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17 

Abstract 18 

The photolysis of particulate nitrate (pNO3
−) has been suggested to be an important 19 

source of nitrous acid (HONO) in the troposphere. However, determining the photolysis 20 
rate constant of pNO3

−  ( 𝑗𝑗pNO3− ) suffers from high uncertainty. Prior laboratory21 
measurements of 𝑗𝑗pNO3−  using aerosol filters have been complicated by the “shadow 22 
effect”—a phenomenon of light extinction within aerosol layers that potentially skews 23 
these measurements. We developed a method to correct the shadow effect on the photolysis 24 
rate constant of pNO3

−  for HONO production (𝑗𝑗pNO3−→HONO ) using aerosol filters with 25 
identical chemical compositions but different aerosol loadings. We applied the method to 26 
quantify 𝑗𝑗pNO3−→HONO over the North China Plain (NCP) during the winter haze period. 27 
After correcting for the shadow effect, the normalized average 𝑗𝑗pNO3−→HONO  at 5 ℃ 28 
increased from 5.89 × 10−6 s−1 to 1.72 × 10−5 s−1. The 𝑗𝑗pNO3–→HONO  decreased with29 
increasing pH and nitrate proportions in PM2.5 (𝑅𝑅NO3−) and had no correlation with nitrate 30 
concentrations. A parameterization for 𝑗𝑗pNO3−→HONO was developed for model simulation 31 
of HONO production in NCP and similar environments. 32 
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Synopsis 40 

Previously measured 𝑗𝑗pNO3−  values using the filter-based method suffer from high 41 
uncertainty due to the “shadow effect”. Our research quantified this effect and improved 42 
the prediction of HONO production. 43 
 44 

1. Introduction 45 

    Nitrous acid (HONO) plays a key role in tropospheric photochemistry, as it is a 46 
primary source of the hydroxyl radical (OH) during the daytime.1–3 The contribution of 47 
HONO to OH production is generally more pronounced in polluted areas (e.g., 87% at an 48 
urban site4) than unpolluted areas (e.g., 33% in a forest5). A growing body of research has 49 
demonstrated significant enhancement of ozone and secondary aerosols by HONO, 50 
especially in polluted regions.6,7 Sources of HONO include direct emissions, such as soil8, 51 
vehicle exhausts9, and biomass burning10, as well as secondary formation, such as the gas-52 
phase reaction between nitric oxide (NO) and OH11, heterogeneous reactions of nitrogen 53 



dioxide (NO2) on ground and aerosol surfaces12, and photolysis of particulate nitrate13.  54 
    The photolysis of aqueous nitrate under actinic radiation (λ > 290 nm) proceeds 55 
through two main channels: the generation of NO2 and OH (see R1) and the production of 56 
nitrite (NO2

− ) alongside O(3P) (see R2). HONO is subsequently formed through the 57 
protonation of NO2

−  (see R3).14 The 𝑗𝑗pNO3−  considers the production of both NO2 and 58 
HONO, whereas 𝑗𝑗pNO3−→HONO  quantifies only HONO production. Recent findings 59 

suggest that the photolysis rate constant of pNO3
− is considerably higher than that of bulk 60 

aqueous nitrate or gaseous nitric acid (HNO3),13,15–17 highlighting nitrate photolysis as a 61 
potentially substantial contributor to daytime HONO. However, accurately quantifying 62 
𝑗𝑗pNO3− remains challenging, primarily because of the difficulty in precisely replicating the 63 
physical and chemical properties of atmospheric particles in the laboratory. 64 
NO3

