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Highlights 

● Heterogeneously formed HONO (1.55±1.21ppbv) was commonly observed in YRD, China 

● HONO and O3 photolysis dominated the atmospheric oxidation capability in this study 

● Nitrate photolysis was a non-negligible source of HONO in the YRD region of China 

Key words: HONO; OH radical; Heterogeneous chemistry; Photolysis of nitrate; Atmospheric oxidative 
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Abstract 

In this study, we used a wet chemistry based long-path absorption spectroscopy method to measure 

HONO in Changzhou, in the central Yangtze River Delta region (YRD) of China, from April 3-24, 2017. 

During the observation period, the average HONO mixing ratio was 1.55±1.21 ppbv. In addition, the 

average OH formation rates of the photolysis of HONO, O3, HCHO and H2O2 along with ozonolysis of 

alkenes were 7.84×106, 2.02×107, 7.41×105, 3.79×105 and 1.51×106 molecules cm-3 s-1 , respectively. At 

nighttime, the average conversion rate from NO2 to HONO was determined to be ~0.018 h−1 . In this work, 

the primary emission rate of HONO was determined by the ratios of HONO to nitrogen oxides 

(NOx=NO+NO2) within freshly emitted plumes (NO/NOx>0.85) and a value of ~0.69% was obtained. The 

sources of HONO were further investigated through a box model utilizing the Master Chemical 

Mechanism. The simulation results show that primary emissions contributed only ~12.3% of the total 

HONO budget during daytime but a substantial portion (31.0%) at night. Comparing to heterogeneous 

HONO sources, the gas-phase NO+OH reaction was the less important HONO source, with a contribution 

of 14.2% at night and 28.7% during the daytime. Heterogeneous reactions of NO2 on various surfaces 

(mostly the ground surface) were responsible for most of the observed HONO, i.e., 34.7% during the day 

and 54.4% at night. Overall, nighttime HONO can be reasonably explained by aforementioned 

https://NO/NOx>0.85
https://1.55�1.21


mechanisms. However, daytime HONO cannot be fully accounted for without the consideration of nitrate 

photolysis, which contributed ~24.1% of the daytime HONO according to the model simulation. Our 

findings highlight that photolysis of particulate nitrate could be an important source of daytime HONO, 

providing a channel to cycle NO and OH radical back into the photochemical system and further 

enhancing the atmospheric oxidative capacity within the air shed of a typical industrial zone of China. 

1. Introduction 

Ever since the first atmospheric detection of nitrous acid (HONO) (Perner and Platt, 1979), HONO 

chemistry has been demonstrated to be a nonnegligible part of the nitrogen cycle within the relatively 

polluted urban environments (Alicke et al., 2002; Platt et al., 2002; Stutz et al., 2002). Photolysis of 

HONO can produce a large amount of hydroxyl radicals (OH), which are the fundamental driving force 

for the formation of secondary air pollutants. Hence, high concentrations of HONO are often observed 

concurrently with heavy air pollution episodes (Cui et al., 2018). In addition, studies have found that 

HONO may exert adverse effects on human health (Jarvis et al., 2005; Sleiman et al., 2010). Therefore, it 

is of particular importance to accurately determine HONO level in the atmosphere and especially to 

thoroughly investigate its formation mechanisms under various environments. OH in the atmosphere can 

be produced through several mechanisms (see the supporting information (SI) for details), of which 

HONO photolysis (SR1) can proceed within the visible wavelength range and thus is especially enhanced 

after sunrise (Finlayson-Pitts and Pitts, 1999). Although heavy haze events can substantially reduce 

ground level solar radiation intensity and thereby may weaken HONO photolysis, recent field 

observations have indicated that HONO photolysis could be the dominant source of OH radicals (Bernard 

et al., 2016; Huang et al., 2017; Wang et al., 2017), even larger than the sum of contributions from ozone 

(O3) photolysis (SR2 and SR3), photolysis of formaldehyde (HCHO) (SR4 to SR8), and ozonolysis of 

alkenes (SR9) in some heavily polluted areas (Elshorbany et al., 2009; Li et al., 2018). Hydrogen 

peroxide (H2O2) is also ubiquitous in the atmosphere and can be photolyzed to produce OH radicals 



(SR10). However, H2O2 is nearly two orders of magnitude less photosensitive than HONO or HCHO and 

the typical ambient H2O2 concentration is around several ppbv (He et al., 2010). Therefore, even given 

similar ambient concentrations of H2O2 as HONO and HCHO (e.g., several ppbv), H2O2 Phphotolysis is 

not expected to contribute significantly to OH budget, which is demonstrated in the following discussion. 

Although HONO can heavily impact atmospheric chemical processes, the sources of HONO in the 

atmosphere and the underlying HONO formation mechanisms have not been fully understood, the 

strength of which can vary substantially in different environments (VandenBoer et al., 2014). Currently, 

the major primary sources of HONO include emissions from incomplete combustion processes, such as 

vehicle exhaust (Kirchstetter et al., 1996; Kurtenbach et al., 2001; Liang et al., 2017; Nakashima and 

Kajii, 2017; Trinh et al., 2017; Xu et al., 2015) and biomass burning (Müller et al., 2016; Neuman et al., 

2016; Nie et al., 2015; Rondon and Sanhueza, 1989). Besides direct emissions, HONO is believed to be 

mainly originated from secondary formation. A common mechanism is the gas-phase homogeneous 

reaction, i.e., the combination reaction of nitric oxide (NO) and OH: 

NO + OH → HONO (R1) 

When only the photo-stationary state (PSS) involving Reaction R1 is considered, daytime HONO 

concentration could be seriously underestimated (Kleffmann et al., 2005; Michoud et al., 2014). It has 

been strongly suggested that the missing daytime HONO source is related to NO2 and light (Lee et al., 

2016). 

Moreover, heterogeneous reactions of nitrogen dioxide (NO2) on various surfaces have been 

proposed to be the most likely source of HONO under most circumstances (Huang et al., 2017). 

