https://doi.org/10.5194/acp-2022-565 Atmospheric
Preprint. Discussion started: 22 September 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

Measurement Report: Year-to-year Variability and Influence of
Winter Olympics and other Special Events on Air Quality in Urban

Beijing during Wintertime

Yishuo Guo'?*, Chenjuan Deng>*

, Aino Ovaska?, Feixue Zheng', Chenjie Hua', Junlei Zhan', Yiran

5 Li3, Jin Wu’, Zongcheng Wang', Jiali Xie!, Ying Zhang!, Tingyu Liu', Yusheng Zhang', Boying Song',
Wei Ma!, Yongchun Liu!, Chao Yan*'?, Jingkun Jiang®, Veli-Matti Kerminen?, Men Xia®>!, Tuomo

Nieminen?, Wei Du®!"*, Tom Kokkonen>'**, Markku Kulmala'-?

! Aerosol and Haze Laboratory, Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing

University of Chemical Technology, Beijing, China
10 2 Institute for Atmospheric and Earth System Research / Physics, Faculty of Science, University of Helsinki, Finland

3 State Key Joint Laboratory of Environment Simulation and Pollution Control, State Environmental Protection Key Laboratory

of Sources and Control of Air Pollution Complex, School of Environment, Tsinghua University, Beijing, China

4 Joint International Research Laboratory of Atmospheric and Earth System Research, School of Atmospheric Sciences,

Nanjing University, Nanjing, China
15  * These authors contributed equally to this work.
* Correspondence to: Wei Du (wei.du@helsinki.fi) and Tom Kokkonen (tom.kokkonen@helsinki.fi)

Abstract. Comprehensive measurements are vital to obtain big enough datasets for better understanding the complex

atmosphere and further improving the air quality. To investigate the year-to-year variabilities of air quality and influences of
special events (Beijing Winter Olympics, COVID lockdown and Chinese New Year) on it during the wintertime in a polluted

20  urban air, we conducted comprehensive observations in Beijing, China, during January 1% — February 20, in the years from
2019 to 2022. The mass concentration of PMa.s and its composition (organics, nitrate, sulfate, ammonium, chloride and black

carbon), number size distributions of particles (down to ~1 nm) and ions, gaseous pollutants (CO, NOx, SOz, O3), condensable
vapors (sulfuric acid and oxygenated organic molecules), as well as meteorological parameters were simultaneously measured.

We selected the period before January 22" without any special events in each year to show the year-to-year variabilities of the
25 air quality. We found that the concentrations of PMzs, black carbon, chloride, organics, CO, NOx, total oxygenated organic

molecules and number concentration of sub-3 nm particles showed similar year-to-year variabilities, decreasing from 2019 to

2021 and then increasing in 2022. On the contrary, SO2 concentrations decreased year by year due to the significant emission

reduction, leading to decreasing mass concentrations of sulfate and number concentration of sulfuric acid monomer and dimer
from 2019 to 2022. As for the influence of special events, due to the favorable meteorological conditions together with

30  reductions in anthropogenic emissions, there were basically no haze events during Beijing Winter Olympics. Although there
was emission reduction also during the COVID lockdown period, especially for NOx, the enhancement of secondary inorganic

aerosol formation, together with unfavorable meteorological conditions, caused severe haze events during this period.
Additionally, these special events had only little impacts on the new particle formation processes. These results provide useful

information to the development of more targeted pollution control plans.
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1. Introduction

Beijing and the surrounding areas suffer from poor air quality associated with high particulate matter (PM) concentrations,
especially during wintertime. To improve the air quality, extensive studies have been carried out to understand the sources,
formation and evolution of air pollutants in Beijing (An et al., 2019; Cheng et al., 2016; Shang et al., 2020; Sun et al., 2014;
Zheng et al., 2015). Primary emission sources, including traffic, cooking, coal combustion and biomass burning, have been
identified (Cai et al., 2020; Du et al., 2022b; Liu et al., 2016b). Of primary emissions, those from combustions were found to
be the major contributors to haze, especially during the heating season (Cheng et al., 2013; Sun et al., 2014; Sun et al., 2013b).

Compared with primary emissions, secondary aerosols have been shown to play a more important role on haze formation, with
contributions higher than 60% of PM: mass concentration in Beijing (Huang et al., 2014; Kulmala et al., 2022; Shang et al.,
2020). Secondary organic aerosols (SOA), nitrate (NOs) and sulfate (SO4) originate from their gaseous precursors, e.g., volatile
organic compounds (VOCs), nitrogen oxides (NOx), and sulfur dioxide (SO2). VOCs, NOx, and SO: further produce oxygenated
organic molecules (OOMs), nitric acid (HNOs3), and sulfuric acid (H2SOs4), respectively, via homogeneous reactions, which can
contribute to particle growth by condensation (Bianchi et al., 2019; Trostl et al., 2016; Wang et al., 2020b; Yue et al., 2010).
Most recently, Nie et al. (2022) reported that the condensation of OOMs contributed to >30% of SOA in Beijing. Meanwhile,
heterogeneous reactions were found to promote the formation of secondary aerosols. Dissolved SOz can be oxidized into SOs
by atmospheric oxidants, e.g., H202, O3, and NOz (Cheng et al., 2016; Wang et al., 2020a; Zhang et al., 2015). Heterogeneous
reactions between HNOs and NHj3 in daytime, and hydrolysis of N2Os during night-time are the main pathways forming NOs
(Wang et al., 2017; Xue et al., 2014). Furthermore, liquid-phase related SOA were found to increase during severe haze when
relatively humidity was high (Xu et al., 2017; Zhao et al., 2019). These results highlight the importance of reducing, not only
the primary particulate emissions, but also the anthropogenic gaseous precursors to suppress secondary aerosol formation in

regional scales (Du et al., 2021; Kulmala et al., 2021).

Regional transport and meteorological conditions also play roles on the evolution of haze episodes. Air masses coming from
the south of Beijing often bring pollutants to this area, and hence favor the rapid built up of particle masses (Ma et al., 2017;
Sun et al., 2015; Zheng et al., 2015). It has been found that 40% of PM. s could originate from regional transport in an annual
scale (Ge et al., 2018), and under very unfavorable meteorological conditions, it could contribute even up to 80% of the total
particle mass during a single haze episode (Sun et al., 2016). Besides, haze events occur typically under stagnant conditions
(Zheng et al., 2015). Under such circumstance, high aerosol concentrations tend to delay the onset of precipitation (Guo et al.,
2016), and thus, the relative humidity (RH) within the boundary layer is often rather high, which further promotes the
heterogeneous reactions producing secondary aerosols (Sun et al., 2013a). Additionally, results have shown that when RH

increased above 60%, particles were found to be in a liquid state, thereby accelerating secondary formation (Liu et al., 2017).

