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Ozone (O3) pollution is usually linked to warm weather and strong solar radiation, making it uncommon
in cold winters. However, an unusual occurrence of four high O3 episode days (with maximum hourly
concentrations exceeding 100 ppbv and peaking at 121 ppbv) was recorded in January 2018 in Lanzhou
city, China. During these episodes, the average daytime concentration of total non-methane volatile
organic compounds (TVOCs) reached 153.4 ± 19.0 ppbv, with alkenesdlargely emitted from the local
petrochemical industrydcomprising 82.3 ± 13.1 ppbv. Here we show a photochemical box model
coupled with a Master Chemical Mechanism to elucidate the mechanisms behind this unusual winter-
time O3 pollution. We find that the typically low temperatures (�1.7 ± 1.3 �C) and weak solar radiation
(263.6 ± 60.7 Wm-2) of those winter episode days had a minimal effect on the reactivity of VOCs with OH
radicals. Instead, the ozonolysis of alkenes generated Criegee intermediates, which rapidly decomposed
into substantial ROx radicals (OH, HO2, and RO2) without sunlight. This radical production led to the
oxidation of VOCs, with alkene ozonolysis ultimately contributing to 89.6 ± 8.7% of the O3 formation
during these episodes. This mechanism did not activate at night due to the depletion of O3 by the NO
titration effect. Furthermore, the findings indicate that a reduction of alkenes by 28.6% or NOx by 27.7% in
the early afternoon could significantly mitigate wintertime O3 pollution. Overall, this study unravels the
unique mechanism of alkene-induced winter O3 pollution and offers a reference for winter O3 reduction
strategies in the petrochemical industrial regions.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ground-level ozone (O3) pollution has attracted public attention
in the past decades due to its detrimental impacts on human
health, vegetation growth, and climate change [1e5]. Tropospheric
O3 concentrations are influenced by photochemical reactions
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among O3 precursors (i.e., nitrogen oxides [NOx ¼ NO þ NO2],
volatile organic compounds [VOCs], and carbon monoxide [CO]), as
well as by regional transport and stratosphereetroposphere ex-
change [6e9]. In addition to the concentrations of O3 precursors,
the chemical formation of O3 is highly related to meteorological
conditions (i.e., temperature and solar radiation). High tempera-
tures and strong solar radiation are conducive to the chemical
production of O3 [10e16]. As such, O3 pollution events are generally
concentrated in spring, summer, and autumn but rare in winter
[17e20]. However, a handful of studies have reported O3 episode
events (maximum hourly concentration exceeding 100 ppbv) in
winter at specific locations with high surface albedo values and/or
heavy precursor emissions [21e24]. For example, in the winter of
1993, hourly O3 peaks of 100e120 ppbv were discovered in Delhi,
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India, due to meteorological conditions favorable to the accumu-
lation of air pollutants [21]. In addition, in February 2008, O3
pollution events occurred in a natural gas field in Wyoming, the
United States of America (USA) (hourly maximum value attaining
140 ppbv) with a daily average temperature of �17 �C. These were
attributed to high concentrations of O3 precursors (i.e., alkanes)
trapped by the shallow temperature inversion [22]. Moreover, in
2013, due to high snow albedo and strong carbonyl photolysis,
severe O3 pollution was found in the oil fields of Utah, USA, with a
daily average temperature being �8 �C [23,24].

In China, surprisingly, high O3 values during cold weather have
been widely observed in North China in recent years (Supple-
mentary Material Fig. S1). On the one hand, the reduction in NOx

emissions since 2013 has resulted in enhanced O3 pollution in the
North China Plain [25]. On the other hand, large O3 precursor
emissions from oil fields and/or petrochemical industrial areas
have led to intensive production of O3 in winter [22e24,26,27].
Specifically, several high O3 days (maximum hourly values around
80 ppbv) in winter were observed in oil fields in the Yellow River
Delta (YelRD) region, which were ascribed to heavy emissions of
alkanes during oil extraction operations [28]. In addition, highly
reactive VOCs (i.e., ethene, propene, toluene, and xylene) emitted
from industry sources, combined with favorable meteorological
conditions for the accumulation of air pollutants, led to O3 pollution
(hourly maximum reaching 76 ppbv) in Shijiazhuang city in North
China during the winter [29]. Moreover, it is notable that the
highest O3 concentration was discovered in Lanzhou during winter
(Supplementary Material Fig. S1a and Table S1), which also expe-
rienced the highest frequency of days with high O3 levels (Sup-
plementary Material Fig. S1b). However, the driving factors of this
unique O3 episode event have not yet been explored.