Laboratory studies have shown that NO2 can be converted to HONO on a wet surface (R2), 

2NO2(g) + H2O(ads) → HONO(g) + HNO3(ads) (R2) 

the formation rate of which depends critically on the uptake coefficient of NO2 on the type of the reaction 

surface and the surface area density (Finlayson-Pitts et al., 2003; Kleffmann et al., 1998). Soot particles 

emitted from diesel exhaust have been regarded as a more promising substrate for heterogeneous 



- -

reactions of NO2 (Ammann et al., 1998; Gerecke et al., 1998; C. Han et al., 2017; Monge et al., 2010) and 

semi-volatile organic compounds adsorbed on the soot surface are believed to be able to react with NO2 at 

a much faster rate than that of water (George et al., 2005; Gutzwiller et al., 2002). During daytime, these 

heterogeneous reactions can also be enhanced by solar radiation, such as photo-enhanced reactions of 

NO2 on the surface of dust (Ndour et al., 2008), humic acid, and ground surfaces (Chong Han et al., 2017; 

Wall and Harris, 2016). Moreover, field observations and laboratory simulations have strongly suggested 

that photolysis of adsorbed nitric acid (HNO3) and particulate nitrate (NO3
-) may also contribute 

significantly to HONO formations (Ye et al., 2016; Ye et al., 2017; Zhou et al., 2002; Zhou et al., 2003; 

Zhou et al., 2011; Ziemba et al., 2010). 

HNO3/NO3 + hv → HONO/NO2 + O (R3) 

The Yangtze River Delta (YRD) region is one of the most developed regions in Eastern China and 

contributes more than one third of the industrial production of China. In the past 30 years, rapid 

urbanization and industrialization have led to severe deterioration of air quality in this region, 

characterized by high concentrations of ozone (O3) and particulate matters (PM2.5). Previous studies have 

often focused on the more populated metropolitan areas in this region, such as Shanghai and Nanjing, 

which are considerably far away from the industrial zones that are essentially responsible for the 

formation of air pollution events (Cui et al., 2018; Nie et al., 2015). Changzhou, on the other hand, is 

located in the central YRD region and is the home of most typical industrial activities encountered in this 

region, such as power generation, petrochemical refinements, steel mills, along with the domestic 

activities. Therefore, it provides a more representative environment to fully elucidate the mechanism 

underlying the air pollution formation in the YRD region. 

In this study, we conducted a suite of measurements, including HONO and other 

particulate/gas-phase air pollutants at the Changzhou Environmental Monitoring Center from April 3 to 

24, 2017. The potential mechanism of HONO formation was investigated using a Master Chemical 

Mechanism (MCM) box model. Our results may provide firsthand insights into the characteristics of air 



pollution in the YRD region, and help the authorities to develop more effective air pollution mitigation 

strategies. 

2. Experimental methods 

2.1. Observation site 

This study was conducted at the Changzhou Environmental Monitoring Center (119.9° E and 31.8° 

N) (see Fig. S1 for the map of the site) from April 3 to 24, 2017. All instruments used in the 

measurements were placed on the top floor of a three-story academic building and the sampling inlets 

were installed on the rooftop, roughly 2 m above the roof surface to minimize surface effects. There were 

no industrial activities and major highways near the study site. Unlike the over-populated 

super-megacities (e.g., Shanghai, Nanjing and Hangzhou), Changzhou was characterized as a 

medium-sized city (i.e., ~3.3 million population) with moderate domestic activities and related emissions. 

Nevertheless, the site was occasionally expected to be influenced by industrial emissions due to transport. 

2.2. HONO measurement 

HONO was measured using a custom-built liquid-waveguide long-path absorption spectroscopy 

instrument, a wet chemistry based technique developed by Ren et al. (2010), with a detection limit of 3 

pptv and a time resolution of 2 min. Figure S2 is a schematic diagram of the HONO instrument and the 

detailed description of the instrument is provided in the supporting information (SI). 

In this study, the instrument was calibrated regularly with standard concentrations of sodium nitrite 

(NaNO2

sampled air can be calculated using the following equation (1) (Ren et al., 2010): 

(1) 

) solution to determine the response of the instrument. The mixing ratio of gaseous HONO in the 



where Cl is nitrite concentration (mol L−1) in the scrubbing solution, Fl is the liquid flow rate (mL min−1) 

of the scrubbing solution, Fg is the sampling air flow rate (L min−1), R is the ideal gas constant (8.314 m3 

Pa K−1 mol−1), and T and P are the ambient temperature (K) and atmospheric pressure (Pa), respectively. 

Currently, other major HONO measurement techniques include long path differential UV absorption 

spectrometer (LP-DOAS), incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS) 

(Nakashima and Kajii, 2017), and cavity-enhanced absorption spectrometer (CEAS) (Scharko et al., 

2017). These spectroscopic techniques have the advantage of high sensitivities but normally require 

relatively clean operation environments for their delicate optical parts. Our wet-chemistry based method, 

on the other hand, is essentially the same the long path absorption photometer (LOPAP) instrument 

(Heland et al., 2001), with the advantages of a fast time resolution and a high sensitivity (down to a few 

pptv). 

2.3. Other measurements 

In addition to HONO, trace gases and meteorological parameters (e.g., wind direction (WD), wind 

speed (WS), ambient temperature (T), air pressure (P), and relative humidity (RH)) were also 

simultaneously measured. NO/NO2, carbon monoxide (CO), sulfur dioxide (SO2), and ozone (O3) were 

respectively measured with Thermo Scientific gas analyzers Models 42i, 48i, 43i and 49i, respectively. 

Fine particle (PM2.5) mass concentration was acquired from an online instrument (MET ONE, 

BAM-1020), with a time resolution of 1 hour. The aerosol number size distribution (5 nm-10 µm) was 

measured by a wide particle spectrometer (WPS) (MSP, Model 1000 XP) with a time resolution of 5 

minutes. In this study, HCHO and other volatile organic compounds (VOC) were measured with a 

custom-built proton transfer reaction ion-drift chemical ionization mass spectrometer (PTR-ID-CIMS), 

which has been described in details in our previous work (de Gouw and Warneke, 2007; Ma et al., 2016). 

However, alkanes cannot be detected by the PTR-ID-CIMS and thus were not used in this work. During 

our earlier study near an industrial park in Nanjing, we found that on average alkanes only contributed 

about ~4.5% of OH reactivity of the total VOC population (Zheng et al., 2019). Therefore, we concluded 

that omission of alkanes in this work would not cause significant uncertainty in the MCM box model 



-simulations. NO3 , organic matters and other aerosol components were measured by an Aerodyne aerosol 

chemical speciation monitor (ACSM). Black carbon (BC) was measured by an AE-31 Aethalometer 

(Magee Scientific Inc.) with a time resolution of 5 minutes. Solar actinic flux (285 nm-650 nm) and 

photolysis frequencies, including J(O1D), J(NO2), J(HONO), J(H2O2), J(HCHO) and J(NO3), were 

measured by a commercial radiometer with an ultra-fast charged coupled device (CCD) detector 

(Meteorology Consult Gmbh, Germany) with a time resolution of 1 minute. Other photolysis frequencies 

(eg, carbonyl compounds containing more than two carbons) are calculated according to the following 

equation (Jenkin et al., 1997)): 

Ji = Li cos(χ) Mi exp(-Ni sec(χ)) (2) 

where χ is the solar zenith angle; Li, Mi and Ni are photolysis parameters and are taken from Jenkin et al. 

