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Abstract: The Yangtze River Delta (YRD) is the most developed region in China. Influenced by inten-
sive and complex anthropogenic activities, atmospheric pollution in this region is highly variable,
and reports are sparse. In this study, a seven-year history of the atmospheric O3 and NOy mixing
ratios over a typical city, Hangzhou, was presented to enrich the studies on air pollution in the YRD
region. Our results revealed that the diurnal variation in NOy corresponded to traffic rush hours,
while O3 was mainly impacted by photochemical reactions in the daytime. The weekend effect was
significant for NOy, but inapparent for Oz. Two O3 peaks in May and September were caused by
seasonal atmospheric stability and climatic conditions. The lower NOy and higher Oj levels observed
suggested direct effects from traffic restrictions and large-scale industrial shutdowns during the
COVID-19 lockdown in 2020 compared with those in the periods before and after lockdown. The
model simulation results showed that O3 mixing ratios were not only related to regional anthro-
pogenic emissions but were impacted by air mass transportation from surrounding provinces and
the China shelf seas. The NOy mixing ratios showed a decreasing trend, while the O3 mixing ratios
showed the opposite trend from 2015 to 2021, which is indicative of the implementation of the Air
Pollution Prevention and Control Acton Plan issued by the Chinese government in 2013.
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1. Introduction

Ambient air pollution is considered to be a global problem, especially due to the
sharply increasing concentration of atmospheric ozone (Os) and nitrogen oxides
(NOx =NO + NOy) in rapidly developing countries [1]. Surface O3 (tropospheric O3)
can affect human health, ecosystems and climatic conditions [2,3], as it is not only consid-
ered to be a greenhouse gas [4], but also a major component of photochemical smog [5].
NOy, which is mainly emitted through the combustion of fossil fuels such as coal, oil
and natural gas for power generation and transportation [6], plays an important role in
tropospheric chemistry [7,8], being an important precursor of O3 and an excellent tracer of
human activity [9].

There are intricate interactions between NOy, O3 and atmospheric aerosols [10-13].
Generally, tropospheric O3 in the urban environment increases after sunrise due to the pho-
tochemical reactions of VOCs (volatile organic compounds) and NOy [14,15]. As reported
in previous studies, meteorological conditions, such as air temperature, solar radiation
and wind speed, are strongly related to surface O3 concentration, as they impact chemical
reactions and air mass transportation [16-19]. An increase in air temperature contributes to
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a decrease in the concentration of peroxyacetyl nitrate (PAN), and subsequently an increase
in O3 concentration [20]. The wind speed can change the diffusion conditions of the atmo-
sphere [21], while the wind direction can directly affect the transport paths of pollutants [22],
resulting in a high O3 concentration in the downwind area of megacities [23].

With the rapid economic growth of China, energy consumption in urban areas is
becoming more intensive and is causing increases in emissions of air pollutants. Currently,
O3 is one of the primary pollutants in China during the summer [24,25]. Nitrogen dioxide
(NOy) is the primary precursor to O3 under sunlight irradiation, while nitric oxide (NO)
is an important scavenger of O3 at night and in winter (NO + O3 = NO, + Oy) [26]. Thus,
O3 emission control is usually carried out by regulating NOx emissions [24]. Although
Wang et al. [27] found that NOy levels in eastern China had fallen by more than 25% in
recent years owing to strict emission reduction strategies, the air pollution in megacity
zones is still severe, including in the Beijing-Tianjin-Hebei (BTH) region, the Yangtze River
Delta (YRD) region and the Pearl River Delta (PRD) region, which are the most developed
regions in China [12]. The YRD region, which mainly covers Jiangsu Province, Zhejiang
Province and the city of Shanghai in eastern China, has witnessed rapid development in
industry, urban construction, economy and population [28,29], and is considered to be the
region most severely affected by O3 pollution with the most complicated photochemical
processes [30].

