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Abstract 25 

Secondary aerosols are a major component of PM2.5, yet their formation mechanisms 26 

in the ambient atmosphere are still unclear. Based on field measurements in downtown 27 

Beijing, we show that the photolysis of nitrous acid (HONO) may promote the 28 

formation of organic and nitrate aerosols in winter in Beijing, which is supported by the 29 

fact that the mass concentrations of organic and nitrate aerosols linearly increase as a 30 

function of HONO consumed from early morning to noon. The increased nitrate content 31 

also leads to the formation of ammonium particulate matter through enhancing the 32 

neutralization of nitrate and sulfate by ammonia. We further illustrate that during 33 

pollution events in winter in Beijing, over 50 % of the ambient HONO may be related 34 

to traffic-related emissions, including direct emissions and formation via the reaction 35 

between OH and vehicle-emitted NO. Overall, our results indicate that traffic-related 36 

HONO may play an important role in the oxidative capacity and in turn contribute to 37 

haze formation in winter in Beijing. The mitigation of HONO and NOx emissions from 38 

vehicles may be an effective way to reduce the formation of secondary aerosols and 39 

severe haze events in winter in Beijing. 40 

  41 



3 
 

1. Introduction 42 

China is one of several countries suffering from severe pollution of fine particulate 43 

matter with diameters of less than or equal to 2.5 m (PM2.5) (Lelieveld et al., 2015). 44 

Although the regional air quality has been continuously improving since the central 45 

government of China issued the Clean Air Act in 2013 (Vu et al., 2019), the PM2.5 46 

concentration is still significantly higher than that in developed countries (Fu et al., 47 

2014;An et al., 2019). A consensus has been reached that haze events are driven by the 48 

local emissions (An et al., 2019), regional transport (Zheng et al., 2015b) and secondary 49 

formation (Huang et al., 2014;He et al., 2018) of pollutants under unfavorable 50 

meteorological conditions (e. g. stagnant atmosphere and high relative humidity) (Zhu 51 

et al., 2018;Liu et al., 2017c). The feedback loop between the meteorological 52 

parameters and haze formation also plays an important role in the evolution of haze 53 

events (Zhang et al., 2018b).  54 

Secondary aerosols can contribute ~70 % of the aerosol mass concentration on 55 

polluted days (Huang et al., 2014). Several reaction pathways have been proposed, such 56 

as sulfate formation via the heterogeneous oxidation of SO2 promoted by H2O2 and/or 57 

NO2 on mineral dust (Huang et al., 2015;He et al., 2014), the aqueous oxidation of SO2 58 

promoted by NO2 in the presence or absence of NH3 in the particle-bound water film 59 

(He et al., 2014;Wang et al., 2016), the catalytic conversion of SO2 to sulfate by black 60 

carbon (Zhang et al., 2020), nitrate formation via the efficient hydrolysis of N2O5 on 61 

aerosol surfaces (Wang et al., 2017c;Wang et al., 2019;Kulmala, 2018;Li et al., 2017), 62 

and haze formation initiated by new particle formation and growth (Guo et al., 63 
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2014;Guo et al., 2020). In past years, the strict control of coal combustion has 64 

successfully reduced the SO2 concentration, resulting in a reduction the sulfate (SO4
2-) 65 

component of the PM2.5. In stark contrast, the contributions from organic and nitrate 66 

have become increasingly more significant in China (Lang et al., 2017).  67 

The formation of secondary organic aerosols (SOA) begins with the gas-phase 68 

oxidation of volatile organic compounds (VOCs), which produces various low-69 

volatility and semi-volatile products (Bianchi et al., 2019), followed by partitioning into 70 

the particle phase (Hallquist et al., 2009). Similarly, the formation of nitrate aerosols in 71 

the daytime is largely due to the partitioning of gaseous nitric acid, which is formed via 72 

the oxidation of NO2 by OH (Seinfeld and Pandis, 2006;Wang et al., 2019). It is 73 

traditionally believed that atmospheric oxidation capacity is weaker in the winter due 74 

to the weaker solar radiation, which limits the formation of SOA and nitrate (Sun et al., 75 

2013). However, it has very recently been shown that the peak OH concentration on 76 

polluted days in winter in Beijing varies from 2106 to 6106 molecules cm-3, which is 77 

6 -10 times higher than the concentration predicted by the global model (Tan et al., 78 

2018). This discrepancy is largely reduced when the other OH production processes in 79 

the model simulations are accounted for, which shows that the photolysis of nitrous 80 

acid (HONO) dominates the initiation of the HOx (OH and HO2) and ROx (RO and RO2) 81 

radical chains in winter in Beijing (Tan et al., 2018) and in several other cities (Ren et 82 

al., 2006;Stutz et al., 2013). 83 

More recently, modeling studies have suggested that nitrous acid (HONO) can 84 

enhance secondary aerosol formation in the Beijing-Tianjin-Hebei (BTH) region 85 



5 
 

(Zhang et al., 2019b) and the Pearl River Delta (PRD) regions of China (Zhang et al., 86 

2019a;Xing et al., 2019) and in Houston, USA (Czader et al., 2015). These results 87 

suggest that the role of HONO in haze chemistry may be crucial in winter in Beijing; 88 

however, the direct evidence from observations has not yet been reported, yet. The 89 

HONO budget has been investigated via modeling studies (Liu et al., 2019c;Zhang et 90 

al., 2019b) and photostationary state calculations (Wang et al., 2017b;Li et al., 91 

2018;Huang et al., 2017b;Lee et al., 2016;Oswald et al., 2015) at different locations. At 92 

present, the study of the HONO budget is still far from closed, which would require a 93 

significant effort involving both the accurate measurement of HONO and the 94 

determination of the kinetic parameters related to its production pathways (Liu et al., 95 

2019c). For example, the photo-enhanced conversion of NO2 (Su et al., 2008) and the 96 

photolysis of particulate nitrate were found to be two major mechanisms with a large 97 

potential for HONO formation at midday, but the associated uncertainty may reduce 98 

their importance (Liu et al., 2019c). Other studies have proposed that heterogeneous 99 

reactions on ground/aerosol surfaces are important during nighttime (Wang et al., 100 

2017b;Zhang et al., 2019b) and daytime in the Beijing-Tianjin-Hebei (BTH) region 101 

(Zhang et al., 2019b). However, this heterogeneous reaction was unimportant in Ji’nan 102 

compared with the unknown sources and the homogeneous reaction between NO and 103 

OH (Li et al., 2018). In addition, traffic emissions have been reported to be an important 104 

HONO source during nighttime in the BTH, but they are not a significant source during 105 

the daytime (Zhang et al., 2019b). However, it was proposed that the direct emission of 106 

HONO from vehicles should contribute about 51.1 % (Meng et al., 2019) or 52 % 107 
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(Zhang et al., 2018a) of nighttime HONO in Beijing. These results reveal that more 108 

studies of the HONO budget are required. In particular, it is necessary to analyze the 109 

HONO budget during pollution events in order to understand the possible influence of 110 

HONO sources on secondary pollutants formation. 111 

In this study, we carried out comprehensive measurements at a newly constructed 112 

observation station (Aerosol and Haze Laboratory, Beijing University of Chemical 113 

Technology, AHL/BUCT Station) located on the western campus of the Beijing 114 

University of Chemical Technology in downtown Beijing. We report observational 115 

evidence that HONO may have a prominent promotion effect on the formation of 116 

secondary aerosols in winter. Traffic-related emissions are a vital contributor to the 117 

ambient HONO concentration during pollution events in winter in Beijing.  118 

2. Materials and methods 119 

2.1 Field measurements. The Field measurements were performed at AHL/BUCT 120 

Station (Lat. 39º56ʹ31ʺ and Long. 116º17ʹ52ʺ) from February 1 to June 30, 2018. The 121 

observation station was located on the roof of the main building, which is 550 m west 122 

of the 3rd ring road, 130 m south of the Zizhuyuan road and 565 m east of the 123 

Nandianchang road (Fig. S1). The station is surrounded by both traffic and residential 124 

emissions, and thus, it is a typical urban observation site. 125 

The ambient air was sampled from the roof of the five-story building (~18 m above 126 

the ground). A PM2.5 inlet (URG) was used to prevent particles with diameters of larger 127 

than 2.5 m from entering, and the remaining particles entered a Nafion dryer (MD-128 