(1997), for clear sky conditions. The calculated photolysis frequencies were then scaled by the measured 

J(NO2) for cloudiness correction. 

The detailed measurement time-resolution and measurement uncertainty of each instrument used in 

this work have been included in Table S3 of the SI. 

2.4. Boundary layer height 

The boundary layer (BL) height used in this work was obtained from the vertical sounding 

measurements network (http://envf.ust.hk/dataview/profile/current/). Since no direct sounding 

measurements were available at the Changzhou site during the observation period, the monthly-averaged 

BL heights measured at Nanjing and Shanghai of the same longitude as Changzhou were used in this 

work. Diurnally, the BL started to develop after sunrise (~8:30 LT) and reached the daily maximum of 

595 m in the early afternoon. After that the BL height decreases gradually to the lowest of 75 m at night 

(see Fig. S3 for details). 

2.5. MCM model simulation 

In this study, a Master Chemical Mechanism (MCM V3.3.1) (Jenkin et al., 2015) box model was 

used to simulate the HONO chemistry, operated through a commercial software (FACSIMILE 4.0, UES 

Software Inc.). The kinetic rate coefficients used in the model were taken from the MCM website 

http://envf.ust.hk/dataview/profile/current/)


(http://mcm.leeds.ac.uk/mcm/). During model simulations, HONO, O3, NOx, CO, SO2, HCHO and other 

VOC were used as input parameters to obtain the equilibrium concentrations of OH, HO2 and other 

reactive substances. 

A Monte Carlo sensitivity analysis was also conducted to assess the model performance. In each 

Monte Carlo simulation, the input variables of the model, including HONO, O3, NO, NO2, CO, SO2, 

HCHO, VOCs, reaction rate constants and photolysis frequencies, were independently set to vary within 

±10% of the mean value of individual variable with a normal probability distribution. 

3. Results and discussion 

3.1. Data overview 

3.1.1. Time series 

The time series of meteorological data and concentrations of the air pollutants during the observation 

period are shown in Fig. 1. The temperature during the observation period ranged from 8.7 °C to 32.1 °C, 

with an average of 18.7 ± 4.8°C; the RH ranged from 13% to 86%, with an average of 53.7 ± 19.8%. The 

wind direction during the observation period was dominated by the westerly wind and the wind speed 

ranged from 0.2 to 4.5 m s-1 , with an average of 1.4 ± 0.4 m s-1 . The weather was mostly clear during the 

observation period with several relatively strong precipitation events around April 6, 9, 10 and 17. 

The observed HONO was between 0.01ppbv and 8.07 ppbv, with an average of 1.55 ± 1.21 ppbv. 

The concentrations of NO, NO2, O3, CO and PM2.5 were 0.7-80.6ppbv, 2.1-103.7 ppbv, 0.5-127.3 ppbv, 

0.8-4.5 ppmv and 22-138 μg m-3 , respectively (see Table S1 for details). Table S2 lists recent HONO 

observations measured in China. The observed HONO levels in this study are comparable to the HONO 

levels observed in summer of Beijing in 2015 (Wang et al., 2017) but higher than those observed in 

Xianghe, Beijing (Hendrick et al., 2014; Spataro et al., 2013), Jinan (Wang et al., 2015), Hong Kong (Xu 

et al., 2015), Shanghai (Wang et al., 2013) and Xinken (Su et al., 2008). However, the HONO 

concentrations we observed are substantially lower than those observed in Beijing in autumn of 2015 

(Wang et al., 2017). The general trends of NOx, CO and BC are very similar, indicating primary emissions 

http://mcm.leeds.ac.uk/mcm


from motor vehicles might play an important role in the study area. Although the ACSM can only 

measure PM1.0, nitrate followed PM2.5 very well, indicating that most portion of the PM2.5 mass may reside 

in the accumulation mode. Particulate nitrate can be formed either through the gas/particle partitioning 

process of gaseous HNO3 that is photochemically produced in the atmosphere (R4 and R5) or by 

heterogeneous reaction of dinitrogen pentoxide (N2O5) with water on the particle surfaces (R6 to R8) 

(Finlayson-Pitts and Pitts, 1999). 

OH + NO2 → HNO3 (gas) (R4) 

-HNO3 (gas) ↔ NO3 (aerosol) (R5) 

NO2 + O3 → NO3 (R6) 

NO3 + NO2 → N2O5 (R7) 

N2O5 + H2O → 2HNO3(aerosol) (R8) 

The average nitrate concentration at this site was 8.12 ± 7.11 μg/m3, which was equivalent to ~3 ppbv of 

gaseous HNO3 under standard conditions. Meanwhile, the average NOx concentration was about 31.1 ± 

19.7 ppbv. Given the relatively mild ambient temperature (< 20 °C), it was reasonable to assume that most 

portion of HNO3 was in the aerosol phase, i.e., particulate nitrate can be roughly used to represent the 

level of oxidized nitrogen species (NOz). NOx was nearly 10 times higher than NOz, indicating that the 

NOx plume was relatively fresh and had not been photochemically aged, excluding the possibility of 

long-range transport. Accordingly, the most likely source of NOx was local automobile exhaust. In 

addition, since the nighttime O3 was depleted by the freshly emitted NOx plumes (see Fig. 1), the 

nighttime N2O5 chemistry (R6 and R7) was not likely to proceed at a significant level. Particulate nitrate 

was largely produced from local photochemical process. 

