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Abstract. Nitrous acid (HONO) is an important precursor of OH radicals which affects not only the sinks of
primary air pollutants but also the formation of secondary air pollutants, but its source closure in the atmosphere
is still controversial due to a lack of experiment validation. In this study, the HONO budget in Beijing has
been analyzed and validated through the coronavirus disease (COVID-19) lockdown event, which resulted in a
significant reduction in air pollutant emissions, providing a rare opportunity to understand the HONO budget in
the atmosphere. We measured HONO and related pollutants from 1 January to 6 March 2020, which covered the
Chinese New Year (CNY) and the COVID-19 lockdown. The average concentration of HONO decreased from
0.97± 0.74 ppb before CNY to 0.53± 0.44 ppb during the COVID-19 lockdown, accompanied by a sharp drop
in NOx and the greatest drop in NO (around 87 %). HONO budget analysis suggests that vehicle emissions were
the most important source of HONO during the nighttime (53± 17 %) before CNY, well supported by the decline
in their contribution to HONO during the COVID-19 lockdown. We found that the heterogeneous conversion of
NO2 on ground surfaces was an important nighttime source of HONO (31± 5 %), while that on aerosol surfaces
was a minor source (2± 1 %). Nitrate photolysis became the most important daytime source during the COVID-
19 lockdown compared with that before CNY, resulting from the combined effect of the increase in nitrate and
the decrease in NO. Our results indicate that reducing vehicle emissions should be an effective measure for
alleviating HONO in Beijing.
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1 Introduction

As the most vital oxidant in the troposphere, OH radicals not
only govern the sink of most trace compounds but also affect
the production of secondary pollutants by initiating photo-
chemical reactions in the atmosphere. Nitrous acid (HONO)
is an important primary precursor of OH radicals (Kulmala
and Petäjä, 2011; X. Zhang et al., 2023). Photolysis of
HONO can contribute 60 % (Tan et al., 2018) and sometimes
even 92 % (Xue et al., 2020) to OH production in the morn-
ing. Therefore, HONO can indirectly promote the formation
of both secondary aerosols (J. Zhang et al., 2019a) and ozone
(J. Zhang et al., 2022). In addition, HONO can react with
histamine to form carcinogens, such as nitrosamines, after
entering the human body (Farren et al., 2015). Thus, under-
standing the sources of HONO in the atmosphere has been
a hot topic for several decades, but it is still far from closed
(Jiang et al., 2022). Intensive studies have been carried out
on HONO measurements and source analysis (Y. Liu et al.,
2020a, b; Zheng et al., 2020; Zhang et al., 2020; Xue et al.,
2020; J. Zhang et al., 2019a; Y. Liu et al., 2019). The concen-
trations of HONO in the atmosphere range from a few parts
per trillion (ppt) in remote areas (Spataro et al., 2016) to sev-
eral parts per billion (ppb) and even several tens of ppb in
heavily polluted areas (Y. Liu et al., 2019, 2020a, b; Zheng
et al., 2020).

The sources of atmospheric HONO consist of direct emis-
sions and secondary formation in the atmosphere. Direct
emissions include soils, biomass burning, vehicles, indoor
air, and livestock farming. Soil emissions, which depend on
soil types, microorganisms, water content, temperature, and
pH (Kulmala and Petäjä, 2011; Weber et al., 2015; Kim and
Or, 2019), are important sources of HONO. Biomass burn-
ing often occurs in the summer and autumn when wheat or
corn is harvested and wildfires are common (J. Zhang et al.,
2019b; Sun et al., 2017, 2018; Peng et al., 2020). Vehicle
emissions are considered an important source of HONO in
traffic-intensive areas (Kramer et al., 2020; Li et al., 2021).
This source is more important at nighttime compared with
daytime (L. Zhang et al., 2016; Fu et al., 2019; Y. Liu et al.,
2020b). Recently, indoor emissions have also been proposed
as a potential HONO source (Xue, 2022), which is related
to ventilation from high HONO concentrations in indoor air
to low HONO concentrations in outdoor air (J. Zhang et al.,
2019b). Livestock farming is a previously overlooked source
of HONO, especially in agricultural areas.

Secondary formation of HONO includes gas-phase reac-
tion between NO and OH radicals; photolysis of particulate
nitrate; and heterogeneous reaction of NO2 on ground and
particulate matter surfaces, including photochemical hetero-
geneous reaction of NO2. Gas-phase reaction between NO
and OH, photolysis of nitrate particles, and light-enhanced
conversion of NO2 are the main daytime sources of HONO

(Y. Liu et al., 2019, 2020b; X. Zhang et al., 2022). Further-
more, acid replacement processes may be a non-negligible
source of daytime HONO in locations affected by soil-borne
mineral dust deposition (VandenBoer et al., 2014). The het-
erogeneous reaction of NO2 on various surfaces is widely
regarded as an important source of HONO (Han et al., 2016;
J. Liu et al., 2020b).

Table S1 in the Supplement summarizes the sources of
HONO at various locations. The type of observation site of-
ten has a great impact on the source intensity and contribu-
tion proportion of each source of HONO. In natural ecolog-
ical areas or Antarctic stations with little human activity, the
photolysis of nitrate is the main source of HONO during the
day, and its contribution is much higher than the homoge-
neous reaction of NO and OH (Bond et al., 2023; Tang et
al., 2024). In the ocean or areas close to the sea, the hetero-
geneous transformation of NO2 becomes the main source of
HONO, and the transformation on the aerosol surface may be
more important than that on the ground (Xing et al., 2023).
In smoke collected near wildfires, it was found that the het-
erogeneous conversion contribution of NO2 can reach 85 %,
making it the most important source of HONO (Chai et al.,
2021). Emissions from soil and biological soil crusts are im-
portant in some areas where vegetation and soil are exposed
(Meusel et al., 2018). For three different types of observation
sites – rural, suburban, and urban – the relative importance
of sources is also obviously different. In rural areas, there
are usually no traffic activities, and these areas are mainly
affected by agricultural activities and animal husbandry, so
traffic emissions can be ignored. During periods of inten-
sive agricultural activity, soil emissions are the main source
of HONO, accounting for up to 80 % (Y. Liu et al., 2019b),
When there is little agricultural activity, the reaction of NO
and OH and the heterogeneous transformation of NO2 on the
ground become the two main sources in rural areas (Xue et
al., 2020; Song et al., 2022), accounting for up to 70 %. In
rural areas with developed animal husbandry, its direct emis-
sions can contribute 39 % to 45 % of HONO (Q. Zhang et
al., 2023). Suburbs are mostly covered by vegetation, with
a small number of villages nearby. The heterogeneous con-
version of NO2 is the main source of HONO, which can
comprise 70 % of HONO sources (Fu et al., 2019; Ye et al.,
2023). For highways, tunnels, and urban areas with heavy
traffic, traffic emissions usually dominate HONO sources,
accounting for 40 % to 80 % of HONO sources (Xu et al.,
2015; W. Zhang et al., 2019; Y. Liu et al., 2020b; Kramer
et al., 2020). In some ordinary urban areas where traffic ac-
tivities are not so intensive, the heterogeneous conversion of
NO2 and the reaction of NO and OH are the main sources of
HONO in addition to traffic sources. It can be seen that the
relative importance of different sources is often affected by
the type of emission source near the observation site.
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Although intensive studies have been performed on
HONO sources, the contributions of different sources are still
controversial (Zhou et al., 2011; Liu et al., 2014; Wu et al.,
2019; Kramer et al., 2020; Meng et al., 2020). For the same
type of observation area, the contribution of each source still
diverges in different studies. For example, in mixed residen-
tial, commercial, and traffic areas, the importance of traffic
emissions varies greatly. In some studies, it accounts for as
much as 50 % (Y. Liu et al., 2020b; J. Zhang et al., 2019;
Tong et al., 2016), while in some studies, it can be ignored
(Zhang et al., 2020). A similar situation exists for the het-
erogeneous conversion of NO2. Some studies suggest that
this process is not important (Tong et al., 2015; W. Zhang et
al., 2019; X. Zhang et al., 2022), while some studies indi-
cate that it can contribute at least 70 % of HONO (Meng et
al., 2020; Zhang et al., 2020; Jia et al., 2020). It should be
noted that the contribution of NO2 heterogeneous reaction
to HONO greatly depends on the choice of the NO2 uptake
coefficient (γNO2 ), which varies from 10−8 to 10−4 in dif-
ferent studies (Meng et al., 2020; J. Liu et al., 2020b; Ge
et al., 2019; Y. Liu et al., 2015, 2020b). Vehicle emissions
also have similar characteristics because the HONO emis-
sion rate strongly depends on the emission factor, i.e., the
ratio of HONO /NOx (Kramer et al., 2020; Kurtenbach et
al., 2001; W. Zhang et al., 2019), which ranges from 0.03 %
to 2.1 % (Liao et al., 2021). For other HONO sources, the
relative importance is affected by many parameters, such as
reaction kinetics for photolysis of nitrate, OH concentrations
for homogeneous reaction between NO and OH, emission
fluxes for soil emissions, and so on. Thus, the HONO bud-
get still has large uncertainty. In particular, how to prove the
importance of a specific reaction pathway or a source of at-
mospheric HONO is an open question.