The air quality in Beijing has improved substantially over the past decade, especially after introducing the “Action Plan for Air
Pollution Prevention and Control” in 2013 (Li et al., 2020b; Lu et al., 2020; Wang et al., 2020d). However, the particulate
pollution in Beijing still exceeds the national air quality standards (Xiao et al., 2020). Besides, although the concentration of
SOz decreased significantly, the level of NOx remains still high, which results in NOs becoming the main contributor of
secondary inorganic aerosols (SIA) (Xie et al., 2020). Furthermore, concurrent with the decreasing PM concentrations, ozone

is rapidly becoming a year-round air pollution problem in China (Li et al., 2021).
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In addition to long-term actions, Beijing has imposed strict short-term emission reductions during highly visible international
events, such as Beijing Summer Olympics in 2008 (Wang et al., 2010), Asia — Pacific Economic Conference (APEC) in 2014
(Chen et al., 2015; Sun et al., 2016), and Victory Day Parade in 2015 (Zhao et al., 2017). More recently, after the start of the
COVID-19 outbreak, the Chinese government carried out strong restrictions (COVID lockdown) in order to prevent the spread
of virus. Reduced anthropogenic activities resulted in decreased emissions, yet severe pollution episodes were still observed
(Le et al., 2020). In preparation for the Beijing Winter Olympics, the Chinese government authorized necessary actions,
successfully improving air quality during this period. Additionally, annual Chinese New Year celebrations are typically

associated with reductions in anthropogenic emissions during the 7-day holiday.

All those special events mentioned above have different characteristics in regard to emission reductions. During the COVID
lockdown, traffic was reduced, but cooking emissions and industrial activities continued at least partially (Shi and Brasseur,
2020). During the Beijing Winter Olympics, heavy industrial activities were regulated to improve the air quality. During the
Chinese New Year, a large proportion of Beijing migrant workers and students from other cities are leaving the city and
returning to their hometown. Therefore, anthropogenic emissions from e.g., traffic, cooking and industry are reduced
substantially. Thus, a comparison between COVID lockdown, Beijing Winter Olympics and Chinese New Year can provide a

unique chance to investigate the response of air pollutants to different emission reduction actions.

In this study, we examined the wintertime (1* January to 20" February) air quality in urban Beijing during a four-year period
from 2019 to 2022. We utilised comprehensive observations of air pollutants in both gas phase (including carbon monoxide,
sulfur dioxide, nitrogen oxides, ozone, sulfuric acid, and oxygenated organic molecules) and particle phase (including number
size distributions of particles and ions, mass concentrations of PMa2s and its compositions), as well as of meteorological
conditions (including temperature, RH, UVB radiation, wind speed and direction, and boundary layer height) from Aerosol and
Haze Laboratory operated by Beijing University of Chemical Technology (AHL-BUCT; Liu et al., 2020). The objectives of
this study are 1) to investigate the year-to-year variabilities of different pollutants and to understand their connections with
emissions and meteorological conditions, and 2) to examine the characteristics of atmospheric pollution cocktail during
different short-term special events (Beijing Winter Olympics, COVID lockdown and Chinese New Year periods) associated
with substantial emission reductions. This study provides helpful information on pollution characteristics of urban Beijing both
in a long-term scale and short-term special periods with different emission reductions, which can give guidance to make targeted

and sustainable emission control plans.

2. Measurements and methods
2.1 Site description

Beijing is located in the northwestern part of the North China Plain. There are two mountains and a sea nearby. The Taihang
Mountain is to the west and the Yanshan Mountain is to the northwest of Beijing, and the nearest Bohai Sea is ~ 150 km to the
east. On the south of Beijing, there are several megacities, such as Baoding and Shijiazhuang. Our measurements were
conducted at downtown Beijing, the west campus of Beijing University of Chemical Technology (39.95° N, 116.31° E). The

instruments are located on the fifth floor of a teaching building, which is ~ 20 m above the ground level. The station can be
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considered as a representative urban site, and more detailed information can be found elsewhere (Du et al., 2022a; Guo et al.,

2021; Liu et al., 2020; Yan et al., 2021).

2.2 Instrumentation

110  Meteorological variables were measured with a weather station (AWS310, Vaisala Inc.) located on the rooftop of the building.

The boundary layer height (BLH) was measured using a ceilometer (CL51, Vaisala). Mixing ratios of trace gases, including

carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOx) and ozone (Os), were monitored using Thermo

Environmental Instruments (models 48i, 43i-TLE, 42i, 491, respectively).

The concentrations of neutral sulfuric acid (SA) and oxygenated organic molecules (OOMs) were measured by a chemical

115 ionization atmospheric pressure interface long-time-of-flight (CI-APi-TOF, Aerodyne Research, Inc.) mass spectrometers

using nitrate (NOs") as the reagent ion. Detailed configurations and working parameters of this nitrate CIMS can be found

elsewhere (Guo et al., 2022; Yan et al., 2022). The calibration of SA was implemented by introducing a known amount of

gaseous SA produced by the reaction of SOz and OH radical formed by UV photolysis of water vapor, which is similar to the

method in previous literatures (Kiirten et al., 2012). The calibration factor of sulfuric acid was 6.07 — 7.47 x10° cm™ /

120 (normalized cps) from 2019 to 2022. For the quantification of OOMs, a mass-dependent transmission method was used and

details of this approach is described elsewhere (Heinritzi et al., 2016). The concentration of each molecular OOM species is

calculated as follows:

L ,(OOM)(HNO;);NO3 + (O0OM — H)~ (HNO,);

[0OM] = —
2 (HNO3);NO;

%X C + Toom €Y)

where [OOM] is the concentration of one specific OOM molecule, the numerator on the right-hand side is the sum of detected

125 signal of that OOM, either as neutral molecule or as de-protonated ion (OOM-H), the denominator is the sum of all measured

reagent ions, C is the calibration factor of H2SO4 and Toowm is the relative transmission coefficient.

The mass concentration of PM»s was measured with a Tapered Element Oscillating Microbalance Dichotomous Ambient

Particulate Monitor (TEOM 1405-DF, Thermo Fisher Scientific Inc, USA). Black carbon (BC) in PMa.5s was measured using a

seven-wavelength Aethalometer (AE33, Magee Scientific Crop.) (Drinovec et al., 2015). The non-refractory chemical

130 compositions of fine particles (NR-PMz5s), including organics (Org), sulfate (SOa), nitrate (NO3), ammonium (NH4), and

chloride (Chl), were measured using an online Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM, Aerodyne

Research Inc. U.S.) equipped with a PMz s aecrodynamic lens and a standard vaporizer (Cai et al., 2020; Drewnick et al., 2005;

Jayne et al., 2000).

