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Abstract: We present a comprehensive field campaign conducted in Beijing, September 2016, to
elucidate the photochemical smog pollution, i.e. Ozone (Os). The observed daily maximum hydroxyl
radical (OH) and hydroperoxy radical (HO,) concentrations were up to 110" cm™ and 6x108 cm?,
respectively, indicating the active photochemistry in autumn Beijing. Photolysis of nitrous acid (HONO)
and Os contributed 1-2 ppbv h* to OH primary production during daytime. OH termination were
dominated by the reaction with nitric oxide (NO) and nitrogen dioxide (NO.), which were in general
larger than primary production rates, indicating other primary radical sources maybe important. The
measurement of radicals facilitates the direct determination of local ozone production rate P(Oy)
(Ox=03+NOy). The integrated P(Oy) reached 75 ppbv in afternoon (for 4 hours) when planetary
boundary layer was well developed. At the same time period, the observed total oxidant concentrations

Oy, increased significantly by 70 ppbv. In addition, the Ox measurement showed compact increase in 12
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stations both temporally and spatially in Beijing, indicating that active photochemical production
happened homogenously throughout the city. The back-trajectory analysis showed that Beijing was
isolated from the other cities during the episode, which further proved that the fast ozone pollution was
contributed by local photochemical production rather than regional advection.

Keyword: atmospheric radicals, ozone, local ozone production rate

Introduction

Air quality has been deteriorated for the past decades in China, especially in the fast-developed
eastern regions. The capital Beijing has been experiencing severe air pollution, among which the winter
haze characterized by high loads of fine particles is most well-known. Recent studies showed that
secondary compounds are the major components of fine particles (Guo et al., 2014; Huang et al., 2014;
Lei et al., 2021; Sun et al., 2014), indicating that oxidation processes play important role in particle
formation. Ozone is also a secondary pollutant generated from photochemical processes. The most
famous “Los Angeles-type” smog is characterized by hazardous level of ozone. Numerous scientific
research and investigations focus on this issue have been taken since then. However, the o0zone problem
in Beijing is not well acknowledged. Actually, ozone is the only one out of six components of China’s
official air quality index that increases over the past several years despite the implementation of regional
emission control. Ozone has become the major air pollutant in Beijing (Wang et al., 2017b; Zhang et
al., 2014).

Ozone is produced from the photochemical reactions between NOy (the sum of nitric oxide (NO)
and nitrogen dioxide (NO>)) and volatile organic compounds (VOCs), both of which are emitted by
anthropogenic activities (Cardelino and Chameides, 1995; Liu, 1977). However, the variation of ozone
concentrations in a certain location is affected by both chemical (photochemical production, titration by
NO) and physical (horizontal advection, vertical mixing, deposition and so on) processes. In urban
environments, Og is titrated to NO; by fresh emitted NO. Therefore, O, the sum of Oz and NOg, is a
better metric to quantify the extent of ozone pollution in urban areas, because it is conservative and

independent of fresh NO emission influence (Kleinman et al., 2002; Kley et al., 1994).
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Specifically, the variation of Oy concentrations depends on the local production, vertical transport

across layers, vertical deposition, and horizontal advection (E1).

d(Oy)
de)

WeAOy
H

=P(0) + = - 1 [0 +u I

1 aXi (El)
P(Os) is the effective ozone production rate including both production and destruction terms (detail
see below). Vertical transport across layers term consists of the entrainment velocity, w. and the

difference between upper and lower layers, A Oy, and is scaled by the planetary boundary layer (PBL)

height, H. The dry deposition is determined by the deposition velocity, v, the PBL height, H and the Ox

concentrations in PBL, [Ox]. Horizontal advection depends on the wind velocity, ui, and the Ox

o[0«]