Special events taking place on large spatial scales pro-
vide us with an alternative opportunity to disclose the mys-
teries of the HONO budget because of obvious and poten-
tially large changes in some HONO sources. During the
Spring Festival (Chinese New Year) in 2020, the lockdown
measures during the new coronavirus disease (COVID-19)
pandemic led to a significant reduction in primary emis-
sions from traffic and industries. The magnitude and speed of
changes in air pollutant emissions have been considered the
largest changes in the history of modern atmospheric chem-
istry (Kroll et al., 2020). We conducted continuous field ob-
servations of HONO and other air pollutants from 1 January
to 6 March 2020, in downtown Beijing, aimed at understand-
ing the changes in HONO concentrations and sources during
the lockdown period compared to the preceding period.

2 Experimental section

2.1 Field measurements

Observations were carried out at the Aerosol and Haze
Laboratory, Beijing University of Chemical Technology

(AHL/BUCT), which has been described in our previ-
ous work (Y. Liu et al., 2020b). Briefly, it is located on
the west campus of BUCT, around 550 m from the west
3rd Ring Road of Beijing, which is a typical urban ob-
servation site. The station is on the rooftop of a five-
story building (about 18 m from the ground). HONO was
measured with a homemade water-based long-path absorp-
tion photometer (LOPAP; Institute of Chemistry, Chinese
Academy of Sciences), which has been deployed in field
observation studies (Tong et al., 2016; Chen et al., 2020)
and has been proven to be a stable and credible instru-
ment for HONO measurements (Crilley et al., 2019). The
principle of this instrument is similar to that of a com-
mercial LOPAP (QUMA). Briefly, gas-phase HONO ab-
sorbed by deionized water (≥ 18.2 M�) in a stripping coil
reacts with N -(1-naphthyl)ethylenediamine dihydrochloride
(0.077 mmol L−1) in an acidic solution (2 mmol L−1 sulfanil-
amide in 0.12 mol L−1 HCl) to form an azo dye, which is
measured at 550 nm with a spectrometer equipped with an
LWCC (liquid waveguide capillary cell, LWCC-3250, WPI,
USA). The sampling rate was 1 L min−1, controlled by a flow
meter and a diaphragm pump. The flow rate of absorption
liquid was 0.5 mL min−1, controlled by a peristaltic pump.
The limit of detection of the LOPAP was 0.01 ppb for a sam-
pling duration of 60 s. The instrument was calibrated with
nitrite standard solution before and after each measurement
about every 3 weeks and calibrated by zero air every 24 h
to check zero drift. An overestimation of HONO concentra-
tion (6.7 %), calibrated in control experiments with 100 ppb
of NO2 at 50 % relatively humidity (RH) due to the interfer-
ence of NO2 in the sampling inlet (about 30 cm of Teflon
tube), was accounted for when we calculating the HONO
concentrations in this work.

A set of commercial analyzers for NOx , SO2, CO, and O3
(Thermo Fisher Scientific 42i, 43i, 48i, 49i) were also avail-
able. Notably, the NO2 measured by 42i includes HONO,
and we have corrected it. PM2.5 was measured using a ta-
pered element oscillating microbalance (TEOM; Thermo
Fisher Scientific, 1405). The chemical composition of non-
refractory PM2.5 (NR-PM2.5) was measured using a time-
of-flight aerosol chemical speciation monitor (ToF-ACSM,
Aerodyne). Meteorological parameters including tempera-
ture, RH, pressure, wind speed and direction, and ultra-
violet radiation (A and B) were measured using an auto-
matic weather station (AWS310 at the AHL/BUCT station,
Vaisala). The planetary boundary layer (PBL) height and vis-
ibility were measured using a ceilometer (CL51, Vaisala)
and a visibility sensor (PWD22, Vaisala), respectively. The
photolysis rate (JNO2 ) was measured via a continuous mea-
surement of the actinic flux in the wavelength range of 285–
375 nm using a JNO2 filter radiometer (2-pi-JNO2 radiometer,
Metcon). All instruments used in the measurement as well as
their detection limits are shown in Table S2.
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2.2 HONO budget calculation

Potential sources of HONO include direct emissions (vehicle
emissions, soil emissions, indoor emissions, biomass com-
bustion), the gas-phase reaction between NO and OH radi-
cals, the photolysis of nitrate in particulate matter, and the
heterogeneous reaction of NO2 on the ground and particu-
late matter surfaces. The sources include vehicle emissions
(Evehicle), soil emissions (Esoil), the reaction of NO and OH
(PNO-OH), the photolysis of particulate nitrate (Pnitrate), and
the heterogeneous reaction of NO2 (Paerosol and Pground).
At present, there are relatively few studies on indoor emis-
sions. Biomass combustion is an unimportant HONO source
in downtown Beijing in winter according to a previous study
(J. Zhang et al., 2019). Thus, these two sources are not ac-
counted for in this work. The major sinks of HONO, includ-
ing dry deposition (Ldeposition), the homogeneous reaction
with OH radicals (LHONO-OH), photolysis (Lphotolysis), and
vertical and horizontal transport (Ttrans), are considered.