Concerning particle number size distributions, particles in the size range of 1 nm - 10 pm were measured using a diethylene

135  glycol scanning mobility particle spectrometer (DEG-SMPS, 1-7.5 nm) (Jiang et al., 2011; Cai et al., 2017) and a particle size

distribution system (PSD, 3 nm-10 pm) (Deng et al., 2020; Liu et al., 2016a; Yan et al., 2021). Based on this particle distribution

information, the condensation sink (CS) (Kulmala et al., 2005) of sulfuric acid was then calculated according to method

proposed by Kulmala et al. (2012). Additionally, a neutral cluster and air ion spectrometer (NAIS, model 4-11, Airel, Estonia)

was used to detect ions in the size range of 0.7-42 nm (mobility diameter) and particles in the size range of 2.5-42 nm (mobility

140  diameter) (Manninen et al., 2016; Mirme and Mirme, 2013; Zhou et al., 2020).
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2.3 Calculation of averaged oxygen and nitrogen numbers of total OOMs

The fraction weighted oxygen and nitrogen numbers of OOMs are calculated based on the following equations:

n

n0(t) = Z nO; X Fraction;(t) (2)

i=1

n

nN(t) = Z nN; X Fraction;(t) 3
i=1
where 7 is the number of OOM molecules, i is one specific OOM molecule, nO; (nN;) is the number of oxygen (nitrogen) in
OOM,;, Fraction; is the number fraction that OOM; takes, and t is one certain moment. Then, nO and nN could reflect the
averaged oxygen and nitrogen number of total OOMs at each moment. Here, we use nO to generally reflect the oxidation state

of total OOMs, and the higher of the nO, the more oxidized of total OOMs.

2.4 Division of different periods

In this study, we focus on the year-to-year variability of air quality in winter Beijing (abbreviated as year-to-year variability in
the following text), as well as the influence of special events, including the Beijing Winter Olympics (Olympics), COVID
lockdown (COVID) and Chinese New Year (CNY) during the four years from 2019 to 2022. Thus, the whole winter period
from 1* January to 20™ February was divided into two separated ones (Fig. S1 and Table 1):

a. The periods of year-to-year variability. When the year-to-year variability is investigated, there should be no disturbance from
any of the special events, and the chosen days should be from the same periods of different years. Therefore, the period of year-

to-year variability covered days from 1°* to 22" January of each year, lasting for 22 days.

b. The periods of special events. To ensure comparable durations for special events, days ranging from 4" to 20" February
were chosen as the special event periods. The days within this date range in 2020 and 2022 are referred to as COVID and
Olympics periods, respectively. Since CNY holidays in 2022 interfered with Olympics, only CNY holidays in 2019 and 2021
were used and combined together as the CNY period. Finally, for a better understanding of the special event effect, a Reference

period including the non-event days in 2019 and 2021 was chosen as the “base-period”.

3. Results and discussion
3.1 Year-to-year variability of air quality
3.1.1 Meteorological conditions

Meteorological conditions are strongly interlinked with air quality. Therefore, we first focus on the year-to-year variability of
meteorological parameters. As shown in Fig. 1, the local wind distributions in 2019 and 2020 were quite similar, following the
typical diurnal wind pattern in Beijing induced by the mountain-valley breeze. During the night and morning, the wind mainly
blew from the northwest, and the median wind speed (WS) was quite low (~ 0.5 m s™). From afternoon, however, the wind
direction turned to a southerly wind. In 2021, the wind was mostly from the northwest without a clear diurnal variation. In

2022, the wind blew mostly from the southeast during night and morning but came from northeast during afternoon and evening.
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Usually, the air masses coming from the south or east possess higher temperatures and bring more water vapor as well as
pollutants, whereas air masses coming from the north or west are typically colder with a lower RH and lower pollutant
concentrations (Wang et al., 2013; Zhong et al., 2018). The median temperature in 2021 was the lowest (-2.0 °C, Fig. 2a) and
the median RH was also lower (24 %, Fig. 2b) compared with the other three years, which might be partly due to winds coming
mainly from northwest throughout the day. The median wind speed in 2021 was also slightly higher (0.75 m s!, Fig. 2d) and
the interquartile range had slightly larger range throughout the day than in the other years. As the typical diurnal pattern of
wind direction in Beijing is induced by the mountain-valley breeze which is usually occurring only during rather stagnant
synoptic conditions, the lack of diurnal pattern of wind direction and the higher wind speeds in 2021 suggest that the synoptic
meteorological conditions might have been stronger during this period in 2021 than in the other years. The BLH in 2021 was
also the highest throughout the day (Fig. 2e, f). During the other three years, the overall values of the temperature, wind speed
and BLH were comparable to each other, even though the RH showed signs of an increasing pattern. Higher values of RH may
facilitate the hygroscopic growth of aerosol particles (Cheng et al., 2016; Hodas et al., 2014) and change the particle phase
state, thereby likely promoting the secondary aerosol formation via heterogeneous reactions (Chao et al., 2020; Hung et al.,
2016; Shiraiwa et al., 2017; Sun et al., 2018).

3.1.2 Trace gases

The concentrations of CO, NO and NO2 decreased from 2019 to 2021 and rebounded in 2022, resulting in their lowest
concentrations in 2021 (Fig. 3, median values are 308, 5.5, and 12.8 ppb for CO, NO and NOx, respectively). The variations of
CO, NO and NO2 were generally opposite to that of the BLH, suggesting that atmospheric diffusion capacity could play some
role. However, the variation of BLH alone was not enough to explain the huge drops of these pollutants in 2021. In urban
Beijing, the sources of NO and NO: are mainly vehicle emissions, and thus, the observed variations indicate that the traffic
emissions reduced significantly in 2021 and rebounded to some extent in 2022. This is likely associated with the recovery of
social activities during the Post COVID-19 Period. For SOz, a monotonic decrease from 2019 to 2022 was observed, which is
consistent with the long-term variation of SOz in China, where SOz decreased from 24.8 ppb in 2013 to 8.0 ppb in 2017 for the
Beijing-Tianjin-Hebei area after the clean air action in 2013 (Wang et al., 2020d;Li et al., 2020). Consequently, our results
show that Beijing was successful in the reduction of SOz, while some challenges still exist in the restriction of NOx. The year-
to-year variability of Os was generally opposite to CO and NO», and its concentration was the highest in 2021 (15.4 ppb, Fig.
3d). This highest Os could be partly associated with the weakened titration effect of NO. Meanwhile, the level of O3 decreased
with the increase of PMa.s (Fig. S6), suggesting that Os formation might be suppressed during haze episodes within the studied
period.