Based on short-period observation campaigns, the variations in O3 and its atmospheric
chemical processes related to NOy, VOCs and PM; 5 have been reported in some megacities
in China [14,31], as well as the cities in the YRD region such as Ningbo, Shanghai and
Nanjing [19,24,32]. However, due to the diverse local sources and intricate interactions
between O3 and other pollutants, the research on surface O3 and NO is still insufficient in
the YRD region. As the third important and largest megacity in the YRD region, Hangzhou
is the capital city of Zhejiang Province, with a size of 16,850 km? and a population of
11.93 million (www.hangzhou.gov.cn, accessed on 21 June 2021). In this study, based on
the continuous observation of atmospheric O3 and NOy from 2015 to 2021 at an urban
observation station, the NRCS (National Reference Climatological Station) in Hangzhou,
we systematically analyzed the temporal variations and regulatory mechanisms of surface
O3 and NOy. Our study will add a new dataset for use by the scientific community and
improve our understanding of the air pollution in the YRD region in China.

2. Materials and Methods
2.1. Study Area

Hangzhou is one of the most developed cities in the YRD region that is located to the
northwest of Zhejiang Province and in the southeast of the YRD. Hangzhou has a humid
subtropical monsoon climate with an average annual precipitation of ~1400 mm and an
average annual temperature of ~17 °C (www.weather.com.cn, accessed on 12 January 2023).
There mainly is a prevailing southerly wind in summer and northerly wind in winter. In
late autumn and winter, the atmospheric pressure is relatively high and the atmospheric
structure is relatively stable. The O3 and NOy observation site was located at the NRCS
(120.17° E, 30.22° N, altitude 41.7 m) in the center of Hangzhou (Figure 1). There are no
significant industrial emissions near the station. Thus, the urban plume of Hangzhou and
regional air masses from the YRD region could be captured, especially when the northwest
winds prevail [14].


www.hangzhou.gov.cn
www.weather.com.cn
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Figure 1. Location of the NRCS (National Reference Climatological Station) in the YRD (Yangtze
River Delta) region (color area in the right image) and in the city of Hangzhou (left).

2.2. Measurement Methods

Continuous long-term atmospheric O3 and NOy observations were conducted at the
NRCS from 2011. The Model 49i O3 Analyzer from Thermo Scientific Instruments, Inc.
(Waltham, MA, USA) (TEI 49i) was used to observe surface Oz, and the TEI 42i NOx
Analyzer was used for atmospheric NOy observations. The TEI 49i and TEI 42i both have a
detection limit of 0.5 ppb and a precision of 1 ppb. The TEI 49i was calibrated with zero air
and an Oj calibrator, and the TEI 42i was calibrated with the combination of a dynamic
gas calibrator and zero air [33]. A quality inspection was carried out once a week, the filter
element was replaced every two weeks and a multi-point calibration was carried out once
a month. Ambient air sampling was performed with a PFA Teflon tube (inner diameter:
2 cm) situated 1.5 m above the roof and with a particulate filter connected to the NOy and
O3 analyzers used in the laboratory.

The mixing ratios of NOx and O3 were obtained through continuous observation.
Quality control of the observed data was carried out to determine a sampling time of
at least 45 min per hour and an average concentration value of at least 20 h per day in
accordance with the validity of the pollutant data statistics from the Ambient Air Quality
Standards. After quality control, about 95% of total data remained as valid data. The
average 5 min data were used to calculate the hourly average value, and consequently were
used to calculate the diurnal, weekly, monthly and annual average values. The monthly
average data were used to calculate the trend change. In trend analysis, to eliminate the
seasonal effect of the data, the average of all monthly data of a given month was subtracted
from the original data of the same month. Then, linear regression fitting was performed on
the processed data [34], where a p-value determined by a t-test was used to indicate the
significance level of the linear fitting trend.

Meanwhile, at the same altitude as the NRCS station, meteorological parameters such
as visibility (VISIB), temperature (TEMP), air pressure (P), wind speed (WS), wind direction
(WD) and relative humidity (RH) were observed.