700-24, Perma Pure). Then a time-of-flight aerosol chemical speciation monitor 129 
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equipped with a PM2.5 aerodynamic lens (ToF-ACSM, Aerodyne) and an aethalometer 130 

(AE33, Magee Scientific) was connected to the manifold of the aerosol sampling tube. 131 

The Reynolds number in the aerosol sampling tube was 800, with a total flow rate of 132 

16.7 lpm and a residence time of 6.5 s. The details of the ToF-ACSM measurements are 133 

described in the Supplementary Information. The ambient air was drawn from the roof 134 

using a Teflon sampling tube (BMET-S, Beijing Saak-Mar Environmental Instrument 135 

Ltd.), with a residence time of <10 s for the gas-phase pollutant measurements. Trace 136 

gases, including NOx, SO2, CO, and O3, were measured using the corresponding 137 

analyzer (Thermo Scientific, 42i, 43i, 48i, and 49i, respectively). The volatile organic 138 

compounds (VOCs) were measured using an online single photon ionization time-of-139 

flight mass spectrometer (SPI-ToF-MS 3000R, Hexin Mass Spectrometry) with a unit 140 

mass resolution (UMR). The principle and the configuration of the instrument have 141 

been described in detail elsewhere (Gao et al., 2013) and are also the Supplementary 142 

Information. The HONO concentration was measured using a home-made long path 143 

absorption photometer (LOPAP) (Tong et al., 2016). The details are described in the 144 

Supplementary Information. The particle sizes and number concentrations of the 1 nm 145 

to 10 m were measured using a scanning mobility particle sizer (SMPS 3936, TSI), a 146 

particle size magnifier (PSM, Airmodus), and a neutral cluster and air ion spectrometer 147 

(NIAS, Airel Ltd.). The meteorological parameters, including temperature, pressure, 148 

relative humidity (RH), wind speed, and wind direction, were measured using a weather 149 

station (AWS310, Vaisala). The visibility and planetary boundary layer (PBL) height 150 

were measured using a visibility sensor (PWD22, Vaisala) and a ceilometer (CL51, 151 
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Vaisala), respectively. 152 

2.2 HONO budget calculation. Several sources of ambient HONO have been 153 

identified, such as emissions from soil (Esoil) (Oswald et al., 2015;Meusel et al., 2018) 154 

and vehicle exhaust (Evehicle) (Trinh et al., 2017), production through the homogeneous 155 

reaction between NO and OH (PNO-OH) in the atmosphere, the photolysis of nitrate 156 

(Pnitrate) (Bao et al., 2018), nitrous acid (PHNO3) and nitrophenenol (Pnitrophenol) (Sangwan 157 

and Zhu, 2018), the heterogeneous reaction of NO2 on aerosol (Paerosol) (Liu et al., 2015) 158 

and ground surfaces (Pground) (Liu et al., 2019c;Li et al., 2018;Wang et al., 2017b). 159 

However, the photolysis of HNO3 and nitrophenol were excluded in this study because 160 

they were believed to be minor sources (Lee et al., 2016) and their concentrations were 161 

unavailable during our observations. The removal pathways of HONO including 162 

photolysis (Lphotolysis), the homogeneous reaction with OH radicals (LHONO-OH) and dry 163 

deposition (Ldeposition) (Liu et al., 2019c) were considered. 164 

The HONO budget was calculated using the following equation: 165 

𝑑𝑐𝐻𝑂𝑁𝑂

𝑑𝑡
= 𝐸𝐻𝑂𝑁𝑂 + 𝑃𝐻𝑂𝑁𝑂 − 𝐿𝐻𝑂𝑁𝑂 + 𝑇𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 + 𝑇ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙           (1) 166 

where 
𝑑𝑐𝐻𝑂𝑁𝑂

𝑑𝑡
 is the observed rate of change of the HONO mixing ratio (ppbv h-1); 167 

EHONO is the emission rate of HONO from the different sources (ppbv h-1); PHONO is the 168 

in-situ production rate of HONO in the troposphere (ppbv h-1); LHONO is the loss rate of 169 

HONO (ppbv h-1) (Li et al., 2018); and Tvertical and Thorizontal are the vertical and 170 

horizontal transport, respectively (Soergel et al., 2011), which can mimic the source or 171 

sink terms depending on the HONO mixing ratios of the advected air relative to those 172 

of the measurement site and height (Soergel et al., 2011). 173 
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The emission rate (EHONO, ppbv h-1) was calculated based on the emission flux 174 

(FHONO=EIHONO/A, g m-2 s-1) and the PBL height (H, m) using to the following equation: 175 

𝐸𝐻𝑂𝑁𝑂 =
𝑎∙𝐹𝐻𝑂𝑁𝑂

𝐻
 (2) 176 

where, EIHONO, is the emission inventory of HONO (g s-1); A is the core urban area of 177 

Beijing (in m2, with a 20 km diameter); α is the conversion factor (α =
1×109∙3600∙𝑅∙𝑇

𝑀∙𝑃
=178 

2.99×1013∙𝑇

𝑀∙𝑃
); M is the molecular weight (g mol-1);T is the temperature (K); and P is the 179 

atmospheric pressure (Pa). 180 

The production rates of HONO (PHONO, ppbv h-1) in the troposphere were 181 

calculated using the following equation: 182 

𝑃𝐻𝑂𝑁𝑂 = 3600 ∙ 𝑘1 ∙ 𝑐𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟  (3) 183 

where k1 is the quasi first-order reaction rate constant (s-1); and cprecursor is the 184 

concentration of the precursor (ppbv). For the homogeneous reaction between NO and 185 

OH, 186 

𝑘1 = 𝑘2 ∙ 𝑐𝑂𝐻  (4) 187 

where k2 is the second-order reaction rate constant (7.210-12 cm3 molecule-1 s-1) (Li et 188 

al., 2012); and cOH is the OH concentration (molecules cm-3). For the heterogeneous 189 

reaction, 190 

𝑘1 =
𝛾∙𝐴𝑠∙𝜔

4
∙ 𝑌𝐻𝑂𝑁𝑂 (5) 191 

where As is the surface area concentration of the reactive surface (m2 m-3);  is the 192 

molecular mean speed (m s-1);  is the uptake coefficient of the precursor; and YHONO is 193 

the yield of HONO. At ground level, the surface area concentration is 194 

𝐴𝑠 =
𝛿

𝐻
 (6) 195 
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where  is the surface roughness, which is calculated according to the mean project area, 196 

perimeter, and height of the buildings in Beijing. 197 

𝛿 =
𝑓𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔∗(𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑+ℎ∗𝑃𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔)

𝐴𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑
+𝑓𝑏𝑙𝑎𝑛𝑘 (7) 198 

where fbuilding (0.31) and fblank (0.69) are the fractions of the projected area (Aprojected) of 199 

the buildings and blank space, respectively; and Pbuilding and h are the perimeter and the 200 

height of the building, respectively. fbuilding and Pbuilding were calculated using 201 

measurements for ~1000 buildings that were randomly selected on a Google Map using 202 

the ImageJ software. The mean height (44.5 m) of the buildings in Beijing was linearly 203 

extrapolated from published LiDAR (light detection and ranging) data based collected 204 

from 2004 to 2008 (Cheng et al., 2011). The  in Beijing was calculated to be 3.85, 205 

which is slightly higher than the value (2.2) used by Li et al. (2018). 206 

For the photolysis reaction, the first-order reaction rate was 207 

𝑘1 = 𝐽 (8) 208 

where J is the photolysis rate for the production of HONO (s-1). 209 

The loss rates of HONO through photolysis (Lphotolysis), the homogeneous reaction 210 

with OH radicals (LHONO-OH), and dry deposition (Ldeposition) (Liu et al., 2019c) were 211 

calculated using the following equations, respectively: 212 

𝐿𝑝ℎ𝑜𝑡𝑜𝑙𝑦𝑠𝑖𝑠 = 3600 ∙ 𝐽𝐻𝑂𝑁𝑂 ∙ 𝑐𝐻𝑂𝑁𝑂  (9) 213 

𝐿𝐻𝑂𝑁𝑂−𝑂𝐻 = 3600 ∙ 𝑘𝐻𝑂𝑁𝑂−𝑂𝐻 ∙ 𝑐𝑂𝐻 ∙ 𝑐𝐻𝑂𝑁𝑂 (10) 214 

𝐿𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =
3600∙𝑣𝑑∙𝑐𝐻𝑂𝑁𝑂

𝐻
  (11) 215 

where JHONO is the photolysis rate of HONO (s-1); kHONO-OH is the second-order reaction 216 

rate constant between HONO and OH (610-12 cm3 molecule-1 s-1) (Atkinson et al., 217 
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2004); and vd is the dry deposition rate of HONO (0.001 m s-1) (Han et al., 2017).  218 

