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Abstract High levels of secondary air pollutants during COVID‐19 in China have aroused great concern.
In Beijing, measured daily mean peroxyacetyl nitrate (PAN) concentrations reached 4 ppb over the
lockdown period (24 January to 15 February), whose averages were 2–3 times that before lockdown
(1–23 January). The lockdown PAN levels also reached a high historical record based on our long‐term
measurements (2016–2019). Unlike ozone and PM2.5, PAN formation depends on less complex
photochemistry between NOx and volatile organic compounds (VOCs), providing a novel approach to
investigate the wintertime photochemistry during COVID‐19. The GEOS‐Chem simulations suggest a
markedly enhanced photochemistry by a factor of 2 during the lockdown. Change of meteorology featuring
with anomalous wind convergence under higher temperatures is the main reason for enhanced
photochemical formation of PAN, while chemically nonlinear feedbacks also play a role. Our results suggest
implementing targeted VOC emission controls in the context of increasing photochemical pollution over
this complex polluted region.

Plain Language Summary

Outbreaks of the COVID‐19 pandemic caused immediate
implementation of lockdown policy in China, which drastically decreased emissions of primary air
pollutants. Peroxyacetyl nitrate (PAN), as an important photochemical product, is controlled by reactions
between NOx and volatile organic compounds (VOCs) that were reduced substantially due to the
lockdown. However, observed PAN levels in Beijing during the lockdown were markedly enhanced and
were even much higher than the concentrations during the same periods in 2016–2019. Modeling results
prove that this increase in PAN is driven by enhanced photochemistry, resulting from anomalous wind
convergence under higher temperature and enhanced radical level in response to NOx reduction. Our results
suggest the necessity of reducing VOC emissions in controlling photochemical pollution even in the
wintertime over China.

1. Introduction
Outbreaks of the COVID‐19 pandemic triggered immediate implementation of a lockdown policy in China
and other countries, resulting in drastic decreases in emissions of air pollutants (Bauwens et al., 2020; Huang
et al., 2020; Le et al., 2020; Sharma et al., 2020; Shi & Brasseur, 2020; Sicard et al., 2020). Satellite data indicated that nitrogen dioxide (NO2) column concentrations over Chinese cities decreased by 40% due to lockdown measures (Bauwens et al., 2020). However, Huang et al. (2020) showed that PM2.5 and ozone (O3)
concentrations in the North China Plain (NCP) surprisingly increased during the lockdown, and they attributed this to the enhanced secondary formation of air pollutants. However, the underlying reasons for accelerated atmospheric chemistry during the COVID‐19 are still not fully explored.

©2020. American Geophysical Union.
All Rights Reserved.

QIU ET AL.

Peroxyacetyl nitrate (PAN) is an important photochemical pollutant that is formed through reactions
between NO2 and peroxyacetyl radical (PA), which is usually thought to be photochemical product of volatile organic compounds (VOCs; Fischer et al., 2014; Singh et al., 1992; Xue et al., 2014). In this study, a high
PAN level of 4 ppb in Beijing was observed during the COVID‐19. As an indicator of active photochemistry,
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this provided an opportunity to investigate the photochemical level during this unique emission reduction
period and facilitated our understanding of photochemical processes in wintertime.
PAN and O3 are both photochemical pollutants, but they respond differently to their precursors and temperature. O3 sensitivity to its precursors is more complicated than that of PAN and depends on whether
O3 production is under a NOx‐limited or VOC‐limited regime (Jin & Holloway, 2015; Li et al., 2019;
T. Wang et al., 2017). However, the relationship between PAN formation and its precursors is simple; that
is, PAN concentration decreases with the reduction in VOCs and NOx emissions (Fischer et al., 2014; Qiu,
Ma, et al., 2019). PAN is easily decomposed under high temperatures (Seinfeld & Pandis, 2006), while O3
production rate increases with temperature (Sillman & Samson, 1995). In a conventional view, the winter
PAN levels are low due to weak solar radiation (G. Zhang et al., 2014), and in summer, observed PAN pollution events are usually accompanied by O3 pollution episodes (B. Zhang et al., 2017). However, recent studies
in China found that PAN concentrations on winter haze days could be as high as those observed in summer
photochemical smog (Liu et al., 2018; Qiu, Ma, et al., 2019; G. Zhang, Xia, et al., 2020; B. Zhang et al., 2019),
suggesting potential contributions from unfavorable meteorological conditions and local photochemical
reactions (Qiu, Ma, et al., 2019; J. Zhang, Guo, et al., 2020).
In this study, we conducted observational and modeling analyses to explain the markedly enhanced PAN
levels in Beijing during the lockdown and to explore the role of photochemistry in wintertime. First, this
work shows the observed high PAN levels in Beijing during the lockdown, and unfavorable meteorological
conditions over the same period are also displayed. Then, the impacts of changes in photochemistry will be
examined using combined observations and simulations. In addition, we utilized sensitivity simulations to
quantify the impacts of changes in emissions and meteorology on enhanced photochemistry during the lockdown period and to determine the driver of the observed high PAN levels. This study will help us better
understand the increasingly important winter photochemistry in the NCP.