−  +  ℎ𝑣𝑣 (+H+)  →  NO2  +  ∙ OH (R1) 65 
NO3

−  +  ℎ𝑣𝑣 →  NO2
−  +  O( P 3 ) (R2) 66 

NO2
−  +  H+  ↔  HONO(aq)  →  HONO(g) (R3) 67 

    The prevailing approach to measuring 𝑗𝑗pNO3−  involves laboratory experiments in 68 
which ambient particles collected on filters are exposed to illumination.13,15,16,18 This 69 
method calculates 𝑗𝑗pNO3−  by dividing the NO2 and HONO production rate by the total 70 
amount of nitrate on the filter. The primary uncertainties of this method arise from the 71 
distinct physical states of particles: those collected on filters are aggregated, in contrast to 72 
those suspended in ambient air. To address the deficiency, a recent study used suspended 73 
aerosols generated from pure nitrate salt solutions using an atomizer and calculated a much 74 
smaller 𝑗𝑗pNO3−.19 However, the applicability of this method is limited by the simplicity of 75 
the nitrate particle types used, which may not capture the complexity of ambient aerosols. 76 
    In addition to direct measurements of 𝑗𝑗pNO3−, estimations of these values have been 77 
made through evaluating the budget of reactive nitrogen species by integrating modeling 78 
and field observations.15,20–22 The 𝑗𝑗pNO3−  values were derived after assuming that the 79 
missing source or sink of reactive nitrogen species stemmed solely from the photolysis of 80 
pNO3

−, with HONO being the main product. Such calculated 𝑗𝑗pNO3− values are intrinsically 81 
affected by these assumptions, as well as by the uncertainties in quantifying other HONO 82 
sources (e.g., the heterogeneous uptake of NO2 by various surfaces). Consequently, these 83 
derived values have been taken to represent the upper limit, and most estimations have 84 
been conducted in clean marine air, where the contributions of NO2-related sources are 85 
negligible. 86 
    Previous filter-based methods have revealed a decreasing trend in 𝑗𝑗pNO3−  with 87 
increasing nitrate loadings.13,16,18,21 Ye et al. and Bao et al. attributed this to an intrinsic 88 
drawback of using ambient aerosol filters, termed the “shadow effect,” wherein particles 89 



in the lower layers of aerosol filters receive less light because of the presence of particles 90 
in the upper layers.13,16 However, a recent study17 attributed this pattern to the “nitrate 91 
distribution effect,” wherein HONO production is driven by the photolysis of surface-92 
adsorbed nitrate rather than bulk nitrate23,24. In reality, the filter artifact and the nitrate 93 
distribution effect may both contribute to the observed decrease.  94 
    This study aimed to verify and quantify the shadow effect in the filter-based methods 95 
to derive true 𝑗𝑗pNO3−→HONO values in polluted atmosphere. We measured 𝑗𝑗pNO3−→HONO in 96 
a dynamic chamber using PM2.5 samples collected from seven cities in northern China 97 
during winter haze. To quantify the shadow effect, two sets of filters were simultaneously 98 
collected to obtain the same aerosol chemical compositions but discrepant PM2.5 loadings. 99 
A parameterization of corrected 𝑗𝑗pNO3−→HONO was developed, incorporating pH, nitrate 100 
proportions in PM2.5 (𝑅𝑅NO3−), and temperature. 101 
 102 

2. Materials and Methods 103 

2.1. Aerosol filter sampling across the North China Plain  104 
    Ambient PM2.5 samples were collected on quartz filters in seven cities in northern 105 
China during the winter of 2017 and 2018, as described in Table 1. These cities are part of 106 
the “2+26” city clusters25 in North China Plain (NCP) which experiences severe air 107 
pollution in winter due to unfavorable meteorological conditions and intensive 108 
anthropogenic emissions26,27. To eliminate organic artifacts, the quartz filters underwent a 109 
pre-firing process at a temperature of 900 ℃ for 4 hours. Following pre-firing, the filters 110 
were stored in a freezer at −20 ℃. Filter samples, each with a diameter of 47 mm, were 111 
obtained using the TH-16A air particulate intelligent sampler, which features four channels 112 
and operates at a flow rate of 16.67 Lpm. Sampling took place from 10:00 am local time 113 
(LT) until 09:00 am LT the following day. Water-soluble ions, including Na+, NH4