The calculation method and details of parameterization are
shown in Table 1. Briefly, the budget and estimated concen-
tration of HONO can be calculated according to the follow-
ing equations:

dHONO
dt

= Esoil+Evehicle+PNO-OH

+Pnitrate+Paerosol+Pground−Lphotolysis

−LHONO−OH−Ldeposition− Ttrans, (1)
HONOest,t2 = HONOobs,t1 +Sourcest2 −Sinkst2 , (2)

where dHONO
dt is the change rate of HONO mixing ra-

tios (ppb h−1), HONOest,t2 is the estimated concentration of
HONO at time t2, and HONOobs,t1 is the observed concentra-
tion of HONO at time t1. Given that the result of the poten-
tial source contribution function (PSCF; Fig. S2), the source
distribution of HONO from before the Chinese New Year
(BCNY) to COVID-19, was highly similar and the trend of
HONO was similar (Pearson’s r = 0.78) between BUCT and
the Institute of Atmospheric Physics (IAP; 8 km away from
BUCT), the steady-state analysis on HONO is applicable and
reasonable even though the lifetime of HONO is several min-
utes in the atmosphere. In addition, the instrumentation time
resolution of LOPAP was 6 s. We calculated the variation co-
efficient for the datasets with different time resolutions, i.e.,
1 h vs. 6 s. A small variation coefficient of ∼ 0.02–0.05 im-
plies that a small uncertainty in the HONO budget might re-
sult from the lifetime of HONO. Thus, we think the possible
uncertainty should not have a large influence on our conclu-
sions when the budget is compared at a fixed site between
two different periods. The input parameters for the param-
eterization scheme are detailed in Table S3. (M0 represents
the base case’s parameterized input. M1–M20 correspond to
the sensitivity analysis of different parameterization schemes
in the HONO budget analysis.)

The emission rates (EHONO, ppb h−1) of soil and vehi-
cles were calculated based on the emission flux (FHONO,
g m−2 s−1), the PBL height (H , m), and the conversion fac-
tor (α, g m−3 s−1 to ppb h−1). For vehicle emissions, accord-
ing to our previous research at the same site, the emission
factor (EF; HONO /NOx) was selected as 1.09 % (Y. Liu
et al., 2020b), which is comparable to the actual values in
Hong Kong SAR (1.2± 0.4 % and 1.24± 0.35 %) (Liang et
al., 2017; Xu et al., 2015), Guangzhou (1.0 %) (Li et al.,
2012), Beijing (1.3 % and 1.41 %) (W. Zhang et al., 2019;
Meng et al., 2020), and other places. For secondary forma-
tion, the calculation of the production rate (PHONO, ppb h−1)
is shown in Table 1, in which k1 is the rate constant of the
quasi-first-order reaction (s−1). For the heterogeneous reac-
tion of NO2, we calculated the conversion rate in the light of
Eqs. (3)–(5):

k0
het =

HONOcorr, t2 − HONOcorr, t1
NO2× (t2− t1)

, (3)

kCO
het =

2×
[

HONOcorr,t2
COt2

×CO − HONOcorr,t1
COt1

×CO
]

(t2− t1)×
[

NO2,t2
COt2

+
NO2,t1
COt1

]
×CO

=

2×
[

HONOcorr,t2
COt2

−
HONOcorr,t1

COt1

]
(t2− t1)×

[
NO2,t2
COt2
+

NO2,t1
COt1

] , (4)

khet =
1
2
×

(
k0

het+ k
co
het

)
, (5)

where khet is the quasi-first-order rate constant of the trans-
formation to HONO (s−1) and k0

het and kCO
het are the reac-

tion rate constants based on corrected HONO concentra-
tions and those normalized to CO concentrations, respec-
tively (Zhang et al., 2020). To decrease the contribution of
boundary layer height variation in the khet calculations, we
normalized HONO concentration to CO concentration at the
same level as reported in the literature (W. Zhang et al., 2019;
Li et al., 2012). NO2 and CO are the mean concentration of
NO2 and CO from t1 to t2. COt and NO2,t are mixing ra-
tios of CO and NO2, respectively, at the measuring time t .
HONOcorr,t (ppb) is the HONO concentration corrected af-
ter subtracting the primary emissions (including vehicle and
soil emissions and the HONO produced by the homogeneous
reaction of NO and OH and the photolysis of nitrate) at the
measuring time t according to Eq. (6):

HONOcorr,t = HONOt −Esoil,t −Evehicle,t

−PNO-OH,t −Pnitrate,t . (6)

It is worth noting that “HONOcorr’ accounted only for ve-
hicle exhausts in previous HONO budget studies. This may
overestimate the contribution of heterogeneous reactions to
HONO sources because other emission sources and homo-
geneous reactions should also contribute to HONO.

Meanwhile, when estimating the upper limit of the con-
tribution of heterogeneous reactions, we take a small con-
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version factor (HONO /NOx) of 0.4 % as the lower limit of
vehicle emissions, in contrast to the normal value of 1.09 %
(Y. Liu et al., 2020b). We normalize the EINOX caused by
the vehicle with the measured NOx during the observations.
This method has also been widely used in previous stud-
ies (Y. Liu et al., 2019a; Li et al., 2018). In addition, soil
emissions are calculated using the lower limit (Oswald et
al., 2013). The mean value of khet during the BCNY period
was 0.0051 h−1, and it was 0.006 h−1 in the COVID-19 lock-
down, which is consistent with previous studies, such as in Ji-
nan (0.0068 h−1) (Li et al., 2018) and Shanghai (0.007 h−1)
(Wang et al., 2013), while it was less than those in Shi-
jiazhuang (0.016 h−1) (Y. Liu et al., 2020a), Kathmandu
(0.014 h−1) (Yu et al., 2009), and Guangzhou (0.016 h−1)
(Qin et al., 2009).

We further derived the uptake coefficient of NO2 (γNO2 )
on both ground and particle surfaces according to Eq. (7).

khet =
γNO2 ×As×ω

4
×YHONO (7)

The calculated γNO2 ranged from 1×10−6 to 3×10−6. There-
fore, we chose 2×10−6 to calculate the heterogeneous yield
of HONO, which is comparable with those values derived in
urban environments like Jinan (1.4× 10−6) (Li et al., 2018)
and the laboratory experiments (10−7 to 10−6) (Han et al.,
2013; Stemmler, 2007; C. Han et al., 2017) on different par-
ticles but lower than the uptake coefficient of 10−5 reported
in other studies (Zhang et al., 2020; Ge et al., 2019).

The OH concentration was calculated according to Eq. (8),
which is based on the function of the photolysis rates (J ) of
O3 and NO2 and on the NO2 mixing ratio (NO2).

OH=

4.1× 109
×
(
JNO2

)0.19
×
(
JO1D

)0.83

× (140NO2+ 1)
0.41NO2

2+ 1.7NO2+ 1
(8)

Notably, this parameterization scheme was developed
based on measurements at rural sites (Ehhalt and Rohrer,
2000), where NOx concentrations were lower than in ur-
ban environments. Alicke et al. (2002) found that OH con-
centrations estimated with this scheme were in good agree-
ment with those calculated according to a pseudo-steady-
state method during the pollution period in urban environ-
ments (such as Milan), although some uncertainty was ex-
pected. In our previous study (Y. Liu et al., 2020b), we
also found that the estimated OH concentrations using this
method were comparable with those observed values in the
North China Plain (Tan et al., 2019). Thus, daytime OH con-
centrations estimated using this method should be credible
overall although the uncertainty is inevitable. The nocturnal
OH concentration in northern China generally varied from
1.0× 105 molec. cm−3 (Ma et al., 2019; Tan et al., 2018) in
winter to 5× 105 molec. cm−3 in summer (Tan et al., 2017,
2020). We further parameterized the nocturnal OH concen-
trations according to atmospheric temperature to reflect the

seasonal variations in OH concentration. Figure S3 summa-
rizes the observed OH concentrations in the North China
Plain. The results estimated in this study are slightly lower
than those observed in Wangdu (rural) but almost consistent
with those in Beijing (urban) and Huairou (suburb). In sum-
mary, we should be optimistic about the estimation of OH
concentration. Then a sensitivity analysis was performed to
understand the influence of the uncertainty in OH concentra-
tion on HONO sources, as discussed in Sect. 3.3.