Lanzhou is a typical industrial city in northwestern China, where
the first discovery of photochemical smog dates back to the mid-
1970s [30e32]. Apart from the dense air pollutants emitted from
the local petrochemical industry [33e36], Lanzhou's basin topog-
raphy contributes to poor air quality by creating unfavorable con-
ditions for the diffusion of air pollutants [37,38]. Previous research
on O3 pollution in Lanzhou has mainly focused on the relationships
between O3 and its precursors. For example, it was found that the
O3 formation regime at an industrial site in Lanzhou transferred
from a NOx-limited regime to a transitional one in the summer
[37e40]. In addition, the contributions of VOCs to O3 production
have been quantified [37,38,40]. Specifically, alkenes, especially C4
alkenes emitted from the petrochemical industry, were identified
as the most important contributors to O3 formation [38,41]. How-
ever, these studies solely focused on O3 formation in the summer,
mainly due to the frequent occurrence of high O3 days under
intense solar radiation and high temperatures. On the contrary, the
O3 formation mechanisms in winter have seldom been reported.
Therefore, the underlying causes of the extremely high O3 con-
centrations observed in cold weather and times of weak solar ra-
diation are worth exploring during wintertime. Furthermore, there
is a lack of detailed information about the O3 formation mecha-
nisms, such as the evolution of O3 precursors during photochemical
reactions and their impacts on radical chemistry.

To fill these knowledge gaps, an intensive sampling campaign of
O3, its precursors, andmeteorological parameters was conducted in
Lanzhou during the winter of 2018. A photochemical box model
incorporating a Master Chemical Mechanism (PBM-MCM) was
employed to investigate the relationship between O3 and weather
conditions. More importantly, critical photochemical reactions
were studied, including the evolution of VOCs and their contribu-
tions to O3 production. Based on the results, emission control
suggestions have been devised for O3 mitigation in Lanzhou. The
findings of this study will draw public attention to winter O3
2

pollution and provide new insights into photochemistry with
intensive alkene emissions.

2. Materials and methods

2.1. Sampling site and data collection

Lanzhou is one of the largest petrochemical bases in western
China. The sampling site (36�060 N, 103�370 E, 1,695 m above sea
level) was set up on the roof of the Lanyuan Hotel, which is located
in a residential area affiliated with the PetroChina Lanzhou Petro-
chemical Company. It is 0.7 km and 2.2 km away from the industrial
area and the highway, respectively (Supplementary Material
Fig. S2). Basically, the sampling site receives the emissions origi-
nating from not only residents but also industrial and vehicle
sources. A detailed description of the sampling site can be found in
Text S1 (Supplementary Material).

Intensive sampling was conducted from January 1 to 31, 2018
(Supplementary Material Text S1). The hourly mixing ratios of O3,
NO, NO2, CO, and SO2 were recorded at the national monitoring site
(https://www.cnemc.cn/, the same location as our sampling site).
An online gas chromatographemass spectrometer was deployed to
measure the concentrations of 60 VOC species: 29 alkanes, 16 ar-
omatics, 14 alkenes, and one alkyne (Supplementary Material
Table S2). Detailed information on the instrument type, measure-
ment technique, detection limits, and time resolutions is listed in
Table S3 (Supplementary Material). Oxygenated VOCs (OVOCs)
were collected using silica cartridges impregnated with acidified
2,4-dinitrophenylhydrazine. After sampling, high-performance
liquid chromatography was applied to determine the concentra-
tions of 16 OVOCs (Supplementary Material Table S4). The sample
collection, data quality assurance, and calibration methods are
described in Text S2 (Supplementary Material). An autonomous
weather station was operated at the sampling site to monitor
meteorological parameters, including relative humidity, tempera-
ture, solar radiation, wind speed, and wind direction.

2.2. Photochemical box model

A PBM-MCM was used to reproduce O3 photochemistry and
determine the impacts of meteorological conditions on the reaction
rates of O3 precursors. The MCM (v3.3.1) details approximately
17,000 reactions and 6,600 intermediate species and well describes
homogeneous gas-phase reactions in the atmosphere [42e45]. In
addition, other parameters, such as the photolysis rate, dry depo-
sition rate, development of the boundary layer, and aloft exchange
are considered in this model. The coordinates of the sampling site
and the observed solar radiation were also inputted into the model
to calculate the photolysis rates through the tropospheric ultravi-
olet and visible radiation module [15,46e49]. The model has been
applied to many cities in China, and its good performance in in situ
photochemistry simulations has been widely proven [15,46e49].