The vertical transport by advection (Tvertical), which is an important sink of HONO 219 

at night (Gall et al., 2016;Meng et al., 2019), was calculated using Equation (12).  220 

𝑇𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 = −𝐾ℎ(𝑧, 𝑡)
∂c(z,t)

∂z

1

ℎ
   (12) 221 

where Kh(z,t) is the eddy diffusivity of heat (m2 s-1) at height z (m) and time t; and h is 222 

the height of the second layer (18 m) (Gall et al., 2016). At the same time, both the 223 

vertical and horizontal transport can be estimate using Equation (13), 224 

Tvertical = kdilution(cHONO - cHONO,background)  (13) 225 

where kdilution is the dilution rate (0.23 h−1, including both vertical and horizontal 226 

transport) (Dillon et al., 2002); cHONO and cHONO,background are the HONO concentration 227 

at the observation site and the background site, respectively (Dillon et al., 2002).  228 

In addition, even though all of the current known sources have been considered in 229 

models, the modelled daytime HONO concentrations were still lower than the observed 230 

concentrations (Tang et al., 2015;Michoud et al., 2014). Therefore, the HONO 231 

concentration can be described by Equation (14): 232 

𝑑𝑐𝐻𝑂𝑁𝑂

𝑑𝑡
=  𝐸𝑠𝑜𝑖𝑙 + 𝐸𝑣𝑒ℎ𝑖𝑐𝑙𝑒 + 𝑃𝑁𝑂−𝑂𝐻 + 𝑃𝑛𝑖𝑡𝑟𝑎𝑡𝑒 + 𝑃𝑎𝑒𝑟𝑜𝑠𝑜𝑙 + 𝑃𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑃𝑢𝑛𝑘𝑛𝑜𝑤𝑛 −233 

𝐿𝑝ℎ𝑜𝑡𝑜𝑙𝑦𝑠𝑖𝑠 − 𝐿𝐻𝑂𝑁𝑂−𝑂𝐻 − 𝐿𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 + 𝑇𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 + 𝐿ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙        (14) 234 

3. Results and discussion 235 

3.1 Overview of the air pollution. The mass concentrations of the non-refractory PM2.5 236 

(NR-PM2.5) and HONO and the metrological parameters are shown in Fig. 1. The time 237 

series of the other pollutants (SO2, CO, O3, benzene, toluene, and black carbon) are 238 

shown in Fig. S2 in the Supplementary Information.  239 
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Similar to previous measurements (Guo et al., 2014;Wang et al., 2016), the air 240 

pollution events exhibited a periodic cycle of 3 - 5 days during the observations, as 241 

indicated by the concentrations of the NR-PM2.5 (Fig. 1A) and the gaseous pollutants 242 

and by the visibility. During the observation period, 20-60% of the hourly PM2.5 243 

concentrations were higher than 75 μg m-3 (the criterion for pollution according to the 244 

national air quality standards) during each month (Fig. S3A). Both the frequency of 245 

severe polluted episodes and the mean mass concentrations of PM2.5 and NR-PM2.5 246 

were significantly higher in March than in the other months (Figs. 1 and S3). This can 247 

be explained by both the intense emissions during the heating season, which is 248 

supported by the high concentration of primary pollutants including CO, SO2, and black 249 

carbon (BC) (Table S1), and the stagnant meteorological conditions resulting from the 250 

low wind speed (<2 m s-1) and planetary boundary layer (PBL) height in March (Fig. 251 

S4A). 252 

The organic aerosols (OA) and nitrate dominated the NR-PM2.5, while their 253 

relative contributions varied significantly during the observations (Fig. 1B and Table 254 

S1). This is similar to previously reported NR-PM1.0 compositions (Sun et al., 2015). 255 

The monthly mean fraction of OA varied from 45.910.2 % to 52.618.7 %, which was 256 

accompanied by a slight increase in sulfate from 16.09.1 % to 18.28.0 % (Fig. S4D). 257 

At the same time, the monthly mean fractions of nitrate and chloride decreased from 258 

26.78.8 % to 16.712.8 % and from 7.76.1 % to 0.30.2 %, respectively. The peak 259 

ammonium concentration (14.22.8 %) occurred in March, and then it decreased 260 

slightly to 12.25.2 %. The intense emission of chloride from coal combustion during 261 
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the heating season (Cho et al., 2008) and firework use (Zhang et al., 2017), which was 262 

transported from Tangshan during the Chinese New Year (Figs. S5A and B), led to high 263 

chloride fraction in February and March. The decreases in nitrate and ammonium 264 

fractions from February to June are most likely related to the increase in temperature 265 

(Fig. S2), which favors NH4NO3 decomposition (Wang et al., 2015). Furthermore, the 266 

decrease in the contributions of the other components to the secondary formation due 267 

to the increased amount of UV light (Fig. S4C) may also increase the OA fraction 268 

(Huang et al., 2014). This means that the chemical transformation in March should still 269 

be vigorous even though the UV light intensity in March is lower than in summer (Fig. 270 

S4C). It also implies that the other factors may compensate for the weaker UV light 271 

intensity in March. 272 

HONO, which has been recognized as the important precursor of primary OH 273 

radicals (Ren et al., 2006;Alicke et al., 2003), ranged from 0.05 to 10.32 ppbv from 274 

February 1 to June 30, 2018 (Fig. 1C), with a mean value of 1.261.06 ppbv. In winter 275 

(February and March), the HONO concentration was 1.151.10 ppbv, which is 276 

comparable to previous (1.050.89 ppbv) measurements collected in the winter in 277 

Beijing (Wang et al., 2017b;Hou et al., 2016), but is slightly lower than the values 278 

measured from April to June (1.351.11 ppbv) in this study and those previously 279 

measured in the summer in Shanghai (2.31 ppbv, in May) (Cui et al., 2018) and 280 

Guangzhou (2.8 ppbv, in July) (Qin et al., 2009). The mean HONO concentration in 281 

March (1.531.25 ppbv) was higher than those measured in February and April (Fig. 282 

S3D), but it was slightly higher or close to those measured in May and June. Chamber 283 
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studies have found that HONO is responsible for the initiation of photosmog reactions 284 

(Rohrer et al., 2005). It is reasonable to postulate that HONO plays an important role 285 

in the secondary chemistry responsible for particle formation in March. 286 

3.2 Possible promotion effect of HONO photolysis on aerosol formation in winter. 287 

The oxidation of precursors by OH radicals is the main mechanism of secondary aerosol 288 

formation in the troposphere. After partially ruling out the possible influence of PBL 289 

variations by normalizing the concentrations of all of the pollutants to CO (Cheng et 290 

al., 2016) and BC (Liggio et al., 2016), we found all of the secondary species, including 291 

sulfate, nitrate, and ammonium, exhibit obvious daytime peaks from 7:00 am to 6:00 292 

pm (Fig. S5C) (Cheng et al., 2016). Similar trends were observed after the 293 

concentrations of the pollutants were normalized to BC (not shown). This suggests that 294 

they may be related to the photochemistry.  295 

Photolysis of H2O2, HCHO, O3, and HONO and the reaction between NO and HO2 296 

are known sources of OH radicals in the atmosphere (Alicke et al., 2003;Volkamer et 297 

al., 2010;Tan et al., 2018;Tang et al., 2015). In this study, the concentrations of H2O2, 298 

HCHO, and HO2 were unavailable. Thus, their contributions to OH production are not 299 

discussed here. However, it is commonly believed that the photolysis of HONO is the 300 

dominant source of OH in the dawn and dusk periods (Holland et al., 2003), 301 

contributing up to 60% of the daytime OH source in winter (Spataro et al., 2013;Rohrer 302 

et al., 2005). In addition, it has been confirmed that HONO is the dominant OH source 303 

at various locations (Tan et al., 2018;Liu et al., 2019c;Tan et al., 2017;Aumont et al., 304 