The loss rate of HONO, including dry deposition
(Ldeposition), homogeneous reaction with OH radicals
(LHONO-OH), photolysis (Lphotolysis), and vertical and hori-
zontal transport (Ttrans), was calculated using the equations
shown in Table 1, where JHONO is the photolysis rate of
HONO (s−1), kHONO-OH is the second-order reaction rate
constant between HONO and OH, Vd is the dry deposition
rate of HONO, and Kdilution is the dilution rate (including
both vertical and horizontal transport). The details are de-
scribed in our previous work (Y. Liu et al., 2020a, b).

Oracle Crystal Ball (version 11.1.2.4, Oracle’s soft-
ware for modeling, prediction, simulation, and optimization)
(Rahmani et al., 2023) was used to evaluate the overall un-
certainty in the parameterization through Monte Carlo simu-
lations. The details are shown in Sect. S2 in the Supplement.

3 Results and discussion

3.1 Air quality during observations

Figure 1 shows the time series of the concentration and rela-
tive proportion of non-refractory components in PM2.5, trace
gases (SO2, O3, CO, NO, NO2, and NOx) and meteorolog-
ical parameters (temperature, RH, and pressure). We divide
the sampling period into two sub-periods, i.e., P1 from 1 to
24 January 24 (BCNY, before the Chinese New Year) and P2
from 25 January to 6 March (COVID-19 lockdown).

It can be seen from Fig. 1 that during P1, there was
only one heavy pollution incident lasting 1 to 2 d, while
there were two serious pollution events lasting more than
2 d (PM2.5>75 µg m−3) in the P2 stage. Table S4 summa-
rizes the statistical results of the wind speed, PM2.5, RH,
T , HONO, trace gases, and NR-PM2.5 for the entire mea-
surement period. During P1, the measured concentration of
PM2.5 varied between 0.2–288 µg m−3 and the mean con-
centration was 47.2± 44.5 (mean± 1σ ) µg m−3. In contrast,
they were 0.3–258 µg m−3 and 69.9± 67.2 µg m−3, respec-
tively, during P2. The mean concentrations of NOx de-
creased significantly (P<0.05) from 45.35± 38.86 ppb in
P1 to 19.44± 14.42 ppb in P2, dropping by about 57 %.
This is close to the reduction amplitude (50 %) reported by
P. Wang et al. (2020) but lower than that (76 %) proposed
by Lv et al. (2020). In particular, the NO mean concentra-
tions dropped from 18.42± 29.24 ppb (ranging from 0.03
to 163 ppb) in P1 to 2.4± 5.46 ppb (ranging from 0.01 to
51 ppb). The average hourly concentration of NO2 in the P1
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Figure 1. An overview of the measurement of the mass concentrations of the different components of non-refractory PM2.5 (NR-PM2.5),
the mass fraction of the individual components, PM2.5, meteorological parameters, NOx (NO, NO2), O3, CO, and SO2 with hourly time
resolution from 1 January to 6 March 2020. Meteorological parameters consist of visibility, PBL heights, ultraviolet B (UVB), wind speed
(WS), wind direction (WD), pressure, RH, and temperature. The observations are divided into two phases (P1: 1–24 January 2020; P2:
25 January–6 March 2020). The date is given in the format year/month/day.

phase was 26.9± 13.4 ppb, while it was 17.18± 11.3 ppb in
P2. The NO2 concentration dropped by about 36 % from P1
to P2, which is similar to the recently reported findings (rang-
ing from 36 % to 53 %) (Zhao et al., 2020; Y. Wang et al.,
2020; J. Wang et al., 2021). According to the emission in-
ventory of NOx , traffic and industry contributed 46.7 % and
31.3 % to NOx emissions in Beijing, respectively (Zheng et
al., 2014). This means the decrease in NOx concentration
should be explained by reductions in both traffic and indus-
trial emissions (Lv et al., 2020; P. Wang et al., 2020; Zhao
et al., 2020). In particular, traffic emissions during P2 should
play an important role in local NO reduction. However, as

the temperature and ultraviolet light irradiation increased and
the NOx concentration decreased (Kroll et al., 2020; Le et
al., 2020), the average concentration of O3 during P2 was
21.31± 11.73 ppb, which was significantly (P<0.05) higher
than 12.16± 10.79 ppb during P1. This result is similar to the
71.4 % increase in O3 in Shijiazhuang during the same period
(Y. Liu et al., 2020a). The concentrations of SO2 were in the
range of 0.02–8.56 ppb, with a mean value of 2.09± 1.35 ppb
in P1, while they varied from 0.01 to 14.23 ppb, with a mean
concentration of 1.49± 1.99 ppb, during P2, suggesting a
slightly decreased contribution of coal combustion during P2
(Fig. 1i). This is similar to that reported by Cui et al. (2020)
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and Shen et al. (2021). In addition, it can be seen from Fig. 1
that the change trends of PM2.5 and CO are synchronized,
which also means that both primary emissions and secondary
generation contribute to the accumulation of PM2.5 concen-
tration (Y. Liu et al., 2020a).

It is worth noting that changes in atmospheric pollutant
concentrations are affected by both emissions and meteorol-
ogy. Especially during the lockdown period, meteorological
conditions in Beijing were not conducive to the dispersion
of pollutants, and thus the impact of meteorological condi-
tions on the concentration of these pollutants needs to be as-
sessed. We use the random forest algorithm of machine learn-
ing to remove the influence of meteorology from air quality
time series data by a deweathering method. The details are
present in Sect. S1 in the Supplement. The model performs
well in predicting the concentrations of pollutants compared
to the observations in both the training and the test datasets
(Table S5). The concentrations of and relative changes in
each pollutant after deweathering are recorded in Table S6.
The PM2.5 concentration after deweathering increased signif-
icantly from 45.22± 28.56 in P1 to 67.92± 57.97 µg m−3 in
P2 at a confidence level of 0.05, with an increase of 50.2 %.
The mean concentration of HONO was 0.89± 0.37 ppb in
P1, while it decreased to 0.51± 0.25 ppb in P2, with a drop
of 42.7 %. The concentrations of NO and NO2 significantly
decreased from 15.44± 18.40 and 23.28± 7.28 ppb in P1
to 3.24± 2.05 and 16.43± 5.98 ppb in P2, respectively, de-
creases of 79.0 % and 29.4 %, respectively; SO2 decreased
from 2.27± 0.69 in P1 to 1.48± 1.18 ppb in P2, a decrease of
approximately 34.8 %; CO increased from 823.60± 318.92
in P1 to 896± 488.29 ppb in P2 (an increase of 8.79 %),
and O3 increased from 16.98± 5.62 to 22.60± 4.10 ppb, an
increase of about 33.1 %, which was much lower than the
change range of observed values (75.1 %). As shown in Ta-
ble S6, meteorological conditions have a significant impact
on O3 concentration. The impact was+39.6 % and+6.2 % in
P1 and P2, respectively. The impact of deweathering on NO
in the two periods was −16.2 % and +32.8 %, respectively.
It was−13.8 % and−4.8 %, respectively, for NO2. However,
the changes in other species in the two periods after deweath-
ering fluctuated between 2.3 % and 7.8 %. This implies that
meteorological conditions have an important impact on the
concentrations of NO and O3, while meteorological factors
have little impact on HONO, SO2, CO, and PM2.5.