+, K+, 114 
Mg2+, Ca2+, Cl−, NO3

−, and SO4
2−, were extracted with Milli-Q water and measured by ion 115 

chromatography (Table S1). Further information regarding the instruments utilized can be 116 
found in previous papers.28,29  117 
 118 
2.2. Aerosol filter sampling for the shadow effect experiment  119 
    Figure 1a illustrates the sampling settings employed in the experiment to quantify the 120 
shadow effect. We designed a procedure to collect aerosol filters with the same chemical 121 
compositions but different aerosol loadings using two samplers working simultaneously. 122 
These two samplers were set to different sampling rates to achieve varying thicknesses of 123 
collected particle layers in the parallel samplings. On the left-hand side of sets A and B, a 124 



high-volume sampler (Tisch Environmental, TE-6070VXZ-2.5-HVS) operating at a flow 125 
rate of 1130 Lpm sampled aerosols on 20.3 cm × 25.4 cm quartz filters. On the right-hand 126 
side, a medium-volume sampler (TH-150D Ⅱ), with a flow rate of 100 Lpm for set A and 127 
50 Lpm for set B, sampled aerosols on filters, each with a diameter of 150 mm. In each set, 128 
we sampled for 3 h, 6 h, and 18 h to get three sets of aerosol loadings. To ensure consistency 129 
in the aerosol chemical compositions, the sampling periods were the same for each pair of 130 
parallel samplings, as denoted by the shared colors in Figure 1a. The filters were collected 131 
during the winter of 2022 atop a five-story office building in the Entrepreneurship Center 132 
of Blue Silicon Valley located in a rural site in Qingdao, a coastal city in northern China 133 
(36.35° N, 120.67° E). Detailed sampling information is provided in Table 2. 134 
 135 
2.3. Aerosol photochemical aging experiments 136 
    The experimental setup is depicted in Figure 1c. The photochemical experiments were 137 
conducted in a dynamic chamber 25 cm in length, 15 cm in width, and 4 cm in height with 138 
a transparent Teflon window at the top. Part of the filter was cut and placed in a quartz petri 139 
dish (inner diameter: 35 mm; inner height: 7 mm) located at the center of the chamber. A 140 
high-pressure xenon lamp was used to mimic sunlight, and its spectral irradiance is shown 141 
in Figure 1b. The xenon lamp had a smaller photon flux in the 300–326 nm range than that 142 
of the standard air mass 1.5 solar irradiation (AM1.5), which corresponds to a solar zenith 143 
angle of 48.2°. However, the xenon lamp exhibited a larger photon flux in the 326–420 nm 144 
range. The reaction products were delivered to the chamber’s outflow using zero air 145 
produced by a zero-air generator (Environics, model 7000) as the carrier gas. To replicate 146 
winter conditions in the NCP, the temperature of the reactor was maintained at 5 ℃ using 147 
an ice bath in a cooler box. Additionally, the relative humidity (RH) in the chamber was 148 
adjusted to 50%. Before introducing filter samples into the chamber, the background 149 
HONO concentration was measured while a continuous flow of zero air and illumination 150 
was applied for 10 minutes. After ensuring at least 1 h of irradiation, 40 ppb of O3, which 151 
represents a relatively high level of O3 during winter in the NCP, was added to the chamber 152 
using a dynamic calibrator. Then, the targeted O3 concentration was monitored and 153 
confirmed using an O3 analyzer connected to the outflow of the chamber (Thermo 154 
Scientific Model 49i). The xenon lamp was equipped with an AM1.5 filter (which filters 155 
out light with a wavelength below 360 nm) and a 300–800 nm filter (which allows light 156 
with a wavelength in the range of 300–800 nm to pass through) to investigate the 157 
wavelength dependency of pNO3

− photolysis. 158 



 159 
Figure 1. Setup of dynamic chamber experiments. (a) Sampling settings of the shadow 160 
effect experiment. AH denotes the sample obtained at a higher flow rate (1130 Lpm) and 161 
AL indicates a lower flow rate (100 Lpm). The labels “BH” and “BL” follow a similar 162 
nomenclature. (b) Irradiation spectrum of the xenon lamp used in this study and the 163 
absorption cross-sections of HONO (IUPAC; http://iupac.pole-ether.fr/index.html) and 164 
aqueous nitrate30. (c) Schematic diagram of the photochemical aging experimental setup. 165 
MFC represents mass flow controller. 166 
    The average production rate of HONO (PHONO, mol s−1) during irradiation was 167 
calculated via the following equation (eq. 1)16: 168 