2003). Therefore, it is meaningful to discuss the possible contribution of HONO to 305 
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secondary aerosol formation through OH production. We simply compared the OH 306 

production via photolysis of HONO (POH-HONO=JHONOcHONO) with the O1D production 307 

rate from O3 (PO1D=JO1DcO3) (Fig. 2) when the PM2.5 concentration was larger than 50 308 

μg m-3 and the RH was less than 90 % to understand the chemistry occurring during 309 

pollution events. Under these conditions, the local chemistry should be more important 310 

since 75% of the time, the wind speed was less than 1.0 m s-1 (Fig. S6). The details of 311 

the JHONO and JO1D calculations are described in the Supplementary Information, and 312 

their time series are shown in Fig. S7. On polluted days in winter, the daytime POH-HONO 313 

was always significantly higher than the POH-O3 in winter, and the maximum POH-HONO 314 

and PO1D were 1.730.86 × 107 molecules cm-3 s-1 (2.431.21 ppb h-1) and 1.031.06 × 315 

107 molecules cm-3 s-1 (1.451.49 ppb h-1), respectively (Fig. 2A). Due to the high 316 

HONO concentration accumulated throughout the night, the maximum POH-HONO in 317 

winter was about 2–6 times that observed in the winter in Colorado, USA (~0.59 ppb 318 

h-1) (Kim et al., 2014), New York, USA (~0.40 ppb h-1) (Kanaya et al., 2007) and 319 

Nanjing, China (0.900.27 ppb h-1) (Liu et al., 2019b). In the period from April to June, 320 

the daily maxima of POH-HONO and PO1D were 2.481.42 × 107 molecules cm-3 s-1 321 

(3.481.99 ppb h-1) and 6.514.17 × 107 molecules cm-3 s-1 (9.155.86 ppb h-1), 322 

respectively. These results imply that the relative importance of the photolysis of 323 

HONO compared with that of O3 for initiating the daytime HOx and ROx chemistry on 324 

polluted days is more important in winter than from April to June because the 325 

production of OH from the photolysis of O3 should be directly proportional to PO1D. 326 

This is consistent with the previous findings that HONO photolysis dominants the 327 
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primary OH source in winter in the BTH (Xing et al., 2019;Tan et al., 2018), Colorado, 328 

and New York City (Ren et al., 2006;Kim et al., 2014), while the photolysis of O3 and 329 

HCHO related reactions usually dominate OH production in summer (Alicke et al., 330 

2003). 331 

The oxidation of trace gas pollutants, in particular VOCs, by OH is their main 332 

removal pathway in the troposphere (Atkinson and Arey, 2003), subsequently 333 

contributing to secondary aerosol formation (Kroll and Seinfeld, 2008). A very recent 334 

study has found that the oxidation of VOCs from local traffic emissions is still efficient 335 

even under pollution conditions (Guo et al., 2020). This means that high HONO 336 

concentrations may promote SOA formation after sunrise because HONO is an 337 

important primary OH source in the early morning. To confirm this assumption, 12 338 

episodes in winter were further analyzed (Fig. 1). The dataset for stagnant 339 

meteorological conditions, which is characterized by low wind speeds (< 1.0 m s-1, Fig. 340 

S5D), was analyzed to decrease the contribution of transport to the observed HONO 341 

and OA. The 1st, 3rd, and 5th episodes were clean days, and the other 9 episodes were 342 

typical haze events with durations of above 2 days. The features of these episodes are 343 

summarized in Table S2. Fig. 2C shows the CO-normalized daytime profiles of OA and 344 

HONO in the 7th and 12th episodes as two examples. In all of the selected cases, HONO 345 

exhibited a quick reduction due to photolysis after sunrise, and simultaneously, the OA 346 

concentration began to increase. This is similar to the evolution of the concentration of 347 

pollutants in a typical smog chamber experiment. Fig. 2D shows the formation of OA 348 

(COA/CCO) as a function of the consumed HONO (-CHNO2/CCO). Except for the 4th 349 
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episode, which was highly affected by the firework emissions during the Spring Festival, 350 

COA/CCO exhibits a linear dependence on -CHONO/CCO in the winter (R=0.75). This 351 

type of correlation was not observed for the pollution events from April to June because 352 

the relative importance of HONO photolysis to the primary OH production decreased 353 

(Fig. 2D). It should be noted that the oxidation of biogenic alkenes by O3 may also 354 

contribute to OA formation. However, anthropogenic VOCs rather than biogenic VOCs 355 

dominated the wintertime VOCs in Beijing (Liu et al., 2017a). Although vehicles can 356 

emit isoprene (Zou et al., 2019), the contribution of isoprene to the observed increase 357 

in the OA concentration should be unimportant due to the low concentration of isoprene 358 

in winter (Zou et al., 2019). Therefore, it is reasonable to conclude that the increase in 359 

the OA concentration in the daytime may be primarily resulted from the oxidation of 360 

VOCs by OH. 361 

Similar to OA, in winter, Cnitrate/CCO also exhibited a good linear correlation with 362 

-CHONO/CCO (R=0.67, Fig. S5E), suggesting that the increase in the particle-phase 363 

nitrate in the daytime was also promoted by the OH radicals. Interestingly, 364 

Cammonium/CO also exhibited a good correlation with -CHONO/CCO (R=0.61, Fig. S5E), 365 

although particle-phase ammonium should not be directly related to the oxidation of 366 

NH3 by OH. We attribute the increase in ammonium to the enhanced neutralization of 367 

sulfate and nitrate by NH3 (Wang et al., 2018;Wen et al., 2018;Sun et al., 2018) because 368 

the amount of NH3
 was adequate to neutralize both the sulfate and nitrate (Fig.S8). This 369 

is consistent with the results of a recent study, which reported that the role of 370 

photochemical reactions is important to daytime nitrate formation, while the hydrolysis 371 
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of N2O5 mainly contributes to nighttime nitrate (Tian et al., 2019). Although a recent 372 

study found that the daytime hydrolysis of N2O5 on hygroscopic aerosols is also an 373 

important source of daytime nitrate in the winter in Beijing (Wang et al., 2017a), the 374 

linear correlation between Cnitrate/CCO and CHONO/CCO implies that at least the 375 

promotion effect of HONO on nitrate formation cannot be excluded. However, the 376 

correlation between Csulfate/CCO and -CHONO/CCO was much weaker (R=0.26), 377 

suggesting a weak connection between particle-phase sulfate and gas-phase H2SO4. 378 

This is also consistent with the previous understanding that heterogeneous reactions of 379 

SO2 are the dominant pathway for sulfate formation (Zheng et al., 2015a;He et al., 380 

2018;Zhang et al., 2020). Overall, the results of this study qualitatively support the 381 

recent modeling results that show that HONO may promote aerosol production in 382 

winter (Zhang et al., 2019a;Zhang et al., 2019b;Xing et al., 2019;An et al., 2013) based 383 

on observations. 384 

3.3 HONO budget during pollution events. To understand the possible sources of 385 

HONO during pollution events in winter, the HONO budget was calculated for the 386 

events for which the PM2.5 concentrations were greater than 50 μg m-3 and the RH 387 

values were less than 90 % according to the method described in Section 2.2.  388 

Vehicle emissions. The Evehicle was calculated using Equation (2), the relative emission 389 

rate of HONO to NOx, and the emission inventory of NOx from vehicles. First, the 390 

HONO/NOx ratio was calculated according to the method reported by Xu et al. (2015) 391 

and Li et al. (2018) for the fresh nighttime plumes, which strictly satisfy the following 392 

criteria: 1) NOx > 45 ppb (highest 25% of NOx data); 2) NO/NOx > 0.8, with a good 393 
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correlation between NO and NOx (R > 0.9, P < 0.05); 3) a good correlation between 394 

HONO and NOx (R2>0.65, P < 0.05); and 4) dataset from 5:00 am to 8:00 am. The mean 395 

emission ratio of HONO to NOx was 1.80.5% based on five fresh vehicle exhaust 396 

plumes during our observations (Table S3). This value is higher than those in Hongkong 397 