3.1.3 Condensable vapors

SA is a key contributor to the formation and initial growth of aerosol particles (Kirkby et al., 2011; Paasonen et al., 2010; Sipild
etal.,2010; Yanetal.,2021; Yao etal., 2018), and OOMs are the main drivers of the particle growth and formation of secondary
organic aerosol (SOA) (Ehn et al., 2014; Nie et al., 2022). Therefore, for further investigation of number size distributions and
mass concentrations of particles, the year-to-year variabilities of SA and OOMs were first analyzed. As shown in Fig. 4, the
concentrations of sulfuric acid monomer (SA1, 4.5 — 9.6 x 10° cm™, Fig. 4a) and dimer (SA2, 3.1 x 10° — 2.8 x 10* cm™, Fig.
4b) generally decreased from 2019 to 2022. This decreasing trend is similar to that of SO, and therefore, the decline of SA1
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and SA2 was probably mainly caused by the drop of the precursor SO.. Additionally, SA2 in 2021 was higher than 2020 and
2022. Fig. 5 shows that although the data points in 2021 stand out in the SA2 vs. SA1 plot, they lie together with the data points
of the other three years in the SA2 vs. [SA1]%/CS plot. Thus, the elevated SA2 in 2021 was likely caused by the low-level CS
(Fig. S4).

The year-to-year variability of the total OOM concentration was opposite to that of the BLH. Furthermore, the median OOM
concentration in 2019 (2.4 x 107 cm?) was ~ 8.6 times of that in 2021 (2.8 x 10° cm™) (Fig. 4¢), while BLH was lower
throughout the day (Fig. 2f) and based on the 95th percentile from Fig. 2e, the daytime peak BLH in 2019 (~940 m) was only
~0.8 times of that in 2021 (~1200 m). Thus, the reasons behind this drastic yearly change of the OOM concentration are rather
complex, and may include the transportation and accumulation of precursor VOCs, change in oxidant concentrations and
enhancements of heterogeneous reactions during haze episodes when the BLH is low. Additionally, the total OOM
concentrations at same PM: s levels generally decreased from 2019 to 2022 (Fig. S7), suggesting that the condensational growth
of OOMs forming SOA under the same PMz s level likely decreased too. In terms of the OOM composition, Fig. 4d shows that
the oxygen content of OOMs increased year by year, indicating that the averaged oxidation state of OOMs was enhanced
gradually. This might be caused by the elevation of atmospheric oxidation capacity, however evidence on that is lacking at this
moment and further investigations are highly needed. Also, the nitrogen content of OOMs increased from 2019 to 2022,
suggesting that the involvement of NOx in OOM formation was enhanced. The change of median nN value from 2019 to 2022
was 0.17, and this increasing trend may continue in the future as the NOx to VOCs ratios will likely increase due to the fact
that the decrease of NOx is slower than that of VOCs (Li et al., 2020b; Yao et al., 2022).

3.1.4 Particles and ions

Figure 6 shows the year-to-year variabilities of number concentrations of particles in different size ranges. The number
concentration of sub-3 nm particles (Ni.3-3) decreased from 2019 to 2021, but increased slightly from 2021 to 2022. The
influencing factors behind this variability are discussed in the following text. Number concentrations in the nucleation mode
(3-25 nm, Ns-25) and Aitken mode (25-100 nm, Na2s-100), generally decreased from 2019 to 2022. Especially, Ns-2s was
significantly lower in 2022 than in the other years, which could be attributed to fewer nucleated particles growing into larger
sizes when NPF events occurred in 2022 (as shown in Fig. S2). In contrast, the OOMs concentration was higher in 2022 than
in 2021 (Fig. 4¢), so reasons for the less efficient grow of the nucleation mode particles in 2022 should be explored further.
The accumulation mode particle number concentration (N1oo-1000) was significantly lower in 2021 than in other years, suggesting
a suppressed growth of particles from the Aitken mode to larger sizes in measured air masses. This is consistent with the fact
that the wind was mainly from northwest in 2021, bringing clean air with low gaseous precursor concentrations. Thus, the
overall low Nioo-1000 in 2021 could also be associated with the more frequent clean air episodes with PM2.s <35 ug cm™ in 2021

(67%, Fig. S3a).

The year-to-year variability of N33 was contributed by several factors associated with both sources and sinks of these particles.
In urban Beijing, as reported in previous studies (Cai et al., 2021; Deng et al., 2021; Deng et al., 2020; Du et al., 2022a), the
formation and growth of new particles is influenced by the SA concentration, background aerosol population, amine
concentration and ambient temperature, among other things. The SA concentration decreased from 2019 to 2022, and the PMa.s
mass concentration, which is strongly associated with the coagulation caused by background aerosols, was the lowest in 2021

(Fig. 9). Also, as shown in Fig. 2, the ambient temperature was the lowest in 2021, causing favorable conditions for the
7/40



https://doi.org/10.5194/acp-2022-565 Atmospheric
Preprint. Discussion started: 22 September 2022 Chemistry
(© Author(s) 2022. CC BY 4.0 License. and Physics

Discussions
By

245

250

255

260

265

270

275

formation of new particles because small clusters evaporate less efficiently when temperatures are lower. However, with such
favorable conditions, the Ni.3.3 was still the lowest in 2021. The intensities of NPF events were lower in 2021 than 2022, while
the NPF event frequency was higher in 2021. A possible reason for this observation is amines, the concentrations of which
could have been reduced in 2021 due to limited traffic emissions (indicated by NOx). However, the influence of this factor is
uncertain without simultaneous measurements. The opposite year-to-year variability of BLH can also partly explain that of
Niza.

Unlike the number concentration of sub-3 nm particles, the ion concentrations in both 0.8-2 (No.s2, ions) and 2-4 nm (N2-4, ions)
size ranges were higher in 2021 than in the other years (Fig. 7), possibly due to variations in ion source strengths. The ion
concentration was higher in the size range of 0.8-2 nm than in the size range of 2-4 nm, which is consistent with previous
studies (Kulmala et al., 2013). Figure S8 shows the levels of Ni3.3 and Nos-2, ions under different pollution level among those
four years. We found that N1 33 decreased with the increasing PMz s levels, while sub-2 nm ions showed relatively constant
concentrations under different pollution levels. These results suggested that background aerosol particles played a more

significant role in scavenging small particles than ions.

Figure 8 shows that there was a positive and relatively strong association between the concentrations of 2-3 nm particles and
the concentrations of SA1 and SA2 in every year, probably because the formation and growth of nucleated particles is strongly
dependent on SA. A weak positive association was also observed between the 2-4 nm ion concentration and SA1 and SA2
concentration. Since 2-4 nm ions originate from collisions between small ions and particles, their concentration is expected to
be correlated with SA2, especially as the concentrations of 2-3 nm particles were strongly correlated with concentrations of

SA2.

3.1.5 PM:;s and its compositions

The PM2.s mass concentration generally decreased from 2019 to 2021, while rebounding in 2022 to reach a similar level as in
2020 (Fig. 9). In 2019, although the median value was similar to those in 2020 and 2022, the average PM2 s mass concentration
was higher than in 2020 and 2022. This is because there were more severe haze events in 2019 (PMa.s > 150 pg cm™, 7%, Fig.
S3a), which increased the average PM2 s mass concentration considerably. The lowest PM2 s mass concentration coincides with
the highest BLH in 2021 (Fig. 2e, f). In addition, winds were mainly from northwest in 2021, bringing clean air masses with
low PM loadings, and hence the frequency of PM2.s < 35 pug cm™ was the highest in 2021 (67%, Fig. S3). These results indicate
the important influence of meteorological conditions on air quality. PM2.s concentrations are also driven by primary emissions

and secondary production, discussed in more detail below.

