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We examined the spatial-temporal variations of surface-layer ozone (O3) and PM; 5 (particulate matter with an
aerodynamic equivalent diameter of 2.5 pm or less) observed from April 2013 to December 2019 in the Yangtze
River Delta (YRD) region to identify the O3-PM; s relationship and to focus on the co-polluted days by Oz and
PM, 5. Averaged over the YRD, the observed annual mean concentration of maximum daily 8 h average ozone
(MDAS8 O3) increased by 36.8 pg m3 (49.5%) whereas that of PMy 5 decreased by 13.3 ug m3 (22.1%) over
2014-2019. During warm months of April-October of 2013-2019, the observed regional mean daily concen-
trations of MDA8 O3 and PM; 5 had a small positive correlation of 0.23, and this correlation coefficient became
0.44 when the long term trends were removed from the concentrations. The days with co-pollution of MDA8 O3
and PMz 5 (MDA8 O3 > 160 pg m~>and PMy 5 > 75 ug m~>) were observed frequently, which reached 54 days in
Shanghai and 71 days in Jiangsu province during 2013-2019. Such co-polluted days in the YRD were found to
occur mainly in the months of April, May, June, and October. The occurrence of co-pollution in the YRD is found
to be mainly dependent on relative humidity, surface air temperature, and wind speed. The mean anomalous
values of these three variables were, respectively, —7.3%, 0.46 °C, —0.17 m s~ for days with Oz pollution alone
while —6.2%, 1.84 °C, and —0.40 m s ! for days with co-pollution. Four typical weather patterns were identified
to be associated with the co-polluted days. Our results provide better understanding of the complex air pollution
and have implications for the control of such co-polluted events.

1. Introduction

Tropospheric ozone (O3) and PMj5 (particulate matter with an
aerodynamic equivalent diameter of 2.5 pm or less) are major air pol-
lutants in the atmosphere that have adverse effects on human health
(Gao and Ji, 2018; Xie et al., 2019; Jiang et al., 2019), crops (Wang et al.,
2005; Wang et al., 2007) and plants (Ren et al., 2011; Yue et al., 2017).
They have also made significant contributions to climate change since
pre-industrial times (Stocker et al., 2013). Ground-level O3 is produced
by photochemical reactions of nitrogen oxides (NOy) and volatile
organic compounds (VOCs) in the presence of intense ultraviolet light
(Xue et al., 2014). PM3 5 is composed of primary aerosols (such as black
carbon, primary organic carbon, mineral dust) and secondary aerosols
(such as sulfate, nitrate, ammonium, and secondary organic carbon).
Concentrations of tropospheric O3 and PMy 5 are coupled through the
formation and growth of aerosols, heterogeneous reactions, and aerosol-
induced changes in photolysis rates (Lou et al., 2014). Since 2013, the
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governmental “Air Pollution Prevention and Control Action Plan”
(hereafter called “Action Plan”) has been implemented to improve air
quality in China. Thanks to the strict emission abatements, PM; 5 con-
centrations in China have decreased significantly (Zhang et al., 2018a).
However, current concentrations of PMj 5 still frequently exceed the
national air quality standard, and O3 pollution is getting worse (Li et al.,
2019b). Examining the relations between O3 and PM; 5 since the “Action
Plan” is essential for the coordinated control of these two pollutants.