(1.20.4%) (Xu et al., 2015), Beijing (1.3%) (Zhang et al., 2018a) and Ji’nan 398 

(0.530.20%) (Li et al., 2018) obtained using the same method, while it is comparable 399 

with the results of tunnel experiments (2.1%) carried out in Beijing (Yang et al., 2014). 400 

Second, the low HONO concentration should be companied by a high NOx 401 

concentration and a high NO/NOx ratio if direct emissions from vehicles are the 402 

major source of HONO and the source of the secondary formation was negligible in the 403 

urban atmosphere. Therefore, we further estimated the HONO/NOx ratio using the 404 

lower limit correlation method (Li et al., 2012). In the 2D space of HONO vs. NOx (Fig. 405 

S8), the data below the 2nd percentile of HONO/NOx and with NO/NOx values of 406 

greater than 0.8 were chosen for the linear correlation. The ratio of HONO/NOx was 407 

1.170.05%. It should be noted that an interference from the sampling inlet caused a 408 

6.7% overestimation of the HONO concentration based on control experiments with 409 

100 ppb of NO2 at 50 % RH. Thus, the ratio of HONO/NOx should be 1.090.05% 410 

when the interference from the sampling inlet is taken into consideration. This value is 411 

lower than that estimated using empirical method discussed above, but it is very close 412 

to those measured in Hong Kong (1.20.4%) (Xu et al., 2015) and (1.230.35%) (Liang 413 

et al., 2017), Guangzhou (1.0%) (Li et al., 2012) and Beijing (1.3% and 1.41 %) (Zhang 414 

et al., 2018a;Meng et al., 2019). Finally, several studies have measured the direct 415 
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emission of HONO from vehicle exhaust. The HONO/NOx was determined to be 0.18% 416 

for gasoline cars based on chassis dynamometer tests in China (Liu et al., 2017d), while 417 

it was measured to be 0-0.95% for gasoline vehicles and 0.16-1.0 % for diesel vehicles 418 

measured during real-world driving test cycles in Japan (Trinh et al., 2017). Thus, three 419 

levels of the vehicle emissions factor were considered. The middle value was 420 

1.090.05%, which is very close to the mean (1.21) of the emission ratios reported in 421 

China (Li et al., 2018;Xu et al., 2015;Yang et al., 2014;Liu et al., 2017d;Gall et al., 422 

2016;Meng et al., 2019), while 0.18% (Liu et al., 2017d) and 1.8 % were the lower limit 423 

and the upper limit, respectively. 424 

The Evehicle was calculated using the hourly NOx emission inventory from vehicles 425 

in Beijing (Yang et al., 2019) after converting the data to the emission flux of HONO 426 

(FHONO=FNOx HONO/NOx) and the PBL height as described in Section 2.2. Thus, the 427 

calculated emission rate reflected the diurnal variations in both the emission inventory 428 

and the PBL height. The calculated hourly middle value of Evehicle obtained using an 429 

HONO/NOx ratio of 1.09% was from 0.0790.038 to 0.320.15 ppbv h-1, which was 430 

slightly higher than the daytime emission rate of HONO in Xi’an (Huang et al., 2017b). 431 

This is reasonable when the vehicle population in Beijing is taken into consideration. 432 

The lower limit of Evehicle was 0.0130.006-0.0530.023 ppbv h-1, which was close to 433 

the estimated emission rate of HONO in Ji’nan (Li et al., 2018). The upper limit was 434 

0.130.06-0.530.23 ppbv h-1.  435 

Soil emissions. The emission flux of HONO from soils depends on the water content, 436 

nitrogen nutrient content, and temperature of the soil (Oswald et al., 2013). Oswald et 437 
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al. (2013) measured the emission flux of HONO from 17 soil samples, including 438 

eucalyptus forest, tropical rain forest, coniferous forest, pasture, woody savannah, 439 

grassland, stony desert, maize field, wheat field, jujube field, and cotton field. Tropical 440 

rain forest, coniferous forest and grassland are the typical plants in downtown Beijing 441 

(Huang et al., 2017a), and their emission fluxes of HONO are comparable (Oswald et 442 

al., 2013). Thus, we used the emission flux from grassland to calculate the emission 443 

rate of HONO from the soil in Beijing because the temperature and water holding 444 

content dependent emission flux of HONO from grassland soil was available. Three 445 

levels of water content including 25-35%, 35-45% and 45-55% were considered. The 446 

temperature dependence of FHONO was calculated using the mean value of the FHONO 447 

for the different water contents, and the lower limit and upper limit of FHONO were 448 

calculated using the emission flux for water contents of 45-55% and 25-35%, 449 

respectively. The lower limit, the middle value and the upper limit of the Esoil calculated 450 

using Equation (2) are 0.00320.0027-0.0130.014, 0.00460.0039-0.0200.20, and 451 

0.00570.0047-0.0250.024 ppbv h-1, respectively. 452 

Homogeneous reaction between NO and OH. Direct measurements of the OH 453 

concentration were unavailable in this study, so several methods were used to estimate 454 

the ambient OH concentration. In winter in Beijing, it has been found that the OH 455 

concentration is linearly correlated with JO1D, that is, cOH=JO1D×2×1011 molecules cm-3 456 

(Tan et al., 2019). However, Tan et al. (2018) reported a larger conversion factor 457 

(4.33×1011 molecules cm-3). Li et al. (2018) estimated the OH radical concentration 458 

considering both the photolysis rate and NO2 concentration, i.e., 459 
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𝑐𝑂𝐻 =
4.1×109×(𝐽𝑂1𝐷)0.83×(𝐽𝑁𝑂2)

0.19
×(140𝑐𝑁𝑂2+1)

0.41𝑐𝑁𝑂2
2 +1.7𝑐𝑁𝑂2+1

  (15) 460 

Overall, the OH concentrations estimated using Equation (15) were comparable with 461 

that estimated by Tan et al. (2019) (Fig. S10C). The method of calculating the photolysis 462 

rates is described in the Supplementary Information, and the time series of the 463 

photolysis rates are shown in Fig. S7. On polluted days, the high concentrations of NO2 464 

resulted in the OH concentrations estimated using Equation (15) being lower.  465 

Therefore, the corresponding PNO-OH was taken as the lower limit for the homogeneous 466 

reaction between NO and HONO because pollution events are discussed in this study, 467 

while the PNO-OH calculated using the OH concentration (JO1D×4.33×1011 molecules cm-468 

3) (Tan et al., 2018) was taken as the upper limit and the PNO-OH calculated using the 469 

OH concentration (JO1D×2×1011 molecules cm-3) (Tan et al., 2019) was the middle value. 470 

At night, the OH concentration generally varied from 1.0×105 molecules cm-3 (Li et al., 471 

2012;Tan et al., 2018) in winter to 5×105 molecules cm-3 in summer (Tan et al., 2017). 472 

The nighttime OH concentration was estimated to be linearly correlated with the 473 

product of the nighttime O3 concentration and the alkenes concentration, i.e., 474 

𝑐𝑂𝐻,𝑛𝑖𝑔ℎ𝑡 = 1 × 105 + 4 × 105 ×
(𝑐𝑂3×𝑐𝑎𝑙𝑘𝑒𝑛𝑒𝑠)𝑛𝑖𝑔ℎ𝑡−(𝑐𝑂3×𝑐𝑎𝑙𝑘𝑒𝑛𝑒𝑠)𝑛𝑖𝑔ℎ𝑡,𝑚𝑖𝑛

(𝑐𝑂3×𝑐𝑎𝑙𝑘𝑒𝑛𝑒𝑠)𝑛𝑖𝑔ℎ𝑡,𝑚𝑎𝑥−(𝑐𝑂3×𝑐𝑎𝑙𝑘𝑒𝑛𝑒𝑠)𝑛𝑖𝑔ℎ𝑡,𝑚𝑖𝑛
 (16) 475 

The time series of the OH concentration calculated using the different methods are 476 

shown in Fig. S11. Thus, the lower limit, the middle value and the upper limit of PNO-477 

OH calculated using Equations (3) and (4) are 0.0070.019-0.430.26, 0.0260.053-478 

0.990.79 and 0.0280.053-2.141.71 ppbv h-1, respectively. The calculated middle 479 

value of PNO-OH (mean daytime value of 0.490.35 ppb h-1) is comparable with the 480 

values estimated by Li et al. (2018) (0.4 ppb h-1) and Huang et al. (2017b) (0.28 ppb h-481 
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1). It should be noted that the measured NO concentration was used to calculate the PNO-482 