The mass concentrations of Chl, BC and Org showed similar year-to-year variabilities as the PMz.s mass concentration, with a
decrease from 2019 to 2021 and then an increase in 2022 (Fig. 10). Related mainly to primary sources, the mass concentrations
of Chl and BC had similar year-to-year variabilities as CO, a tracer for combustion sources. The mass concentration of Org had
a similar year-to-year variability as Chl and BC, which is because primary emissions like combustions partly contribute to the
Org in the particle phase. Another important contributor to Org is secondary formation processes. Previous studies suggest that
OOMs, which also decreased from 2019 to 2021 and then increased in 2022, can contribute a substantial fraction to secondary
organic aerosol mass concentrations (Nie et al., 2022), Therefore, the year-to-year variability of Org can be attributed to both

primary emissions and secondary production processes.
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However, unlike Chl, BC and Org, sulfate showed the lowest concentration in 2022. The generally decreasing trend of the
sulfate mass concentration is consistent with the decreasing trend of the SOz concentration from 2019 to 2022, reflecting the

significant reduction of SOz emissions that China has made during the recent years.

Nitrate and ammonium had their lowest concentrations in 2021 with an increase in 2022 but, unlike Chl, BC and Org, they had
higher concentrations in 2020 than in 2019. The similar year-to-year variabilities of nitrate and ammonium is mainly because
ammonium tends to be associated with nitrate and sulfate in the particle phase, and the contribution of nitrate becomes dominant
due to the significant reduction of SOz emissions. With lower NOx in 2020 than 2019 (Fig. 3b, ¢), the higher NOs concentrations
in 2020 than those in 2019 suggest that more nitrogen oxides were transformed into particulate nitrate. Figure S12 shows that
at almost all PMazs levels, the mass concentration of nitrate in 2020 was higher than that in 2019, while NO2 and NO
concentrations were generally lower in 2020. One possible reason for this is the much higher RH in 2020, leading to more

aerosol liquid water content, which promotes the uptake of HNO3 and the hydrolysis of N2Os (Wang et al., 2020c).

Despite some year-to-year variabilities of the mass fractions of the different acrosol component, Org always contributed the
largest fraction to the mass concentration of PM: s in every year, followed by nitrate (Fig. 11a). The nitrate fraction generally
increased from 20% in 2019 to 28% in 2022, suggesting the more and more important role of nitrate formation. The important
role of the organics and nitrate in the PMz s composition has also been found in previous studies in Beijing (Hu et al., 2021;

Sun et al., 2020; Xu et al., 2019).

Figure 11b shows that when the PM2.s mass concentration increased from smaller than 35 ug m to larger than 150 ug m, the
mass fraction of secondary inorganic aerosol (SIA), including nitrate, sulfate and ammonium, increased while the mass fraction
of organics decreased in every year. This phenomenon was mainly driven by the increase of the nitrate fraction. Especially in
2021 and 2022 when the PMa.5 mass concentration was between 35 and 150 pg m™, the mass fraction of nitrate was the largest
among the different components. Our results indicate the important role of nitrate to haze formation and the urgent need for

significantly reductions in NOx emissions in order to improve the air quality in Beijing.

A number of studies have investigated the yearly changes of chemical compositions of particulate matter in Beijing in recent
years (Hu et al., 2021; Wang et al., 2019; Xu et al., 2019; Zhang et al., 2020; Zhou et al., 2019). Due to the implementation of
air quality regulations, most of the compounds in particulate matter have decreased significantly. For example, chloride of PM;
decreased by 65-89% from 2011-2012 to 2017-2018 in urban Beijing using an ACSM (Zhou et al., 2019). In this study, organics
also decreased by 37-70%. However, the nitrate concentration did not decrease but even increased. The nitrate concentration
was also found to increase by ~4% during winter time from 2007 to 2017 in a previous study (Zhang et al., 2020). Additionally,
many studies found that nitrate gradually becomes the major contributor to the chemical composition of particulate matter,
overweighing organics, especially during severe haze periods (Hu et al., 2021; Xu et al., 2019). These results are consistent

with ours, indicating the importance of reducing NOx concentration in Beijing.

3.2 The influence of different special events on air quality
3.2.1 Meteorological conditions

Meteorological conditions were not substantially different among different special events, with a few notable exceptions that

might have influence on air quality. There are three meteorological characteristics needed to be mentioned. First, the wind
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direction distribution during Reference, CNY and COVID periods were generally similar and followed the typical diurnal wind
pattern in Beijing (Fig. 12a, b, ¢). Specifically, during the night and morning, winds mostly blew from northwest and sometimes
also from northeast, while from afternoon to early night the wind direction turned to the south or southeast. During Olympics,
however, the wind pattern was not as strong as in the other events (Fig. 12d). From the mid-night to morning the dominant
wind direction was the southwest, instead of northwest as during the other events. While during the afternoon and evening,
there was no prevailing wind direction, and in addition to the typical southerly winds, there were also winds from northeast.
This feature could have affected the air quality positively during the Olympics as there were less frequent southerly winds
which are typically associated with more polluted air masses. Second, the median temperatures during Olympics (-0.6 °C) and
CNY (-0.5 °C) were lower than during Reference (2.5 °C) and COVID (2.6 °C) periods (Fig. 13a). The temperature variation
may cause changes in the rate of gas- and particle-phase reactions as well as in the volatility of oxygenated organic molecules,
and thereby may have slight influence on the air quality. Third, the median RH during the COVID period (52 %) was higher
than during the other three periods (24 — 27 %) (Fig. 13b). As discussed in Sect. 3.1.1, the high RH levels could promote the
secondary aerosol formation through heterogeneous reactions. Meanwhile, the wind speeds (Fig. 12 and Fig. 13d) and BLH
levels (Fig. 13e, f) during the four periods were comparable to each other, so that the vertical mixing of air masses was likely

relatively similar among different periods.