It can be seen from Fig. 1 combined with Table S4 in Sup-
plement that all the major components of PM2.5, including
sulfate, nitrate, ammonium, chloride, and organic aerosol, in-
creased obviously in P2 compared to P1. Throughout the en-
tire observation period, organic matter and nitrate dominated
the composition of PM2.5. The proportion of nitrate in in-
organic salts increased to 31.2 % in P2, up from 28.1 % in
P1. Although the sulfate concentration increased, its propor-
tion within inorganic salts slightly decreased on haze days,
from 16.5 % in P1 to 15.2 % in P2. Thus, the ratio of NO−3

to SO2−
4 during pollution events increased significantly from

1.76 in P1 to 2.10 in P2 (P<0.05). This is similar to pre-
vious findings reported by Sun et al. (2020). These findings
suggest that the decrease in anthropogenic emissions during
P2 resulted in a significant reduction (after the t test, it is
significant at a confidence level of 0.01) in gas precursors
(Table S4), but it did not lead to a corresponding reduction in
secondary aerosol species during periods of pollution. This
is supported by the increased potential of secondary aerosol
formation under pollution conditions (Sun et al., 2020). For
example, higher values of the SOR (sulfur oxidation ratio,
i.e., the molar fraction of sulfate in total sulfur including sul-
fate and SO2) and NOR (nitrogen oxidation ratio, i.e., the
molar fraction of nitrate in total nitrogen, including nitrate
and NO2), i.e., 0.63 and 0.34, were observed in P2 compared
to those (0.48 and 0.14) in P1. Under stagnant weather condi-
tions (wind speed< 2 m s−1), higher temperatures and RH as
shown in Table S4 might facilitate the conversion from pre-
cursors into particles (Y. Liu et al., 2020b). The above results
indicate that the air pollution dominated by secondary forma-
tion is much more serious in P2, which is supported by both
the increased concentration and the greater number of pollu-
tion days in P2 than in P1, even though primary emissions
decreased obviously.

3.2 Influence of the Chinese New Year and the
COVID-2019 epidemic event on HONO
concentration in Beijing

Figure 2 displays the time series of the HONO concentra-
tion, the HONO /NO2 ratio, and the traffic index (https:
//jiaotong.baidu.com/congestion/city/urbanrealtime/, last ac-
cess: 26 Jul 2024). In Fig. 2b, there is a significant decrease
in the traffic index (P<0.05), indicating reduced traffic con-
gestion during the COVID-19 lockdown (P2) compared to
P1. The HONO /NO2 ratio is frequently used to indicate the
conversion of NO2 to HONO through heterogeneous reac-
tions (Sun et al., 2013). A higher HONO /NO2 ratio indi-
cates that the heterogeneous conversion process plays a more
significant role in HONO production. However, as depicted
in Fig. 2b, both the traffic index and HONO exhibit a sim-
ilar decreasing trend, while the HONO /NO2 ratio remains
relatively stable. Notably, both the traffic index and the NO
concentration experienced a steep decline after 24 January,
coinciding with a significant decrease (P<0.05) in HONO
concentration. Furthermore, as shown in Fig. S4, there is
a strong correlation between HONO and NOx in both P1
and P2. However, HONO concentration does not track PM2.5
concentration well. These results imply that HONO might be
more influenced by vehicle emissions than by heterogeneous
reactions on aerosol surfaces. This contrasts with prior stud-
ies indicating that heterogeneous reactions on aerosol sur-
faces are the primary source of HONO in pollution events in
Beijing (Liu et al., 2014; Cui et al., 2018; Meng et al., 2020).
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Figure 2. (a) Times series of HONO, the traffic index, and HONO /NO2. (b) Box plots of HONO, HONO/NO2, and the traffic index in
Beijing during different periods (BCNY denotes P1; COVID denotes P2). The date in (a) is given in the format year/month/day.

Table S7 summarizes the mean concentrations of HONO,
NO2, NO, and PM2.5 over the two periods in this study as
well as the data reported in previous studies. During P1,
HONO concentration ranged from 0.17 to 3.85 ppb, with a
mean value of 0.97± 0.74 ppb. This concentration is similar
to previous observations, such as in Beijing, Xi’an, Jinan,
Shanghai, Hong Kong SAR, and Rome, which all ranged
from 0.95 to 1.15 ppb (Acker et al., 2006; Wang et al., 2013;
Xu et al., 2015; Huang et al., 2017; Y. Liu et al., 2020b;
Li et al., 2018). However, during the COVID-19 lockdown,
the HONO concentration decreased to 0.53± 0.44 ppb, rep-
resenting a drop of 45.3 % compared with that in the
BCNY period. After deweathering, the HONO concen-
tration decreased significantly from 0.89± 0.37 in P1 to
0.51± 0.25 ppb in P2 at a confidence level of 0.05, with a
decrease of 42.7 %. This means that meteorology has lit-
tle impact on HONO. This value is comparable to the con-
centrations reported in the literature on clean days in De-
cember 2016 in Beijing (0.5± 0.2 ppb) and in the winter
of 2018 in Xiamen (0.52–0.61 ppb). At the same time, as
discussed in the previous section, the NO concentration de-
creased by nearly 87 % from BCNY to the COVID-19 lock-
down, and the NO2 concentration dropped by about 36 %.
Consequently, we can conclude that the concentrations of
HONO, NO, and NO2 were the most affected pollutants dur-
ing the COVID-19 lockdown period.

Figure 3 shows the diurnal curves of HONO, NOx , NO,
NO2, HONO /NO2, O3, SO2, and PM2.5×NO2 during P1
(BCNY) and P2 (COVID-19 lockdown). The black and
red lines represent P1 and P2, respectively. HONO shows
a similar trend in both periods. After sunset, HONO be-
gan to accumulate due to the attenuation of solar radiation
and the development of the boundary layer, reaching max-
imum values of 1.41± 0.83 and 0.92± 0.64 ppb at around
07:00 local time (times are in local time throughout the

work) during P1 and P2, respectively. Subsequently, due to
the impact of the boundary layer and rapid photolysis, the
HONO concentration gradually decreased and remained at
a low level until sunset, with the corresponding minimum
value of 0.43± 0.24 and 0.27± 0.17 ppb at about 15:00.
Similarly to HONO, the NO2 concentration shows an up-
ward trend during the morning rush hour. Its peak appeared
at 07:00 (BCNY: 31.4± 9.23 ppb; COVID-19 lockdown:
23.3± 10.74 ppb) and then dropped rapidly and remained at
a low level due to photochemical processes and the develop-
ment of the boundary layer. The minimum concentration oc-
curred at around 14:00 to 15:00 (BCNY: 18.17± 10.69 ppb;
COVID-19 lockdown: 11.0± 7.64 ppb). After sunset, NO2
began to increase again. It is worth noting that during the
BCNY period, both NO2 and NO exhibited a prominent
evening peak, whereas there was no such evening peak dur-
ing the COVID-19 lockdown. Thus, NOx and NO2 had sim-
ilar changing trends, i.e., the morning peak observed in both
periods with the highest mean values of 65.93± 50.37 and
31.7± 21.47 ppb in the BCNY period and COVID-19 lock-
down, respectively.