The temperature, relative humidity, O3, NO, NO2, CO, SO2, VOCs,
and OVOCs data acquired at the sampling site in January 2018 were
averagely interpolated into datasets with a time resolution of 600 s,
and these were subsequently inputted into the model to simulate
the O3 formation mechanisms. The VOC and OVOC species applied
in the model are marked in Tables S2 and S4 (Supplementary Ma-
terials). The concentrations of the other species listed in these ta-
bles were below the detection limits. The average diurnal profiles of
nitrous acid (HONO) measured in previous studies were applied
due to the lack of HONO observations (Supplementary Material
Text S3) [50e53], and the uncertainties associatedwith HONOwere
quantitatively analyzed (Supplementary Material Fig. S3). In this
study, we discovered that the radical concentrations would reach

https://www.cnemc.cn/
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statistical equilibrium within 18 h (Supplementary Material
Fig. S4). Therefore, oneeday preceding the study period was set as
the model spin-up time to ensure the statistical equilibrium of the
simulated results. The model validation method and results are
shown in Texts S4eS5 and Fig. S5 (Supplementary Material),
respectively, and the calculation formulas for reaction rates of for-
mation/destruction pathways are described in Text S6 (Supple-
mentary Material). The relative incremental reactivity (RIR) values
were defined as the relative change in net O3 production rate with
variations of O3 precursors [15,46,47,54,55]. These values were used
to evaluate the sensitivity of O3 production to its precursors. The
detailed RIR calculations are in Text S7 (Supplementary Material).
To qualify the uncertainties arising from the observed alkanes, al-
kenes, aromatics, OVOCs, and NOx, sensitivity tests were performed
through model simulations. The results are shown in Figs. S6eS10
(SupplementaryMaterial), and the related analyses are discussed in
Text S8 (Supplementary Material).

3. Results and discussion

3.1. Overview of O3 pollution in winter

3.1.1. Winter O3 pollution in China
Fig. S1a (Supplementary Material) presents the daily average

maximum O3 concentrations (> 80 ppbv) recorded in winter
(defined as December, January, and February) at 1,590 monitoring
stations in China during 2015e2020. Surprisingly, 76.3% of the
monitoring stations (1,213 sites) recorded high concentrations of
O3, which sharply contrasts with the traditional understanding that
O3 pollution mainly occurs in the warmer season. Among these
stations, 59.6% were in South China (crossed). The remaining 40.4%
that witnessed high O3 concentrations were located in North China
(dotted), where the meteorological conditions were considered
unfavorable for O3 pollution (i.e., low temperatures and weak solar
radiation). In addition, 37.0% of the stations (452 sites) recorded a
frequency of O3 pollution days (hourly O3 concentration > 80 ppbv)
of more than 1.0% during the winter days between 2015 and 2020
(Supplementary Material Fig. S1b). Analyzing the environment
surrounding those sites revealed that rural sites were primarily
near oil fields (gray-shaded areas) and that the urban sites were
generally distributed in cities with petrochemical industries.
Notably, Lanzhou experienced the highest frequency of O3 pollution
days (17.8%). Thus, Lanzhou is an ideal place to investigate the
mechanisms underlying winter O3 pollution.

3.1.2. Winter O3 pollution in Lanzhou
Fig. S11 (Supplementary Material) shows a time series of the

concentrations of trace gases and VOCs recorded in January 2018.
Four O3 episode days (January 1, 13, 16, and 20, shaded in red) were
recorded, with an average daily maximum of 115.0 ± 8.5 ppbv,
despite cold weather and weak solar radiation. The daytime
average concentrations of NO and NO2 were 16.0 ± 4.0 and
31.4 ± 3.4 ppbv, respectively, which were higher than those
recorded in other cities in China [25,59e62], indicating a strong
effect of NO titration. Furthermore, there were four more days
(January 9e10, 12, and 23, shaded in blue) when the hourly
maximum concentration of Ox (O3 þ NO2) exceeded 100 ppbv.
Overall, the O3 pollution was severe in Lanzhou that winter, which
may have resulted from local photochemical reactions due to high
concentrations of Ox.