3.1.2. Diurnal variations 

The diurnal variations of NO2, NOx, HONO, aerosol surface density (S/V), particulate nitrate (NO3
-) 

and the ratio of HONO to NO2 (HONO/NO2) are shown in Fig. 2. Both NO2 and NOx clearly show traffic 

rush-hour peaks around 06:00-07:00 and 19:00-20:00 (Beijing Time) as we expect in typical urban 

environments. Both HONO and aerosol surface density only show moderate traffic influence. However, 



the fact that HONO correlates well with S/V with a correlation coefficient of 0.80 (see Fig. S4) suggests 

HONO production may be strongly affected by heterogeneous chemistry mechanisms on aerosol surfaces, 

although ground surfaces cannot be ruled out. Recently, near ppbv levels of daytime HONO have been 

often observed in polluted areas (Cui et al., 2018; Li et al., 2018; Qin et al., 2009). The distinct 

HONO/NO2 peak around noontime indicated that in this work daytime HONO was not only high but also 

was converted from NO2 more efficiently under strong solar radiation, which was in favor of 

photo-sensitized and/or enhanced HONO formation mechanisms. 

3.2. OH radical simulation 

HONO chemistry has drawn more and more attention due to its high photo-sensitivity and high 

ambient concentrations of HONO have been detected within most of the urban environments with 

deteriorating air quality (Elshorbany et al., 2009; Hendrick et al., 2014; Kleffmann et al., 2005; Su et al., 

2008). HONO photolysis can contribute considerably to the atmospheric oxidation capacity by acting as 

an OH source, which in turn can initiate chain reactions to oxidize VOC and other primary air pollutants 

into secondary pollutants. Through these reactions, secondary oxidants (e.g., O3 and NO3) and other 

peroxyl radicals (e.g., HO2 and RO2) are also formed. Meanwhile, OH can be regenerated by NOx cycling 

(Atkinson and Arey, 2003) or other processes even without the presence of adequate NOx (Rohrer et al., 

2014). Therefore, OH radical is the ultimate oxidant in the atmosphere, controlling the lifetime of most of 

the air pollutants. Nevertheless, recent field studies indicated that the effective coupling of ROx (i.e., OH 

+ HO2 + RO2) and NOx cycles can lead to rapid formations of secondary pollutants (Tan et al., 2018). A 

full knowledge of OH chemistry in the atmosphere is essential for understanding atmospheric oxidative 

capacity and establishing an effective air pollution mitigation strategy. Despite the importance of OH 

radical, in-situ measurements of OH is difficult to achieve due to the high reactivity and hence extreme 

low ambient abundance of OH (on the orders of 106 to 107 molecules cm-3). The few available OH 

measurement techniques can also suffer from considerable interferences and may be associated with fair 

amount of measurement uncertainties (Ren et al., 2004; Tanner and Eisele, 1995). Laser induced 

fluorescence (LIF) based techniques are currently the most widely used OH measurement instrument 



 

(Fuchs et al., 2008; Fuchs et al., 2011; Ren et al., 2004). In recent field studies, the observed OH 

concentrations generally agree well with the model-simulated OH profile. The OH concentrations 

measured at various places under different environments also showed comparable diurnal ranges, on the 

orders of 106 to 107 molecules/cm3 (Dusanter et al., 2009; Petaja et al., 2009; Ren et al., 2003; Tan et al., 

2018). These results suggest that OH production is normally well balanced by its loss in the atmosphere. 

Under relatively polluted conditions, the photochemical activity is more efficacious but meanwhile the 

higher pollutants concentration will also provide additional OH sinks. In theory, the atmospheric oxidative 

capacity can be controlled by regulating OH radical sources (i.e., the rate of OH formation) without 

knowing the exact OH radical concentration. Accordingly, box models are often employed instead to 

simulate the behavior of these highly reactive species, especially to explore the sensitivity of OH to the 

variations of its precursors. It is worth noting that while modeling environments with elevated NOx 

conditions models tend to significantly underestimate OH level, particularly in China (Ma et al., 2019; 

Tan et al., 2017). Therefore, the OH concentration used here may be treated as a lower limit. 

To assess the relative contributions of potential OH sources in this study, we used a box model, based 

on the Master Chemical Mechanism (MCM V3.3.1) (Jenkin et al., 2015), to simulate OH concentration 

and the production rate of OH from different sources. Model simulations were constrained by the 

aforementioned measurement results. Figure S5 shows the time series of simulated OH radical and 

observed HONO photolysis rates. Since the model was constrained by the in situ observations, the 

simulations were only performed during the time periods when all data sets were available. The highest 

concentration of OH is 1.83×107 molecules cm-3, and the daytime average is about 4.1±3.7×106 molecules 

cm-3 . This result is within the range observed in Guangzhou (Lu et al., 2012) and Beijing (Tan et al., 

2018). The relatively higher OH level in Guangzhou than that observed in Beijing is most likely due to 

the difference in solar radiation intensity, i.e., summer time Guangzhou vs wintertime Beijing. Also 

showed in Fig. S5 is the HONO photolysis rate. OH clearly follows the HONO photolysis rate very 

closely as expected. 

3.3. OH formation rate 



The magnitudes or the relative contributions of different OH sources were represented by their 

corresponding OH formation rates calculated according to Eqs. SE1-SE6, which were derived from 

Reactions SR1 to SR10. The second term in Eq. SE1 is the loss of OH due to the homogeneous reaction 

of OH + NO to reproduce HONO, i.e., some of the OH from the HONO photolysis will recombine with 

NO to regenerate HONO. Each J value is the photolysis frequency of the corresponding species, and φOH 

is the fraction of O(1D) reacted with water rather than quenched by nitrogen (N2) or oxygen (O2). Here, in 

calculating the OH produced by photolysis of formaldehyde, it is assumed that in a polluted environment 

HO2 generated by the Reaction SR4 is immediately converted into OH by the Reaction SR8 due to high 

NO levels. In Eq. SE6, YieldOH is the yield of OH produced by the gas phase reaction of O3 with alkene(i) 

and is its reaction rate constant. Table S4 lists the rate constants for the ozonolysis reaction 𝑘
𝑎𝑙𝑘𝑒𝑛𝑒(𝑖)+𝑂

3 

and the corresponding OH yields used in this study. Since H2O2 was not measured during this observation, 

H2O2 was estimated based on literature values, 0.5 ppbv-5 ppbv (Guo et al., 2014; Hua et al., 2008; Ren et 

al., 2009), and in this work a constant mixing ratio of 3 ppbv H2O2 was used in the simulations. 

The calculated contributions from photolysis of HONO, O3, HCHO, H2O2 and ozonolysis of alkenes 

to daytime (06:00-18:00) OH production rates during the entire observation period are shown in Fig. S6. 