3.2.2 Trace gases

Since the restrictions during the COVID, Olympics and CNY periods aim at different sections of social life and production
activities, trace gases may have different responses to different periods. As shown in Fig. 14, the concentrations of NO and
NO2 during the three restriction periods were all lower than the Reference period, suggesting that the controlling measures
during the COVID, Olympics and CNY were effective in reducing NOx. Apart from that, other trace gases had variable
responses to different special events. First, during COVID, the concentration of CO was extremely high (849 ppb), even
exceeding that in the Reference period (571 ppb) (Fig. 14a). Fig. S3b and S10 give us a possible explanation for such behavior,
showing that severe haze (PMas > 75 pug m™) occurred with the highest frequency during COVID (47 %) compared with the
other three periods (1 — 32 %), and that the CO concentration increased with increasing PMz 5. Second, when PMz s exceeded
35 pg m3, the SO2 concentrations during COVID were much lower than during the other periods (Fig. S10). This feature was
associated with higher values RH (Fig. S9) and higher particulate sulfate concentrations (Fig. S13). Therefore, the conversion
of gaseous SOz to particulate sulfate was likely enhanced during COVID when the PM2 s concentration was larger than 35 g
m3. Third, during Olympics, the mixing ratios of CO and SOz were the lowest, which was probably caused by the cleanest air
masses during this period (See Sect. 3.2.1 for corresponding discussions). On the contrary, Os had the highest concentration
(median value 28.1 ppb, Fig. 14d) during Olympics, which could partially be related to the low NOx concentrations. However,
as the level of O; is affected by many factors, such as meteorological conditions, regional transport (Ge et al., 2012; Lin et al.,
2019; Liu et al., 2019; Zhao et al., 2021), photochemical processes associated with solar radiation, NOx and VOCs (Li et al.,
2020a; Tan et al., 2018), further analysis is highly needed for digging out these causes. Additionally, O3 and PM2s showed a
non-linear relationship during the special event period (Fig. S10). More specifically, Os first decreased and then increased with
increasing PMa.s, which is consistent with previous studies (Wang et al., 2020d; Zhao et al., 2020). As for the CNY period, its
restriction effect on NOx was comparable with Olympics, but not for SOz due to fireworks. Overall, our results suggest that the

restrictions during Olympics were the most effective in controlling primary gaseous pollutants.
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3.2.3 Condensable vapors

The responses of SA and OOMs to the three restriction periods were quite different. For SA, the concentrations of SA1 and
SA2 were the lowest during COVID (median value are 4.2 x 10° cm™ and 5.7 x 10> cm™ for SA1 and SA2, respectively) and
were comparable in the other three periods (median values are 6.0 — 8.7 x 10° cm™ and 1.5 — 1.9 x 10* cm™ for SA1 and SA2,
respectively) (Fig. 15a, b). Since SA is mainly produced from SO2 oxidation by OH radicals (Finlayson-Pitts and Pitts Jr.,
2000) and is primarily scavenged by condensation onto particles (Dada et al., 2020; Guo et al., 2021; Yang et al., 2021), the
lowest concentration during COVID could be attributed to the highest condensation sink (Fig. S4b) accompanied by the low
SO: concentration (Fig. 14e). Despite the lowest SOz concentrations during Olympics, SA1 was not low (Fig. 15a) and SA2
was even the highest (Fig. 15b). This was probably caused by the synergistic effects of decreased condensation sink (Fig. S4b)
and increased atmospheric oxidation capacity during Olympics (which could be partially indicated by the highest O3, Fig. 14d).
Meanwhile, compared with COVID and Reference periods, the ratios of SA2/SA1 during Olympics and CNY were higher,

suggesting that the cluster formation efficiency of sulfuric acid was enhanced during those two periods.

The concentration of the total OOMs (median values are 1.5 — 2.8 x 107 cm™, Fig. 15d) was the highest during COVID.
Compared with SA, the production and loss processes of OOMs are much more complex: they can be generated from the
oxidation of VOCs (volatile organic compounds) and OVOCs (oxygenated volatile organic compounds), or be evaporated from
the particle phase (Kohli and Davies, 2021; Wilson et al., 2015; Yli-Juuti et al., 2017). When it comes to the loss processes,
OOMs can be consumed by further oxidation processes, or through absorption onto particle surfaces via pure condensation or
reactive uptake. Among all these factors, precursor VOCs and OVOCs could have great impacts. Since such precursors tend to
come along with pollution (Niu et al., 2022; Yao et al., 2021), OOM concentration also showed a strong association with the
pollution level (Fig. S11). This is probably why the OOM concentration was the highest during COVID when severe haze
(PM2s > 75 pg m) was most frequent, and the lowest during Olympics when there was almost no severe haze (Fig. 3b). For
OOMs themselves, Fig. 15 and Fig. S11 together show that under the same PMa 5 level, both the averaged oxygen and nitrogen
numbers during Olympics were the highest, which implies that not only the oxidation state of OOMs was enhanced, but also

the involvement of NOx was more effective during Olympics.

3.2.4 Particles and ions

As shown in Fig. 16, V133 was almost at the same level during the Reference, COVID, Olympics, and CNY periods. N3.25 was
lower during CNY period and N2s.100 were slightly lower during Olympics than during the other periods. However, Nioo-1000

was significantly lower during Olympics compared with the other periods.

The small variability of N13.3 between the different periods indicate that the special events may have only little effect on the
formation of sub-3 nm particles, i.e., new particle formation processes, consistent with a previous study (Yan et al., 2022).
However, for the accumulation particles, the significantly lower number concentrations during Olympics indicates a great
impact of the reduction of anthropogenic emissions on large particles during this period. Also, the frequent wind direction from

the north indicates the transport of clean air mass during Olympics.

Ion concentrations in the different size ranges were significantly higher during Olympics compared with the other periods (Fig.
17). During COVID, the ion concentrations were the lowest. Such differences between the different periods basically follow
the year-to-year variabilities of ion concentrations. As discussed in Sect. 3.1.5, the ion concentrations were higher in 2022
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compared with the other years, which is consistent with the higher ion concentrations during Olympics in 2022 than during the

COVID, CNY and reference periods.

3.2.5 PM:;s and its compositions

The median mass concentration of PM2.s was the lowest during Olympics and the highest during COVID, as compared with
the other periods (Fig. 18). During the CNY period, the median mass concentration of PM2.s was the second highest. The
differences in the PM2.s mass concentration between the different periods were not due to different values of the BLH, since

the BLH was similar between the COVID and Olympics periods and the highest during the CNY period (Fig. 13e).

Favorable meteorological conditions for transport of clean air mass during Olympics is one of the main reasons leading to the
lowest PM2s mass concentration. In contrast, unfavorable meteorological conditions during the COVID and CNY periods
worsened air quality during these two periods. As shown in Fig. 12, the wind cycle was obviously different during Olympics
than during the other periods. In urban Beijing surrounded by mountains to its west, north and northeast, there is a typical wind
cycle with winds tending to come from north or northwest in the morning and from south or southeast in the evening. Such a
cycle was obvious during the CNY and COVID periods, allowing the transport of polluted air masses to urban Beijing from

the south or south east, thereby leading to severe haze events.