The concentrations of air pollutants and meteorological condi-
tions recorded on O3 episode days and non-episode days are
compared in Fig. S12 (Supplementary Material). The average day-
time temperature on O3 episode days (�1.7 ± 1.3 �C) was higher
than that on O3 non-episode days (�5.7 ± 0.5 �C, t-test, p < 0.05),
3

while the relative humidity on O3 episode days was lower than that
on O3 non-episode days (p < 0.05) (Supplementary Material
Table S5). The solar radiation, wind speed, and planetary boundary
layer height (PBLH) levels were comparable (p > 0.05). Notably,
concentrations of O3 precursors, including CO, NO, NO2, and total
non-methane volatile organic compounds (TVOCs) were higher on
O3 episode days than on O3 non-episode days (p < 0.05). In
particular, the concentration of alkenes was almost 1.5 times that
on O3 non-episode days, and the diurnal pattern of alkene con-
centration showed an elevated concentration at 14:00 local time
(LT) on O3 episode days, whichwas significantly higher than that on
O3 non-episode days. However, no such difference was found in
meteorological parameters. Thus, it can be speculated that the in-
crease in the alkene concentrationwas related to local emissions. At
relatively high temperatures and low relative humidity levels on O3
episode days, the large amounts of O3 precursors might have
accelerated O3 production [63e66].

In this study, the average daytime concentration of TVOCs on O3
episode days was 153.4 ± 19.0 ppbv, which was considerably higher
than that recorded at other industrial sites in China, such as Xi'an
(85.3 ± 60.6 ppbv), Jiyuan (54.3 ± 27.5 ppbv), Wuhan (44.1 ppbv),
Taiwan (64 ppbv), and Guanzhong Plain (42.4e74.3 ppbv) [67e71].
It was even comparable to that recorded at other oilfield sites
around the world; for example, the YelRD region
(171.2 ± 527.2 ppbv), Junggar Basin (213 ± 97.7 ppbv), Upper Green
River Basin (230 ppbv), and Denver-Julesburg Basin (97 ppbv)
[28,72e74]. Fig. S13a (Supplementary Material) shows the per-
centage of VOC groups and the average daytime concentrations of
the top 20 VOC species on O3 episode days. It is worth noting that
alkenes (82.3 ± 13.1 ppbv) accounted for the largest proportion
(53.7 ± 8.5%) of TVOCs, which was different from the results found
in other oilfields where alkanes comprised the largest proportion
(Supplementary Material Fig. S13b). Specifically, propene
(35.2 ± 9.8 ppbv), ethene (25.1 ± 6.5 ppbv), and trans/cis-2-butene
(7.8 ± 3.6 ppbv) accounted for the largest proportion of alkenes.
Although the high reactivity of alkenes makes them suitable for
involvement in strong photochemical reactions, the low tempera-
tures and weak solar radiation levels of winter were not triggering
factors for intensive O3 production. Hence, the O3 formation
mechanismwas elaborated in the following sections with the aid of
PBM-MCM model simulations.

3.2. Influence of meteorological conditions on winter O3 formation

We compared the meteorological conditions and air pollutant
concentrations in winter and summer (Supplementary Material
Table S5). The reduced PBLH in winter corresponded to higher
levels of O3 precursors than in summer. This might have resulted
from weaker mixing and diffusion processes under the shallower
PBLH in winter [56e58]. Notably, the relative humidity and tem-
perature were much lower, and the solar radiation was weaker on
the winter O3 episode days compared to summer ones. Although
previous studies have demonstrated that lower humidity leads to
higher O3 concentrations in the temperature range of 30 to �30 �C
[65], the effects of temperature and solar radiation remain unclear.
In Fig. S14 (Supplementary Material), panel a shows the effects of
temperature on VOC reactivity with OH, while panel b displays the
effect of solar radiation on simulated OH concentration. Weak solar
radiation decreased the OH concentration, which could further
inhibit O3 formation. In contrast, an increase in temperature
reduced the VOC reactivity of trans/cis-2-butene, while the VOC
reactivity of 1,3,5-trimethylbenzene (135-TMB) was stable during
temperature changes due to the value of the fixed constant k of 135-
TMB and OH. Additionally, the reactivity of cyclohexane and OH
slightly increased with increasing temperature.
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To further investigate the impacts of temperature and solar ra-
diation on O3 formation, the reaction rates of alkanes, alkenes, and
aromatics with OH were simulated under changes in temperature
and solar radiation during the most active photochemical reaction
period (13:00e16:00 LT, hereinafter the peak period) on O3 episode
days (Fig. 1a). The relationships between the reaction rates of VOCs
and solar radiation were close to linear regressions, with slopes of
0.1, 2.0, and 0.1 ppbv h�1 per 100 W m�2 for alkanes, alkenes, and
aromatics, respectively. In addition, the reaction rates of alkenes
increased with increasing temperature below 10 �C and decreased
slightly when the temperature exceeded 10 �C (Fig. 1b). The reac-
tion rate of alkenes on winter O3 episode days was only approxi-
mately 15% lower than that on summer O3 episode days. It was
lower than those of alkanes and aromatics (~30%). Upon further
investigation of the alkene species, it was found that the reaction
rate of trans/cis-2-butene increased slowly above 0 �C (Supple-
mentary Material Fig. S14c). In general, low temperatures and weak
solar radiation in winter reduced the reactivity of VOCs with OH to
a certain extent but had a limited impact on the reaction rates of
alkenes with OH.
3.3. Photochemical mechanisms underlying winter O3 pollution