As one of the major urban agglomerations in China, the Yangtze
River Delta (YRD) region is located in the eastern part of China’s
mainland. It is the largest economic zone with high anthropogenic and
biogenic emissions. Over the YRD in 2014, the anthropogenic SO2 and
NO, emissions were estimated to be 2.0 x 10° ton yr ! and 8.9 x 10° ton
yr~! (Sha et al., 2019), respectively, and the BVOGs (biogenic volatile
organic compounds) emissions were 1.9 x 10° ton yr’1 (Liu et al.,
2018). Air quality in the YRD can also be influenced by the transport of
pollutants from the North China Plain (Sun et al., 2017).
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Previous studies have examined the spatial-temporal variations of O3
pollution over the YRD (Xu et al., 2008; Yu et al., 2019; Li et al., 2019a).
By analyzing the observations in Lin’an, a background site in the YRD,
Xuetal. (2008) found that the average of the monthly highest 5% MDAS8
O3 (maximum daily 8 h average ozone) concentrations increased at a
rate of 0.68 ppbv yr ' over years of 1991-2006. Yu et al. (2019)
analyzed the observed MDA8 O3 concentrations from Ministry of Ecol-
ogy and Environment (MEE) and found that the increasing trends of
MDAS8 O3 in most cities in the YRD were in the range of 1.35-8.14 pg
m 2 yr~! over the years of 2013-2017. Li et al. (2019a) reported that the
5yr (2013-2017) averages of observed summertime MDAS8 Og at sites in
the YRD were as high as 50-80 ppbv and the decreases in NOy emissions
increased Os levels in the urban areas of the YRD.

The distributions and variations of PMs 5 concentrations in the YRD
have also been examined (Shu et al., 2017; Zhang et al., 2018a; Hou
et al., 2019). Shu et al. (2017) analyzed observed daily PM; 5 concen-
trations from MEE in sixteen cities of the YRD during December 2013 to
November 2014, and found that PMs 5 concentrations were relatively
higher in inland cities of the YRD, because the coastal cities of the YRD
were most likely influenced by clean marine air masses. Zhang et al.,
2018a examined the observed PM; 5 concentrations from January 2013
to December 2017 from MEE and revealed that the annual mean PM, 5
concentrations in the YRD dropped by 33.7% since the implementation
of the “Action Plan”. Hou et al. (2019) reported, on the basis of the
observed PM; 5 concentrations from MEE, that the mean PM, 5 con-
centration in the YRD during 2013-2018 was 50.5 pg m > and the most
severe PM, 5 pollution in the YRD occurred in winter under stagnant
weather conditions.

Few previous studies were focused on the O3-PMj 5 relationships and
the meteorological conditions favorable for the co-occurrence of high
levels of PMy5s and Os. Ding et al. (2013) analyzed 1 yr (August
2011-July 2012) hourly measurements of O3 and PM, 5 at the Station
for Observing Regional Processes of the Earth System (SORPES) in
Nanjing and found a positive correlation between concentrations of
secondary fine particles (PMy 5) and those of O3 in summer, indicating
enhanced conversion of SO to sulfate with high concentrations of oxi-
dants. Wang et al. (2014) analyzed daily concentrations of PMs 5, PM;,
CO, SOy, NO, and O3 from MEE in the 31 provincial capital cities during
March 2013-February 2014, and found a weak positive correlation (0 <
r < 0.25) between daily concentrations of O3 and PMj 5 in the YRD. Zhu
et al. (2019) examined the spatial-temporal characteristics of the cor-
relations between observed PM; s and O3 from MEE at 1497 sites for
2016 and found that concentrations of PMj 5 were positively correlated
with those of O3 in summer in the YRD. These studies examined
0O3-PMj 5 relationship for a short period of about a year. No previous
studies, to our knowledge, have examined the co-occurrence of O3 and
PMS, 5 pollution as well as the meteorological factors and predominant
synoptic weather patterns for such co-pollution days.

This study aims to: 1) examine the temporal trends and spatial var-
iations of MDA8 O3 and PM; 5 concentrations in the YRD, with a special
focus on the relations between MDA8 O3 and PMj 5, by analyzing the
hourly concentrations measured at the monitoring sites in the YRD for
years 2013-2019, and 2) identify the meteorological factors and pre-
dominant synoptic weather patterns favorable for co-occurrence of O3
and PMy 5 pollution. The methods, including the descriptions of studied
area, in situ measurements, and data analysis are presented in Section 2.
Section 3 shows the results, including the spatial-temporal variations of
MDAS O3 and PM, 5 in the YRD during 20132019, the MDAS O3-PM, 5
relationship, as well as the favorable meteorological factors and syn-
optic weather patterns for co-pollution days. The conclusions are pre-
sented in Section 4.
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2. Methods
2.1. Studied area