2.3. Air Mass Transport Analysis

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) was jointly
developed by the National Ocean and Atmospheric Center (NOAA) and the Bureau of
Meteorology of Australia, and was used in this study to simulate the source, transport and
diffusion processes of atmospheric pollutants [35]. This method has been widely used to
analyze the influence of air mass transport [36]. The backward trajectories of January, April,



Atmosphere 2023, 14, 487

40f16

July and October were applied to represent the air mass transport of winter, spring, summer
and autumn, respectively. The 24 h backward trajectories started every hour (0:00-23:00)
and were calculated at 500 m above ground level (a.g.l.) each day using meteorological
data (Global Data Assimilation System, ftp:/ /arlftp.arlhp.noaa.gov/pub/archives/gdasl/,
accessed on 6 June 2021). There are two common trajectory clustering analysis methods,
namely the angle distance method and the European distance method. This study mainly
focuses on the transport route of atmospheric component pollution in Hangzhou; thus, a
cluster analysis of all the trajectories was also conducted to divide the abundant trajectories
into distinct clusters by considering the angle distances. Considering the short lifetime
of NOy [37], the long-range transport of this variation was not analyzed by backward
trajectory in this study.

The potential source contribution function (PSCF) was further calculated to constrain
the potential sources of regional O3;. A trajectory plug-in for the Meteolnfo software
developed by Wang et al. (http://www.meteothink.org/, accessed on 15 June 2021) was
used to conduct a PSCF analysis. The PSCF method is a conditional probability function,
and each region’s pollution contribution to the recipient point is characterized by the ratio
of the residence time of the pollution trajectory to all trajectories in the passing region. A
grid with a high PSCF value is interpreted as the potential source region, and the study
region is divided into i x j grids. The PSCF is defined as Equation (1),

.. mij
PSCFij = v ¢y
where n;; is the residence time of all trajectories and m;; is the residence time of the trajectory
subset in the grid element (i, j).

The arriving height of the trajectory was 500 m a.g .1, the range of the PSCF was set as
(120.17° N, 30.22° E) and the resolution was 1° x 1°. The 75th percentile of O3 over four
seasons was used as the threshold for calculating m;; [3]. In order to reduce the uncertainty
of m;; = n;; for grid cells with limited points, the seasonal PSCF value was multiplied by a
seasonal weight function, Wj;, by using the method recommended by Polissar et al. [10]. It
is expressed as the WPSCF to better reflect the uncertainty of the values of these cells, as
expressed in Equation (2).

1.00 80 < nij
.. 1070 20 < nij < 80
WiT=19 042 10 < nij < 20 @
0.05 nij < 10
Then, the WPSCF;; can be expressed as Equation (3):
WPSCFij = ’% x Wij 3)

3. Results and Discussion
3.1. Diurnal Variations

Surface O3 mixing ratios obtained at the NRCS showed distinct diurnal variations
with a single peak in all seasons (Figure 2); namely, a peak in the afternoon and a trough in
the early morning. The peak value in summer was about 1 h ahead of those in other seasons
(Figure 2) due to the earlier sunrise time and higher solar intensity, which stimulated the
evolution of atmospheric O3 through photochemical oxidation reactions. Additionally,
O3 mixing caused by the enhancement of the boundary layer height due to the thermal
stratification and convective heat transfer of upper air to the ground might also contribute
to the increase in the O3 level at noon [38]. The average O3 mixing ratios observed in spring
(29.12 & 1.40 ppb), summer (28.06 &= 1.35 ppb) and autumn (24.57 + 1.43 ppb) were at a
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high level, while that observed in winter (15.28 £ 1.03 ppb) was much lower than the other

three seasons.
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Figure 2. Diurnal variations in NO, NO,, NOy and O3 mixing ratios in (a) spring (MAM), (b) summer
(JJA), (¢) autumn (SON) and (d) winter (DJF), as well as (e) diurnal variations in O3 and NOx mixing
ratios on weekdays and weekends at the NRCS from 2015 to 2021. The error bars represent 95%

confidence intervals.