As shown in Fig. 2, OH plays a vital role in the ROx

(OH þ HO2 þ RO þ RO2) cycle in photochemical reactions through
Fig. 1. Reaction rates of VOC groups with OH during the peak period (13:00e16:00 LT)
under different solar radiations (a) and temperatures (b). Black dotted lines represent
the daily maximum average solar radiation and daytime average temperature on O3

episode days in winter and summer, respectively. O3 episode days in winter include
January 1, 13, 16, and 20, 2018.
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initially oxidizing VOCs, which subsequently leads to O3 formation
[14]. In general, OH concentrations are much lower in winter
compared to summer due to the aggravated OH sink caused by
higher concentrations of NO2 (i.e., the reaction of OH and NO2)
(Supplementary Material Table S5), and the reduced photolysis
sources (i.e., photolysis of O3 and HONO) when solar radiation is
weak in winter. Such processes could suppress O3 formation
regardless of the abundance of VOCs. In this study, although the
average daytime OH concentration on the winter O3 episode days
([0.8 ± 0.1] � 106 molecules cm�3) was lower than that on summer
O3 episode days ([2.0 ± 0.3]� 106 molecules cm�3) (Supplementary
Material Table S6) [40], the average OH concentration during the
peak period still reached (2.0 ± 0.1) � 106 molecules cm�3, which
was significantly higher than that found in previous studies
[75e77]. This high concentration of OH attracted our attention;
therefore, we further explored the radical chemistry associated
with OH formation.
3.3.1. Sources of OH
Fig. 3a depicts the contributions of initial sources to OH, HO2,

and RO2 on O3 episode days. It was found that the ozonolysis of
alkenes made an extraordinary contribution to OH formation, ac-
counting for 90.9 ± 17.6% of the OH sources. As the second
contributor, photolysis of HONO accounted for 8.7 ± 0.1% of the OH
sources, and the remaining sources contributed a total of 0.4 ± 0.1%.
Therefore, O3ealkene reactions were discovered to be the pre-
dominant sources of OH. Furthermore, alkene ozonolysis can occur
in a dark environment [78,79]. A handful of studies have shown
that O3 þ alkenes contribute to OH formation. For example, it was
reported that the maximum daily average contribution of
O3 þ alkenes to OH was (0.3 ± 0.1) � 107 molecules cm�3 s�1 in
Shanghai in the summer of 2018 [40]. The value at a mountainous
background site in South China (Nanling site) was found to be
(0.03 ± 0.01) � 107 molecules cm�3 s�1 [80]. The contribution level
reported at both urban and background sites in the literature is
significantly lower than the (2.1 ± 0.7) � 107 molecules cm�3 s�1

determined in this study (Supplementary Material Fig. S15). The
reactions involving O3 þ alkenes were neglected in previous work
due to their minor contributions to OH formation. To investigate
the sources of OH further, we compared the simulated results with
and without OH radicals generated by Criegee intermediates (CIs)
via model simulations. The results indicated that 31.0 ± 6.3% of the
OH was reduced when OH radicals produced by CIs were excluded
(Supplementary Material Fig. S16). CIs generated by the ozonolysis
Fig. 2. Daytime (08:00e20:00 LT) average budget of ROx on O3 episode days (January 1,
13, 16, and 20, 2018) (unit: � 107 molecules cm�3 s�1). The orange, blue, and green
arrows indicate the initiation, termination, and recycling pathways of radicals,
respectively, and the yellow arrows denote reactions related to OVOCs.