OH. In addition to vehicle emissions, power plants and industries also contribute to the 483 

NO emissions. Forty percent of the NOx was from vehicle emissions according to the 484 

NOx emission inventory for Beijing (He et al., 2002).  485 

It should be noted that the OH concentration was estimated based on JO1D (Tan et 486 

al., 2019;Tan et al., 2018) or JO1D and JNO2 (Li et al., 2018). As was discussed in Section 487 

3.2, HONO was an important primary OH source in the daytime. Unfortunately, it could 488 

not be parameterized to calculate the OH concentration because the measured and 489 

modelled OH concentrations were unavailable in this study. This may lead to an 490 

underestimation of the early daytime OH concentration, and subsequently, to the 491 

underestimation of the contribution of the homogeneous reaction of NO with OH to the 492 

HONO source. This needs to be further investigated in the future.  493 

Photolysis of nitrate. A recent study reported the photolysis rate of nitrate (Jnitrate) in 494 

ambient PM2.5 at a solar zenith angle of 0 (Bao et al., 2018). The Jnitrate varied from 495 

1.2210-5 to 4.8410-4 s-1, with a mean value of 8.2410-5 s-1. These values were further 496 

normalized according to the zenith angle and UV light at our observation station to 497 

calculate the lower limit, the upper limit and the middle Jnitrate. The time series of the 498 

measured nitrate concentration and the middle value of Jnitrate are shown in Fig. 1 and 499 

Fig. S7, respectively. Therefore, the corresponding daytime lower limit, middle value 500 

and upper limit of HONO from the photolysis of nitrate were calculated to be 501 

0.00110.0021-0.0960.092, 0.00720.0021-0.660.092 and 0.0420.082-3.860.008 502 

ppbv h-1, respectively, using Equations (3) and (8). 503 
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Heterogeneous reactions of NO2 on aerosol and ground surfaces. The production of 504 

HONO from heterogeneous reactions of NO2 on aerosol surfaces was calculated using 505 

Equations (3) and (5). The aerosol surface concentration was measured using an SMPS. 506 

The NO2 uptake coefficient () on the different particles varies from 510-9 to 9.610-6 507 

(Ndour et al., 2009;Underwood et al., 2001;Underwood et al., 1999), but the 508 

recommended value is 1.210-8 (Crowley et al., 2010), which was used to calculate the 509 

Paerosol as the base case. It has been found that the  value highly depends on the relative 510 

humidity (RH). The lower limit bound of Paerosol was calculated based on the RH 511 

dependent NO2 uptake coefficient on kaolinite (NO2=4.47  1039/(1.75  1046 + 1.93 512 

1045RH)), while the upper limit of Paerosol was calculated according to the RH 513 

dependent  on hematite (NO2=4.46  1039/(6.73  1044 + 3.481044 RH) (Liu et al., 514 

2015). The heterogeneous reaction of NO2 on BC was also considered at night. The 515 

surface area concentration of BC was calculated based on its specific area (87 m2 g-1) 516 

(Su et al., 2018) and the measured mass concentration. The NO2 on BC is 1.1710-5, 517 

and the HONO yield is 0.8 (Han et al., 2013). The light enhanced  of NO2 (1.910-6) 518 

on mineral dust was further parameterized (Ndour et al., 2008) after normalizing it to 519 

the solar radiation intensity in Beijing.  520 

The contribution of the heterogeneous reaction of NO2 on ground surfaces was 521 

calculated in a way similar to that used for mineral dust. The same kinetics as those for 522 

the heterogeneous reaction of NO2 on aerosol surfaces were used to calculate the 523 

nighttime contribution of the reactions on the ground surface (Zhang et al., 524 

2016;Aumont et al., 2003). A recent study observed that UV light causes a significant 525 
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enhancement of NO2 and HONO formation on real urban grime (Liu et al., 2019a). 526 

Thus, the RH dependent kinetic data measured on urban grime (NO2=7.4 10-7+5.510-527 

8 RH) was used to calculate the daytime upper limit for the heterogeneous uptake of 528 

NO2 on the ground surfaces. The As of aerosols varied from 110-4 to 4.810-3 m-1 with 529 

a mean value of 1.40.510-3 m-1 during pollution events. This value is comparable 530 

with that used in modeling studies (Zhang et al., 2016;Aumont et al., 2003). The As of 531 

the ground surfaces which was calculated using Equations (6) and (7), varied from 532 

1.510-3 to 3.8510-2 m-1, with a mean value of 1.30.910-2 m-1, during the pollution 533 

events. The surface roughness was calculated to be 3.85 using Equation (7). The YHONO 534 

was set to 0.5 because of the hydrolysis reaction of NO2 (Liu et al., 2015), while it was 535 

set to 0.8 for the light enhanced reaction (Liu et al., 2019a;Ndour et al., 2008) and that 536 

on BC (Han et al., 2013). 537 

The lower limit, the middle value and the upper limit of Paerosol were 538 

0.000120.00009-0.00250.0021, 0.000430.00020-0.00280.0038 and 539 

0.00220.0012 - 0.00500.0038 ppbv h-1, respectively. The corresponding Pground 540 

values were 0.000270.00017-0.00200.0012, 0.00140.00095-0.00890.006 and 541 

0.00250.0023-0.0600.032 ppbv h-1, respectively. The Paerosol calculated in this study 542 

was much lower than that estimated by Huang et al. (Huang et al., 2017b) because 543 

different calculation methods were used. In their study, the production rate of HONO 544 

was estimated based on the conversion rate (Huang et al., 2017b); while in this study, 545 

it was calculated based on the measured aerosol surface area concentration and NO2 546 

uptake coefficient on different particles. In addition, the calculated Paerosol was 2-4 547 
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orders of magnitude lower than that of other sources due to the very small NO2 value 548 

on particle surfaces.  549 

It should be pointed out that the HONO production from heterogeneous reactions 550 

of NO2 on both aerosol and ground surfaces greatly depends on the NO2, BET and As 551 

values. The As of aerosols is comparable with the modeling input. However, the 552 

nighttime NO2, BET (10-8 - 10-7) values were used in this study are smaller than the NO2, 553 

BET (110-6) values used in the modeling studies (Zhang et al., 2016;Aumont et al., 554 

2003;Gall et al., 2016). This leads to a lower production rate of HONO from the 555 

heterogeneous reaction of NO2 on aerosols. As for the heterogeneous reaction of NO2 556 

on ground surfaces, in addition to the small NO2, BET values used in this study, the As of 557 

the ground surfaces (0.0015 to 0.0385 m-1), which was calculated using the surface 558 

roughness and the PBL height, was also significantly lower than the fixed value of 0.3 559 

m-1 used in the modeling studies, which may have led to the overestimation of the 560 

contribution of the HONO production of the heterogeneous reaction of NO2 on the 561 

ground surfaces. It should be noted that the initial uptake coefficient (ini) was 562 

parameterized in this study. This led to the overestimation of the contribution of the 563 

heterogeneous reaction of NO2 to HONO source because the steady-state uptake 564 

coefficient is usually one order of magnitude lower than ini (Han et al., 2013;Liu et al., 565 

2015). These results reveal that the heterogeneous reaction should be unimportant for 566 

HONO source in Beijing.  567 

Sinks of HONO. The loss rates of HONO by photolysis (Lphotolysis), the homogeneous 568 

reaction with OH radicals (LHONO-OH) and dry deposition were calculated using 569 



27 
 

Equations (9)-(11). The daytime JHONO varied from 1.7110-5 to 1.1310-3 s-1 on 570 

polluted days in winter, and it ranged from 5.8910-5 to 1.5310-3 s-1 from April to June. 571 

These values are comparable to the modeling results (3.910-5-1.810-3 s-1) (Gall et al., 572 

2016). The daytime Lphotolysis values were 0.03-5.23 ppb h-1 and 0.25-7.10 ppb h-1 in the 573 

winter and in the other months, respectively. It was the primary HONO sink in the 574 

daytime. It was determined that the LHNO2-OH value varied from 0.0049 to 0.069 ppbv 575 

h-1 in winter using kHONO-OH value of 610-12 cm3 molecule-1 s-1 (Atkinson et al., 2004) 576 

and the middle value of the OH concentrations. It varied from 0.0050 to 0.085 ppbv h-577 