Strong tropospheric photochemical reactions in summer produced high O3 mixing
ratios. Theoretically, the O3 mixing ratios should be higher in summer than in spring.
Nevertheless, the strong convective activity, which is characteristic of summer, led to
higher levels of O3 mixing with precursors, resulting in a dilution of pollutants near the

surface [39].
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The average O3 mixing ratio in spring was ~4.55 ppb higher than in autumn. It has
been reported that tropopause folding caused by the active subtropical jet at mid-latitudes
in spring triggers the transport of O3 from the stratosphere to the troposphere [40], which
might be the primary reason for the higher O3 mixing ratios in spring than in autumn. In
addition, greenery removes air pollutants such as tropospheric O3 through leaf stomatal
absorption [41]; Kaspar et al. [42] demonstrated that the high and dense canopy of mature
trees traps air pollutants better than low saplings. The larger increment of O3 mixing ratios
in Hangzhou in spring could also be caused by the vibrant photochemical reactions of
abundant NOx and NMHC precursors which were accumulated over winter [19].

Unlike O3, the diurnal variation in NOy mixing ratios demonstrated a typical bimodal
pattern in all seasons (Figure 2), with one peak in the morning (7:00-9:00 local time) and the
other at night (21:00 local time), which was highly connected with anthropogenic emissions
from traffic. Xue et al. [43] found that the high emission of motor vehicle pollutants was
concentrated in the urban area of Hangzhou, and that the emission intensity decreased
from the urban center to the urban edge. Without strong consumption by photochemical
reactions, especially in the morning, NO emitted by traffic sources easily accumulates in
the near-ground layer. Due to the decrease in the boundary layer thickness at night, the
pollutants are trapped in the shallow surface with increasing mixing ratios [44], leading
to NOy reaching its first peak in early morning (Figure 2). In this study, the second peak
of the NOx mixing ratio occurred at 21:00-22:00 in all four seasons, which was 3—4 h after
the evening rush hour. However, the fraction of NO, in NO was obviously higher than
that in the morning, indicating that the conversion of NO to NO, was much stronger in
the evening.

Higher concentrations of O3 precursors were observed on weekdays, while O3 con-
centrations showed an opposite pattern, with higher concentrations on weekends, which
has been reported as the “weekend effect” [45]. Mixing ratios of O3 and NOy vary sig-
nificantly from weekends to weekdays in many big cities due to the regularity of human
activities [46]. In Hangzhou, similar patterns of diurnal variations were observed during
the observation period. During the daytime, we typically observed 0.28% lower daily NOx
mixing ratios and 3.34% higher daily O3 mixing ratios on weekends than on weekdays
when the photochemical reactions were active. As shown in Figure 2e, NOy mixing ratios
on weekends were significantly higher than those on weekdays from 0:00 to 5:00, with a
difference of 4.27%. From 7:00 to 9:00, the NOy mixing ratios on weekends were slightly
lower than those on weekdays due to rush hour. From 14:00 to 23:00, the NOy mixing
ratios were 3.82% lower on weekends than those on weekdays. The same diurnal trend on
weekends and weekdays suggested the same sources of NOx, which might be attributed to
people’s tendency for leisure time on weekends and the influence of downdrafts at night.

The O3 mixing ratios between 12:00 and 23:00 were larger on weekends than those
on weekdays, with the peak appearing at 14:00 (43.11 &+ 2.09 ppb). As a result of the
intense illumination between 12:00 and 15:00, a large amount of O3 was generated by the
photolysis of NO; and trapped in the atmosphere. Lower NOy emissions on weekends
could also reduce the NO titer of O3, thus making O3 accumulate earlier on weekends
than on weekdays. Wang et al. [34] demonstrated that the decrease in NO titration is
an indispensable factor in the elevated O3 mixing ratios over the weekend. Similar to
results from Shanghai [29] and the BTH region [47], it was found that O3 increased as NOx
decreased during the weekends in Hangzhou. The O3 “weekend effect” in urban areas is
also attributed to the low concentrations of fine particles that reduce sunlight scattering and
enhance visibility and photochemical reactions [48]. According to Figure 2e, the “weekend
effect” of O3 was not apparent in Hangzhou. On the one hand, the visibility in Hangzhou
on weekends (10,299.2 m) was not much higher than that on weekdays (9236.3 m); therefore,
the conditions conducive to O3 generation might change slightly between weekdays and
weekends. On the other hand, our research period is relatively recent, and in recent years,
the implementation of vehicle control and other pollution emission control strategies in
megacities in China have achieved good effects [49].
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3.2. Monthly Variations