concentration gradient along the wind direction, o

The direct determination of photochemical ozone production is limited due to lack of radical
measurements. A few studies in large cities in other countries based on the measurements of radical
concentrations or direct ozone production rates have shown that ozone production mechanism is not
well described by the current chemical models for high NOy conditions (Baier et al., 2015; Baier et al.,
2017; Brune et al., 2016; Cazorla et al., 2012; Cazorla and Brune, 2010; Griffith et al., 2016; Kanaya et
al., 2008; Thornton et al., 2002; Whalley et al., 2018). A previous summer field campaign with OH and
HO; radical measurements at a suburban site in Beijing showed that P(Os) reached 50 ppbv h, which
was higher than the increase in the ozone concentrations (Lu et al., 2010). A recent study in downtown
Beijing also present high ozone production (Whalley et al., 2021). Long term measurements
demonstrated that increasing Os trend in Beijing was due to active local photochemistry (Chen et al.,
2020; Wang et al., 2020). However, another study using an observational based model found that the
dramatic increase of Os was dominated by advection from a case study at a suburban site in Beijing
(Xue et al., 2014). Nevertheless, the in-situ measurement of HO, radical in Beijing is still sparse to
determine the local ozone production and to understand the ozone formation mechanism in Beijing.
Additionally, the ozone peak value observed in the surface was tightly related to the favorable
meteorology, such as high temperature, strong sunlight, and stagnant air conditions (Ding et al., 2008;

Lietal., 2020; Lu et al., 2019b), which indicates the importance of meteorological factors.
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Autumn is a transition from summer photochemical pollution to winter particle haze. The
combination of active photochemistry and poor pollution advection could result in severer
photochemical smog. To elucidate the ozone pollution formation mechanism in autumn Beijing, we
conducted a field campaign with OH and HO; radical measurements at an urban site in Beijing in 2016
from September to October. The observed concentrations of OH and HO; radicals, as well as other
parameters, enable to calculate the local photochemical production rates of ozone and further reveal the
formation of ozone pollution in Beijing for a typical episode. This field campaign in Beijing provides

experimental data to interpret the ozone formation mechanism in this transition season.

Methodology

Measurement site and instrumentation

The campaign was conducted on the campus of Peking University (39.99N, 116.30°E) in the
northwest of the Beijing city center (Fig. 1) from August 30 to October 4, 2016. It represents a typical
urban environment characterized by strong anthropogenic emissions. All measurements were taken on
the roof of a building (approximately 20 m above the ground), and the instruments inlets were 1.7 m
above the roof. The measurements included the concentrations of trace gas compounds and the
properties of particles. Details of the instrumentation setup deployed can be found in a previous
publication (Wang et al., 2017a). OH radical concentrations measurements were performed by a Laser-
Induced Fluorescence (LIF) system, which has been successfully deployed in both winter and summer
campaigns, and the details have been described by Tan et al. (2017). HO, was converted to OH in the
measurement cell by adding 5 ppm NO. The added NO mixing ratio was chosen in a low range to
minimize the RO interreference, resulting in the maximum HO, conversion efficiency to be 20%. The
detection limit was 0.5x10° cm™ for OH and 0.3x108 cm™ for HO; (15), and the uncertainty of OH and
HO, measurements were estimated to be 12% and 16%, respectively. Os, NO, NO, and CO were
detected by a series of commercial analyzers from Thermo Inc. Oz was measured by a UV Photometric
analyzer (Model 49i). NO and NO; were measured by a trace-level analyzer (Model 42i) using
chemiluminescence method. HONO was measured by a home-built Long-path Absorption Photometry,

which was shut down on September 10 due to technical failure. Photolysis frequencies were calculated

4
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from the spectral actinic photon flux density measured by a spectroradiometer (Bohn et al., 2008).
Meteorological parameters including temperature, relative humidity, pressure, wind speed, and wind

direction were measured on site.

RKUse
o BN |

Beijing ©.

Figure 1. The map of North China Plain and the PKU site location.

OH radical budget analysis

The OH radical reactions can be classified into three groups, namely initiation, termination, and
propagation (including conversion from OH to HO. and organic peroxy radical (RO.), and the OH
regeneration from HO>). The involved radical reactions are summarized in Table S1 and explained in
supplement for the specific conditions during this campaign. The OH initiation also known as radical
primary source consists of (1) photolysis of HONO, (2) photolysis of O3 followed by H,O addition, and
(3) ozonolysis of alkenes. Due to the limitation of measured parameters, we can only quantify the first
two terms.