The Yangtze River Delta urban agglomeration is located at 29.3°N to
32.6°N latitude and 115.8°E to 123.4°E longitude. The spatial distri-
butions of cities in the YRD with measurements of pollutants are shown
in Fig. 1. Twenty-five cities are considered, including Shanghai, 9 cities
(Nanjing, Wuxi, Changzhou, Suzhou, Nantong, Yancheng, Yangzhou,
Zhenjiang, Taizhou) in Jiangsu Province, 7 cites (Hangzhou, Ningbo,
Jiaxing, Shaoxing, Jinhua, Zhoushan, Taizhou) in Zhejiang Province,
and 8 cities (Hefei, Wuhu, Maanshan, Tongling, Anqing, Zhangzhou,
Chizhou, Xuancheng) in Anhui Province.

2.2. Observed concentrations of air pollutants and meteorological
parameters

Hourly concentrations of PMy 5 and Os in 25 cities during years of
2013-2019 are taken from the public website of MEE (beijingair.si
naapp.com/). Note that we collected the observational network data
starting from April 2013. The measurements have been widely used in
previous studies (Zhu et al., 2019; Li et al., 2019b; Hou et al., 2019).
According to the Chinese National Ambient Air Quality Standard
(NAAQS), concentrations of MDA8 O3 (or daily mean PM, 5) are above
the Grade II air quality standard if concentrations are higher than 160
pg m~3 (or 75 pg m~>). We pay special attentions to the co-pollution
days when concentrations of both MDA8 O3 and PM, 5 are above the
Grade 1II standards.

The surface daily meteorological parameters used in this study, such
as wind speed (WS), relative humidity (RH) and surface air temperature
(TS), are taken from the China Meteorological Science Data Sharing
Service Network (http://data.cma.cn/ data/cdcdetail/dataCode/
SURF_CLI_CHN_MUL DAY _V3.0.html). Meteorological data are avail-
able for 13 cities in the YRD (Fig. 1), including Shanghai, Nanjing,
Zhenjiang, Nantong, Wuxi, Hangzhou, Zhoushan, Jinhua, Taizhou,
Hefei, Chizhou, Ma’anshan, and Tongling.

To analyze the synoptic weather patterns, we also use fields of geo-
potential height, winds, temperature, and relative humidity from the
National Center for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) global reanalysis datasets at a reso-
lution of 2.5° latitude by 2.5° longitude.

2.3. Data analyses

We examine O3-PMj 5 relationship by using daily concentrations.
Following the NAAQS, the daily mean PM; 5 concentration is calculated
when there are valid data for more than 20 h during that day and the 8 h
average O3 concentration is calculated when there are valid data for at
least 6 h for each 8 h.

For the purpose of examining the relationship between daily MDAS8
O3 and daily PM; s for April-October of 2013-2019, the long term trends
of PMy 5 and MDA8 O3 have to be removed, otherwise the observed
decreases in PMj 5 and increases in Og over 2013-2019 would produce
negative O3-PMy 5 correlations (Li et al., 2019b). Besides, the monthly
variations of PM 5 and MDA8 O3 from April to October should also be
removed. Therefore, we used the detrended and deseasonalized con-
centrations to examine O3-PMj 5 relationship and the co-pollution on
daily basis. The similar method has also been used in the study of Tai
et al. (2010), the deviations of MDA8 O3 (Dev_MDAS8 Os3) and PM; 5
(Dev_PM, 5) are calculated by:

DeVini = Cmi —Y 1 1% where Cp; is the MDA8 O3 (PMy5) concen-
tration on day i in month m, n is the number of days in month m, and
S, S represents the average concentration in month m. Therefore, the
positive Dev,,; indicates that the MDA8 O3 (PM3 5) concentration on day
iis higher than the monthly mean value for that month m (within which
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Fig. 1. Spatial distribution of cities with observed concntrations of pollutants in the Yangtze River Delta region (including Anhui province (colored green), Jiangsu
province (blue), Zhejiang province (yellow), and Shanghai (grey)). The dots with black circles indicate the 13 cities with also observed meteorological data available.

the sample is collected).
3. Results

3.1. Simultaneous variations of concentrations of MDA8 O3 and PM 5 in
the YRD

The spatial distributions of annual mean concentrations of MDAS8 O3
and PMy 5 in the YRD in each year of 2014-2019 are shown in Figs. 2 (a)
and 2 (b), respectively. Note year 2013 is not shown becuase the ob-
servations in that year started from April. For MDA8 Os, the annual and
regional mean concentration in the YRD increased from 74.4 pg m > in
2014 to 111.2 pg m~° in 2019, which was an increase of 36.8 pg m™3
(49.5%) over the studied time period. In the mean time, the annual and
regional mean concentration of PMy5 in the YRD exhibited a large
decrease of 13.3 pg m > (22.1%) (from 60.1 pg m ™3 in 2014 to 46.8 pg
m~2 in 2019), but the annual mean PM, 5 concentrations in most cities
in 2019 still exceeded the Grade I standard (i.e., 35 pg m~>) of the
NAAQS, indicating the severity of the current PMs 5 pollution in the
YRD. Averaged over the YRD, over 2014-2019, annual mean concen-
trations of Oz and PM, 5 exhibited trends of 7.3 pg m~> yr ! and -3.3 g
m~3 yr’l, respectively. The reductions in PMy 5 contributed to the in-
creases in MDA8 O3 concentrations, because PMgs scavenges the
chemical radicals that would otherwise produce Os (Li et al., 2019b, Liu
and Wang, 2020).

Fig. 2(c) shows the monthly variations in MDA8 O3 and PMj 5 con-
centrations averaged over the cities in the YRD for each year of
2013-2019. High concentrations of MDA8 O3z mainly occurred from
April to October; on the contrary, PMs 5 concentrations exhibited the
highest values from November to February. It is noted that PMj 5 con-
centrations exceeded Grade I standard of the NAAQS even in the warm
seasons. While the stagnant weather conditions and high emissions
together lead to severe PM; 5 pollution in winter (Cai et al., 2017; Zhang
et al.,, 2018b), the strong solar radiation and high temperatures are
conducive to photochemical reactions and O3 production in warm sea-
sons (Wang et al., 2018a; Gong and Liao, 2019). The slight decreases in
MDAS8 O3 and the low concentrations of PM; 5 in June and July were
attributed to the East Asian summer monsoon, which led to cloudy and

rainy weather conditions in the YRD and influenced photochemical re-
actions and wet deposition of pollutants (Ding et al., 2013; Wang et al.,
2018b).

The trends in seasonal and annual mean concentrations of MDAS8 O3
and PMy 5 are further investigated (Figs. S1(a) and S1(b) in the sup-
plementary material). Over 2014-2019, MDA8 O3 concentrations in
most cities in the YRD exhibited an increasing trend, with the largest
increases in March-April-May (MAM) and June-July-August (JJA) when
photochemical reactions are strong. The maximum trend of +17.8 pg
m > yr ! occurred in Chuzhou in MAM. MDA8 Os concentrations in
December-January-February (DJF) also exhibited increasing trends,
with the highest trend of +6.7 ug m~> yr~! in Suzhou. Over the same
years, PM3 5 concentrations in all seasons exhibited decreasing trends in
almost all cities in the YRD, except that a couple of cities (for example,
Chizhou, Zhenjiang, and Yangzhou in MAM) had small increasing
trends. Benefited from the “Action Plan”, PM; 5 pollution in DJF in the
YRD was abated significantly, with the largest drop of 9.4 pg m > yr!in
Nanjing.