As can be seen from Figure 3a, the O3 mixing ratios showed a distinct bimodal
pattern with two peaks in May (33.22 & 0.68 ppb) and September (34.43 & 0.72 ppb)
and a valley in July (22.84 £ 0.61 ppb), which could be attributed to the influence of
Asian summer monsoons [50,51]. The maximums might be related to the atmospheric
instability and evident convection that occurred over the two months, which resulted
in the transport of abundant O3 from the upper layer [52]. High O3 levels in May also
appeared in studies in New Delhi [53], Weihai [54] and Shanghai [55]. In addition, Mao
et al. [56] indicated that meteorological conditions such as intense solar radiation, low
relative humidity, high visibility and high temperature in the YRD during the second half
of the year were conducive to O3 formation, which is consistent with our correlation study
(Figure 3b). There was a sharp decrease in atmospheric O3 in July (Figure 3a), with a trough
value of 22.84 £ 0.61 ppb, despite this being the time when the solar radiation and the
temperature are the highest in the year. This phenomenon was probably driven by the
special regional climate in the YRD region. The period from the end of June to the beginning
of July is the so-called “plum rain season” in Hangzhou, with an average precipitation of
about 260 mm each year. A high density of moisture could not only absorb atmospheric O3,
but also strengthen the wet removal effect [16].
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Figure 3. (a) Monthly variations in the NOx and O3 mixing ratios at NRCS, where the error bars
represent 95% confidence intervals. (b) Correlation analysis of O3 with NO, NO,, NOy and meteoro-
logical conditions; the darker the red, the stronger the positive correlation, and the darker the blue,
the stronger the negative correlation. *, ** and *** denote different levels of significance from weak
to strong.

The monthly average NOx mixing ratios from 2015 to 2021 had a clear variation
pattern, with the highest value in December (44.78 £ 0.72 ppb) and the lowest value in
August (13.79 £ 0.22 ppb) (Figure 3a). Similar to the variation in O3, heavy precipitation
in summer also contributed to the depletion of atmospheric NOy, and eventually led to it
being converted to nitric acid and nitrate particles, resulting in the minimum NOx mixing
ratios of 13.79 & 0.22 ppb in August [57]. Additionally, a high intensity of solar radiation
in August contributed to an abundant concentration of OH radicals, leading to a high
loss of NOx (NO; + -OH — HNO3) [58], which might also contribute to the lowest NOx
value in August. After August, the temperature and visibility dropped, and the solar
radiation became weaker, resulting in NOx accumulating and reaching its maximum in
December. The highest mixing ratio of NOy in December can be explained by the following
factors: (1) Insufficient vertical mixing and slower chemical loss due to the low temperature
and weak solar radiation [19,57]. (2) Air masses with high mixing ratios of NOy were
transported to the YRD region by winter monsoons from northern and northwestern China,
where a large amount of NOy is emitted due to coal burning in winter [59]. (3) Hangzhou
is located in the mid-latitude region. Bukhlova et al. [60] pointed out that temperature
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inversion was prone to prevail in the mid-latitude areas during wintertime, which is not
conducive to the diffusion of pollutants.