The average OH formation rate of the photolysis of HONO, O3, HCHO and H2O2 along with ozonolysis 

of alkenes are 7.84×106, 2.02×107, 7.41×105, 3.79×105 , and 1.51×106 molecules cm-3 s-1, respectively (see 

Table S5). Overall, the photolysis of O3 dominated the OH production. However, HONO photolysis also 

played an important role in OH production, especially during the early morning hours, which can also 

significantly impact the formation of O3 and other secondary pollutants. To accurately evaluate the 

impacts of HONO chemistry on O3 formation, a more comprehensive three-dimensional model, driven by 

a detailed meteorological field and emission inventories (e.g., a weather research and forecasting model 

coupled with Chemistry (WRF-CHEM)), is needed to fully address both chemical and physical processes 

that may affect local O3 concentration, which is beyond the scope of this work. For example, based on 

WRF-CHEM simulations Li et al. (2010) have demonstrated that in Mexico City high HONO level can 



both accelerate O3 formation rate and increase peak O3 concentration in the afternoon. Therefore, HONO 

can indirectly be responsible for part of the OH formation from O3 photolysis. From April 5-8, HONO 

photolysis dominated the OH production throughout the daytime. During these days, high cloud coverage 

significantly reduced ground level photochemistry (see J(HONO) in Fig. 1), thus O3 concentration was 

substantially suppressed. HONO, on the other hand, can still be produced and was likely to accumulate 

under dark conditions and thus may reach relatively high concentrations. During haze events, all 

photolysis rates will be lower, including that of NO2, O3, HCHO and HONO. However, since both NO2 

and HONO concentrations are higher during haze events, HONO photolysis may become the major OH 

source with respect to other OH sources although the total magnitude of OH formation rate during haze 

events may be reduced. Meanwhile, PM2.5 also remained elevated, indicating that secondary air pollutants 

formation can still be sustained. These observation indicate that in order to effectively mitigate air 

pollutions formation in the YRD region, it is crucial to fully understand the potential OH sources, i.e., OH 

precursors. 

3.4. Primary HONO emissions 

The observation site was located in an urban environment and was affected by local vehicle 

emissions as indicated by Fig. 2. In this study, freshly emitted vehicle plumes were defined as: a) NOx > 

40 ppbv; b) ΔNO/ΔNOx > 0.85; c) good correlation between HONO and NOx (r> 0.9); d) short duration 

(≤ 2 hours); e) J(NO2) ≤ 2.5×10-4 s-1 . Figure S7 shows the time series of dNO/dNOx (in 5 min intervals) 

and the correlation between HONO and dNO/dNOx. A moderate correlation between HONO and 

dNO/dNOx (r = 0.38) can be found, indicating that primary emissions may contribute significantly to 

HONO budget but was not likely the dominant HONO source. According to the aforementioned criteria, 

five periods were chosen from the time series of dNO/dNOx (labeled with red letters in Fig. S7) and the 

corresponding HONO emission factor (EF), i.e., the ΔHONO/ΔNOx ratio was evaluated following the 

method of Xu et al. (2015). The detailed information of the five fresh plumes were listed in Table 1 and 

the corresponding correlation plots of NO vs NOx were shown in the inserts of a to e in Fig. S7). The 

average △HONO/△NOx ratio was determined to be 0.69 ± 0.48%. HONO EF can vary substantially due 



to the difference in combustion conditions; the type of fuel used (e.g., gasoline or diesel) (Kurtenbach et 

al., 2001), and so on. In addition, secondary formation of HONO can also contribute to the increase of 

HONO concentration within these plumes. Comparing to recent studies, especially those in China, our EF 

value was significantly lower. For example, Liang et al. (Liang et al., 2017) obtained an EE of 1.24% 

during a tunnel experiment in Hong Kong, where diesel fueled vehicles consisted of 38% of the fleet, 

significantly higher than what we found in Changzhou, and thus may lead to a higher EF value. In another 

study during Beijing haze events, Zhang et al. (2019) found that primary emissions dominated HONO 

budget with a EF of 1.2%. The NO concentration observed by Zhang et al. (2019) was much higher than 

this study. However, HONO formation due to both homogeneous reaction (OH+NO) and surface 

heterogeneous reactions during heavy pollution episodes (i.e., high NO and high PM loading) as 

encountered in Beijing might also lead to more prominent positive bias on the EF determination. More 

recently, Kramer et al. (2019) reported tunnel experiment results (EF of 0.72-1.01%) in Birmingham, UK, 

where 59% of its vehicle fleet was consisted of diesel fueled vehicles. This may explain to some extent 

the relatively higher HONO EF values than our study. These studies suggest that EF can be specific to a 

particular environment, i.e., of a specific fleet composition and under a certain driving condition. In this 

study, the mean EF of 0.69% was used to calculate the contribution of direct emission to HONO budget, 

defined as HONOemis, which should be considered as an upper limit of the estimated HONO emission. 

(3) 

On average, the primary emissions from vehicle exhaust accounted for 31.0% of the total HONO 

concentration at night but substantially less during daytime (12.3%), indicating secondary mechanisms 

still dominated HONO level in the study area, which will be further analyzed in the following sections. 

3.5. HONO formation 

3.5.1. Conversion ratio of NO2 to HONO 

Generally, HONO is believed to be primarily converted from NO2. The conversion ratio is typically used 

as an indicator for the HONO formation efficiency (Stutz et al., 2002). In order to eliminate the influence of 

https://0.72-1.01


    

      

primary emissions on the evaluation of the secondary formation of HONO, the observed HONO was corrected 

by removing the portion of primary emissions (HONOemis) and was denoted as HONOcorr: 

(4) 

Accordingly, the conversion rate of NO2 to HONO (CHONO) at nighttime can be calculated as (Alicke et al., 

2003): 

[𝐻𝑂𝑁𝑂
𝑐𝑜𝑟𝑟

] −[𝐻𝑂𝑁𝑂
𝑐𝑜𝑟𝑟

]
𝑡

2 
𝑡

1= (5) 𝐶
𝐻𝑂𝑁𝑂 (𝑡

2
−𝑡

1)[𝑁𝑂
2
] 

where [HONOcorr]t1 and [HONOcorr]t2 are the corrected HONO concentrations at two sequential data 

points, t1 and t2, respectively, [𝑁𝑂
2
] is the average NO2 concentration between time t1 and t2. Although no 

certain value of CHONO can be specifically associated with certain NO2 conversion mechanism, the 

magnitude of CHONO may be used as an indicator of the efficiency of the underlying HONO formation 

route. The average CHONO obtained in this study is about 0.018 h-1 , which is within the range of reported 

values in urban and suburban areas (0.004 ~ 0.024h-1) (Acker et al., 2006; Li et al., 2012; Wang et al., 

2017; Wang et al., 2013). 