Another reason for the much lower mass concentrations of PMz.s during Olympics compared with the Reference period were
the restriction measures on reducing anthropogenic emissions during this time period. Consistently, there were much lower
concentrations of primary particles, i.e., BC and Chl, during Olympics than during the Reference period (Fig. 19). Although
strict restrictions were also performed during COVID, BC and Chl concentrations were slightly higher than during the
Reference period. This should not be interpreted as that emission control was not effective during COVID. In fact, BC during
COVID was lower than during the Reference at the same PM: 5 levels (Fig. 13f). The higher average BC concentration during
COVID was associated with the higher frequency of haze episodes during COVID. During CNY, the relatively high primary

aerosol concentrations seem to be associated with fireworks.

Secondary aerosol formation is important to understanding PMzs levels as this process is often the main contributor to the
particle mass concentration. The much higher fraction of SIA compared to the other components during COVID (Fig. 20a)
indicates the enhancement of atmospheric oxidation capacity, which might explain the more severe haze events during this
period compared with the other periods. As shown in Fig. 20b, the mass fraction of SIA was much higher during COVID, and
when the PMa.5 mass concentration was higher than 35 pg m, the mass fraction of SIA reached almost 70%. The much higher
values of RH during COVID could have promoted heterogeneous reactions to produce higher SIA concentrations (Fig. 13b).
Besides, nitrate showed higher concentrations and mass fractions when PM: 5 increased from 35 pg m™ to larger concentrations
during COVID than other periods, although there was a reduction in NOx emissions due to strict restrictions on vehicles this
period. This phenomenon indicates that secondary formation of nitrate was enhanced and thus contributed to the formation of
haze during COVID. In the case of sulfate, although the SO. concentration was low during COVID, the overall mass
concentration and mass fraction of sulfate was higher than during the other periods, which might be associated with the much
higher values of RH during COVID. With higher mass concentrations and fractions of nitrate and sulfate, the ammonium was

correspondingly higher during COVID than during the other periods.
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4. Summary and conclusions

This study investigated the air quality in a megacity, Beijing, with an emphasis on the year-to-year variability during wintertime
and the influences of special events. Numerous variables, including meteorological parameters, concentrations of trace gases,
gaseous sulfuric acid and oxygenated organic molecules, number concentrations of atmospheric particles and ions, as well as
PM: s and its composition, were systematically analyzed. The comprehensive data sets span the dates from 1% January to 20™

February in the years from 2019 to 2022.

In the first part, the year-to-year variability of air quality during winter Beijing was explored and the data sets before 23™
January were used. Generally, the meteorological conditions during the four years were similar, except that the air masses in
2021 were much cleaner, with only ~ 6 % heavy-polluted days (75 < PM25 < 150 pg m™) and no severe haze days (PMa.5 >150
pg m). The highest fraction of clean conditions in 2021 was likely favored by the strongest atmospheric diffusion capacity
accompanied by the highest average wind speed and boundary layer height. Most gaseous pollutants (like CO, NO, NO, total
OOMs) and intensive aerosol variables (like concentrations of sub-3nm particles, PMzs, organic aerosol, chloride and black
carbon) decreased from 2019 to 2021 while rebounded in 2022. Such rebound of pollutants in 2022 is likely associated with
the recovery of social activities during the Post COVID-19 Period. This suggests that the air quality in urban Beijing was
gradually improved, but we should still pay careful attention to control measures since there are still frequent severe haze days
occurring. Unlike the variation of the above pollutants, SO2 monotonically decreased from 2019 (3.06 ppb) to 2022 (0.68 ppb),
which is consistent with the restriction of SOz emission. The Os concentration showed an opposite year-to-year variability
compared with NOx that it increased from 2019 (6.3 ppb) to 2021 (15.4 ppb) and dropped in 2022 (8.1 ppb). Meanwhile, both
oxygen and nitrogen contents of gas-phase oxygenated organic molecules increased year by year, implying that not only the
oxidation state of those compounds was increased, but also NOx was involved more efficiently in their formation processes.
Owing to the significant emission reduction of SOz emissions, concentrations of gaseous sulfuric acid monomer, dimer and
particulate sulfate generally decreased from 2019 (9.6 x 10° cm, 2.8 x 10* cm™ and 2.2 ug m* for sulfuric acid monomer,
dimer and sulfate respectively) to 2022 (4.5 x 10° cm, 3.1 x 103 cm™ and 1.1 ug m? for sulfuric acid monomer, dimer and
sulfate respectively). It was found that with higher sulfuric acid concentrations and NPF frequencies in 2021 than in 2022, and
with the lowest concentrations of background aerosols and the lowest ambient temperatures in 2021, N1.33 was still the lowest
in 2021. This indicates that further studies are needed to explore the reasons behind this phenomenon. Moreover, we found that
the contribution of nitrate to PM; increased from 20 % in 2019 to 28 % in 2022. The increasing trend of nitrate contribution
was more pronounced during polluted conditions (PM > 35 ug m™), indicating the important role of nitrate to haze formation

and the urgent need for significantly reductions in NOx emissions.

In the second part, the influence of special events, including Chinese New Year, COVID lockdown and Beijing Winter
Olympics, was investigated. The control measures during COVID and Olympics were effective in reducing NOx and SOx.
There was no active emission control during CNY, but rather, “indirect” emission reductions were present due to changes in
human behavior. As a result, only NOx emissions were effectively reduced during CNY. The relationships between the O3 and
PM2s concentrations were interesting. During the period of year-to-yearly variability, O3 monotonically declined with
increasing PMz s, whereas during the reference, COVID and CNY periods, Os first decreased and then increased as the PMa:s
levels went up. This suggests that the synergetic control strategy of PM2.s and O3 should adapt to the seasonality. Beneficial

from favorable meteorological conditions and significant reductions in anthropogenic emissions, there were basically no haze
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events (PMzs > 75 ug m) during Olympics, and the median mass concentration of PM2s (13.7 ug m) was also the lowest,
around one-third of that during the Reference period (42.7 pug m). However, during the COVID period, although strict emission
reductions were conducted, haze events still occurred with the highest frequency (~ 29 % for 75 < PM2.s < 150 pg m, and ~
18 % for PM2.5 > 150 ug m3). The high values of RH during COVID likely facilitated the gas-to-particle conversion of sulfur-
containing and nitrogen-containing compounds, resulting in high concentrations of particulate sulfate (8.5 pg m), nitrate (16.2
pg m>) and ammonium (8.6 pg m), which were around 6.1, 2.5 and 3.3 times those during the reference period, respectively.
Meanwhile, N13-3 was almost at the same level during the reference, CNY, COVID and Olympics periods, indicating that the
special events may have only little impacts on new particle formation processes. However, Nioo-1000 was significantly lower

during Olympics than other periods, showing the significant reduction of anthropogenic emissions during this period.

These results provide useful information on how air quality is affected by different emission reduction scenarios, which will

help in planning more targeted and sustainable long-term pollution control plans.
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Table 1. Division of different periods from 2019 to 2022.