3.3. Impacts of Special Events

In order to assess the impacts of human activities on the variations in NOx and Os,
observed data during two crucial and typical periods, the COVID-19 lockdown period
(4 to 19 February 2020) and the National Day holiday (1 to 7 October 2020) in 2020, were
obtained for our research (Figure 4).
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Figure 4. The time series of NOy (upper) and O3 (bottom) mixing ratios observed at the NRCS (a) from
January to November in 2020, (b) during COVID-19 lockdown (the yellow area, 1 to 23 January 2020;
the grey area, 4 to 19 February 2020; the red area, 20 February to 31 March 2020) and (c) during the
National holiday (the blue area, 1 to 7 October 2020).

According to time nodes and implementation of the COVID-19 prevention strategies
and control notifications in Zhejiang Province, the COVID-19 pandemic period occurred
mainly from January to March 2020 in Hangzhou, which can be divided into four phases: pre-
COVID-19 (1 to 23 January 2020), Spring Festival (24 January to 3 February 2020), COVID-19
lockdown (4 to 19 February 2020) and post-COVID-19 (20 February to 31 March 2020).
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Compared with pre-COVID-19 (1 to 23 January 2020), the NOy mixing ratios decreased
by 82% during the lockdown in Hangzhou (4 to 19 February 2020), while O3 mixing ratios
increased by more than 150% (Figure 4b). The special lockdown strategies also apparently
resulted in the concentrations of PM; 5, NOx, SO, and CO decreasing by 58%, 47%, 83%,
11% and 30%, respectively, in megacities in the YRD [61]. Data obtained by the pollution
monitoring satellites from the National Aeronautics and Space Administration (NASA)
also showed a considerable decrease in NO, content in most parts of China during the
lockdown period [62]. In Hangzhou, compared to the pre-COVID-19 period, the number
of vehicles on the road during the lockdown (4 to 19 February 2020) decreased by 84%,
and energy consumption by power plants and industry also decreased dramatically [63],
which resulted in the observed drop in NOy mixing ratios. Meanwhile, since O3 production
in Hangzhou was VOC limited [64,65], a decrease in NOx mixing ratios reduced the O3
titration effect, leading to a weaker sink in O3 during the COVID-19 lockdown. In addition,
during the lockdown period, the intensification of solar radiation coincided with high
visibility (more than 10 km), which was beneficial for O3 generation. Thus, the enhanced
source strength and weakened sink caused an observed increase in O3 mixing ratios.
However, the O3 mixing ratios in Hangzhou during the lockdown period were still below
the critical value of the China Ambient Air Quality Standard II (GB3095-2012) (160 pg/ m?3
or 93.33 ppb, 1 h O3).

Compared with the last week of September, atmospheric NOy levels during the Na-
tional Day holiday dropped by 28%, whereas O3 mixing ratios increased by 9% (Figure 4c).
As a famous tourist destination, approximately 18 million tourists visit Hangzhou during
the holiday each year (http://tb.hangzhou.gov.cn, accessed on 18 December 2021), which
might to some extent enhance the anthropogenic emission of pollutants. However, on
account of the implementation of anthropogenic and industrial emission control policies,
the pollutant contents declined sharply during the National Day holiday of China in 2020
(1 to 7 October 2020).

In addition to anthropogenic factors, meteorological factors also play an important
role in affecting the atmospheric NOy and O3 mixing ratios. Previous studies reported that
a high air humidity induces enhanced cloud cover, which could weaken photochemical
reactions, and consequently cause a reduction in O3 generation [19,21,66]. Meng et al. [67]
also found that increased aerosol contents in the atmosphere could reduce visibility and
contribute to the enhancement in light scattering, which negatively impacts photochemical
reactions. Observed data from the NRCS showed that the humidity during the National
Day holiday decreased from 73% to 69%, and the visibility increased from 15 km to 17 km.
Thus, the fine weather (low air humidity and high visibility) during the National Day
holiday in Hangzhou not only prevented the accumulation of pollutants at the ground
level, but was also beneficial for the evolution of atmospheric O3 and induced a slightly
higher O3 mixing ratio than that pre-holiday.