Fig. 3. Daytime (08:00e20:00 LT) average contributions of initial sources to OH (a), HO2 (b), and RO2 (c) on O3 episode days (January 1, 13, 16, and 20, 2018). The size of the ring
areas reflects the production rates of OH, HO2, and RO2. The contributions of O3 photolysis and H2O2 photolysis to OH formation are omitted (< 0.4%).
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of alkenes can rapidly decompose into OH, HO2, and RO2 (e.g., trans-
2-butene, SR1) and were determined to be one of the major sources
of radicals in this study [47,81e84]. Specifically, trans/cis-2-butenes
accounted for 63.2 ± 12.2% of OH initiation (Fig. 3a). CH3CHOOB, a
CI species named in MCM, generated from trans/cis-2-butene/
pentene, was the largest contributor to OH, contributing to a day-
time average of (1.6 ± 0.3) � 107 molecules cm�3 s�1 of OH on O3
episode days (Supplementary Material Table S7). Table S8 (Sup-
plementary Material) compares the average daytime reaction rates
between alkenes with OH and alkenes with O3. It was found that
the reaction rates of trans/cis-2-butene/pentene with O3 were
higher than those with OH. However, the reaction rates of OH with
other alkenes, particularly propene, were found to be greater
(Supplementary Material Fig. S15b). This indicated that trans/cis-2-
butene/pentenes tended to react with O3 and thus promote the
initiation of OH, which, in turn, enhanced VOC oxidation and
participated in radical cycling, ultimately leading to significant O3
production (Supplementary Material Fig. S15a).
3.3.2. Sources of HO2 and RO2

In addition to OH, CIs can be decomposed into HO2 and RO2,
which also play important roles in radical cycling [81,83e86].
Fig. 3b and c show the predominant initiations of HO2 and RO2 on
O3 episode days, respectively. Alkene ozonolysis accounted for
82.4 ± 14.7% and 98.0 ± 19.1% of the initiated HO2 and RO2,
respectively, whichwas in sharp contrast to the findings of previous
studies that showed the photolysis of OVOCs was the main source
of HO2 and RO2 [86]. As shown in Fig. 2, HO2 and RO2 promoted OH
formation by accelerating ROx cycling, resulting in more VOCs
participating in the propagation reactions. A more detailed
description of the ROx cycling can be found in Text S9 (Supple-
mentary Material). Moreover, HO2 and RO2 generated by the ozo-
nolysis of alkenes reacted directly with NO, subsequently
producing O3 (Fig. 2). This was different from previous studies,
where O3 formation was mainly achieved through the OH-initiated
oxidation of VOCs [40]. The average daytime reaction rates of RO2
and HO2 produced from O3 þ alkenes were (2.4 ± 0.4) � 107 and
(0.7 ± 0.1) � 107 molecules cm�3 s�1, respectively, which were the
largest contributors excluding OH þ VOCs and RO2 þ NO (Supple-
mentary Material Table S6), suggesting a crucial role for alkene
ozonolysis in RO2 and HO2 initiations. Furthermore, methylperoxy
radical (CH3O2) accounted for the vast majority of RO2 species
produced by alkeneeO3 reactions (72.4 ± 14.0%); it was mainly
generated from trans/cis-2-butene/pentenes (Supplementary
5

Material Table S7). Therefore, the abovementioned peroxy radicals
boosted the production of O3 by directly reacting with NO and
accelerating the ROx cycling. Overall, despite the lower tempera-
tures and weaker solar radiation levels in winter, a large amount of
alkenes emitted from the local petrochemical industry could still
enter the radical cycling by reacting with O3. Alkene ozonolysis
dominated the massive O3 production by generating OH, which
subsequently promoted the oxidation of VOCs and formed RO2 and
HO2, accelerating ROx cycling and directly producing O3 via re-
actions with NO.
3.4. Quantification of O3 formation

3.4.1. O3 production and destruction
Fig. 4a shows the average diurnal profiles of simulated O3 pro-

duction and destruction rates on O3 episode days in winter,
compared to those on O3 non-episode days in winter and summer
(Supplementary Material Table S9). The average daytime net O3
production rate was significantly higher on O3 episode days in
winter (17.0 ± 2.3 ppbv h�1) compared to that in summer
(8.9 ± 1.7 ppbv h�1) (p > 0.05) [40]. Meanwhile, the maximum O3
production rate (53.4 ppbv h�1) during winter O3 episode days was
greater than that during summer O3 episode days (~21 ppbv h�1)
[40]. In addition, we found that compared to other Chinese cities in
summer, O3 production was more intensive in Lanzhou, which was
considered more conducive to O3 formation. The rates recorded in
other cities include 4.6e7.0 ppbv h�1 (Wuhan), 3.4e4.6 ppbv h�1

(Chengdu), 5.1e7.7 ppbv h�1 (Beijing), and 2.1e3.5 ppbv h�1

(Shanghai) [40].
The HO2 þ NO and RO2 þ NO pathways dominated O3 produc-

tion. Specifically, 90.8 ± 8.5% and 88.4 ± 9.7% of the two respective
pathways were related to alkenes via the donation of peroxy rad-
icals. The contributions of alkene species to the HO2 þ NO and
RO2 þ NO pathways were quantified in Section 3.4.2. Furthermore,
78.0± 11.5% of O3 destruction resulted from the reactions of alkenes
with O3, which was different from the main reaction of NO2 with
OH in Lanzhou during summer and in other regions in China [40].
Although O3 was destructed by reactions with alkenes, the radicals
generated from these pathways produced more than twice the
amount of O3 through radical initiation compared to the O3 loss,
especially for the butene isomers (Fig. 4b). These findings showed
that the reactions of alkenes with O3 governed O3 production and
destruction and thus further indicated the pivotal role that alkenes
play in O3 pollution.