OH termination includes the reactions with NO and NO; producing HONO and HNOs (nitric acid).
The reaction between OH and NO is the counteract reaction of HONO photolysis, which compensates
the significance of HONO photolysis. On the other hand, the NO; oxidation rate by OH radical can be
considered as the production rate of nitric acid, an important precursor for particulate nitrate.

OH is converted to HO, and RO via the reactions with CO, HCHO, and other VOCs. The produced
peroxy radicals can loss to non-radical species (see supplement), or regenerate OH radical with sufficient

NO, which is the only known reaction producing ozone from atmospheric chemistry in troposphere.
5
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Determination of local total oxidant production rate P(O3)

The net photochemical ozone production rate P(O3) can be determined by the difference between
gross formation rate F(O3) and loss rate D(Os) (E2). All the involved reactions are summarized in Table
S2. The ozone formation rate is calcualted from the NO oxidation rate by HO, and RO, (E3). We assume
the HO, and RO; concentrations are the same to calculate P(Os) since only HO, concentrations were
measured during this campaign. This assumption is justified in high NOx conditions (Martinez et al.,
2003; Mihelcic et al., 2003; Slater et al., 2020; Tan et al., 2018c; Whalley et al., 2021), because the
efficient RO, conversion to HO, reconciles the HO, concentration to the RO, concentrations. Also, the
difference in reaction rates of HO, and RO, with NO is less than 10%. The F(Os) is thus estimated to be
two-folds of reaction rate of HO, and NO. The threshold of low- and high-NOy conditions is determined
by the relative importance of the radical termination through reaction with NO and peroxy radical self-
combination (see supplement) which is calculated to be 2 ppbv during this campaign. This value is
usually below the typical NOx concentration encountered indicating a persistent high-NOy condition
during this campaign.

P(03) =F(03) - L(03) (E2)
F(O3) =k,

HO,] [NO] + X kro,+no [RO,] [NO] =2 x k, HO,] [NO] (E3)

0,+NO [ 0,+NO [

The chemical loss of ozone includes photolysis and reactions with alkenes, OH, and HO.. In
addition, the reaction of NO, with OH is also a chemical loss of Oy because NO is converted to HNO3
before photolysis to generate ozone. The O loss is dominated by the OH+NO; reaction contributing on

average 83% to the total Oy loss during this campaign because of the high NOy concentratoins.

L(03) = konsno, [OH] [NOo] + £y ) (0'D) [05] + ko,ron [03] [OH] + ko110, [05] [HO,]  (E4)

Results and discussion

Overview of measurements

The measured meteorological parameters and trace gases concentrations are shown in Fig. 2. The
daily ambient temperature maximum was above 30 degrees Celsius at the beginning of the campaign

and dropped to between 25 and 30 degrees Celsius at the end. In general, the wind speed was usually 2-
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3 m s The wind direction typically switched from north in the morning to south in the afternoon (Fig.
S2).

CO is a tracer for anthropogenic pollution, more in regional scale due to its long lifetime. There
were approximately four large episodic increases in CO during the measurement period (Fig.S1). In
contrast, NOy concentrations increase is more related to local emission due to its short lifetime. The NOx
concentrations showed typical diurnal profiles with maximum in the morning rush hours due to traffic
emission. However, the regional scale pollution is not necessary for local photochemical smog. In the

following analysis, we found photochemical smog occurred in different circumstances.
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Figure 2. Time series of measured parameters over the whole campaign. The label ‘R’ on top
of the figure denotes the date when both OH and HO; radical measurements were available during

the afternoon (12:00 to 16:00).

Os; concentrations showed typical diurnal profiles with maxima in the afternoon due to
photochemical reactions. The maximum Os concentrations were more than 100 ppbv during a few
episodes (Fig. 2). It is worth noting that O3 can be titrated by fresh emitted NO and converted to NO-.
In this case, O3 was stored in the form of NO; and regenerated by photolysis. Hence, Oy, the sum of NO,
and Os, are usually used to illustrate the ozone pollution in urban area, which are more conservative than
Os. The Oy concentrations reached 130 ppbv in a few periods (Fig. 2). In addition, the photochemical
smog characterized with high Ox concentrations, mainly happened in the south wind sector with lower
wind speed (Fig. S1).