Atmospheric
Chemistry
and Physics

Discussions

Periods of Year-to-Year Variability Periods of Special Event

Name Date Number of Days Name Date Number of Days
02/11 - 02/20, 2019

2019  01/01-01/22,2019 22 Reference  02/04 - 02/10, 2021 20
02/18 - 02/20, 2021

2020  01/01-01/22,2020 22 COVID  02/04 - 02/20, 2020 17

2021  01/01 - 01/22, 2021 22 Olympics  02/04 - 02/20, 2022 17
02/04 - 02/10, 2019

2022 01/01 - 01/22,2022 22 CNY 02/11 - 02/17, 2021 14
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Figure 1. Diurnal variations of wind direction (left panels) and wind speed (right panels) for different years (1 to 22" January).
The wind direction and wind speed are depicted in wind contour plots and boxplots respectively.
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Figure 3. Mixing ratios of (a) CO, (b) NO, (c) NO2, (d) Os and (¢) SO: for different years (1 to 22" January). The value inside
each box is the median value of corresponding parameter.

29/40



https://doi.org/10.5194/acp-2022-565
Preprint. Discussion started: 22 September 2022
(© Author(s) 2022. CC BY 4.0 License.

Atmospheric
Chemistry
and Physics

Discussions

5x10° 10° 7x107
[J25-75th [125-75th [J25-75th
T 5-95th (b) I 5-95th (C) T 5-95th
~ Median — Median 6x107 — Median
4x10° = Mean = Mean = Mean
10° & 5x107
% o 0° e . 0 4x107
o o
- ~ 5x10]
<< 6 <C O 3x107 L
o5 2x10 o 10 T p.4x10
baxio] | 1= 2x107
1x10°
1x107
10°
2019 2020 2021 2019 2020 2021 2022 2019 2020 2021 2022
i []25-75th d [J25-75th
T 5-95th ( ) 12597 5.5t (e)
7.04— Median — Median
= Mean 1.20{ = Mean 1.19
6.8 1.15 -
1.10
1.101 1.09
Qes z ]
6.4 1.02
1.00
62 0.951
6.0
2019 2020 2021 2022 2019 2021 2022
860  Figure 4. (a) Concentration of sulfuric acid monomer (SA1), (b) concentration of sulfuric acid dimer (SA2), (¢) concentration
of total OOMs, (d) fraction weighted oxygen number of OOMs (nO), and (e) fraction weighted nitrogen number of OOMs (nN)
for different years (1% to 22™ January). The value inside each box is the median value of corresponding parameter.
6] ° 2019 a
10%1. 2020 (a) of
» 2021
s 2022
1 05 4
o
£
CA
o~ 10*
<
%)
108 s %
AAAA
10? T T T - - " - - - -
10 10° 108 107 10 10" 10 10 10" 10'® 10"
SA1 (em®) [SA1]ACS (cm® s™)
865

Figure 5. Sulfuric acid dimer (SA2) vs. (a) sulfuric acid monomer (SA1) and (b) [SA1]*/CS from 2019 to 2022 (1* to 22™
January).
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markers denote the outliers.
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880  Figure 8. The relations (a) between particle number concentration in 2-3 nm size range and H2SO4 monomer concentration,
(b) between particle number concentration in 2-3 nm size range and H2SO4 dimer concentration, (c) between ion number
concentration in 2-4 nm size range and H.SOs monomer concentration and (d) between ion number concentration in 2-4 nm
size range and H2SO4 dimer concentration for different years (1% to 22" January).
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Figure 9. PM2 s mass concentration for different years (1 to 22" January). The bottom and top edges of the boxes indicate the

25" and 75" percentiles, respectively. The horizontal lines inside the boxes represent the median values. The dots denote the
mean values.
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Figure 10. Mass concentrations of PMaz.s compositions including (a) organics (Org), (b) sulfate (SOs), (c) nitrate (NOs), (d)
ammonium (NHa), () chloride (Chl), and (f) black carbon (BC) for different years (1% to 22" January). The bottom and top
edges indicate the 25™ and 75" percentiles, respectively. the circles denote the median values.
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Figure 11. Contributions of PMzs compositions including organics (Org), sulfate (SOa), nitrate (NO3), ammonium (NHa),
chloride (Chl), and black carbon (BC) (a) for different years (1 to 22™ January), and (b) under different PMz s levels.
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900  Figure 12. Diurnal variations of wind direction (left panels) and wind speed (right panels) for reference, COVID, Olympics
and CNY periods. The wind direction and wind speed are depicted in wind contour plots and boxplots respectively.
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Figure 13. (a) Temperature (Temp), (b) relatively humidity (RH), (c) UVB, (d) wind speed (WS) and (e) boundary layer height
(BLH) for reference, COVID, Olympics and CNY periods. (f) Averaged diurnal variations of boundary layer height (BLH) for
reference, COVID, Olympics and CNY periods. The value inside each box is the median value of corresponding parameter.

Please note that for UVB, only daytime (08:00 — 16:00) dataset was used.
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910  Figure 14. Mixing ratios of (a) CO, (b) NO, (c) NO, (d) Os and (e) SO: for reference, COVID, Olympics and CNY periods.
The value inside each box is the median value of corresponding parameter.
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Figure 15. (a) Concentration of sulfuric acid monomer (SA1), (b) concentration of sulfuric acid dimer (SA2), (c) ratio of SA2

915 to SA1, (d) concentration of total OOMs, (e) fraction weighted oxygen number of OOMs (nO), and (f) fraction weighted
nitrogen number of OOMs (nN) for reference, COVID, Olympics and CNY periods. The value inside each box is the median
value of corresponding parameter.
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Figure 17. Comparisons of number concentration of (a) 0.8-2 nm (Nos-2) and (b) 2-4 nm ions (N2-4) for reference, COVID,
Olympics and CNY periods. The bottom and top edges of the boxes indicate the 25" and 75" percentiles, respectively. The
horizontal lines in the boxes represent the median values. The red cross markers denote the outliers.
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Figure 18. PM>s mass concentration for reference, COVID, Olympics and CNY periods. The bottom and top edges of the
boxes indicate the 25" and 75% percentiles, respectively. The horizontal lines inside the boxes represent the median values. The
dots denote the mean values.
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935 Figure 19. Mass concentrations of PM2.s compositions including (a) organics (Org), (b) sulfate (SOs), (c) nitrate (NOs3), (d)

ammonium (NHa4), (e) chloride (Chl), and (f) black carbon (BC) for reference, COVID, Olympics and CNY periods. The median

values (cycle) and 25th and 75th percentiles (horizontal error bars) are shown.
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940  Figure 20. Contributions of PM2.s compositions including organics (Org), sulfate (SO4), nitrate (NOs), ammonium (NHs),
chloride (Chl), and black carbon (BC) (a) for reference, COVID, Olympics and CNY periods, and (b) under different PM2 s
levels.
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