2. Methods
2.1. Observations
We conducted measurements of PAN at two sites in Beijing, that is, an urban site at Minzu University of
China (39.95°N, 116.32°E) and a rural site at Shangdianzi regional Global Atmosphere Watch Station
(40.65°N, 117.12°E). The detailed geophysical locations of the two sites are shown in Figure S1 in the
supporting information. The urban site is located between the second and third ring roads in downtown
Beijing, and it is mainly affected by anthropogenic sources. The rural site is located 100 km northeast of
the urban center and near a small village. PAN concentrations were measured with an online gas
chromatograph equipped with an electron capture detector (GC‐ECD; Qiu, Lin, et al., 2019; Qiu, Ma, et
al., 2019; Qiu et al., 2020). The time resolution was 5 min at both sites. Regular calibration checks were
conducted every month to guarantee the quality of the PAN measurements. Observations at the urban
and rural sites began in January 2019 and August 2015, respectively. We obtained PAN data from 1
January 2020 to 15 February 2020, as the data set of this study. The ﬁrst 23 days (1–23 January), which
were not affected by the lockdown policy, were considered as the preperiod, and the following 23 days
(24 January to 15 February) were the lockdown period.
O3, carbon monoxide (CO), and NO2 concentrations were also simultaneously measured at the rural site
using an O3 analyzer (model 49i, Thermo Electron Corporation, USA), a CO analyzer (model 48i, Thermo
Electron Corporation, USA), and a NO2 analyzer (model 42i, Thermo Electron Corporation, USA), respectively. Considering the lack of measurements of chemical species concentrations at the urban site, we utilized the data at a site (Wanliu site) from the China Ministry of Ecology and Environment, which is
located approximately 5 km north of the urban PAN measurement site.
2.2. GEOS‐Chem Simulation
To investigate the cause of the observed high PAN levels during the lockdown period, we employed the
GEOS‐Chem chemical transport model (version 12.7.0; https://doi.org/10.5281/zenodo.3634864) driven by
GEOS‐FP assimilated meteorological data obtained from the Goddard Earth Observing System (GEOS) of
the NASA Global Modeling and Assimilation Ofﬁce (GMAO). The GEOS‐Chem model includes detailed
ozone‐NOx‐VOC‐PM‐halogen tropospheric chemistry (Li et al., 2019). The nested grid version of the
QIU ET AL.
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Figure 1. Observed (a) daily mean PAN and (b) daily maximum Ox concentrations (ppb) at the urban (black lines) and
rural sites (red lines) in Beijing during January–February 2020. The orange shadings denote the days when daily
−3
mean PM2.5 concentrations in Beijing exceed 75 μg m .