1 from April to June. The Ldeposition value calculated using Equation (11) was 0.004-0.056 578 

ppbv h-1 in winter and 0.004-0.030 ppbv h-1 from April to June. 579 

As was noted in Section 2.2, the vertical transport by advection is an important 580 

nocturnal sink of HONO (Gall et al., 2016). In this study, the vertical distribution of 581 

HONO concentration was unavailable. Recently, Meng et al. (2019) measured the 582 

vertical distribution of HONO in Beijing in December, 2016. The concentration of 583 

HONO exhibited a nearly flat profile from ground level to 240 m during pollution 584 

events after sunset, while negative profiles of HONO were observed during pollution 585 

events at night (Meng et al., 2019). The nighttime concentration gradient derived from 586 

the nighttime dataset was 0.00470.0025 ppb m-1 (Meng et al., 2019). Because the 587 

daytime vertical gradient of the HONO concentration is unavailable in Beijing, we did 588 

not calculate the daytime vertical transport. However, the eddy diffusivity of the heat 589 

in an urban environment was measured in New Delhi, India (Yadav et al., 2003). Using 590 

their dataset for wind speeds of less than 2.0 m s-1, we derived the relationship between 591 
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Kh and the wind speed (WS) (Kh=0.9389WS-0.3374 m2 s-1). According to Equation 592 

(12), the nighttime Tvertical ranged from 0.15 to 0.37 ppbv h-1 in winter, while it ranged 593 

from 0.12 to 0.68 ppbv h-1 from April to June. Because the wind speed was usually 594 

lower than 1.0 m s-1 during pollution events (Fig. S6), the contribution of the horizontal 595 

transport to the daytime HONO sources and sinks decreased because of the short 596 

lifetime of HONO. At night, in the winter, 79 % of the surface wind speeds were lower 597 

than 1.0 m s-1 on pollution days when the PM2.5 concentration was greater than 50 μg 598 

m-3 and the RH was less than 90 %, thus the air masses from suburban areas should 599 

influence on the sources and sinks of HONO in Beijing. If the background HONO 600 

concentration is zero, the vertical and horizontal transport rate of HONO calculated 601 

using Equation (13) varied from 0.17 to 0.61 ppbv h-1 on haze days in winter and from 602 

0.15 to 0.74 ppbv h-1 during pollution events from April to June. These values are higher 603 

than those calculated using Equation (12). Because the background HONO 604 

concentration was unavailable, in the following section, we only considered the 605 

nighttime transport calculated using Equation (12). 606 

Comparison among the different HONO sources. Fig. 3 summarizes the diurnal 607 

patterns of each source with different parameterizations during the pollution events 608 

from February to March. The black dots and lines indicate the middle values, while the 609 

shaded area indicates the corresponding lower bound and upper bound. In the nighttime, 610 

vehicle and soil emissions and the homogeneous reaction between NO and OH were 611 

the important sources of HONO. In the daytime, however, the photolysis of nitrate and 612 

the homogeneous reaction between NO and OH were the predominant sources of 613 
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HONO. Heterogeneous reactions of NO2 on the aerosol and ground surfaces were 614 

unimportant compared with the other sources because of the very low uptake coefficient 615 

compared with those used in the modeling studies (Zhang et al., 2016;Aumont et al., 616 

2003).  617 

Figs. 4A–F show the HONO budget estimated using the middle values of the 618 

parameters during the pollution events. The mean production rate of HONO of these 619 

identified sources was 0.16–1.76 ppbv h-1, while the corresponding loss rate was from 620 

0.21–2.34 ppbv h-1 during the pollution events in winter. The main loss of HONO was 621 

through photolysis during the daytime (1.74 0.44 ppbv h-1), while it was through 622 

vertical transport in the nighttime (0.280.08 ppbv h-1). Direct emissions from vehicle 623 

exhaust was the largest nighttime source of HONO (0.220.06 ppbv h-1), followed by 624 

the homogeneous reaction between NO and OH (0.040.01 ppbv h-1), emissions from 625 

soils (0.0140.005 ppbv h-1), the heterogeneous reaction of NO2 on the ground surfaces 626 

(0.0060.002 ppbv h-1), and the heterogeneous reaction of NO2 on the aerosol surfaces 627 

(0.00050.0001 ppbv h-1). PNO-OH and Pnitrate dominated the daytime HONO production, 628 

with daytime mean values of 0.490.35 ppbv h-1 and 0.340.23 ppbv h-1, respectively. 629 

As is shown in Fig. 4, these six sources still underestimate the daytime sources of 630 

HONO. The Punknown was 0.250.24 ppbv h-1 in February and March, while it was 631 

0.500.38 ppbv h-1 from April to June. 632 

The Evehicle contributed 57.317.9% and 33.915.2% to the nighttime HONO 633 

sources from February to March and during the other months, respectively, even when 634 

the Punknown value was taken into consideration. The relative contribution of the daytime 635 
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Evehicle decreased to 12.614.3% in winter and was 9.38.4% from April to June. Thus, 636 

the daily mean Evehicle fractions were 40.527.5% and 24.317.7% from February to 637 

March and from April to June, respectively. This means that Evehicle dominated the 638 

nighttime HONO source during the pollution events in Beijing, which is consistent with 639 

the results of previous studies, i.e., that vehicle emissions were the major nighttime 640 

HONO source (51.1–52%) in Beijing (Zhang et al., 2019b;Meng et al., 2019). As was 641 

pointed out in Section 3.3, Evehicle was calculated based on the NOx inventory from the 642 

vehicle sector. However, NO is prone to be quickly converted to NO2 and NOz in the 643 

atmosphere (e.g., HONO, HNO3, N2O5, peroxyacytyl nitrate (PAN), and organonitrate) 644 

by O3, HO2, RO2, and OH. It is reasonable to assume that local traffic emissions 645 

dominate the ambient NO source in an urban environment. Thus, the homogeneous 646 

reaction between NO and OH in the atmosphere could also be related to vehicle exhaust. 647 

As is shown in Fig. 3, the diurnal curve of PNO-OH coincides well with that of the OH 648 

concentration (Fig. S10). This means that the PNO-OH value should be primarily 649 

determined by the OH concentration. However, the PNO-OH value should still reflect the 650 

indirect contribution of traffic related emissions to the HONO source because the 651 

ambient NO concentration was used to calculate the PNO-OH value. Traffic-related 652 

HONO sources (Evehicles +PNO-OH) may contribute 59.320.7% and 36.214.4% to the 653 

daily HONO source in winter and in the other months, respectively. Even if 40% of the 654 

NOx was from vehicle exhaust in Beijing (He et al., 2002), traffic-related sources 655 

(Evehicles + 0.4PNO-OH) may still contribute 48.124.3% in winter and 29.616.2% from 656 

April to June due to the corresponding daily HONO source. The contribution of the 657 
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traffic-related sources was still an important daytime source of HONO (42.310.3% for 658 

Evehicles +PNO-OH, and 24.411.3% for Evehicles + 0.4PNO-OH) on the polluted days in winter.  659 

As is shown in Fig. 3, uncertainties existed when calculating each HONO source. 660 

To further understand the role of traffic emissions, we also estimated the lower limit of 661 

the traffic-related contribution as follows. 1) The lower limit of Evehicle was obtained by 662 

using the lowest reported HONO/NOx emission ratio from vehicles (0.18%) (Liu et al., 663 

2017d) rather than the value of 1.09%, which was the empirical value calculated based 664 

on the field measurements (Fig. S7). 2) The lower limit for the homogeneous reaction 665 

between NO and OH radical was calculated using the method of Li et al. (2018). 3) The 666 

upper limit of the emission rate from the soil was estimated using the emission flux of 667 

HONO at a low water content (Oswald et al., 2013). 4) The upper limit of the HONO 668 

production rate of the heterogeneous reaction of NO2 on the aerosol surfaces was 669 

calculated using the large RH-dependent NO2 uptake coefficient on hematite (Liu et al., 670 

2015) rather than the value recommended by Crowley et al. (Crowley et al., 2010). 5) 671 