3.5.2. Surface HONO formation 

Previous studies have demonstrated that the heterogeneous reaction of NO2 on the surface is a 

first-order reaction (Finlayson-Pitts and Pitts, 1999), and it can be expressed as the following equations 

(Li et al., 2010): 

NO2 𝑘
𝑎
→ HONO, (R9) 

NO2 𝑘
𝑔
→ HONO, (R10) 

where ka and kg are the first-order rate constants for HONO conversions on aerosol and ground surfaces, 

respectively. In the box model, ka is calculated using the following formula: 

𝑣(𝑆/𝑉) 
𝑁𝑂2,𝑎𝑒𝑟𝑜𝑠𝑜𝑙 = (6) 𝑘

𝑎 4 



where 𝑣 is the root mean square (RMS) velocity of NO2 molecule, S/V is the aerosol surface area density 

and γNO2,aerosol is the reactive uptake coefficient of NO2 on the aerosol surface, a value of 8×10−6 is used 

under dark conditions (VandenBoer et al., 2013). At daytime, however, significant enhancement of NO2 

conversion to HONO has been found for various types of aerosol surfaces, such as humic acid and similar 

organic materials (Stemmler et al., 2007), soot (Monge et al., 2010) and mineral dusts (Ndour et al., 

2008). Accordingly, to account for the photo-enhancement, a photo-enhanced uptake coefficient of 2×10−5 

(Zhang et al., 2016) was used in this work around the morning hours (~09:00) and was scaled by the 

measured photolysis rate of NO2, i.e., (JNO2)/5×10-3 for JNO2 higher than 5×10-3 (the value of JNO2 at 

~09:00) (Li et al., 2010). 

𝑉
𝑑,𝑁𝑂2 = (7) 𝑘

𝑔 2𝐻 

𝑣 
𝑁𝑂2,𝑔𝑟𝑜𝑢𝑛𝑑 = (8) 𝑉

𝑑,𝑁𝑂2 4.2 

Eqs. (7) and (8) is used to calculate kg, where Vd,NO2 represents the deposition velocity of NO2, H is 

the boundary layer height (detailed in Fig. S3) and γNO2,ground is the uptake coefficient of NO2 on the 

ground surface. Here, the nighttime uptake coefficient of NO2 on the ground surface was taken as 1×10-5 

(Trick, 2004) and it was increased to 6×10-5 (Wong et al., 2012) during the day to account for the 

photo-enhancement, similar to the case on the aerosol surfaces, the same scale factor J(NO2)/(5×10-3) was 

also applied to the heterogeneous reaction on the ground surface during the day. 

3.5.3. Photolysis of nitrate 

The portion of HONO generated from nitrate photolysis is calculated as the following (Liu et al., 

2019): 

(9) 
where HONO -

NO3 →HONO (ppbv/h) is the simulated HONO concentrations from photolysis of particulate 

nitrate, [NO -
3 ] is the observed particulate nitrate mass concentration (μg/m3), R is the ideal gas constant 

(8.2×10-5 m3⋅atm/(K⋅mol)), P is the pressure (atm), T is the temperature (K), M is the molecular weight 



of nitrate (g/mol) and J -
NO3 is the photolysis frequency of particulate nitrate. The reported value of J -

NO3 

ranges from 6.2×10-6 to 5.0×10-4 s-1, with a median of 8.3×10-5 s-1 at noontime (Ye et al., 2017). To account 

for the diurnal variation of solar radiation, we normalized J -
NO3 by the photolysis rate of HNO3, JHNO3, 

which should possess a similar wavelength dependency as J -
NO3 but associate with a much smaller value 

(∼7×10-7 s-1 at noontime). Therefore, we adopted the same methodology as that of Sarwar et al. (2008), 

i.e., J -
NO3 was scaled by JHNO3 as the following: 

(10) 

3.5.4. HONO simulation 

In the box model, the aforementioned HONO sources have been summarized in Table 2. In addition, 

the following major HONO loss processes were also considered: 1) photolysis of HONO; 2) the 

homogeneous reaction of HONO with OH; 3) the dry deposition of HONO on the ground, i.e., 

, where vHONO is the dry deposition velocity of HONO, taken as 0.48 cm s-1 (Lee et al., 

2016); H is the boundary layer height. 

We have first investigated the role of nitrate photolysis on a particular high nitrate loading day, i.e., 

April 5. The simulation results are shown in Fig. 3 along with the hourly averaged diurnal profile of 

measured HONO (black dots). In general, the nighttime simulation results agree fairly well with the 

observation and ground surface appears to be the dominant HONO source followed by the primary 

emissions. During daytime, however, the simulated HONO clearly does not match the observation 

without the contribution from nitrate photolysis. Specifically, the fine structure of observed HONO can be 

described by the photolysis of nitrate. For example, the HONO peaks around 9:00 AM and 10:30 AM also 

can be reproduced by the nitrate photolysis, which strongly supported the assumption that nitrate 

photolysis was an important daytime source of HONO. 



We further applied the nitrate photolysis into the model simulation for the entire campaign period. 

The simulation results are plotted into Fig. 4a. The main sources of HONO at night (18:00-06:00) were 

still the heterogeneous reaction of NO2 on the ground surfaces and direct emissions. After sunrise, as the 

light intensity increased, photo-enhanced ground surface reactions, nitrate photolysis and the gas-phase 

reaction became more and more important. The gas phase reaction (NO + OH) contributed a small portion 

to the HONO formation during the day (06:00-18:00) (~28.7% ± 8%). On the other hand, the nitrate 

photolysis accounted for a large part of daytime HONO (~24.1% ± 13%). The contribution of nitrate 

photolysis was the largest at ~09:00, with an average of 0.60 ppbv and dropped to 0.02 ppbv around 

18:00. Nevertheless, the daytime HONO can be accounted for by including the nitrate photolysis to a 

large extent. A Monte Carlo sensitivity analysis was also conducted to assess the model simulation 

uncertainty of HONO concentration (green marker in Fig. 4a). For each of the 24 hours, 100 independent 

runs were performed. The Monte Carlo sensitivity analysis show that the model uncertainty of HONO 

ranged from ±14.0% to ±29.2%. In addition, from the sensitivity test of each individual parameter used in 

the model (i.e., varying a single parameter by ±10% while keeping the others constant), HONO was found 