The radical measurements were available from 31 August to 5 September and from 26 September
to 5 October (Fig. 2). The data gap was caused by the LIF instrument failure. Observed OH

concentrations showed distinct diurnal variations, with daily peak values ranging from 3x<10° cm™ to
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1>10” cm. The lower OH concentrations was observed on cloudy days while the high range of observed
OH concentrations were comparable to what has been observed in summer in other urban areas (Griffith
et al., 2016; Kanaya et al., 2007; Michoud et al., 2012; Ren et al., 2013; Shirley et al., 2006; Whalley et
al., 2018). A recent campaign conducted in Beijing during summer observed OH concentrations
reaching up to 2.8107 cm with a diurnal averaged maximum of 810° cm™ (Whalley et al., 2020). For
comparison, the diurnal averaged maximum was 4.5>10° cm= in a field campaign in Pearl River Delta,
in China during autumn (Tan et al., 2019). The relatively high OH concentration during autumn, which
is sustained by the high level of radical precursors, e.g. HONO and HCHO suggests active
photochemistry persists from summer to autumn, at least for two representative populated areas in China.
In winter, the measured OH concentration drops to 2-3>10° cm for diurnal averaged maximum (Lu et
al., 2019a; Ma et al., 2019; Slater et al., 2020; Tan et al., 2018c¢). Besides, during this autumn campaign,
the daily maximum of HO. concentrations varied from 1x<108 cm® to 6x10® cm®. The following
discussion will focus on one episode (September 1-3) to elucidate the radical chemistry and ozone

pollution formation as well as their relationship.

Radical concentrations and budget analysis

Successive radical measurements were performed from Aug. 31 to Sep. 3. A data gap for radical
measurements from 15:50 to 19:40 on Sep.3 was due to instrument maintenance (Fig. 2). The missing
radical concentrations were interpolated linearly over the data gap to calculate the turnover rate as
discussed below. O, concentrations increased from 40 ppbv at 12:00 to 110 ppbv at 16:00 on Sep. 3 (Fig.
S2). At the same time, observed HO, concentrations increased continuously from 2x108 cmto 6108

cm and maintained at 2108 cm™ after sunset (Fig. 2). The maximum OH concentrations reached 1 X

10" cm™ at noontime (Fig. 2), indicating photochemical processes were active. The following analysis
focus on the radical measurement and budget to illustrate the key process of radical reaction during this
period (Fig. 3).

Using the measured radical concentrations, one could determine the turnover rates of a few key
reactions and further perform radical budget analysis. OH radicals were initially produced from the
HONO photolysis and the reaction between O'D (generated in Oz photolysis) and H,O, which were in

the range of 1-2 ppbv h* during daytime (Fig. 3a). The OH radical termination processes include
9
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reactions with NO and NO producing HONO and HNO; (Fig. 3b). The NO reaction path showed steep
morning peak up to about 4 ppbv h™ on Sep. 2 and 3. The NO; reaction path showed similar morning
peak on Sep. 2 with a longer tailing. While the OH+NO- reaction showed a peak at 14:00 on Sep. 3,
coinciding with a NO; peak being 15 ppbv (Fig. S2). The large radical turnover rate could not be
attributed to the data gap of radical measurement which did not appear until 15:50. As shown in Fig. 3c,
the OH termination rates (OH reaction with NO and NO,) are in general larger than OH primary
production rates (HONO photolysis and Oz photolysis), which suggests additional primary radical
source plays a role in the radical chemistry. For example, the alkene ozonolysis reaction and the
photolysis of carbonyl species were not considered in this study due to lack of VOC measurements.
Besides, missing RO primary sources were found in a rural site (Wangdu) in North China Plain during
summer (Tan et al., 2017) and in a suburban site (Huairou) in Beijing during winter (Tan et al., 2018a).
Summer and winter field campaigns at an urban site in Beijing also found significant missing radical
source (Slater et al., 2020; Whalley et al., 2020). These results highlight the importance of missing
radical source contributing to strong local ozone production in Beijing. In this study, the unknown
radical source could not be quantified due to the lack of measurement for other parameters, but the local
ozone production is determined directly using radical measurements. On Sep. 3, the OH termination rate
remained at the range of 1-2 ppbv h? after 19:40 (sunset at about 18:00), indicating non-photolytic

sources producing radicals.