The upper limit for the heterogeneous reaction on the ground surfaces was calculated 672 

using the RH-dependent kinetic data measured on urban grime (Liu et al., 2019a). As 673 

is shown in Fig. 5, the traffic-related source (Evehicles + PNO-OH) contributed 38.015.6% 674 

to the daily HONO sources in winter when all of the NO was assumed to be dominated 675 

by local traffic emissions; whereas it contributed 31.517.5% when only 40% of the 676 

NO was considered to be from local traffic emissions (He et al., 2002). Under these 677 

circumstances, the daytime Punknown of the HONO winter increased to 1.060.36 ppbv 678 

h-1, which corresponded to 63.210.1% of the HONO source. This means that these 679 
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assumptions may underestimate the contribution of the HONO sources. In addition, the 680 

Pground, Paerosol, and Pnitrate values could be also partially related to NOx traffic emissions 681 

(Lee et al., 2016;Tan et al., 2017). These results indicate that the contribution of traffic-682 

related emissions may be larger than that estimated in this study. Therefore, our results 683 

at least suggest that traffic related emissions should be a very important HONO source 684 

in winter in Beijing, but comprehensive modeling studies are required to attain more 685 

precise results. 686 

4. Conclusions and atmospheric implications. 687 

In this study, we found a good correlation between the increase in the OA and 688 

nitrate mass concentrations and the consumed HONO from early morning to noon 689 

during the polluted days in winter. This suggests that HONO may promote aerosol 690 

formation during pollution events in Beijing. This promotion effect on aerosol 691 

formation could be related to OH production by the photolysis of HONO followed by 692 

the oxidation of the corresponding precursors. Our observations support the results of 693 

recent modeling studies that have shown that HONO may significantly promote 694 

secondary aerosol mass formation (Zhang et al., 2019a;Zhang et al., 2019b;Xing et al., 695 

2019;An et al., 2013). Based on budget analysis calculations, traffic-related sources 696 

(direct emissions and conversion of NO from vehicle emissions) were an important 697 

contributor to the HONO sources during the polluted days in winter in Beijing. This 698 

means that the HONO from the traffic-related sources may play an important role in 699 

aerosol mass formation in the atmosphere. 700 

The number of vehicles in China is increasing very quickly (Liu et al., 701 
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2017b;Wang et al., 2011). Thus, the negative influences of vehicle emissions on air 702 

quality will become more serious, especially in populous metropolitan areas (Yang et 703 

al., 2019;Guo et al., 2020), such as Beijing and Shanghai, if targeted pollution control 704 

technologies are not applied. It has been estimated that vehicles emissions account for 705 

over 40% of the total urban NOx emissions in Beijing (He et al., 2002). In the 706 

atmosphere, NOx undergoes a very complicated reaction network, which finally leads 707 

to aerosol mass formation and the production of ozone in VOC limited environments. 708 

Moreover, reactions with NOx also lead to the production of several reactive NOz 709 

species (Seinfeld and Pandis, 2006). In particular, HONO is an important precursor of 710 

OH, which governs the conversion of primary pollutants into secondary pollutants in 711 

the atmosphere. In addition to the indirect production of HONO from NO, vehicles also 712 

directly emit HONO. Even when the lower limit of the emission factor is used to 713 

calculate the HONO source from vehicles, the traffic-related emissions are still an 714 

important source of HONO in winter in Beijing. Therefore, this study indicates that the 715 

mitigation of HONO and NOx emissions from vehicles may be an effective way of 716 

reducing secondary aerosol mass formation and can have a positive effect on severe 717 

haze events in winter in Beijing.  718 

It should be noted that we only considered O3 and HONO when discussing the 719 

sources of OH. Other sources such as the reaction between HO2 (and RO2) and NO, the 720 

ozonolysis of alkenes, and the photolysis of oxygenated VOCs may also contribute to 721 

the amount of OH radicals in the atmosphere (Tan et al., 2018). In the future it will be 722 

vital to comprehensively analyze the OH sources and to quantify the role of HONO in 723 
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secondary aerosol mass formation although the photolysis of HONO is the primary OH 724 

source in winter. However, as was discussed in Section 3.3, the uncertainties in the 725 

HONO budget may originate from the emission factors, OH concentration, and reaction 726 

kinetics. The source of HONO from vehicles was calculated based on the emission 727 

inventories, which likely have a significant bias (Squires et al., 2020). For example, the 728 

emission flux of NOx calculated using the emission inventory of Yang et al. (2019) is 729 

2.40.5 greater than the emission flux reported by Squires et al. (2020). In addition, the 730 

exact height of the vertical mixing of HONO was assumed to be the same as the PBL 731 

height, this may lead to an underestimation of the contributions of vehicle and soil 732 

emissions and the heterogeneous reaction on the ground surfaces. To take the next step, 733 

the emission factors from vehicle exhaust under real road conditions must be measured. 734 

When calculating the OH concentration, the correlation between the OH concentration 735 

and JO1D may vary with location and season due to their different NOx/VOCs ratios 736 

(Holland et al., 2003). Direct measurements of the OH concentration would decrease 737 

the uncertainties in both the OH sources and the HONO budget analysis. The 738 

importance of vehicle emissions to the HONO sources also needs to be further 739 

confirmed during special periods, such as the Chinese New Year, when vehicle 740 

emissions are significantly reduced in the future. Finally, in the future, it is necessary 741 

to quantify the contribution of traffic-related sources of HONO to OH production and 742 

secondary aerosol formation based on modeling studies. 743 
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Figure captions 1138 

Fig. 1. An overview of the measurement of the non-refractory-PM2.5 (NR-PM2.5), 1139 

HONO, NOx, PM2.5 and meteorological parameters from Feb. 1 to July 1, 2018. (A) 1140 

The mass concentrations of the different components of PM2.5; (B) the mass fraction of 1141 

the individual components; (C) HONO and NOx concentrations; (D) temperature and 1142 

RH; (E) wind speed and wind direction; (F) UVB and PBL heights; and (G) visibility 1143 

and PM2.5 concentration during the observations. We consider the period before Apr. 1 1144 

to be winter. During the winter period, 12 cases were selected and numbered, including 1145 

three clean cases (1, 3, and 5; in yellow) and nine pollution episodes (blue). 1146 

Fig. 2. Contribution of HONO to OH production and the correlation between the OA 1147 

and HONO concentrations. Diurnal production rates of OH from the photolysis of 1148 

HONO and O3 on polluted days with PM2.5 concentrations of greater than 50 μg m-3 1149 

and RH values of less than 90%. (A) from Feb. 1 to Mar. 31; (B) from Apr. 1 to June 1150 

30; (C) daytime variation in the OA/CO and HONO/CO concentrations for the 7th and 1151 

12th episodes; and (D) correlation between the daytime increase in OA/CO and the 1152 

HONO/CO consumed. 1153 

Fig. 3. Diurnal pattern of the HONO sources calculated using different 1154 

parameterizations. The lower bound, the middle value, and the upper bound of (A) the 1155 

soil emissions calculated based on water contents of 45–55%, 35–45%, and 25–35%; 1156 

(B) vehicle emissions with emission factors relative to NOx of 0.18%, 1.170.05%, and 1157 

1.8%; (C) production from the reaction between NO and OH, the concentrations of 1158 

which were estimated using the methods of Xu et al. (2015) and Tan et al. (2019) 1159 
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Fig. 4. The HONO budget. (A) and (B) Diurnal production rates of HONO; (C) and (D) 1160 

loss rates of HONO; (E) and (F) relative contributions of each source on polluted days 1161 

with PM2.5 concentrations of greater than 50 μg m-3 and RH values of less than 90%. 1162 

The left column shows the data from February 1 to March 31, and the right column 1163 

shows the data from April 1 to June 30. 1164 

Fig. 5. (A–B) Diurnal production rates and (C–D) diurnal loss rates of HONO; (E–F) 1165 

relative contributions of the HONO sources on polluted days with PM2.5 concentrations 1166 

of greater than 50 μg m-3 and RH values of less than 90%. The Evehicle value was 1167 

calculated using the lower limit of the HONO/NOx from vehicles (0.18%; Liu et al., 1168 

2017d), and the PNO-OH was calculated using the lower limit of the OH concentration, 1169 

while the upper limits of the Esoil, Paerosol, and Pground were used as described in the text.  1170 
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