Figs. 3 (a) and 3(b) show the numbers of polluted days with con-
centrations of MDA8 O3 or PMs 5 exceeded the Grade II standards of
NAAQS over 2013-2019 in the YRD. The largest number of polluted
days for MDA8 O3 (PM35) was 363 (708) days in Jiaxing in Zhejiang
province (in Hefei in Anhui province) of the YRD. As shown in Fig. 3 (c),
the numbers of co-polluted days were the highest (exceeding 45 days) in
Shanghai and in 4 cities (Nantong, Taizhou, Yangzhou, and Zhenjiang)
in Jiangsu province, which could be caused by high anthropogenic
emissions in this region (sha et al., 2019). Fig. S2 shows the percentages
of different polluted days in total days of 2013-2019. The highest per-
centages of Og polluted days, PM, 5 polluted days and the co-polluted
days among the total days reached 14.7% in Jiaxing of Zhejiang prov-
ince, 44.7% in Hefei of Anhui province, and 3.4% in Taizhou of Jiangsu
province, respectively. As for the interannual changes of these polluted
days, from 2014 to 2019, shown in Fig. S3, most cities in the YRD
exhibited increases in Og polluted days and decreases in PM5 5 polluted
days as well as the co-polluted days, indicating the importance of con-
trolling O3 and PMj 5 pollution simultaneously.
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Fig. 2. The spatial distributions of (a) annual mean MDA8 O3 concentrations (g m~>) and (b) annual mean PM, 5 concentrations (g m™>) in YRD for years of
2014-2019. (c) Monthly variations of MDA8 O3 and PM, 5 concentrations (ug m~3) averaged over YRD, from April 2013 to December 2019.
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Fig. 3. Numbers of polluted days with (a) MDA8 O3 exceeded NAAQS Grade II standard (daily MDA8 Oz > 160 pg m~3), (b) PMy 5 exceeded NAAQS Grade II
standard (daily mean PMy 5 > 75 pg m~?), and (c) both MDAS8 O3 and PM, 5 exceeded NAAQS Grade II standard during 2013-2019 in YRD.

3.2. Relationships between MDA8 O3 and PM; 5 in the YRD

We examine the relations between daily MDA8 O3 and PMy 5 for
months of April-October when O3 concentrations were high. The daily
concentrations of MDA8 O3 and PM; 5 averaged over the YRD are shown

in Figs. 4(a) and 4(b), respectively, for April-October of 2013-2019. The
linear trends indicate that concentrations of MDAS8 Os increased and
those of PM; 5 decreased over 2013-2019. The correlation coefficient
between daily MDAS8 O3 and daily PMg 5 was 0.23 (statistically signifi-
cant at the 95% level) as concentrations are averaged over the YRD. For
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the purpose of examining daily O3-PMj s relationship, the deviations of
MDAS8 O3 (Dev_.MDAS8 Os3) and PMys (Dev_PM,s) are calculated to
remove monthly variations and multi-year trend (see Section 2.3)
(Figs. 4(a) and 4(b)). The correlation coefficient between daily
Dev_MDAS8 O3 and daily Dev_PM, 5 was 0.44 (statistically significant at
the 95% level).

Fig. 4 (c) shows the boxplot of Dev_MDAS8 Os of all the Os-polluted
days occurred at the 25 sites in the YRD (Fig. 3a). With a total of 4869
samples, Dev_MDAS8 O3 concentrations were mainly in the range of 35.7
(25th percentile) to 69.5 pg m~> (75th percentile) with an average value
of 53.5 pg m . Similarly, for the PMjs-polluted days in the YRD
(Fig. 3b), with a total of 2598 samples, Dev_PM, 5 concentrations were
mainly between 22.2 (25th percentile) to 43.1 pg m~° (75th percentile)
with an average value of 33 ug m~3. Positive Dev_.MDAS O3 (Dev_PM3 5)
values indicate that concentrations were higher than the monthly mean
values.