3.4. Impacts of Air Mass Transport

Figure 5 and Table 1 illustrate the cluster analysis of the 24 h air mass backward
trajectories for each season and the average O3 mixing ratios of each cluster. The cluster
trajectory length corresponds to the velocity of air mass transportation [36]. Long-distance
and fast-moving trajectories originated primarily from the northwest (NW), north (N) and
northeast (NE) in spring, autumn and winter, whereas their origin switched to the east
(E), southwest (SW) and southeast (SE) in summer, as regulated by the seasonal eastern
Asia monsoons.
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Figure 5. Cluster analysis of 24 h air mass backward trajectories obtained from the NRCS in Hangzhou

in winter (a), spring (b), summer (c) and autumn (d).

Table 1. Seasonal statistics of cluster analysis and the average O3 mixing ratios.

Season Cluster Percentage (%) Average O3 Mixing Ratio (ppb)
1 34.49 17.23 + 0.66
Wi 2 31.84 12.97 4+ 0.52
Inter 3 19.99 7.98 + 0.72
4 13.69 11.79 + 0.89
1 18.55 28.47 +1.25
Sorin 2 33.97 29.01 &+ 1.16
pring 3 27.54 2652 + 1.15
4 19.94 34.14 + 1.42
1 32.74 21.11 £ 1.12
5 2 4157 24.44 +0.92
ummer 3 18.01 20.67 +1.21
4 7.68 29.01 & 2.69
1 24.40 21.83 +1.24
A 2 23.96 26.86 + 0.97
utumn 3 38.04 25.73 + 0.87
4 13.59 24.87 +1.40
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In winter, air masses mainly came from north, and the transport distance was longer
than that from other directions. Cluster 1 originated from the northern part of Anhui
Province and was transported through Anhui to Hangzhou, accounting for 34.49%, whereas
cluster 2 originated from the Yellow Sea and was transported through the southeastern
part of Jiangsu Province, accounting for 31.84%. The long distance and fast movement of
the two clusters could enhance the dilution and mixing of regional atmospheric pollutants,
resulting in lower contents of O3 precursors [14]. However, the O3 mixing ratios within the
slow movement of cluster 1 and 2 were relatively low and would not remarkably elevate
O3 mixing ratios at the NRCS.

In spring, the O3 mixing ratio of each cluster was relatively high compared to the
values in other seasons. As presented in Figure 5b, air masses mainly originated from the
YRD and its close surrounding areas. Cluster 4 came from the Yellow Sea via Shanghai and
had a relatively short length, but the highest mean O3 mixing ratio was 29.01 &£ 2.69 ppb.

In summer, the air masses primarily came from the East China Sea, passing through
Shanghai and the coastal cities of Zhejiang Province. Cluster 3, which accounted for 20.53%,
had the highest O3 mixing ratio (35.50 £ 4.02 ppb) due to its short distance and slow
movement, resulting in poor atmospheric diffusion conditions.

In autumn, the trajectories predominantly came from the Yellow Sea. It can be seen
that O3 mixing ratios in marine air masses were high in different seasons, owing to suffi-
cient chlorine free radicals in the marine boundary air, which could strongly promote the
formation of O3 [68].

As shown in Figure 6, the potential sources of O3 suggested obvious seasonal variation
characteristics, which is in line with our cluster analysis (Figure 5). In winter, a high WPSCF
value (>0.6) indicated that the polluted air masses mainly came from the North China Plain
and the Yellow Sea (Figure 6a).

In spring, high WPSCF values were mainly distributed in northeastern Anhui and
western Shandong, where the pillar industries are steel, oil refining and coal (Figure 6b). In
addition, the southeastern coastal area of Zhejiang also contributed to O3 pollution, which
is consistent with previous research results [14].

High WPSCF values in summer were mainly distributed in central Anhui Province
and the vegetation-rich junction between Jiangsu and Anhui Provinces (Figure 6c). A high
O3 mixing ratio might be closely related to high VOC levels that were emitted by plants.