-to be mostly sensitive to the photolysis rate of particulate nitrate, JNO3 , during daytime (±3.3%) and the 

NO2 uptake coefficient, γNO2,ground, during nighttime (±4.2%), respectively. Morever, we have conducted 

extra sensitivity tests specifically on the nitrate photolysis rate, within the upper and lower range reported 

by Ye et al. (2017), i.e., ranging from 6.2×10-6 to 5×10-4 s-1 . The results (see Fig. S8) show that at the 

upper bound HONO will only increase by 0.25 ppbv but when the lower bound was used nitrate 

photolysis almost contributed no HONO at all, comparing to the medium case (8.3×10-5 s-1) used in this 

work. The possible reason is that the nitrate photolysis rate is much less than that of HONO. Most of the 

increased HONO will be photolyzed and thus HONO concentration will not increase proportionally to 

that of nitrate photolysis rate. These sensitivity analyses reinforced the conclusions that the proposed 

HONO sources can generally capture the observed HONO trend. Figure 4b is the diurnally averaged 

contributions of different sources to the HONO budget during the campaign period based on the same 

simulation results as Fig. 4a. On average, direct emission, gas-phase NO+OH reaction, heterogeneous 



reactions of NO2 on various surfaces and nitrate photolysis contributed 12.3% ,28.7%,34.7%, and 24.1% 

of the total daytime HONO (6:00-18:00); at night, direct emission, gas-phase NO+OH reaction and 

heterogeneous reactions of NO2 contributed 31.0% ,14.2%, and 54.4% of the total HONO. Primary 

emissions appeared to contribute substantially more to the HONO budget during nighttime than that 

during daytime. This was very likely due to the fact that the BL was typically much lower at night and 

thus vehicle emissions were prone to accumulation. In addition, the observation site was located in the 

urban area, where heavy duty trucks were only allowed to operate at night. 

To further evaluate the performance of the box model simulation on HONO concentration, we 

plotted the time series of both observed and simulated HONO in Fig. 5 for the entire campaign. Overall, 

the simulated HONO can basically match the measured HONO in terms of temporal profile and general 

trends with a correlation coefficient, r = 0.76. However, for some periods, the model significantly 

overestimated HONO, e.g., April 6-7 and 9-12. This was most likely due to precipitation events during 

these period, which make the parameters used in the simulation deviate away from the real values, 

overestimating the surface reactivities. For other cases, nighttime peaks of HONO were substantially 

higher than the measured ones, such as on April 3, 13, 19 and 23. One of the major reasons for these 

differences could be the error associated with the boundary layer height deduced from field measurements 

at nearby cites. Another significant source of error may be due to the fact that the surface properties may 

vary substantially. For example, the reported NO2 reactive uptake coefficient was about 6×10-6 on humic 

acid aerosol surfaces under typical ambient conditions (Stemmler et al., 2007) and was about (2.0 ± 

0.6)×10-6 on soot surfaces (Monge et al., 2010). Moreover, Khalizov et al. (2010) found that the NO2 

uptake coefficient was within a range of (1-5)×10-5 on fresh laboratory-generated soot particles but it will 

be significantly reduced after coating the soot with sulfuric acid. Using TiO2-SiO2 mixture to represent 

mineral dusts, Ndour et al. (2008) found that NO2 reactive uptake coefficient can range from 

(0.12-1.9)×10-6 with increasing relative content of TiO2. Therefore, a single parameter can hardly 

represent all types of surface materials. During these events, organic matters consisted more than 40% of 

the total aerosol mass concentration. The corresponding NO2 uptake coefficient may differ significantly 



from the literature value used in this work. Unfortunately, the aerosol surface properties were unknown in 

this work and, in fact, it unlikely can be determined directly, yet. More laboratory studies on the surface 

HONO formation are still critically needed to further constrain the uptake coefficient of NO2 on various 

surfaces. Nevertheless, the uncertainties associated with nitrate photolysis and photo-enhanced 

heterogeneous conversion of NO2 may also be partially responsible the differences between measured and 

simulated HONO due to their important roles as HONO sources under typical urban environments, often 

encountered in the central YRD region. 

In this study, we have found that heterogeneous conversion of NO2 on various surfaces dominated 

HONO production in this medium-sized city. During daytime, particulate nitrate may be photolyzed into 

HONO and contribute substantially to HONO budget. Although the study area is within the YRD region 

and populated with various industrial activities, no clear signs of industrial emissions, especially in terms 

of NOx, could be identified. Instead, both NOx and particulate nitrate displayed prominent rush hour peaks 

as shown in Fig. 2, with nitrate peaks built on top of a small level of background particulate nitrate, which 

was most likely converted from regional industrial NOx emissions during the transport from the source 

location to the sample site (~20 km). Local automobile emissions evidently supplied most portion of the 

NOx budget, the dominant precursor for HONO formation. Therefore, we believe industrial emissions did 

not impact the study area significantly. One possible reason is that NOx emissions from the industrial 

sector have been well regulated in China, which is consistent with the findings that NOx emissions in 

China have been significantly reduced (Li et al., 2017; van der A et al., 2017). 

Meanwhile, a substantial portion of the freshly emitted NOx from veichles was photochemically 

converted into HNO3 and partitioned into the particle phase. Photolysis of nitrate, however, provided a 

nonnegligible route to recycle part of these non-reactive reservoir nitrogen-containing compounds back 

into the atmosphere in a highly reactive form, HONO. This can stimulate the atmospheric oxidative 

capacity by contributing to OH radical budget and catalyzing the photochemical reaction cycles. 

Therefore, stricter controls of automobile emissions may lead to extra benefits for the environment at this 

particular site. 



In the past 5-10 years, emissions of some primary air pollutants (such as SO2) have been significantly 

reduced in China due to the implementations of strict air pollution mitigation measures and regulations 

(Li et al., 2017; van der A et al., 2017). Although the emission standard for individual motor vehicle has 

been raised to the level of Euro VI in China, the vehicle population in China increased to 250 million 

units in June 2019, of which 198 million are private cars 

(http://autonews.gasgoo.com/china_news/70016117.html). Despite the reduction of NOx emissions in the 

industrial sector, NOx emissions from vehicle exhaust are still expected to continue to increase in the near 

future. Consequently, nitrate has been found to be the most abundant component of PM2.5, surpassing 

sulfate (Sun et al., 2015; Tian et al., 2019). Our results implied that unlike the slow photolysis of gaseous 

HNO3, the nitrate photolysis can provide a much faster and thus practical route to recycle nitrogen (in the 

form of HONO) back into the atmosphere. It can not only enhance the atmospheric oxidative capacity but 

also may promote the gas-phase photochemical reactions that can lead to O3 and secondary aerosol 

formation. Therefore, regulation of automobile emissions should be given special attention during the 

establishment of air pollution mitigation strategies. 