We pay special attention to the correlations between Dev_MDAS8 O3

and Dev_PM, 5 for the days with Dev_.MDA8 O3 > 0 for April-October of
2013-2019 (Fig. S4). For most cities, the correlation coefficients were
0.2 to 0.6 (statistically significant at the 95% level), indicating positive
correlations between Dev_MDAS8 O3 and Dev_PM; 5. The positive cor-
relation coefficients were relatively higher in Jiangsu province (cities in
the eastern YRD) in the month of April, September and October and in
Anhui province (cities in the western YRD) in July and August. High O3
concentration and active photochemical reaction enhances the forma-
tion of secondary particulate matter (Wang et al., 2014; Zhu et al,,
2019). The high correlations between O3 and PM> 5 in Jiangsu may be
caused by the highest anthropogenic emissions (NOx and NMVOCs) here
compared to other regions in the YRD (Wang and Liao, 2020).

Figs. S5 shows the fraction of days with positive Dev_PM, 5 in days
with different levels of positive Dev_.MDA8 O3 in the YRD. When
Dev_MDAS8 O3 were in the ranges of 0-20, 20-40, 40-60, and > 60 pg
m_s, the percentages of days with positive Dev_PMj 5 were, respectively,
46.7%, 59.5%, 70.9%, and 86.4% as the percentages were averaged over
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the YRD, indicating increases in percentage as Dev_MDAS8 Os increases.
When Dev_MDAS8 Os concentrations were above 60 pg m™>, the per-
centages of days with positive Dev_PMj; 5 in 22 cities of YRD exceeded
80%. Therefore Dev_PM, 5 were generally positive under the conditions
of high Dev_MDAS8 O3 (high levels of O3 pollution).

3.3. Co-pollution of MDA8 O3 and PMj 5 in the YRD

Fig. 5 shows the scatter plot between Dev_MDAS8 O3 and Dev_PMy 5
for all co-polluted days (days with MDA8 O3 > 160 pg m > and PMy 5 >
75 pg m~3, Fig. 3c, a total of 654 samples) in the YRD over 2013-2019.
The co-pollution occurred mainly in April (29.6%), May (23.0%), June
(19.5%), and October (10.8%). The frequencies of co-pollution were
small in July (6.6%), August (5.3%), and September (5.9%) owing to the
low concentrations of PMj3 5 in July to September (Fig. 2¢). Samples with
Dev_MDAS8 O3 of 20-40, 40-60, 60-80, 80-100 pg m~2 had the largest
contributions to the co-polluted days, which accounted for 15.1%,
28.0%, 25.7%, and 18.9% of the co-polluted days, respectively. In the
co-polluted days, almost all Dev_.MDAS8 O3 and Dev_PM, 5 were positive,
except very few samples with negative values due to their large monthly
averaged values.

3.4. Meteorological conditions for the occurrence of co-pollution

Previous study of Li et al. (2019a) used a stepwise multiple linear
regression (MLR) modeling approach to analyze NASA MERRA-2 rean-
alyzed data and observed O3 concentrations. They found that changes in
MDAS8 O3 concentrations in the YRD were driven by relative humidity
(RH) and 10-m winds. The study by Zhu et al. (2019) found strong
positive PMj 5-O3 correlations when air temperatures were high in
summertime in southern China. Therefore, to identify the meteorolog-
ical conditions for the co-pollution of O3 and PM; 5, we show the scat-
terplots of Dev.MDA8 O3 and Dev_PM, 5 color coded with Dev_RH
(deviation of surface RH), Dev_TS (deviation of surface air temperature),
and Dev_WS (deviation of surface wind speed) for days with O3 pollution
alone (i.e., MDA8 O3 > 160 pg m 2 and PMy5 < 358 m ) (Fig. 6a) and
for days with co-pollution of O3 and PMj 5 (i.e., MDA8 O3 > 160 pg m3
and PMy 5 > 75 g m~) (Fig. 6b). The data samples in Fig. 6 are from the
14 cities of the YRD with observed meteorological parameters available
(Fig. 1), with 424 samples in Fig. 6a and 274 samples in Fig. 6b.