10
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Figure 3. Time series of experimental determined reaction turnover rates, including (a) the OH
production from Oz photolysis and HONO photolysis; (b) the OH termination via reactions with
NO and NOg; (c) the calculated OH budget (see text) and (d) OH regeneration from HO; via NO
reactions.

The reaction to reform OH radical is more important with respective to ozone pollution. OH radical
is regenerated from HO, and NO reaction, which oxidize NO to NO,. The turnover rate from HO, to
OH peaked in the morning exceeding 30 ppbv h on 2 and 3 September (Fig. 3d). The unique afternoon
peak also appeared in the OH regeneration similar to the OH termination on Sep. 3 (Fig. 3c). The
enhanced radical turnover rate on Sep. 3 during afternoon was unlikely attributed to measurement

artifacts because these two reactions involve four different measured parameters. Besides, the elevated
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OH recycling and termination rates while OH primary source was comparable to Sep. 2 suggest the
enhanced photochemistry could be driven by other radical source(s).

The OH loss includes the termination reactions and the conversion to HO. and RO; by reacting
with CO, HCHO and other VOCs. Given the termination is a minor part of the OH loss, the major OH
loss is by reaction with CO and VOCs forming HO, and RO, which later on recycle to OH via NO
reactions and resulting in ozone production in the meantime (see below).

By performing OH radical budget analysis, the daytime averaged VOC reactivity is estimated to
be about 5.4 s, which is consistent to previous studies in Beijing that the measured VOC reactivity

ranges from 12 s in summer (Whalley et al., 2021) and 5.5 s** in winter (Ma et al., 2019).

Relation between P(Os) and Ox concentration

In this study, we analyzed the relationship between local ozone production and the variation of Oy
concentrations using radical measurement during the afternoon hours. The PBL was well mixed and
maintained at relatively constant height in the afternoon. The relative change of the bounder layer height
was less than 10% (Fig, S3). Thus, the ozone entrainment from free troposphere was relatively small
due to this small change rate between the mixing layer and free troposphere. In contrast, the PBL was
only a few hundred meters in the early morning and increased sharply to 2 km at noon (Fig. S3).
Therefore, the vertical transport was important due to the fast entrainment. In the morning, the upper
layer is known as the residual layer (RL), which is isolated from the surface due to inversion at night. It
is difficult to evaluate the impact of air entrainment from RL on the O, abundance in the boundary layer
due to the following facts. First, RL usually contains the air mass with higher O3 concentration than that
of nocturnal boundary layer. Second, the radical chemistry could be attenuated in RL because HONO
concentration presents negative vertical gradient and its photolysis is the dominant radical source in the
morning (Kim et al., 2014; Young et al., 2012), while CINO; shows relatively constant concentrations
along the altitude up to a few hundred meters (Riedel et al., 2013; Young et al., 2012), whose photolysis
is also an important radical source in the morning and thus affecting ozone production. Therefore, the
difference between two layers is indiscernible without supporting measurements, which make it difficult
to estimate the effective ozone production from the radical measurement in the PBL and compare with

the Oy concentration increase in the morning.
12
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During afternoon, the PBL can be treated as a column to evaluate the ozone production by the in-
situ radical observation. The ozone production can be compared to the O concentration increase easily
without the complexity in the vertical mixing for several hours during each afternoon (i.e. from 12:00
to 16:00). Besides, the time scale of vertical deposition of Ox is in the order of one day, at least one order
of magnitude larger than that of chemical production. Therefore, the ozone budget in (E1) can be

simplified by removing the vertical mixing and deposition terms (E5).

d©y _ o[04]
o PO Fui— (ES)

The impact on Oy concentrations due to vertical entrainment become negative because the Oy
concentration is lower in the free troposphere than in the surface layer during afternoon (Kaser et al.,
2017). In this study, the simplification of vertical entrainment in (E5) should be considered as an upper
limit to estimate the Ox concentration change during the afternoon.