NO and HONO showed a similar trend in P1. They be-
gan to decline continuously after sunrise and continued to
rise after sunset. The peaks of NO were 35.40± 43.55 and
10.0± 12.67 ppb in P1 and P2, respectively. It is worth not-
ing that the upward trend of NO concentration in the after-
noon of the P2 stage was not obvious, as the absolute con-
centration of NO was very low. O3 and HONO showed op-
posite diurnal curves, with the maximum O3 concentrations,
which were 21.35± 9.31 and 33.14± 10.26 ppb in P1 and
P2, respectively, occurring in the afternoon. SO2 and O3 ex-
hibited similar trends, with maximum values in P1 and P2 of
3.26± 2.19 and 3.01± 3.06 ppb at 13:00 and minimum val-
ues of 1.41± 0.68 and 0.62± 0.82 ppb at 05:00 or 06:00.
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Figure 3. Diurnal variation in HONO, NO, NO2, NOx ,
HONO /NO2, PM2.5×NO2, SO2, and O3. The black lines are the
diurnal curves before CNY and the red ones are during the COVID-
19 lockdown.

Previous studies have proposed that the heterogeneous re-
actions of NO2 on the aerosol surface play an important role
in HONO production. Specifically, this pathway has been
considered the major source of HONO on polluted days
(Cui et al., 2018; Meng et al., 2020; Zhang et al., 2020).
PM2.5×NO2 can be used as an indicator for the hetero-
geneous reaction of NO2 on the surface of aerosols (Cui
et al., 2018). It was found that the value of PM2.5×NO2
in P2 (1697± 2142) was slightly higher than that in P1
(1583± 1967). In the early morning, the product of PM2.5
and NO2 in the P2 stage was even higher than that in the P1
stage. On the other hand, the ratio of HONO /NO2 is usu-
ally used to evaluate the formation of HONO during the con-
version of NO2. As shown in Fig. 3e, in the P1 stage, the
HONO /NO2 ratio shows a similar daily trend to HONO,
which began to rise after sunset and reached a peak at night
and then decreased in the early morning due to the increase
in NO2 concentrations and the photolysis of HONO. In the

P2 stage, the variation in HONO /NO2 is different from that
of the P1. The HONO /NO2 ratio in P2 was higher than
that in the P1 stage, especially in the daytime, although the
values of HONO /NO2 in both stages (P1: 0.036± 0.016;
P2: 0.041± 0.038) were lower than those (0.052–0.080) re-
ported by Cui et al. (2018). Subsequently, we further an-
alyzed HONOcorr /NO2 (details shown in Sect. 2.2). The
HONOcorr /NO2 ratio attributed to secondary formation via
heterogeneous reactions changed obviously after subtracting
other secondary HONO sources. As shown in Fig. S5, the
daytime peak of HONOcorr /NO2 in P2 became more promi-
nent compared with that shown in Fig. 3e, while the daytime
(08:00–18:00) HONOcorr /NO2 (0.022± 0.014) in P1 was
significantly (P<0.05) lower than that in P2 (0.040± 0.053).
However, the HONO concentration decreased significantly,
as discussed above. These results suggest that heteroge-
neous reactions of NO2 on the aerosol surfaces may not be
a major source of HONO because the enhanced potential
of heterogeneous reactions indicated by PM2.5×NO2 and
HONOcorr /NO2 in P2 contrasts with the decreased HONO
concentrations compared to P1. In summary, we propose that
during our observation period, heterogeneous reactions of
NO2 should make a relatively minor contribution to HONO
production.

3.3 Relative change in different sources to HONO
budget in Beijing during different periods

Figure 4a–f show the diurnal variation in HONO pro-
duction or emission rates for these sources at different
stages, and Fig. 4g–l show the budget of the HONO
sources and sinks during P1 (BCNY) and P2 (COVID-19
lockdown). The HONO production rate via homoge-
neous reaction between NO and OH in P1 was much
higher than that in P2, especially during the daytime.
The average rate decreased from 0.145± 0.189 ppb h−1

in the P1 stage to 0.047± 0.073 ppb h−1 in
the P2 stage. The OH concentrations increased
slightly from P1 (4.1× 105

± 5.8× 105 cm−3) to P2
(6.7× 105

± 1.0× 106 cm−3). Therefore, the observed de-
crease in HONO production rate via homogeneous reaction
between NO and OH should be ascribed to the substantial
reduction in NO concentrations, as discussed above. It can
be seen that the homogeneous reaction between NO and
OH is indeed an important source of HONO at night. In
previous studies, the nocturnal production of HONO via NO
and OH has often been ignored because low nighttime OH
concentrations were estimated (Fu et al., 2019). However,
some studies have shown that the observed nighttime
OH concentrations in the Beijing urban area can also be
maintained on the order of 105 molec. cm−3 in winter, which
also means that the contribution of the reaction channels of
NO and OH to HONO cannot be ignored. In the P1 stage,
the homogeneous reaction between NO and OH accounted
for 13± 5 % of the nighttime HONO sources. However, in
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the daytime, the homogeneous reaction between NO and OH
was the most important source of HONO, which accounted
for up to 51± 32 % of the daytime HONO source. This
is consistent with previous studies in urban Beijing (Gu
et al., 2021; Jia et al., 2020; J. Liu et al., 2021). Interest-
ingly, a recent study proposed a new mechanism through
smog chamber experiments; that is, NOx photooxidation
(reaction of NO and adsorbed HNO3) may be an important
daytime HONO source (Song et al., 2023), although this
has not yet been verified in field observations. In the P2
stage, its proportion in the night was negligible due to the
dramatic decrease in NO concentration during the pandemic
event, and the maximal proportion of HONO sources in
the daytime was also reduced to 25± 14 %. It is worth
noting that the parameterization of OH concentration will
introduce uncertainty into HONO sources. Table S3 shows
the sensitivity test for the HONO simulation. An increase of
10 % and 200 % in OH concentration in M3 and M4 results
in a 24 %–26 % change in the HONO source. This means
that the accuracy of the OH measurement is important for
understanding the source–sink balance of HONO.

The daytime HONO source related to photolysis of nitrate
(0.223± 0.175 ppb h−1) in the P2 stage was much larger than
that (0.107± 0.068 ppb h−1) in the P1 stage. It contributed
16± 10 % to the daytime HONO source in P1. However, it
became the most important daytime source of HONO in the
P2 stage, accounting for up to 53± 41 %, as both the ni-
trate concentration and the light intensity increased signifi-
cantly (P<0.05). Ye et al. (2016) reported that the photolysis
rate constants of nitrate particles on the surface of different
materials were in the range of 6.0× 10−6–3.7× 10−4 s−1.
Thus, we used the lower-limit value of 6.0× 10−6 s−1 and
the upper-limit value of 3.7× 10−4 s−1 for sensitivity tests
(M9 and M10), which resulted in a change of 25 % and 95 %
of HONO sources, respectively.

