitivities in Nanjing to NO,, emissions are generally posi-
tive in eastern China, but negative in the highly polluted regions in the
YRD, e.g., southern Jiangsu, Shanghai and Hangzhou, where are mainly
under a NMVOCs-limited regime in the spring of 2017 (Ding et al.,
2019; Mao et al., 2022b; Wang et al., 2019b). The sensitivities of ozone
in Nanjing to CO and NMVOCs emissions in eastern China are positive,
and thus the reduction of the NMVOCs and CO emissions could effec-
tively alleviate ozone pollution in Nanjing. In addition, the sensitivities
of ozone in Nanjing to its precursor emissions are high in Zhejiang and
southern Jiangsu, which shows that emissions from the south and
southeast of Nanjing contribute significantly to the ozone pollution in
Nanjing. The result is consistent with the dominant wind of Nanjing
(Fig. S3), which is southeasterly at the surface and southerly at 850 hPa
for circulation type LBH.

For anthropogenic emissions, the sensitivities of ozone in Nanjing to
a 10 % increase in anthropogenic NO, emissions would be 0.83 pg m 3
for the whole of China (Table S1), —0.18 g m~ in Nanjing, —0.69 pg
m ™~ in Jiangsu (except Nanjing), and 0.98 pg m > in Zhejiang (including
Shanghai). For different sectors of anthropogenic emissions, NO,
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Fig. 3. Sensitivities of ozone (g m~>) to a 10 % increase in NO,, CO and NMVOCs emissions in the heavy ozone pollution event of type LBH from April 27 to May 1,
2017. Sensitivities of ozone to anthropogenic emissions are separated by sectors. The positive sensitivity areas indicate that the precursor emission reduction in those
areas could effectively alleviate the ozone pollution in Nanjing. The values represent the total sensitivities of ozone to its precursor emissions in the region.
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Fig. 4. Sensitivities of ozone (ug m~>) in Nanjing to a 10 % increase in NO,, CO
and NMVOCs emissions in different regions of China in heavy ozone pollution
event of type LBH from April 27 to May 1, 2017 (the suffix “an” in the figure
represents the anthropogenic emission, and “bb” represents the biomass
burning emission).

emissions from industry and transportation sectors in Eastern China
substantially affect ozone concentrations in Nanjing. By summed the
ozone sensitivities to emissions from different emission sectors shown in
Fig. 3, the ozone sensitivities to a 10 % increase in anthropogenic NO,
emissions from industry sector are —0.08 pg m~2in Nanjing, —0.31 pg
m~% in Jiangsu (except Nanjing), and 0.37 pg m~> in Zhejiang; for
transportation sector, the corresponding sensitivities are —0.07 pg m3,
—0.23 pg m~3, and 0.40 pg m~3, respectively. For power sector, the
sensitivities of ozone in Nanjing caused by the 10 % increase in NO,
power emissions in China are only 0.14 pg m’3; the NO, emissions from
power sector in Jiangsu and Zhejiang have a relatively high impact on
the ozone pollution in Nanjing, and the ozone sensitivities are —0.18 pg
m~2 and 0.20 pg m~3, respectively.

Different from the influence of NO, emissions on ozone, the reduc-
tion of anthropogenic NMVOCs emissions in various regions would
abate the ozone pollution in Nanjing. The sensitivities of ozone con-
centrations in Nanjing caused by the 10 % increase of anthropogenic
NMVOCs emissions in the locality, Jiangsu (except Nanjing), Zhejiang
and North China are 0.02 pgm™, 0.18 pgm >, 0.75 pg m > and 0.20 pg
m 3, respectively. For different sectors of anthropogenic emissions, the
NMVOCs emissions from industry sector account for about 70 % of the
impact of anthropogenic NMVOCs on ozone pollution. The ozone sen-
sitivities to NMVOCs emissions from industry sector are 0.55 pug m 3 in
Zhejiang and 0.14 pg m~° in Jiangsu. In addition, the ozone sensitivities
in Nanjing to a 10 % increase in NMVOCs emissions from transportation
sector are 0.15 pg m > in Zhejiang and only 0.04 pg m ™ in Jiangsu. The
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ozone sensitivities in Nanjing to anthropogenic CO emissions are lower
compared with those to NO, and NMVOCs emissions. The sensitivities of
ozone concentrations in Nanjing to a 10 % increase in anthropogenic CO
emissions are 0.35 pg m™° in China, 0.13 pg m™° in Zhejiang, 0.08 pg
m 2 in North China and 0.05 pg m~? in Jiangsu. For different emission
sectors, industry and transportation sectors in China have a high impact
on ozone in Nanjing, contributing 45 % and 29 % of the ozone sensi-
tivities to anthropogenic CO emissions, respectively.