As shown in Fig. 4b, P(O3) determined according to E2 to E4 was integrated from 12:00 to 16:00
on each day. The integrated P(Os) was more than 40 ppbv and reached 75 ppbv on the last day, indicating
active photochemical production. The P(Os) integration started at 12:00 using the noontime Oy
concentrations as offset so that it can compared to the Oy concentration directly. The comparison is valid,
if horizontal advection is negligible as denoted by (E5). However, if air mass exchanges efficiently and
thus the horizontal advection become significant, the locally produced ozone cannot accumulate and
thus has minor impact on Oy concentration. The Oy concentration increased following tightly the
integrated P(Os) on September 3, indicating local photochemical production can support the fast Ox
increase (70 ppbv in 4 hours). Meanwhile, only small Oy increase occurred on the other two days which
could be explained by fast air mass exchange. To denote the horizontal air advection effect, Oy is
assumed to be flushed out in 2 hours (estimated from the typical wind velocity of 5 m s and the radius
of Beijing urban area of 40 km, and by using a dilution term equivalent to lifetime of 2 hours). The Oy
concentration showed consistent trend with integrated P(O3) if fast air exchange was applied (Fig. 4b).
Actually, most of the locally produced Ox (> 90%) was flushed out and transported to the downwind

regions on these two days.

13
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Figure 4. In-situ ozone budget analysis. (a) The time series of local ozone production rate that
determined from the reaction rate between HO, and NO with a scaling factor of 2 to represent the
sum of HO, and RO; (assuming similar contribution from HO; and RO;) and corrected for the
Ox loss rate via chemical reactions (Table S2). The yellow shaded areas denote the time window
from 12:00 to 16:00. (b) The comparison of Oy concentrations and integrated P(O3) from 12:00 to
16:00. The integrated P(Os) is calculated in two scenarios that without additional loss (blue circles)
and with a loss process in a time scale of 2 hours (purple circles, detail see text).

We also preformed back-trajectory analysis to investigate the meteorological conditions using the
HYSPLIT model (Stein et al., 2015). The HYSPLIT model was operated in backward mode for 24 hours
before the air masses arriving at the PKU site to track the origin of them. As shown in Fig. 5, the air
masses were mainly originated from the north on both September 2 and 3. On the other hand, the forward
mode shows that the airmasses left the city in 2 hours (not shown here). It indicates the air masses arived
at Beijing were uncontaminated continental background air and then mixed with the local emission.

However, the back-trajectory shows the air masses from the north first travel to the south part of Beijing
14
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(30 km south of Tiananmen Square) and then circled back to the measurement site since 10:00 CNST
on September 3 (Fig. S4). This results in a long residence time of the air parcel travelling in the urban
area to accumulate the anthropogenic emission and photochemical products. The unique air mass
trajectory facilitated to reserve the air parcel within Beijing and thus link the photochemical ozone
production to Oy concentration increases. In addition, we found that Beijing was isolated from the cities
to its south during the fast Ox increase period as denoted by the back-trajectory analysis (Fig. 5).
Therefore, it is unlikely that Oy increase was related to regional advection. An evidence to support this
argument is that Oy started to decrease shortly after sunset, which indicated the daytime Oy was sustained
by photochemical production. These findings suggested that large P(Os) does not necessarily result in

Oy increase, but should coincide with the meteorological field that constrains the local production within

Beijing to lead to Oy increase.

Back trajectory ends at 16:00 Sep. 2 Back trajactory ends at 16:00 Sep. 3

Legend
@ 1000mAGL
@ 2smAGL

O soomAGL

Legend
o 1000mAGL
& 25mAGL
£+ 500m AGL
PKU

Google Earth =, i

Figure 5. Back-trajectory analysis for the measurement site PKU on September 2 (left) and 3
(right) at 16:00. The back trajectory was simulated for three heights at PKU site. The stamps on

the trajectory lines denote the hourly movement of air mass.