𝑃𝑃HONO = ( 𝐹𝐹
𝑉𝑉m×t

+ 𝑗𝑗HONO × 𝑉𝑉
𝑉𝑉m×𝑡𝑡

) × 10−9 × ∫ (𝐶𝐶HONO − 𝐶𝐶HONO−bkg)𝑡𝑡
0 d𝑡𝑡 (1) 169 

where F is the flow rate of the carrier gas (L min−1); jHONO (0.00517 s−1) is the photolysis 170 
rate constant of HONO under the irradiation of the xenon lamp at a 15-cm height (see Text 171 
S1); V is the volume of the reactor chamber (L); Vm (22.8 L mol−1) is the molar volume of 172 
gas at 5 ℃ and 1 atm; t is the duration of the irradiation, for which we used 15 min for 173 
consistency with previous studies13,16; and CHONO and CHONO-bkg (ppb) are the mixing ratios 174 
of HONO in the chamber after and before adding the sample. 175 
    𝑗𝑗pNO3−→HONO  was calculated by dividing PHONO by the total nitrate in the PM2.5 176 
samples and further normalized to tropical noontime conditions on the ground (solar zenith 177 



angle θ = 0°), where the photolysis rate constant of aqueous nitrate is 3.23 × 10−5 s−1 with 178 
quantum yield equal to 1 (eq. 2), as calculated using the tropospheric ultraviolet and visible 179 
radiation model. 180 

𝑗𝑗pNO3−→HONO = 𝑃𝑃HONO
𝑛𝑛NO3−

× 3.23×10−5

𝑗𝑗exp
 (2) 181 

where 𝑛𝑛NO3−  (mol) is the amount of nitrate in the PM2.5 sample; and jexp (s−1) is the 182 
photolysis rate constant of aqueous nitrate, with quantum yield equal to 1, under xenon 183 
lamp irradiation. Here, jexp was calculated as 8.85 × 10−6 s−1 (Text S1). 184 
    To quantify the shadow effect, we introduced the parameter “light efficiency” (LE), 185 
which describes the efficiency of light’s penetration of the particles (eq. 3). 186 

𝐿𝐿𝐿𝐿 =  𝑃𝑃HONO−H/𝑃𝑃HONO−L
𝑛𝑛NO3−−H/𝑛𝑛NO3−−L

× 100% =
𝑗𝑗pNO3−→HONO−H
𝑗𝑗pNO3−→HONO−L

× 100% (3) 187 

where the suffixes H and L represent filters with higher loadings and lower loadings of 188 
particles in each pair of comparative experiments, respectively. 189 
 190 
2.4. HONO measurement and calibration 191 
    A time-of-flight chemical ionization mass spectrometer (ToF-CIMS, Aerodyne Inc.) 192 
was adopted to measure HONO concentrations in our laboratory experiments. The same 193 
instrument was described in our previous paper.31 In this study, we used iodide and its water 194 
clusters as reagent ions to measure HONO concentrations. The reagent ions were generated 195 
by passing methyl iodide (CH3I) gas through an ionizer (210Po, NRD Corp.), and HONO 196 
was detected as IHONO− at 173.905 m/z (Fig. S1). All IHONO− signals were normalized 197 
to one million counts per second (cps) of primary ions before further analysis. High-198 
resolution peak fitting found no/very minor spectral interference for HONO measurements. 199 
The sensitivity of HONO measurements by ToF-CIMS was calibrated before commencing 200 
the experiments. A HONO generator (QUMA, Model QS-03) produced a stable airflow 201 
containing HONO, which was then directed into both the ToF-CIMS and a long-path 202 
photochemical absorption photometer (LOPAP, QUMA Elektronik & Analytic GmbH). 203 
The LOPAP was pre-calibrated to obtain HONO concentrations used in the ToF-CIMS 204 
calibration. The sensitivity of the ToF-CIMS for HONO concentrations (3.07 to 1.42 cps 205 
ppt−1) was found to be dependent on the RH (21.4% to 48.1%) of the HONO-containing 206 
air (Fig. S2). The instrument background of HONO (48.6 ± 1.0 ppt) was determined by 207 
injecting zero air into the ToF-CIMS.  208 
 209 