In autumn, potential source areas were mainly distributed in northern Jiangsu and
the Yellow Sea (Figure 6d). Wang et al. [69] pointed out that the circulation of the sea-land
breeze in coastal cities near the YRD and Hangzhou Bay was closely connected with urban
O3 precursor emissions, which indirectly affected the increase in the O3 mixing ratio.
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Figure 6. Cont.
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Figure 6. The weight potential source contribution function (WPSCF) regions for O3 calculated from
trajectory statistics in January (a), April (b), July (c) and October (d) during the observation period
(from January 2015 to December 2021).

3.5. Trends in O3 and NOy Mixing Ratios from 2015 to 2021

Figure 7 displays the time series for NOy and Os variation from 2015 to 2021. The
long-term trends were evaluated based on a linear regression of average monthly data.
It can be seen from Figure 7a that NOx shows a statistically significant downward trend
(p < 0.01), with a decreasing rate of 1.56 ppb yr—!, which reflects the implementation of
new air pollution control policies (such as improving fuel quality and emission standards)
in Zhejiang Province during the 13th Five-Year Plan period [70].
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Figure 7. The monthly trends in NOy (a) and O3 (b) from 2015 to 2021. The solid blue line shows
the trend.

Similar to the previous increasing trend in other cities in the Yangtze River Delta [24,71,72],
the O3 levels in Hangzhou also showed a significant upward trend during 2015-2021
(p < 0.01), with an increasing rate of 0.68 ppb yr~! (Figure 7b). Moreover, according to our
observed data, there is a strong negative correlation between NOy and O3, with a negative
correlation coefficient of 0.83 (Figure 3b). For instance, when the NOy mixing ratios were
high/low (30.63 &+ 2.56 ppb in 2015 and 18.18 + 1.52 ppb in 2021), the O3 mixing ratios
were low/high (18.60 & 1.90 ppb in 2015 and 23.73 £ 1.57 in 2021) (Table 2). Thus, the
increase in O3 might be related to the decrease in NOy during the same period.
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Table 2. Annual mean mixing ratios of atmospheric NOy and O3 from 2015 to 2021.

Year NOx (ppb) O3 (ppb)

2015 30.63 + 2.56 18.60 £ 1.90
2016 24.82 +1.82 20.46 4+ 2.80
2017 27.48 4+ 2.45 24.87 4+ 2.54
2018 2447 +2.41 20.77 +4.19
2019 25.77 +£1.53 21.78 £2.77
2020 22.70 4+ 2.69 23.84 +1.72
2021 18.18 £1.52 23.73 £ 1.57

4. Conclusions

Temporal variations in O3 and its NOy precursors from 2015 to 2021 at an urban site
(NRCS) in Hangzhou, China, were investigated in this study. Diurnal variations in NOy and
O3 mixing ratios were primarily influenced by local automobile exhaust, photochemical
reactions and the height of the boundary layer. The elevated O3 mixing ratio in Hangzhou
was not only affected by the emissions from adjacent cities in the YRD, but was also related
to air mass transportation from the East China Sea and the Yellow Sea. Meanwhile, the NOx
mixing ratio was high in winter, low in summer and moderate in spring and autumn in
Hangzhou, which was regulated by coal burning and thermal inversion in the YRD region
and northern China in winter, as well as by intensive wet removal caused by relatively
heavy precipitation in summer.

A decrease in the NOx mixing ratio coincided with an increase in the O3 mixing ratio
during the COVID-19 lockdown period and the National Day holiday in 2020, indicating
that the former was directly impacted by anthropogenic emissions, whereas the latter was
mainly regulated by local meteorological conditions and its precursor’s concentrations.

The mixing ratios of NOy showed a decreasing trend, while O3 showed an increasing
trend between 2015 and 2021 in Hangzhou, which could be linked to new policy drivers
and is consistent with air pollutant trends in most cities in China, implying that China still
has a long way to go to reveal the complex regulation mechanisms of O3 pollution in cities.
Additionally, this result proves that a longer observation should be conducted to precisely
determine the long-term trend of O3 and NOy, which is currently being implemented by
our team.
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