model with a horizontal resolution of 0.25° × 0.3125° over eastern China (30–45°N, 108–125°E) was used.
For anthropogenic emissions, we used the MEIC inventory (Zheng et al., 2018), which was developed by
Tsinghua University (http://www.meicmodel.org/) and has been widely applied in simulating
photochemical pollution (Gong & Liao, 2019; Hu et al., 2016; Lu et al., 2019) and haze events (Chen, Gao,
et al., 2019; Chen, Zhu, et al., 2019; Qiu et al., 2017) in China.
To identify the impacts of emission reduction and changes in meteorology on PAN levels, we performed the
following sensitivity simulations: (1) PRE, a simulation before the lockdown (23 days, from 1 to 23 January)
with standard emissions; (2) LKD, a simulation during the lockdown period (23 days, from 24 January to 15
February) with an emission reduction scenario (decreased NOx and VOC emissions by 60% and 30% over the
model nested domain, respectively), and the detailed emission reduction method is shown in Table S1; and
(3) LKD_Emis, which was the same as the LKD simulation, but the emission rates were those used in the
PRE simulation. The contributions of emission reductions and changes in meteorology could be quantiﬁed
by (LKD‐LKD_Emis) and (LKD_Emis‐PRE), respectively.

3. Results and Discussion
3.1. Observed High PAN Levels During the Lockdown Period
Figure 1 displays the observed time series of 24‐hr mean PAN and daily maximum Ox (Ox = O3 + NO2) concentrations in Beijing during the preperiod (1–23 January) and lockdown period (24 January to 15 February).
The observed PAN concentrations at the two sites during the preperiod were relatively low, with daily mean
values of 0.26–1.55 ppb. However, PAN concentrations increased to 0.29–4.13 ppb at the two sites during the
lockdown period, despite a substantial reduction in anthropogenic precursor emissions (Bauwens et
al., 2020; Huang et al., 2020). Statistical results show that the mean PAN concentrations during the
QIU ET AL.
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Figure 2. Box plots of (a) observed PAN concentrations (ppb) in Beijing during the lockdown period (24 January to 15 February) in 2020 (red) and those during
the same periods in 2016–2019 (gray); (b) PAN concentrations (ppb) in Beijing during the lockdown period (24 January to 15 February) in 2020 (red) and
seasonal mean concentrations in 2019 (gray). The dashed lines denote the average values during 2016–2019 (a) and during the four seasons in 2019
(b). The numbers on the top of the boxes denote the average values (ppb).

lockdown period at the urban (1.68 ppb) and rural sites (1.46 ppb) were 2.9 and 2.1 times the values during
the preperiod, respectively. The Ox concentrations exhibited a similar increasing trend. The maximum
values of daily maximum Ox concentrations at the urban and rural sites were 85.5 and 76.4 ppb,
respectively, while the corresponding values during the preperiod were only 52.9 and 54.3 ppb. These
results reveal that the concentrations of major photochemical pollutants in Beijing increased substantially
during the lockdown period despite reductions in precursor emissions.
PAN concentrations during the lockdown period were also much higher than historical records. Figure 2a
compares the PAN concentration in Beijing during the lockdown period with historical statistics, and here,
we use the PAN concentration at the rural site where continuous observations over 2016–2020 were available. The PAN concentration during the lockdown period in 2020 (1.46 ppb) was 1.2–3.7 times that during
the same periods in 2016–2019. We also compared PAN data with seasonal mean values in 2019
(Figure 2b). The results show that the PAN concentration during the lockdown period was 139%, 52%,
15%, and 7% higher than the mean values in winter, summer, fall, and spring, respectively. It should be noted
that the concentration was even slightly higher than that in spring, when the maximum annual PAN concentration usually exhibited (Lee et al., 2013; Qiu et al., 2020). In addition, the PAN concentration in
Beijing during the lockdown period was approximately 2–6 times that determined in previous observations
during winter in Seoul (0.57–0.69 ppb; Lee et al., 2013) and Munich (0.24–0.27 ppb; Rappenglück et
al., 1993), suggesting a high wintertime level of PAN over the NCP region. The Ox level during 2020 lockdown period is higher than those in the same period of 2017–2019 (Figure S2), also suggesting a relatively
high photochemical pollutant level in spite of precursor reductions during lockdown.
3.2. Meteorological Conditions During the Lockdown Period
Southerly winds in the NCP region were previously reported to be favorable for the accumulation of PAN
and its precursors in winter Beijing (Qiu, Ma, et al., 2019), and meteorology could play an important role
in the observed PAN level. Thus, we ﬁrst check meteorological conditions during the lockdown period in
the following. As illustrated in Figure 1, there were two PAN pollution events (24–28 January and 9–13
February) with the co‐occurrence of PM2.5 pollution episodes during the lockdown period (Figure S3).
The daily mean PM2.5 concentrations at the urban site were 168 and 222 μg m−3 during these two events
(Figure S3), when the corresponding PAN concentrations exceeded 4 ppb (Figure 1). The two haze events
associated with high PAN levels suggest unfavorable meteorological conditions during the lockdown
QIU ET AL.
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Figure 3. Differences in (a) temperature at 2 m (K), (b) sea level pressure (hPa), and (c) horizontal wind at 850 hPa (m s ) between the lockdown period
(24 January to 15 February) and preperiod (1–23 January) over the NCP region. The terrain height (m, contour) and location of Beijing (red square) are also
shown in (c).