The direct emission rate of HONO from vehicles in the P1
stage was much higher than that in the P2 stage. The emission
rate of the P1 stage was between 0.135–0.39 ppb h−1, with
a mean value of 0.227± 0.071 ppb h−1. This is comparable
with the value (0.079–0.32 ppb h−1) in the winter of 2018
(Y. Liu et al., 2020b). In the P2 stage, it decreased to 0.062–
0.173 ppb h−1, with a mean value of 0.086± 0.027 ppb h−1.
This value is slightly higher than the lower limit of vehicle
emissions of 0.013–0.076 ppb h−1 estimated using an emis-
sion factor of 0.18 % in our previous study (Y. Liu et al.,
2020b), while it is less than the upper limit reported by Li et
al. (2018) in Jinan of 0.13± 0.06–0.53± 0.23 ppb h−1. Dur-
ing the lockdown, the emission rate of HONO from vehicles
was reduced by 53 %–66 % when compared with that be-
fore the lockdown. In P1, vehicle emission was an important
nighttime source of HONO. It contributed 53± 17 % to the
HONO sources, much higher than heterogeneous reactions
of NO2 on aerosol and ground surfaces (33 %) (Fig. S9). In
the P2 stage, due to the reduction in transport, the contri-
bution of vehicle emissions to HONO sources decreased to

40± 14 %, while the contribution of heterogeneous reactions
of NO2 increased to 53 %. This is consistent with the ob-
served decrease in HONO concentrations. The daytime con-
tributions of vehicle emissions to HONO sources were lower
than the corresponding nighttime contributions, while they
were still higher in P1 than in P2. These results mean that
vehicles should be important contributors to ambient HONO
of typical emission patterns in Beijing. In the sensitivity anal-
ysis, the emission factors of 0.008 and 0.0186 were consid-
ered in M1 and M2, and 8 % and 20 % changes were found
in the simulated HONO sources, respectively. The yield of
soil emissions in the P2 stage is also higher than that in the
P1 stage due to the temperature rise in the P2 stage because
the temperature will affect the soil emission flux (Oswald et
al., 2013), while the importance of this source is negligible
in this study. In M15 and M16, we amplified and shrank the
soil emission flux 10-fold, respectively, and the change in the
simulated HONO sources was less than 5 %.

As shown in Fig. 4e, the heterogeneous reaction rate
of NO2 on aerosols did not change much between the
P1 and P2 stages. The average production rate of HONO
in the P1 stage was 0.007± 0.002 ppb h−1, and it was
0.008± 0.002 ppb h−1 in the P2 stage, showing an increase
of about 14 %. It is worth noting that the HONO formation
rate from the heterogeneous conversion of NO2 on the sur-
face of aerosols does not decrease, which is caused by the
increase in PM2.5 concentrations along with a decrease in
NO2 concentrations during P2. If the heterogeneous trans-
formation of NO2 on particulate surfaces is important, es-
pecially in the case of heavy pollution, increased HONO
concentrations should be expected instead of a large de-
crease, as observed in the P2 stage. This is consistent with
the changes in HONOcorr /NO2 and PM2.5×NO2, as dis-
cussed in Sect. 3.2. For the heterogeneous transformation of
NO2 on the ground and aerosol surfaces, this source is sen-
sitive to the uptake coefficient (γ ) of NO2. For the aerosol
surfaces, here we assume that the upper limit of γ is 10−5

(M7) and the lower limit is 2× 10−7 (M8) (Y. Liu et al.,
2019a, 2020b). As shown in Table S3, the change in simu-
lated HONO is less than 5 %. We reduced and magnified the
surface area concentrations (As) of particulate matter by a
factor of 10 in M11 and M12, respectively, and the resulting
change in HONO was still less than 10 %. It should be noted
that HONO is sensitive to the uptake coefficient and surface
area concentrations. When the uptake coefficient is expanded
5-fold or reduced 10-fold, the absolute HONO flux attributed
to heterogeneous reactions increases 5-fold or decreases 10-
fold, while the relative contribution is very low due to the
small absolute value of heterogeneous reactions compared
with other sources.

Regarding the heterogeneous reaction of NO2 on ground
surfaces, the average formation rate of HONO in the P1 stage
was 0.09± 0.03 ppb h−1, while it was 0.06± 0.02 ppb h−1

in the P2 stage. This is ascribed to the significant drop
(P<0.05) in NO2 concentrations during the COVID-19 lock-
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Figure 4. (a–f) Diurnal variations in HONO production rate from various sources. The black lines are the diurnal curves before CNY, and
the red ones are those during the COVID-19 lockdown. (g–l) Variations in the HONO budget. (g, h) Diurnal production rates of HONO; (i,
j) loss rates of HONO (unit: ppb h−1); (k, l) relative contributions of each source. Panels (g), (i), and (k) show the data from BCNY, and
panels (h), (j), and (l) show the data from the COVID-19 lockdown.

down. Figure 4k shows that the heterogeneous reaction of
NO2 on ground surfaces is also an important nighttime
source of HONO. In the P1 stage, heterogeneous reactions
on both aerosol and ground surfaces explained 33 % of the
nighttime HONO source. In the daytime, however, the contri-
bution of heterogeneous reactions to HONO sources dropped
rapidly. In the P2 stage, the heterogeneous reaction became
the most important nighttime source, contributing up to 53 %
of HONO (Fig. S9). This can be explained by the significant
decrease (P<0.05) in NO and direct emissions of HONO
from traffic. Similarly to heterogeneous reactions on aerosol
surfaces, we assumed that the upper limit of γNO2 on ground
surfaces was 10−5 (M5) and the lower limit was 2× 10−7

(M6) and that the changes in simulated HONO source were
40 % and 9 %, respectively, indicating that HONO is sensi-
tive to the NO2 uptake coefficient on the ground surfaces.
In M13 and M14, we set the surface roughness (δ) to 1 and
2.2 as reported in the literature, respectively (X. Zhang et
al., 2022; Y. Liu et al., 2020a), and the simulated changes in
HONO were less than 8 %.

During P1 and P2, the mean values of Tvertical
were 0.195± 0.076 and 0.102± 0.048 ppb h−1, respectively.
Tvertical was the main sink of HONO at night. The
mean Lphotolysis, which was the main daytime sink of
HONO, was 0.563± 0.375 and 0.442± 0.324 ppb h−1, re-
spectively. The average loss rate of LHONO-OH during
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P1 and P2 was 0.005 and 0.004 ppb h−1, respectively.
Ldeposition was 0.009± 0.005 ppb h−1 during P1, while it was
0.004± 0.003 ppb h−1 during P2. In M17 and M18, we set
the lower limit of the deposition rate (Vd) to 0.00077 and
the upper limit to 0.025 (W. Zhang et al., 2023), causing a
change of 1 % and 24 % in the simulated HONO, respec-
tively. In M19 and M20 at the same time, we set the dilution
rate (Kdilution) to 0.1 and 0.44, resulting in a 12 % and 19 %
change, respectively.

It should be noted that each source is sensitive to the cor-
responding parameter, as discussed above. Thus, a more re-
strictive criterion is required to evaluate the reasonableness
of the parameterization. We further estimated the HONO
concentrations according to Eq. (2) and the parameters de-
scribed in Sect. 2.2 to verify these calculated sources and
sinks of HONO. Figure S6 shows the time series of estimated
HONO concentrations. The observed HONO concentrations
are also shown for comparison. The estimated HONO con-
centrations were well correlated with the observed values
from the perspective of both diurnal curves and the scat-
tering point plot during the whole period (Figs. S7 and S8)
although the estimated HONO concentrations were slightly
lower than the observed values at noon, as shown in Fig. S7.
This means that our parametric scheme is reasonable over-
all but still underestimates the daytime HONO source due to
some unknown daytime sources. This unknown source may
be related to the photochemical reactions related to NO2 and
nitroaromatic compounds mentioned in recent studies (J. Liu
et al., 2020a). J. Liu et al. (2019a, 2020b) have found the pho-
toenhanced effect of the conversion from NO2 to HONO on
real urban grime and glass windows simulated in laboratory
studies. Yang et al. (2021) have also proposed that photol-
ysis of nitroaromatic compounds may be a daytime source
of HONO. Considering the uncertainty in parameterization,
we used Oracle Crystal Ball (version 11.1.2.4, Oracle’s soft-
ware for modeling, prediction, simulation, and optimization)
(Rahmani et al., 2023) to evaluate the overall uncertainty in
the parameterization through Monte Carlo simulations. The
relative standard deviation is 27.2 % for the HONO budget
(details are in the Supplement).