For the natural source, the impact of biomass burning emissions on
ozone in Nanjing is far less than that of anthropogenic emissions. The
ozone sensitivities in Nanjing caused by a 10 % increase in NO,, CO and
NMVOCs biomass burning emissions in China are only 0.04 pg m>,
0.03 pg m~> and 0.04 pg m~>, respectively. The ozone sensitivities in
Nanjing to the biogenic emission of isoprene (Fig. S7) and soil NOy
emission (Fig. S8) are also low and the relatively high sensitivities are
only about 0.05 pg m~> in Zhejiang (Fig. S7), which implies that the
contributions of anthropogenic precursors to ozone in the YRD are much
larger than those of natural precursors during the heavy ozone pollution
days (Fan et al., 2021).

Figs. 5 and 6 show the ozone sensitivities in Nanjing to a 10 % in-
crease of ozone precursors emissions during the heavy ozone pollution
event from July 25 to July 28, 2017 for circulation type ST W. The ozone
sensitivities to local precursor emissions in Nanjing are similar to that of
heavy pollution event for circulation type LBH. The ozone sensitivities to
NO, emissions in Nanjing are negative, and the sensitivities to local CO
and NMVOCs emissions are positive, which indicates that the reduction
of CO and NMVOCs emissions would mitigate ozone concentrations in
Nanjing, and the reduction of NO, emissions would have the opposite
effect. However, unlike the heavy pollution for the type LBH, the
reduction of ozone precursors emissions in Jiangsu (except Nanjing) and
Zhejiang could both significantly reduce the ozone pollution in Nanjing
for the type ST_W. In addition, NO, emission reductions in northern
Anhui and northern Henan could also lightly reduce ozone pollution in
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Fig. 6. Same as Fig. 4, but in heavy ozone pollution event in Nanjing of type
ST_W from July 25 to July 28, 2017.

Nanjing. The ozone concentrations in Nanjing are mainly affected by the
emissions from the southeast of Nanjing (southern Jiangsu and northern
Zhejiang), mainly due to the southeast wind at ground level in Nanjing
and at 850 hPa for circulation type ST_W. The differences in the sensi-
tivities results from the two heavy ozone pollution events are possibly
related to the circulation classification that the types LBH mainly ap-
pears in spring and the type ST_W is in summer. From the spring to the
summer 2017, the highly polluted regions in the YRD gradually transi-
tion from the NMVOCs-limited area to NMVOCs-NO,-limited area
(Ding et al., 2019; Mao et al., 2022b; Wang et al., 2019b; Wang et al.,
2022a). The sensitivities in the YRD are generally larger in the type
ST_W than in the type LBH, likely due to the increased temperature and
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enhanced radiation in summer, and resulting enhanced photochemical
reactions.

The sensitivities of ozone concentrations in Nanjing caused by a 10 %
increase in anthropogenic NO, emissions are —0.02 pg m™> in the lo-
cality, 2.16 pg m ™~ in Jiangsu (except Nanjing), 1.26 pg m° in Zhejiang
(including Shanghai), 0.18 pg m 2 in northern Anhui and 0.22 pgm ™3 in
central China (Table S2). As for different emission sectors, industry
sector in China accounts for 43 % of the ozone sensitivities in Nanjing to
the total anthropogenic NO, emissions, followed by transportation
sector (31 %) and power sector (25 %). The ozone sensitivities to the
NO, emissions from industry sector are 0.96 pg m~° in Jiangsu and 0.53
pg m~° in Zhejiang; those from transportation sector and power sector
are 0.65 pg m > and 0.51 pg m > in Jiangsu, and 0.34 pg m ™ and 0.37
pg m~2 in Zhejiang. The ozone sensitivities in Nanjing to a 10 % increase
in NO, emission from residential sector in China are only 0.04 pg m°.