4. Conclusions and atmospheric implications 

In this work, a comprehensive field campaign was conducted in Changzhou at an urban site typically 

found in the central YRD region in China to investigate the role of HONO on the atmospheric oxidation 

capacity. High levels of HONO were often observed during the observation period, with an average of 

1.55±1.21 ppbv. At night, the observed NO2-to-HONO conversion rate on average was about 0.018 h-1 . In 

addition, the average OH formation rates of the photolysis of HONO, O3, HCHO and H2O2 along with 

ozonolysis of alkenes were determined to be 7.84×107, 2.02×107, 7.41×105, 3.79×105 and 1.51×106 

molecules cm-3 s-1 , respectively. Evidently, HONO photolysis contributed a significant portion to the OH 

radical budget in the study area, especially on heavily polluted days when other important OH sources 

(such as O3 photolysis) were suppressed. Formation of HONO and its subsequent photolysis is an 

important reaction route to sustain OH radical level in this kind of polluted environment. Accordingly, in 

https://1.55�1.21
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order to mitigate the air pollution issues in the study area, it would be of particular importance to fully 

address the formation mechanisms of HONO. A MCM box model was utilized to evaluate the potential 

contributions from various HONO formation routes, including primary emissions from automobiles, 

homogeneous NO + OH reaction, heterogeneous reactions on both ground and aerosol surfaces and 

photolysis particulate nitrate. The emission factor of HONO from vehicle exhaust in the study area was 

estimated as the ratios of ΔHONO over ΔNOx within the freshly emitted vehicle exhaust (NO/NOx > 

0.85) and a value of 0.69% was obtained and utilized in the model simulations. The results show that 

primary emissions contributed only a relatively small portion (12.3%) to the total HONO budget during 

daytime but a substantial portion (31.0%) at night. The gas-phase NO + OH reaction was the less 

important HONO source, with a contribution of 14.2% at night and 28.7% during the daytime. 

Heterogeneous reactions of NO2 on various surfaces (mostly the ground surface) were responsible for 

most of the observed HONO, i.e., 34.7% during the day and 54.4% at night. Nevertheless, nighttime 

HONO can be reasonably explained by the aforementioned mechanisms. However, daytime HONO 

cannot be fully accounted for without the introduction of nitrate photolysis, which contributed about 

24.1% of the daytime HONO according to the model simulation. 

Our results indicate that nitrate photolysis can provide a more practical route than HNO3 photolysis 

to recycle oxidized nitrogen species back into the gas phase, which not only can enhance atmospheric 

oxidative capacity in the form of HONO formation, but also may promote the formation of other 

secondary air pollutants (e.g., O3) through NOx-catalyzed photochemical reactions. Therefore, photolysis 

of particulate nitrate should be considered during the development of mitigation strategy for NOx 

emissions. 
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Table 1. The emission factors ΔHONO/ΔNOx within five fresh vehicle plumes in the early morning, r is 

the correlation coefficient between ΔHONO and ΔNOx. 

Start Time Duration (min) △NO/△NOx r △HONO/△NOx (%) 

2017/4/12 5:35 15 0.85 1.00 0.5748 

2017/4/14 5:45 30 1.00 0.96 0.5627 

2017/4/15 3:20 10 0.85 0.95 0.4130 

2017/4/15 5:15 15 0.93 0.97 1.6326 

2017/4/15 20:15 10 0.91 0.99 0.2714 



Table 2. Parameters of HONO formation mechanisms used in the MCM box model. 

Mechanism HONO formation formula Parameter References 

OH+NO 

direct emission 

NO2+aerosol 

NO2+ground 

OH+NO→HONO 

NO2+aerosol→0.5HONO 

NO2+ground→HONO 

kOH+NO =9.8×10-12 

cm3 molecule−1 s−1 

HONO/NOx = 0.69% 

ϒNO2=8×10-6 

ϒNO2=1×10-5 

(Atkinson et al., 2004) 

This work 

(VandenBoer et al., 

2013) 

(Scharko et al., 2015) 

NO2+aerosol+hv NO2+aerosol+hv→HONO (Zhang et al., 2016) 

NO2+ground +hv NO2+ground+hv→HONO (Wong et al., 2012) 

NO3 
-→HONO NO3 

-+hv→HONO (Ye et al., 2017) 



Figure 1. Time series of meteorological parameters (including ambient temperature (T), relative humidity (RH), 

wind speed (WS), wind direction(WD), pressure (P), and precipitation and measured NO, NO2, O3, CO, BC, PM2.5 

-mass concentration, HONO, J(HONO) as well as particulate NO3 at an urban site in the Yangtze River Delta (YRD) 

region in China from April 3 to 24, 2017. 
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Figure 2. The box-whisker plots of diurnal profiles of NO2, NOx, HONO, aerosol surface density (S/V), particulate 

nitrate (NO3
-) and HONO/NO2 at an urban site in the Yangtze River Delta (YRD) region in China from April 3 to 24, 

2017. On each box, the central mark is the median, the edges of the box are the 25th and 75th percentiles, the 

whiskers extend to the 5th and 95th percentiles. The solid circles are hourly means. 
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Figure 3. Time series of observed HONO (black dots) and simulated contributions from different sources to HONO 

on April 5th, 2017. The gap in the HONO observation from 16:00 to 17:00 was due to the instrument calibration. 
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Figure 4. a) Diurnally averaged HONO and simulated contributions ofrom different sources to HONO for the 

campaign period. The black trace is the measured HONO and the black error bars represent one standard deviations 

(σ) of hourly averaged HONO concnetrations. The green markers are the averaged simulation results and the green 

error bars denote the Monte Carlo uncertainty analysis results; b) The diurnal contribution percentages of all HONO 

sources simulated by the model. 
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Figure 5. Time series of both observed (black) and simulated (red dots) HONO. The pink shaded area represents the 

uncertainty of simulation based on the Monte Carlo analysis. The insert shows the correlation between the observed 

and simulated HONO (r = 0.76). 
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