Compared to the meteorological conditions that Os pollution
occurred, the co-pollution of O3 and PMy 5 occurred under the condi-
tions of relatively higher RH, higher surface temperature, and lower
wind speed, as summarized by Fig. 6¢c. The mean values of Dev_RH,

Percentages of samples with different levels of Dev_MDA8 O (%)
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Dev_TS, and Dev_WS were, respectively, —7.3%, 0.46 °C, —0.17 m st
for days with O3 pollution alone while —6.2%, 1.84 °C, and — 0.40 m s7!
for days with co-pollution of O3 and PM; 5. Higher RH promoted hy-
groscopic growth of PMy 5 components (Tie et al., 2017), higher tem-
perature favored the formation of both O3 and sulfate (Liao et al., 2009),
and lower wind speed was not beneficial to the dilution of all pollutants.

To further understand the weather conditions under which the co-
pollution of MDA8 O3 and PMy 5 occurred, we analyzed 33 co-polluted
days in the YRD during 2013-2019. In each of these co-polluted days,
over 50% of cities in the YRD experienced co-pollution. The 33 co-
polluted days were classified into the months that they occurred, and
the composite analysis was carried out for samples in each month
(Fig. S6). Considering the similarities between weather patterns on the
basis of geopotential height and winds at 850 hPa, the synoptic weather
patterns for the co-pollution of O3 and PMy 5 in the YRD can be further
classified into four types (Fig. 7). We also use the cost733class software
package (http://cost733.met.no) of T-PCA to identify the weather pat-
terns (Li et al., 2019), which obtains the same four types of synoptic
weather patterns as shown in Fig. 7. The spatial distributions of con-
centrations of MDAS8 O3 and PM, 5 averaged over the four types of co-
polluted days are shown in Fig. S7. Type 1 was the most dominant
weather pattern for co-pollution, which was associated with 22 (66.7%)
of the 33 co-polluted days and occurred in April, May, and June. It was
characterized by westerlies at 500 hPa over the YRD, indicating a stable
weather condition without cold air intrusion from the north. At 850 hPa,
the YRD was under the influence of a high pressure ridge, which was
accompanied with descending air and led to dry and warm conditions at
the surface (Fig. S8). Type 2 was responsible for 4 co-polluted days
(12.1%) and occurred in July. With this weather pattern, the continental
high in Mongolia and north China extended to the YRD at 500 hPa. At
850 hPa, a weak high was located to the north of the YRD with weak
winds, which was favorable for the accumulation of O3 and PMj 5. Type
3 was associated with 2 (6.1%) co-polluted days that occurred in August.
The Northeast Cold Vortex (NCV) at 500 hPa restricted the westward
extension of the Western Pacific Subtropical High (WPSH) and the YRD
was located within a uniform pressure field with very weak winds at
850 hPa. Type 4 weather pattern was associated with 5 (15.1%) co-
polluted days that occurred in September and October. South China
was under the control of WPSH at 500 hPa and the YRD was located in
the center of a high pressure system at 850 hPa. The strong descending
motion (Fig. S8) inceased surface-layer concentraions of PMy 5 and Og
through weakened vertical dispersion and also transported O3 from the
upper boundary layer to the surface (Gong and Liao, 2019).
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2013-2019. Percentages of samples with different levels of Dev_MDAS8 O3 and in different months are also indicated.
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4. Conclusion