Similar to anthropogenic NO, emissions, anthropogenic NMVOCs
emissions from Jiangsu (except Nanjing) and Zhejiang have the signif-
icantly impact on ozone pollution in Nanjing, with sensitivities of 0.43
pg m~3 and 0.39 pg m~3, respectively. The ozone sensitivities to a 10 %
increase in local anthropogenic NMVOCs emissions in Nanjing are only
0.01 pg m~3. For different sectors of anthropogenic emissions, the
contributions of NMVOCs emissions from industry sector to ozone
pollution in Nanjing account for above 70 %. The ozone sensitivities in
Nanjing caused by a 10 % increase in NMVOCs emissions emitted from
industry sector are 0.33 pg m ™ in Jiangsu and 0.30 pg m > in Zhejiang,
and those from transportation sector are both 0.07 pg m™>. The ozone
sensitivities in Nanjing to a 10 % increase in anthropogenic CO emis-
sions in China are only 0.21 pg m~>. For different emission sectors, the
sensitivities to CO emissions from industry sector are relatively large,
about 0.10 pg m ™~ in China, 0.05 pg m~> in Jiangsu, and 0.02 pg m > in
Zhejiang. For natural emissions, the ozone sensitivities to precursors
emissions emitted from biomass burning sources and biogenic sources
(Fig. S7) and soil sources (Fig. S8) are substantially less than those from
anthropogenic sources for the type ST_W, which is similar to the result
for the type LBH.

4. Conclusions

In the present study, GEOS-Chem and its adjoint model were used to
quantify the sensitivities of ozone to its precursor emissions from
different source regions and emission sectors during the heavy ozone
pollution events in the YRD. We used GEOS-FP assimilated data with a
horizontal resolution of 0.25° x 0.3125° to drive model simulation, and
the MEIC anthropogenic emission inventory in China. The simulated
MDAS8 O3 in GEOS-Chem adjoint model were acceptable, as the r, NMB
and NME of simulated and observed MDA8 O3 at 2 m height above the
surface were 0.65 (95 % confidence level), 5 % and 21 %, respectively,
in Nanjing from March to July 2017.

The circulation patterns of heavy ozone pollution days in Nanjing
were also classified by using the T-PCA classification method from April
2013 to December 2019. During heavy ozone pollution days, Nanjing
was mostly controlled by high pressure and southeast wind at the sur-
face and 850 hPa level. The type LBH and type ST W were the main
circulation types, mainly appeared in spring and summer. The type LBH
occurred in May and type ST_W in summer accounted for 21 % and 24 %
of the total heavy pollution days, respectively.

During the heavy ozone pollution event of type LBH in spring, the
reduction of anthropogenic NMVOCs and NO, emissions in Zhejiang and
the reduction of anthropogenic NMVOCs emissions in the YRD would
effectively reduce ozone pollution in Nanjing. Especially in Zhejiang, the
10 % reduction of anthropogenic NO, and NMVOCs emissions could
reduce the ozone concentrations in Nanjing by 0.98 pg m > and 0.75 pg
m 3, respectively. For type ST_W that occurs mainly in summer, when
the anthropogenic NO, emissions in Jiangsu, Zhejiang and Shanghai
decreased by 10 %, the ozone concentrations in Nanjing would consid-
erably decrease by 3.40 pg m ™. For different emission sectors, industry
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sector accounted for 31 %-74 % of the ozone sensitivities in Nanjing to
total anthropogenic emissions in China, followed by transportation
sector (18 %49 %).

Identifying the characteristics of the large-scale circulation during
the heavy ozone pollution events could provide a basis for the prediction
of ozone pollution. When the typical synoptic patterns occur, the adjoint
analysis of ozone precursor sources would help further formulate ac-
curate emission reduction measures, which could be implemented in
advance to prevent the occurrence of heavy ozone pollution. Currently,
only two ozone pollution events have been selected for study, and more
ozone pollution events in different circulation types would further
analyze in future research to obtain more general conclusions about the
ozone sensitivities to its precursor emissions. And we would like to
extend the research area to the eastern China and include temporal
variations of impact of regional transport on ozone pollution (Mao et al.,
2020; Zhang et al., 2009) in the following work. Notably, the results of
the adjoint method are highly dependent on the accuracy of model
simulation (Jiang et al., 2015; Wang et al., 2019¢) and the emission
inventories (Wang et al., 2021b).
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