Fig. 4. a, Daytime (08:00e20:00 LT) average profiles of simulated O3 production and
destruction rates of main pathways on O3 episode days. b, Daytime average pathway
contributions of major alkenes to O3 production and destruction rates on O3 episode
days. O3 episode days include January 1, 13, 16, and 20, 2018.
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3.4.2. Contributions of alkenes to O3 production
Fig. 5 presents the detailed evolution of major alkene species

and their contributions to O3 production during the peak period
(13:00e16:00 LT) on O3 episode days. The O3 production was
dominated by the RO2 þ NO and HO2 þ NO pathways (Fig. 4a),
responsible for 54.3 ± 5.0% and 45.6 ± 4.0%, respectively.

When we analyzed the origin of RO2 in the RO2 þ NO pathway,
three radicals were found to account for most of the reactions with
NO: 1-hydroxypropane-2-ylperoxy radical (HYPROPO2), CH3O2,
and 3-hydroxy-2-butylperoxy radical (BUT2OLO2). These radicals
explained 30.9 ± 2.9%, 27.9 ± 3.8%, and 11.5 ± 1.7% of the RO2 þ NO
pathway, respectively. HYPROPO2 and BUT2OLO2 were mainly
generated by the OH-initiated oxidation of propene and trans/cis-2-
butene, respectively (Fig. 5). In addition, 2-hydroxyethylperoxy
radical (HOCH2CH2O2) and 3-hydroxy-2-pentylperoxy radicals
(PE2ENEAO2 and PE2ENEBO2) originated from the OH-initiated
oxidation of ethene and trans/cis-2-pentene, responsible for
6.5 ± 0.7% and 1.5 ± 0.3% of RO2 in the RO2 þ NO pathway,
respectively. Unlike the abovementioned radicals, CH3O2 was
mainly produced by the ozonolysis of alkenes, and 87.8 ± 16.5% of it
was derived from CH3CHOOB, which was one of the CIs. More
specifically, 91.8 ± 18.5% of CH3CHOOB was produced by the ozo-
nolysis of trans/cis-2-butene, and the remainder was generated by
the ozonolysis of propene (8.2 ± 2.7%). Additionally, 10.7 ± 1.4% of
CH3O2 evolved from CH3CHOOA, another CI produced by the
6

ozonolysis of propene. Finally, 1.0 ± 0.1% of RO2 in the RO2 þ NO
pathway was ethylperoxy radical (C2H5O2), which was derived
from a CI (C2H5CHOOB) produced by the ozonolysis of trans/cis-2-
pentene.

Regarding the HO2 þ NO pathway, HO2 was found to be derived
from alkyl peroxy radicals, which followed the evolution of RO2 /

RO/HO2. Thus, the sources of HO2 in the HO2þNO pathwaywere
similar to those of RO2 in the RO2 þ NO pathway. Specifically,
radicals including 1-hydroxypropane-2-yloxy radical (HYPROPO),
methoxy radical (CH3O), 3-hydroxy-2-butyloxy radical (BUT2OAO),
and 2-hydroxyethoxy radical (HOCH2CH2O) provided 31.2 ± 3.5%,
27.8 ± 4.6%, 11.2 ± 2.0%, and 6.6 ± 1.4% of HO2, respectively, in this
pathway. The RO from remaining alkenes contributed 6.0 ± 1.4% of
HO2. In addition, formaldehyde (HCHO) generated from HYPROPO
and CH3O radicals contributed 2.4 ± 0.3% of HO2 in the HO2 þ NO
pathway. Furthermore, a small HO2 contribution (2.9 ± 0.4%) was
provided by C1eC3 aldehydes produced from either alkenes or their
alkyl radicals.