3. Results and Discussion 210 



3.1. HONO production during the irradiation experiment 211 
    A typical time series depicting the observed concentrations of HONO when aerosol 212 
filters were illuminated in the chamber is presented in Figure 2a. A rapid increase in HONO 213 
production was observed immediately after the chamber was illuminated, followed by an 214 
exponential decay. This pattern is consistent with previous filter-based experiments13,16, 215 
suggesting that the HONO production was predominantly attributed to photochemical 216 
reactions of surface nitrate. The difference of measured HONO concentrations between 217 
two half filters in each NCP sample was less than 5% based on three sets of samples tested. 218 
    Upon the addition of the AM1.5 filter, the HONO concentration decreased by 219 
approximately 63% within 5 minutes and realigned with the exponential decay line upon 220 
removal of the filter. In contrast, the application of a 300–800 nm filter resulted in only a 221 
17% reduction in HONO concentration, indicating that HONO production primarily 222 
occurred at wavelengths below 360 nm. This result aligns with previous studies, which 223 
indicate that HONO generation is primarily initiated in the long-wavelength range of UV 224 
light, peaking at 350 nm.16,32 This observation may also suggest a redshift in the absorption 225 
wavelength of particulate nitrate,23,24 resulting in a greater overlap between the xenon lamp 226 
irradiation and the particulate nitrate absorption spectrum compared to bulk aqueous nitrate. 227 
Although we cannot rule out the possibility of contribution from other nitrogen compounds, 228 
we assume that the HONO detected in the chamber was mainly produced from nitrate 229 
photolysis, similar to the viewpoint of a previous study13. We also investigated whether 230 
HONO production is affected by O3, a crucial atmospheric oxidant. Our findings indicate 231 
that HONO production is independent of O3, as evidenced by the sustained decay of HONO 232 
following the addition of 40-200 ppb of O3 at different time of the experiments (Fig. 2a 233 
and Fig. S3).  234 

Figure 3 presents the average PHONO in different cities within the NCP region. The 235 
highest PHONO (18 × 10−9 mol h−1) was observed in a sample from Dezhou. The nitrate 236 
concentration in Dezhou was more than 13 times higher than that in Tianjin; however, the 237 
PHONO in Dezhou was less than threefold that in Tianjin. This discrepancy indicates the 238 
presence of other influencing factors of nitrate photolysis besides nitrate concentration, 239 
such as the shadow effect or the nitrate distribution effect mentioned above. 240 



 241 

Figure 2. Results of laboratory experiments. (a) Typical pattern of HONO concentrations 242 
during irradiation (aerosols collected in Jinan on 3 Jan 2019). AM1.5 and 300–800 nm 243 
filters were added before and after adding 40 ppb O3. (b) Light efficiency as a function of 244 
PM2.5 loading difference. The red dashed line is the regression curve fitted using eq. 8. The 245 
data point in the red circle is an outlier. (c) Normalized 𝑗𝑗pNO3−→HONO  values (red) and 246 
corrected values (blue) of NCP (circles) and Qingdao (stars) shown as a function of nitrate 247 
concentration. Normalized 𝑗𝑗pNO3−→HONO  values are experimental values adjusted to 248 
tropical noontime conditions on the ground (solar zenith angle θ = 0°). The corrected values 249 
are obtained by further adjusting the normalized values to account for the shadow effect. 250 

 251 



 252 
Figure 3. Spatial layout of the research area and average nitrate concentration (µg cm−3), 253 
average HONO production rate (mol h−1), and percentages of major PM2.5 components in 254 
seven cities in the NCP. The upper left image presents the average NO2 tropospheric 255 
column density from December 2018 to January 2019 across China, as derived from 256 
TROPOMI data.33 The upper right image describes the process of photolysis of particulate 257 
nitrate producing HONO. The background photo was taken by the authors during a 258 
pollution episode at a rural site in the NCP. OM and EC represent organic matter and 259 
elemental carbon in PM2.5, respectively. Geographic data sourced from the China National 260 
Fundamental Geographic Information System, National Geomatics Center of China, 261 
accessed in June, 2021.  262 



Table 1. Summary of sample information and results of NCP filter experiments 263 

Location 
Sampling 

date 

PM2.5 

loading 

(µg cm−2) 

Nitrate 

loading 

(µmol cm−2) 

