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 27 

Selection of uptake coefficients 28 

The selection of uptake coefficients on ground surface and aerosol surface are mainly 29 

based on the empirical data. And we also referred to some experimental data measured 30 

in our laboratory. Experimental data measured on MgO surface fall in the range of 1-31 

6×10-6 as reported by Ma et al. (2017) and on hematite surface in the range of 1.9×10-32 
7-1.6×10-6 as reported by Liu et al. (2015) . The derived empirical data obtained by 33 

VandenBoer et al. (2013) from the field observation fall in the range of 2×10-6 -1.6×10-34 
5. The empirical uptake coefficient used in models varied widely ranging from 10−7 to 35 

10-3 (Table S2). The majority γΝΟ2 value employed in literature is about 10-6. 36 

 37 

Calculation of dry deposition velocities 38 

The total resistance to dry deposition (which is the inverse of v) is calculated as the sum 39 

of the bulk surface resistance, Rsurf, the aerodynamic resistance, Ra, the quasi-laminar 40 



boundary layer resistance, Rbc. Rsurf includes the influence of vegetation, canopy, 41 

ground, etc. Considering the average temperature in our study is around 1.6 ℃,we used 42 

the default mechanism of the surface resistance in CMAQ without modification for low 43 

temperatures as suggested in Jaegle’s method (-2℃) (Jaeglé et al., 2018),. However, 44 

our model calculated deposition velocities fall within the reported ranges of values 45 

(Jaeglé et al., 2018). The modeling value of v(HNO3) falls within the range of 3×10-4 46 

cm s-1 to 4.1cm s-1 with an average velocity of 0.5 cm s-1. The simulated value of v(HCl) 47 

falls in 1×10-4 cm s-1 to 0.1 cm s-1 with an average velocity of 0.02 cm s-1. 48 

𝑣 = (𝑅𝑠𝑢𝑟𝑓 +  𝑅𝑎 + 𝑅𝑏𝑐)−1 49 

𝑅𝑏𝑐 =
5

𝑣(
𝑘

𝑑
)

2
3

   50 

v is the cell friction velocity (m/s); k is kinematic viscosity(cm2/s); d is molecular 51 

diffusivity (cm2/s);  52 

 53 

Sensitivity analysis 54 

Six additional model sensitivity simulations were performed to better understand the 55 

impacts of selected parameters on HONO predictions. One simulation was to 56 

investigate the sensitivity of the selected night-time uptake coefficient for the 57 

heterogeneous reaction of NO2 on ground surface by doubling the uptake coefficient 58 

(from 4×10-6 to 8×10-6). It substantially increases the night-time HONO predictions and 59 

seriously overestimates the observed HONO concentration (Fig. S3). To investigate the 60 

impact of the selected aerosol nitrate photolysis rate, the second simulation was 61 

performed by increasing the aerosol nitrate photolysis rate from 30×HNO3 photolysis 62 

rate to 100×HNO3 photolysis rate. It marginally increases the predicted (12:00 to 18:00) 63 

HONO in the afternoon concentrations from 0.72 ppb to 0.82 ppb (Fig. S3). Model 64 

underestimates daytime NO2 concentrations, which can lower the model daytime of 65 

HONO concentrations. Planetary boundary layer (PBL) height affects model daytime 66 

concentration. However, PBL height could not be evaluated because it was not 67 

measured. To investigate the causes of daytime HONO underestimation, the third 68 

sensitivity simulation was performed by doubling the NOx emissions. The 69 

underestimation of the NOx concentration in the afternoon decreases from 39 ppb to 36 70 

ppb, whereas the simulated HONO concentrations in the afternoon (12:00 to 18:00) 71 

increases from 1.0 ppb to 2.4 ppb (Fig. S3). Another possible reason of daytime HONO 72 

underestimation is the overestimation of daytime photolysis reaction rate. Aerosols in 73 

heavy pollution periods can reduce the amount of radiation reaching the ground and can 74 

lower the photolysis reaction rate. The last sensitivity simulation was conducted by 75 

reducing the photolysis rate by 50%. The daytime HONO concentration increases from 76 