Based on this concept, we selected days characterized by both strong local ozone production and
long residence time within Beijing during this campaign to compare the integrated ozone production
with the observed Oy concentrations increases for the ozone pollution days in the afternoon (Fig. 6). 6
out of 12 days with HO radical measurement showed that local ozone production showed consistent

trend with the Oy concentrations increases (20-70 ppbv in 4 hours). The severe ozone pollution episode
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should result from a combination of active local photochemistry and appropriate meteorological

conditions.
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Figure 6. The comparison of integrated local ozone production rate (see Fig. 4, and no dilution)
and Oy concentration increase from 12:00 to 16:00. The results are filtered for ozone pollution
episodes (Sep. 3, 23, 24 and 30 and Oct. 1 and 2). The error bars denote the uncertainty of

experimental determined parameters (P(Os): £20%, A(Ox): 35%0,).

Furthermore, we compared the Ox concentrations at the PKU site to those observed at other 12 EPA
stations in Beijing. All stations showed similar and compact Oy increases on September 3 (Fig. S6).
Such fast Ox concentrations increases over whole Beijing demonstrated that Beijing is rather
homogeneous and driven by active photochemistry. First, the compact Oy increase was unlikely caused
by regional advection, because Oy concentrations increase would have shown a time shift between
different stations if regional advection was the main force for Ox pollution. Second, the fast ozone
increase happened in the afternoon period, when PBL was well developed. Hence, vertical entrainment
was unlikely the cause of such fast ozone increase. Therefore, the O increase was most likely driven by

local photochemical production. It is worth noting that the ozone production rate is calculated using the
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measured radical concentrations. Previous studies found that current chemical models underpredicts
observed HO; concentrations under high NO, conditions in urban regions (Griffith et al., 2016; Kanaya
et al., 2007; Ma et al., 2019; Michoud et al., 2012; Ren et al., 2013; Shirley et al., 2006; Slater et al.,
2020; Tan et al., 2018b; Whalley et al., 2020; Whalley et al., 2018). Therefore, model simulation based
on similar chemical mechanism may not reproduce the high radical concentrations and thus fast ozone
production. The fast ozone production determined by radical measurement at PKU site happened
homogenously over the whole Beijing urban areas. In fact, a previous study reported that high ozone
concentrations (up to 286 ppbv) was attributed to strong photochemical production in the outflow plume
from Beijing city (Wang et al., 2006). The photochemical ozone production in the afternoon that
enhances the ozone concentrations was also found in a study based on satellite observation (Cuesta et

al., 2018).

Conclusion

In this study, we performed a detail analysis on an ozone pollution episode in autumn Beijing using
the in-situ radical and long-lived trace gases measurements. The daily maximum OH concentrations
were up to 1x10° cm=, and the maximum of HO, ranged from 1108 to 6108 cm. OH radical primary
production from HONO and Os photolysis were determined to be in the range of 1-2 ppbv h during
daytime. OH termination rates via reaction with NO and NO; were in generally larger than primary
production rates, indicating other primary radical sources, such as alkene ozonolysis reaction and the
photolysis of carbonyl species, kick in radical chemistry. However, these processes were not considered
in this study due to lack of related measurements.

During the pollution episodes, experimentally determined ozone production was sufficient to
support the O, concentrations increases. The largest integrated ozone production from 12:00 to 16:00
was found to be 75 ppbv on September 3, indicating extremely active photochemical processes.
Combining the back-trajectory analysis, we found that both fast ozone production rate and long
residence time within the city were necessary for Oy accumulation. The combination of in-situ radical
measurement and regional air quality data provide experimental evidence that fast local photochemical

ozone production contributes to ozone pollution in Beijing. Therefore, with similar meteorological
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conditions to the investigated case, ozone pollution control in Beijing requires local emission mitigation

while regional transportation has minor contribution.
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