period (Le et al., 2020). Figure 3 compares differences in temperature, sea level pressure, and horizontal
winds at 850 hPa between the lockdown period and preperiod (LKD‐PRE) over the NCP region from
GEOS‐FP reanalysis data. Surface temperature during the lockdown period increased by 1–3°C in Beijing
and the middle part of the NCP. The increase in temperature during haze events has also been previously
reported (Cai et al., 2017; Y. Wang et al., 2014). Relative to meteorological conditions during the
preperiod, anomalous wind convergence at 850 hPa associated with lower sea level pressure during the
lockdown period was found north of the NCP. As Beijing is surrounded by mountains on three sides
(Figure S1), southerly anomalies are conducive to the accumulation of pollutants in the piedmont.
Previous studies (Liu et al., 2018; Qiu, Ma, et al., 2019) have shown that PAN's lifetime could exceed
several days in winter over the NCP region because it is hardly decomposed under low temperatures.
Thus, it is of interest to determine whether the observed high PAN levels during the lockdown period
were caused by PAN transport from the surrounding area or local enhanced photochemistry.
3.3. Enhanced Photochemistry During the Lockdown Period
To ﬁgure out the cause of enhanced PAN levels, we simulated PAN variations during January–February
2020 over northern China using the GEOS‐Chem model. The model successfully captured PAN variations
at urban and rural sites, with correlation coefﬁcient (R) of 0.87 and 0.97, respectively, and the two pollution
events were also well simulated (Figure S4). We conducted diagnosis analysis to classify the processes inﬂuencing PAN into convection, dry deposition, vertical mixing, transport, and chemistry in the boundary layer.
As shown in Figure 4a, chemical reactions contribute to PAN formation, while transport induces a decrease
in PAN due to relatively higher PAN concentrations in Beijing than in its surroundings. This means that the
observed high PAN levels were attributed to local chemical formation instead of direct transport from other
regions. The average PAN ﬂux induced by chemical processes was 10.9 g s−1 during the lockdown period,
which was 2.3 times that during the preperiod. Moreover, the temporal variation in the net PAN production
rate (P[PAN]) also showed a signiﬁcant increase from 1 January to 15 February (Figure 4b). On average,
P[PAN] in Beijing during the lockdown period increased by 189% (Figure 4d), and an increase of 100–
350% was also found in the middle and northeastern NCP region where high P[PAN] was simulated
(Figure 4c). During the two pollution events, daily P[PAN] in Beijing increased by 130–600%, implying an
important contribution from the two events. The higher P[PAN] during the lockdown period was also
accompanied by an increase in major atmospheric oxidants (OH, NO3, and Ox; Figure S5), suggesting the
major role of enhanced photochemistry and atmospheric oxidation capacity during the emission reduction
period. Moreover, the slopes of the linear ﬁtting of PAN versus CO during the lockdown period were 4.5 and
2.2 times those during the preperiod at the urban and rural sites, respectively (Figure S6), which also indicates the likely enhanced local photochemistry during the lockdown from an observational perspective.
QIU ET AL.
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Figure 4. (a) Simulated daily mean PAN budget in the boundary layer (mass ﬂux from each process, g s ) in Beijing during the lockdown period (24 January to
15 February) and preperiod (1–23 January), as well as the difference between them; the chemical and physical processes include convection (Conv), dry
deposition (Drydep), vertical mixing (Mixing), transport (Trans), and chemistry (Chem). (b) Simulated daily PAN formation rate, loss rate, and net production rate
6
−3 −1
6
(P[PAN], 1.0 × 10 molec cm s ) in Beijing during the lockdown period and preperiod. (c) Simulated spatial distributions of P[PAN] (1.0 × 10 molec
−3 −1
cm s ) during the lockdown period over the NCP region. (d) Simulated spatial distributions of relative differences in P[PAN] (%) during the lockdown period
and preperiod over the NCP region. The red square, black dot, and red star in Figure 4c denote the locations of average domain used in Figures 4a and 4b, urban
and rural measurement sites, respectively.