In summary, heterogeneous reactions of NO2 (including
ground and aerosol surfaces) contributed 33 % to the noc-
turnal HONO sources in the P1 stage, while they increased
to 53 % in the P2 stage. Ground surfaces, as opposed to
aerosol surfaces, were the main interfaces for heterogeneous
reactions. At the same time, vehicle emissions accounted
for 53± 17 % and 40± 14 % of nighttime HONO sources
in the P1 and P2 stages, respectively. To explore whether
meteorological factors have an impact on the sources of
HONO, we conducted the budget analysis of HONO us-
ing the deweathered pollutant concentrations. The results
are shown in Fig. S10. When compared with the sources
of HONO calculated using the raw concentration dataset
(Fig. S9), it can be seen that deweathering has little effect
on the daytime sources of HONO. For the nighttime source

of HONO, however, deweathering caused the proportion of
traffic emissions during the BCNY period and the COVID-
19 lockdown to increase from 53 % to 63 % and from 40 %
to 45 %, respectively. The contribution of heterogeneous re-
actions of NO2 on ground surfaces decreased from 31 % to
19 % before the CNY and from 47 % to 42 % during the
COVID-19 lockdown. These results further highlight the im-
portance of vehicle emissions to nocturnal HONO sources in
Beijing.

Therefore, regardless of whether the impact of meteoro-
logical conditions on the source of HONO is considered, we
can conclude that traffic-related emissions, rather than het-
erogeneous reactions of NO2, were the main HONO source
at night in Beijing in the typical emission patterns of air pol-
lutants.

4 Conclusions and atmospheric implications

During the COVID-19 pandemic at the beginning of 2020,
the concentrations of many air pollutants decreased signifi-
cantly (P<0.05) due to the emission reduction in factories
and transportation. The average concentration of NOx de-
creased by about 57 %, of which NO decreased by about
87 % and NO2 decreased by about 36 %. The average con-
centration of HONO decreased by about 45.3 % compared
with that before the pandemic control measures. The aver-
age concentration of O3 and PM2.5 increased by approxi-
mately 75 % and 50 %, respectively. It is worth noting that
in addition to primary emissions, meteorological changes
also affect changes in atmospheric pollutant concentrations.
After removing meteorological factors, the change propor-
tions of PM2.5 concentration in the two stages were −4.3 %
and −2.3 %, respectively. The HONO changes were −8.3 %
and −3.8 %, respectively; the CO changes were −9.3 % and
−6.2 %, respectively; and the SO2 changes were+8.6 % and
+0.7 %, respectively. The change proportions are all less
than 10 %, which means that the impact of changes in me-
teorological factors on PM2.5, HONO, CO, and SO2 is very
weak. However, the change proportions of NO in the two
stages were−16.2 % and+32.8 %, respectively, and those of
O3 were+39.6 % and+6.2 %, respectively. The change ratio
is greater than 30 %, indicating that NO and O3 are greatly
affected by meteorology. In addition, the changes in NO2
were −13.8 % and −4.8 %, respectively, implying that NO2
is also affected by meteorological factors. From the entire ob-
servation period, except for O3, the changes in other species
in the two periods fluctuated between 2.3 % and 7.8 % after
deweathering and were always less than 8 %. In general, after
removing the meteorological effects, NO increased by 79 %,
NO2 increased by approximately 29 %, HONO decreased by
approximately 43 %, and PM2.5 increased by approximately
50 %. It is worth noting that O3 increased by about 33 %,
which is much lower than the change in observed values
(75.1 %) (as shown in Table S6). Although we have tried
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to assess the impact of meteorological factors quantitatively,
there is still some uncertainty. In particular, uncertainty is
inevitable for the source assessment of substances such as
HONO that are affected by a large number of parameters.

In this study, the parameters of HONO sources were opti-
mized. The balance of sources and sinks is well supported
by a relatively high correlation between observed and es-
timated HONO concentrations. During the observation pe-
riod, we used lockdown during COVID-19 as a disturbance
factor and compared the concentration and source changes
of HONO before and during COVID-19 lockdown to deter-
mine whether heterogeneous reactions on the surface of par-
ticulate matter and vehicle emissions were important HONO
sources. We found that vehicle-related emissions were the
most important nighttime HONO source in Beijing, con-
tributing 50 %–60 % to the nighttime HONO sources. The
homogeneous reaction between NO and OH and the hetero-
geneous reaction of NO2 on the aerosol surfaces were not
important for the contribution of nocturnal HONO, account-
ing for 13± 5 % and 2± 1 %, respectively. The heteroge-
neous reaction of NO2 on ground surfaces was also found
to be an important source of HONO at night, accounting for
31± 5 % of the nighttime HONO sources. Nitrate photolysis
became the most important source of HONO during the day-
time compared with the situation before the pandemic con-
trol measures because of the combined effect of the increase
in the average concentration of nitrate and the decrease in
the NO concentration during the pandemic. We conducted a
potential source contribution function (PSCF, Fig. S2) anal-
ysis in different periods, i.e., BCNY and COVID-19, at the
BUCT station and further compared the PSCF of HONO at
the BUCT station with that at the Institute of Atmospheric
Physics (IAP) station, which is around 8 km from the BUCT
station, from 24 to 31 January 2022, which is when the data
were available. The PSCF patterns were highly similar in
different periods and locations. These results mean that the
air mass should have been consistent during the COVID-19
lockdown and BCNY period and that HONO should have
been evenly distributed in Beijing. Thus, the impact of me-
teorological changes on the accuracy of observations cannot
be ruled out, which is also a limitation of this study, but its
influence should be comparable between the BCNY period
and the COVID-19 lockdown. Furthermore, the conclusions
drawn based on the observations at BUCT should represent
the situation in Beijing. Through uncertainty assessment, it
was found that the assumption of J−NO3

had the greatest un-
certainty, with a standard deviation of ± 19 %. Nevertheless,
this study confirms that reducing anthropogenic emissions
can indeed reduce the concentration of HONO in the atmo-
sphere. However, such a reduction does not have a simple lin-
ear relation with the reduction in human activities, but it also
depends on meteorological conditions and complex chemical
transformation processes taking place in the atmosphere.

As a megacity in China, Beijing has a large population
and intensive traffic emissions, resulting in frequent air pol-

lution. Although concentrations of HONO are usually lower
than those of other major pollutants, HONO efficiently trig-
gers the formation of secondary pollutants acting as an im-
portant primary source of OH radicals. Therefore, the sources
of HONO deserve to be investigated for air pollution control
in Beijing. Our results suggest that motor vehicle emissions
are an important HONO source, while the contribution of the
heterogeneous conversion of NO2 to HONO on aerosol sur-
faces still needs to be further evaluated; in particular, the ki-
netic parameters for ambient aerosol should be determined.
In future research, it is necessary to combine field observa-
tions, laboratory studies, and model simulations to quantify
the contribution of traffic-related emissions to HONO and fi-
nally obtain an accurate budget of HONO.
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