We investigated the simultaneous variations of O3 and PM3 5 in the
YRD region by analyzing the observed concentrations in 25 cities from
the website of Ministry of Ecological and Environment. Averaged over
the YRD, the annual mean concentration of MDA8 Os increased by 36.8
pg m~3 (49.5%) whereas that of PMys decreased by 13.3 pg m™>
(22.1%) over 2014-2019. Considering the Grade II NAAQS for O3 (daily
MDAS O3 > 160 pg m ) and for PM, 5 (daily PMa 5 > 75 pg m’3), over
the studied period, provinces of Anhui had the highest frequencies of
PM, 5 polluted days (with a maximum of 708 days in city of Hefei) and
provinces of Zhejiang had the highest frequencies of O3 polluted days
(with a maximum of 363 days in city of Jiaxing). The co-pollution of Og
and PM; 5 was also observed to occur frequently in the YRD; during
2013-2019, the co-polluted days exceeded 45 days in Shanghai and in 4
cities in Jiangsu province.

Dev_MDAS8 O3 and Dev_PM, s were used to remove the trends in
concentrations caused by changes in emissions and meteorology. Aver-
aged over the YRD, daily Dev_MDA8 O3 and daily Dev_PM; 5 in April-
October of 2013-2019 had a statistically significant correlation coeffi-
cient of 0.44. For most cities in the YRD, Dev_MDAS8 O3 and Dev_PM; 5
exhibited positive correlations as Dev_MDA8 O3 > 0, and the statistically
significant correlation coefficients were in the range of 0.2-0.6. We
found that, under the condition of Dev_MDA8 O3 > 0, positive
Dev_PMy5 occurred more frequently in the YRD as the value of
Dev_MDAS8 O3 increased. For example, in days with Dev_.MDAS8 Os in the

range of 40-60 pg m ™2 (>60 pg m™>), 59.5% (86.4%) of these days had
positive Dev_PM, s.

We pay special attention to the days co-polluted by O3 and PMj 5.
The co-polluted days in the YRD occurred mainly in April (29.6% of co-
polluted days occurred in April), May (23.0%), June (19.5%), and
October (10.8%). Compared to the days with O3 pollution alone, the co-
pollution occurred under meteorological conditions of higher relative
humidity, higher surface air temperature, and lower wind speed. The
mean values of Dev_RH, Dev_TS, and Dev_ WS were, respectively,
—7.3%, 0.46 °C, —0.17 m s~ ! for days with Os pollution alone while
—6.2%, 1.84 °C, and —0.40 m s7! for days with co-pollution of O3 and
PMy 5.

The synoptic weather patterns that led to the co-pollution of O3 and
PM, 5 were classified into four types. Types 1 to 4 accounted for 66.7%,
12.1%, 6.1%, and 15.1% of the regional co-polluted days, respectively.
The most dominant weather type (Type 1) occurred in April, May, and
June. Over the YRD, this weather pattern was characterized by west-
erlies at 500 hPa (without cold air intrusion) and by a high pressure
ridge at 850 hPa, leading hot, dry, and stagnant weather that was
favorable for high levels of both O3 and PMy 5. The second most domi-
nant weather type (Type 4) was characterized by a high pressure system
over the YRD at 850 hPa, leading to strong descending motion and
weakened vertical dispersion and consequently the increases in surface-
layer concentrations of PM; 5 and Os. These two types were responsible
for 81.8% (66.7% +15.1%) of the large-scale co-pollution in the YRD.

These results have important implications for the control of co-
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Fig. 7. Composited weather patterns for 4 types of co-polluted days in over 2013-2019. The co-polluted days were selected when over 50% of cities in YRD
experienced co-pollution (MDAS8 O3 > 160 pg m~> and PMy 5 > 75 pg m ). Black box in each panel indicates YRD. Geopotential height (m, shades) and wind vector

(m s~ 1) are shown for (a) 850 hPa and (b) 500 hPa.

polluted days in the YRD. The frequencies of the co-occurrence of O3 and
PM; 5 pollution are higher in Jiangsu province and Shanghai than in
Zhejiang and Anhui provinces during the warm months of April to
October. Therefore, stringent emission control measures of NOy and
VOCs should be applied when the dominant circulation patterns of co-
polluted days are predicted, especially for Jiangsu and Shanghai.
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