A greater reduction in NOx than VOCs in urban NCP could result in a weakened NOx titration effect and
enhanced free radical formation, accelerating photochemical reactions (T. Wang et al., 2017). On the other
hand, increased precursor accumulation and temperature due to unfavorable meteorological conditions
could also result in photochemical enhancement and thus an increase in P[PAN]. To determine the cause
of enhanced photochemistry, we conducted sensitivity simulations using the GEOS‐Chem model to examine
the impacts of changes in meteorology and emission (Figure 5). The results demonstrated that the reduction
in PAN precursors (LKD‐LKD_Emis) could account for a 5–25% (average: 17%) decrease in the PAN concentration in Beijing (Figure 5b). Previous modeling study reported that PAN concentration generally responds
more strongly to precursor emission changes (Fischer et al., 2014, their Figure 4), which is also consistent
QIU ET AL.
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Figure 5. (a) Simulated PAN concentrations (LKD) during the lockdown period (24 January to 15 February) over the NCP region (ppb). (b) Simulated impacts of
emission reduction on PAN concentrations ([LKD‐LKD_Emis]/LKD_Emis) during the lockdown period over the NCP region (%). (c) Simulated impacts of
changes in meteorology on PAN concentrations ([LKD_Emis‐PRE]/PRE) during the lockdown period over the NCP region (%). The character in the upper right
corner of each plot represents the average value in the red square. (d) Simulated daily concentrations of PAN (black lines) and O3 (red lines) averaged over
Beijing during the lockdown period (24 January to 15 February) in the LKD case (solid) and LKD_Emis (dash) case. The red square, black dot, and red star in
Figure 5a denote the locations of average domain used in Figure 5d, urban and rural measurement sites, respectively.