1.3 to 2.1 ppb, which improves the comparison with observed data (Fig. S3). Chemical 77 

kinetics of R2 and R3 (Table 1) in CB6 are based on the results of Kaiser and Wu (1977) 78 

which are lower than the values reported by Chan et al. (Chan et al., 1976a; Chan et al., 79 



1976b). We also performed a separate simulation by using the higher rate constants 80 

reported by Chan et al. (1976a, 1976b) (Fig. S4). As expected, the use of higher rate 81 

constants did not change predicted HONO concentrations appreciably which reiterates 82 

that the contribution of gas-phase chemistry to HONO concentration is relatively small. 83 

S/Vg was set to 2.2/H in another sensitivity case. The average HONO increased by 17.2% 84 

(from 2.5 ppb with 1.7/H (HONO_REV) to 2.9 ppb with 2.2/H). Results of our 85 

sensitivity analyses reveal that the daytime HONO underestimation can be improved 86 

by solving the problem of daytime NO2 underestimation (Fig. S5) and improving the 87 

HONO photolysis reaction rates. Future studies can target on such improvements. 88 

 89 

 90 

Except the six parameterized reactions, the photolysis of deposited HNO3, soil emission 91 

and traffic emission are other potential HONO sources. Zhou et al., (2003) reported that 92 

HNO3 deposited on environmental surfaces can undergo rapid photolysis leading to 93 

day-time HONO production. Several studies (Sarwar et al., 2008; Fu et al., 2019; Liu 94 

et al., 2019b) included such a reaction in their models. However, we do not include it 95 

because the rate constant has high uncertainty and it could also pose a problem for 96 

performing long-term model simulations. For long-term (annual and multiyear) 97 

simulation, that the deposited amount of HNO3 could accumulate with time, which 98 

could continue increasing the HONO production rates with time. Soil can emit HONO 99 

and other nitrogen-containing compounds (Su et al., 2011; Oswald et al., 2013). Rasool 100 

et al. (2019) implemented these emissions into CMAQv5.3 by using a mechanistic 101 

representation of the underlying processes and examined their impacts on air quality 102 

over North America. The impacts of HONO emitted from soil are generally low, and 103 

we do not include these emissions in this study. Traffic emissions are usually estimated 104 

from the ratio of HONO/NOx, ranging from 0.3% to 2.1% (Kurtenbach et al., 2001; 105 

Svoboda et al., 2013; Czader et al., 2015; Wormhoudt et al., 2015; Xu et al., 2015; Liang 106 

et al., 2017; Nakashima and Kajii, 2017; Trinh et al., 2017; Rasool et al., 2019). The 107 

HONO/NOx emission ratio used in CMAQv5.3 (0.8%) falls within the reported ranges.  108 

Some researchers classify the reaction between vehicle-emitted NO and OH as traffic 109 

source. Our research emphasizes the contribution of each chemical reaction including 110 

NO+OH, and does not investigate the differences in traffic sources. We also applied our 111 

parameter method into another case at Wangdu in winter of 2017. The simulated HONO 112 

improves remarkably (Zheng et al., 2020). 113 

 114 



 115 

Fig. S1 Research history of HONO heterogeneous reactions in past decades 116 

 117 

 118 

 119 

Fig. S2: Observed temperature, relative humidity (RH), wind speed, wind direction, 120 

PM2.5, and HONO concentrations in Beijing in December 2015. 121 

. 122 



 123 

 124 

Fig. S3: Average diurnal variation of HONO/NO2 during 7-22 December in Beijing. 125 

 126 

  127 

Fig. S4: Diurnal variation of sensitivity simulations during 7-22 December in Beijing. 128 

HONO observation is denoted as OBS, final simulated HONO concentration is denoted 129 

as REV, HONO with nitrate photolysis rate of 100×JHNO3 is denoted as 100JNO3, 130 

HONO with 2×γgn is denoted as 2γgn, HONO concentration with double NOx emission 131 

is denoted as DE, HONO with 2.2/H is denoted as 2.2H and HONO with one-half of 132 

the photolysis rate is denoted as 0.5J. 133 

 134 
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 135 
Fig.S5 HONO simulated by default rate coefficients in CB6 (denoted by HONO_ORI) 136 

and that measured by Chan et al (1976) (denoted by HONO_Chan ). 137 

 138 

 139 

Fig. S6: A comparison of observed and simulated NO2 in Beijing (hourly data). 140 
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 143 