Overall, 89.6 ± 8.7% of O3 production on the O3 episode days was
attributed to alkenes. The four largest contributors were trans/cis-
2-butene (34.8 ± 3.7% of the total O3 production), propene
(34.5 ± 5.3%), ethene (6.6 ± 0.8%), and trans/cis-2-pentene
(4.7 ± 0.9%). Other VOC groups only contributed 10.4 ± 9.5% of O3

production.
Given the dominant role that alkenes were found to play in O3

production, we evaluated a series of O3 control strategies related to
alkenes, as shown in Fig. S18a (Supplementary Material). It was
found that a reduction of approximately 84.2% propene or 80.7%
trans/cis-2-butene could prevent the hourly maximum O3 concen-
tration from exceeding 100 ppbv. However, mitigation strategies
were found to be less effective for other single alkene species. As
discussed in Section 3.4.2, butene isomers and propene were the
two most important sources of O3 production. Notably, if total al-
kenes were reduced by 26.4%, the hourly maximum O3 concen-
tration would be lower than 100 ppbv (Supplementary Material
Fig. S18b) due to the combined effect of butene isomers and pro-
pene. Moreover, if the reduction was solely performed in the early
afternoon (i.e., 28.6% reduction in alkenes between 13:00 and 16:00
LT), excessive O3 concentrations (> 100 ppbv) could be prevented
(Supplementary Material Fig. S18b).

3.5. Impact of NOx

Despite the considerable influence of alkenes, the impact of NOx

cannot be ignored. The NO concentration increased from 17:00 to
21:00 LT and remained relatively high until 10:00 LT the next day,
resulting in the nighttime O3 concentration being close to zero due
to the NO titration effect (Supplementary Material Fig. S12a).
Subsequently, it hindered the ozonolysis of alkenes after 17:00 LT
and before 10:00 LT (Supplementary Material Fig. S19c). In addi-
tion, RIR values were calculated to determine the relationship be-
tween O3 and its precursors. Overall, the average daytime RIR
values of NOx were negative, suggesting an inhibitory effect on O3
formation (Supplementary Material Fig. S20a). Specifically, the
negative hourly RIR values of NOx were mainly concentrated in the
mornings and evenings (Supplementary Material Fig. S20b). This
was attributed to the NO titration effect, which inhibited the ozo-
nolysis of alkenes and subsequently restricted the reactions of HO2

and RO2 with NO. However, the hourly RIR values of NOx were
positive from 12:00 to 17:00 LT (Supplementary Material Fig. S20b),
indicating that O3 formation was co-limited by VOCs and NOx

during this period, consistent with that in summer [40]. After
sunrise, as NO2 photolysis increased, more O3 was produced and
participated in reactions with alkenes (Supplementary Material
Fig. S19c). Furthermore, the RIR values of NOx were higher than



Fig. 5. Evolution processes of alkenes and their contributions to O3 formation during the peak period (13:00e16:00 LT) on O3 episode days (January 1, 13, 16, and 20, 2018).
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those of alkenes from 14:00 to 17:00 LT (Supplementary Material
Fig. S20b), implying that O3 formation inclined into a NOx-limited
regime. Therefore, it was found that a 27.7% reduction in NOx during
the period of 13:00e16:00 LT could effectively maintain the O3
concentration below 100 ppbv (Supplementary Material Fig. S18a).
4. Implications

Contrary to the consensus that O3 pollution mainly occurs in
warm weather with strong solar radiation, we discovered through
intensive sampling that O3 concentrations in Lanzhou were
extremely high in winter. Using observation-based box model
7

simulations, we found that large amounts of alkenes emitted from
the local petrochemical industry reacted with O3 and produced
Criegee intermediates, which further decomposed into substantial
amounts of ROx and ultimately accelerated O3 production. Trans/cis-
2-butene, propene, ethene, and trans/cis-2-pentene were identified
as the top four alkenes, accounting for more than 80% of O3 pro-
duction. We also discovered that temperature changes had a
limited impact on the ozonolysis of alkenes, which can also occur in
dark environments. Our findings provide new information that
challenges the consensus, showing that warm weather and strong
solar radiation are not indispensable factors for intensive photo-
chemical reactions and that dark reactions in photochemistry could
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surpass photolysis reactions and trigger intense O3 production.
Moreover, our findings challenge the understanding that alkene
ozonolysis mainly leads to the destruction of O3; in this study, it
was the culprit responsible for severe O3 pollution. Given the
increased industrialization and elevated demand for olefin prod-
ucts worldwide, paying serious attention to alkene-related air
pollution is essential. Furthermore, high snow albedo could inten-
sify the ROx cycling and O3 production processes identified in this
study. The findings of this study emphasize the importance of
recognizing O3 pollution in locations with cold weather and weak
sunlight and provide a reference for studying atmospheric oxida-
tion reactions and radical chemistry in petrochemical industrial
environments. The control measures proposed in this study are also
applicable to similar regions.
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