with our previous results (Qiu, Ma, et al., 2019). In this study, the 17% decrease in PAN concentration was
much lower than the lockdown emission reductions (60% in NOx emissions and 30% in VOC emissions),
implying that the offset effect from enhanced radicals and oxidants from ozone chemical nonlinearity
originated from a greater reduction in NOx. This is supported by Figure S7 which shows the simulated
concentrations of OH, NO3, and O3 in Beijing during the lockdown increased by 12%, 76%, and 47%,
respectively, in response to emission reduction alone.
Remarkably, changes in meteorological conditions before and after the lockdown period could lead to a 100–
450% (average: 185%) increase in PAN concentration in Beijing during the lockdown period (Figure 5c), and
the largest increase due to changes in meteorology appears in the area with a high PAN concentration
(Figure 5a). As such, photochemical enhancement due to changes in meteorology was the main cause of
the observed high PAN level in Beijing. On the one hand, precursor accumulation induced by anomalous
southerly winds might contribute to the enhancement of P[PAN] during polluted days. Model results show
that toluene and ethylene concentrations increased by approximately 50% and 125%, respectively, during
polluted days due to unfavorable meteorology after 24 January, partially offsetting the effects of emission
reduction. On the other hand, higher temperatures during the lockdown period than during the preperiod
could induce higher OH and peroxyacetyl radical production rates, as the spatial pattern of increased OH
radicals (Figure S5) during the lockdown period resembled the changes in temperature (Figure 3). This contributes to enhanced atmospheric oxidation capacity and high PAN levels.
QIU ET AL.
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Based on our analysis, enhanced photochemistry due to meteorological changes is the main cause of the
observed high PAN levels in Beijing and surrounding areas in combination with observational and simulation results. The southerly anomalies facilitate precursor accumulation, and higher temperatures accelerated VOC oxidation, leading to enhanced photochemistry during the lockdown period. Further analysis
shows that if emissions continued as business as usual (LKD_Emis case), the average PAN concentration
in Beijing during lockdown polluted days (24–28 January and 9–13 February) increased by 0.39 ppb (40%)
in comparison with LKD case (Figure 5d), implying the necessity for more strict reductions in precursor
emissions to control photochemical and secondary pollution under unfavorable meteorological conditions.
In contrast, the O3 concentration with standard emission scenario was reduced by 32% (Figure 5d) due to
nonlinear chemical feedbacks, which is similar to previous studies (Huang et al., 2020; Le et al., 2020).
These suggest the government paying more attention to decrease VOC emissions so that the impacts of chemical nonlinear effects could be minimized. Moreover, as suggested by Qiu, Ma, et al. (2019), the transport of
PAN precursors from the polluted NCP region has a great impact on the local PAN concentration in Beijing.
Therefore, interregional prevention and control of precursor emissions is necessary in reducing photochemical pollution in Beijing and the whole NCP region.

4. Conclusions
In this study, we performed integrated observational and modeling analysis to explain the increased concentrations of photochemical pollutant PAN in Beijing during the 2020 lockdown period (24 January to 15
February). The observed PAN concentration in Beijing during the lockdown reached the high level of
4 ppb, and the averages were approximately 2–3 times that before lockdown (1–23 January). These values
were 1.2–3.7 times those in the same periods of 2016–2019. The GEOS‐Chem simulations suggested that
the observed high PAN levels during the lockdown were attributed to enhanced local photochemistry.
Further model analysis revealed that the abnormal meteorological conditions (i.e., a 1–3°C increase in temperature and anomalous wind convergence) led to precursor accumulation and accelerated VOC oxidation,
contributing most to the enhanced photochemistry.
In addition, chemically nonlinear feedback also played a role in enhanced photochemistry, because of the
much smaller decrease of PAN concentration (17%) in response to sharp precursor reduction (i.e., 60% in
NOx emissions and 30% in VOC emissions). Sensitivity simulations show that if emissions continued as business as usual, PAN concentrations in Beijing during polluted days could increase by 0.39 ppb (40%). Our
results suggest the necessity of reducing more VOC emissions in controlling photochemical pollution under
unfavorable meteorological conditions over the complex polluted NCP region. In this study, the markedly
enhanced PAN levels during COVID‐19 from our long‐term PAN records demonstrate that PAN is an effective indicator of wintertime photochemistry. Considering the possibly important role of photochemical pollutants on PM2.5 formation, further studies targeting the understanding of wintertime photochemical
pollutants (e.g., O3 and PAN) are urgently needed. PAN is not measured as criteria pollutants, and we call
for more efforts to improve the ability of photochemical monitoring in China.
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