 144 

Fig. S7: Surface level integrated reaction rates of the six additional HONO reactions    145 

in Beijing December 2015. 146 

 147 

 148 

Fig. S8: Vertical profile of HONO and OH in Beijing simulated for ORI (blue bar) and 149 

REV (orange bar). Full-layer heights above ground are 36, 73, 146, 294, 445, 675, 1072, 150 

1573, 2103, and 2965 m. 151 

 152 
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Table S1: A comparison of observed HONO concentrations in China  154 

Station Time Equipment HONO (ppb) Reference 

Heshan Jan 4-8, 2017 LOPAP 0.2-8.8 (Fu et al., 2019) 

Chengdu Sep 1-Dec 30, 2017 GAC-IC TH-

PKU-303 

0.3-1 (Wu et al., 2018) 

Xi’an Dec 16-24, 2015 IGAC 0.5-4 (Feng et al., 2018) 

Shanghai May 12-28, 2016 LOPAP 0.3-6 (Cui et al., 2018) 

Xianggang Aug 20-31, 2011 LOPAP 0.45-2.71 (Zhang et al., 

2016) 

Beijing Dec 16-23, 2016 custom 3.5±2.7 (Zhang et al., 

2019b) 

Jinan Sep 1, 2015-Aug 

31, 2016  

LOPAP 17-8.36 (Li et al., 2018a) 

Beijing Aug 2-30, 2006 LOPAP 0.06-3 (Zhang et al., 

2019a) 

Beijing Sep 22, 2015-Jul 

25, 2016 

AIM-IC

（custom） 

1.05-2.27 (Wang et al., 2017) 

Beijing Feb 22-Mar 2, 

2014 

custom 0.49-3.24 (Hou et al., 2016) 

Beijing Oct 28-Nov 2, 

2014 

custom 0.54-2.7 (Tong et al., 2016) 

Beijing Dec 7-22, 2015 custom 2.3±1.8 This study 

 155 

 156 

                      Table S2: The uptake coefficient of NO2 used in other studies. 157 

γNO2 reference γNO2 reference 

1×10-6 (Li et al., 2018a) 8×10-6 (Liu et al., 2019b) 

1×10-5 (Fu et al., 2019) 1×10-6 (Liu et al., 2014) 

1×10-6 (Ndour et al., 2008) 2~7×10-4 (Lu et al., 2018) 

1×10-7 (Stemmler et al., 2007) 5×10-6 (Meng et al., 2020) 

10-3~10-4 (Li et al., 2018b) 1~6×10-7 (Monge et al., 2010) 

1×10-6 (Liu et al., 2019a) 3×10-5 (Spataro et al., 2013) 

1×10-6 (Liu et al., 2021)   

 158 

 159 

Table S3: Average VOC concentrations and reaction rates of VOCS with OH in the ORI 160 

and REV models in Beijing 161 

 162 

  
Conc (ppb) RVOC+OH (ppt/h) 

ORI REV ORI  REV 

Acetaldehyde  2.46 ⇒ 2.80 58.37 ⇒ 123.06 

Higher-aldehydes  2.79 ⇒ 2.95 63.18 ⇒ 124.11 

Ethene  14.19 ⇐ 13.44 53.06 ⇒ 83.94 

Ethane  14.91 ⇐ 14.89 1.28 ⇒ 2.46 

Ethanol  0.78 ⇐ 0.75 1.36 ⇒ 2.39 

Formaldehyde  11.63 ⇒ 12.44 75.56 ⇒ 163.75 



Internal olefin  0.81 ⇐ 0.69 7.42 ⇐ 6.98 

Isoprene 0.04 = 0.04 1.10 ⇐ 1.01 

Methanol  1.13 = 1.13 0.47 ⇒ 0.88 

Olefin  25.13 ⇐ 23.30 258.53 ⇒ 332.31 

Paraffin 186.06 ⇐ 182.60 80.94 ⇒ 144.42 

Monoterpenes  0.03 ⇐ 0.02 0.35 ⇐ 0.21 

Toluene  17.24 ⇐ 16.57 51.83 ⇒ 86.36 

Xylene  16.83 ⇐ 15.84 123.51 ⇒ 179.99 

 163 
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