𝑗𝑗pNO3−→HONO 

normalized  

(10−6 s−1)  

pH 

Light 

efficiency 

(%) 

𝑗𝑗pNO3−→HONO 

corrected  

(10−6 s−1)  

Zhengzhou 2017/12/27 346.11 1.55 2.28 3.81 11.12 20.51 

2018/11/27 223.36 1.01 1.96 3.56 20.46 9.59 

2019/1/4 276.55 1.96 1.47 3.78 15.45 9.54 

Zibo 2017/12/2 236.73 1.12 2.98 3.50 18.78 15.86 

2017/12/27 172.73 0.79 2.58 3.60 26.00 9.93 

2017/12/28 314.06 1.23 3.13 3.88 13.03 24.01 

Shijiazhuang 2019/1/1 166.18 0.56 4.86 3.40 26.90 18.07 

2019/1/3 236.55 1.04 2.35 3.37 18.80 12.49 

2019/1/4 158.56 0.52 4.80 3.37 28.00 17.14 

2019/1/9 106.13 0.31 9.67 3.22 41.56 23.28 

2019/1/12 418.75 1.33 2.37 3.33 8.55 27.66 

Tianjin 2019/1/4 25.88 0.04 31.19 2.42 85.52 36.46 

2019/1/6 84.63 0.26 9.27 3.04 47.39 19.56 

2019/1/7 22.58 0.05 29.20 2.44 87.00 33.56 

Dezhou 2017/12/29 306.42 1.54 1.68 3.99 13.48 12.46 

2018/11/26 310.40 2.00 2.32 4.00 13.24 17.56 

2019/1/2 194.53 0.91 4.27 3.73 23.36 18.28 

Jinan 2017/12/1 262.66 1.25 2.12 3.38 16.51 12.86 

2017/12/27 201.64 0.77 2.32 3.58 22.59 10.26 

2018/12/31 97.97 0.37 7.25 3.36 43.61 16.62 

2019/1/3 262.46 1.60 1.63 3.75 16.52 9.86 

Handan 2017/12/2 284.80 1.74 0.72 4.08 8.78 8.21 

2017/12/27 223.13 1.21 1.15 3.86 12.55 9.15 

2017/12/30 102.93 0.34 7.49 3.80 30.73 24.38 

2019/1/2 116.45 0.76 3.02 3.74 27.27 11.07 

2019/1/5 40.42 0.16 11.16 3.16 60.98 18.29 

Mean value  199.72 0.94 5.89 3.51 28.39 17.18 

3.2. Results of the shadow effect experiment  264 
A total of six pairs of comparative experiments were conducted, the results of which 265 

are presented in Table 2 and Figure 2b. The only key variable that affected the LE was the 266 
variation in particle loading difference between two samples in each comparative set 267 
(denoted as Dd), given that their chemical compositions were identical. Overall, the LE 268 



diminished as the Dd increased. This decrease in LE can be attributed to the accumulation 269 
of particles, which impedes light’s ability to penetrate aerosols on the filter. In our 270 
experiment, LE decreased to as low as 51.33%, indicating that the actual 𝑗𝑗pNO3−→HONO was 271 
about twice the value initially calculated. To represent the accumulation of particles on the 272 
filters, we established a model as illustrated in Figure 4a. In this model, particles on the 273 
filter are presumed to be evenly distributed and accumulated in multiple layers, similar to 274 
a layered cake. Accumulation in the second layer commences only after the complete 275 
coverage of the first layer, marking the onset of the shadow effect. In the first experiment 276 
(AH1 and AL1), the LE was measured as 93.53%, nearly approaching 100%, suggesting 277 
that AL1 was composed almost entirely of a single layer of particles. The PM2.5 loading of 278 
AL1 represents the particle loading for one layer and the threshold for the initiation of 279 
shadow effect, referred to as Ds (12.82 µg cm−2). This Ds value is consistent with the value 280 
from theoretical calculations (11.75 µg cm−2) which is obtained by dividing the filter area 281 
by the cross-sectional area of a single particle (Text S3). We note that there is an outlier 282 
circled in red in Figure 2b, which is obtained from the BH1/BL1 experiment. The particle 283 
loading of BL1 (7.77 µg cm−2, Table 2) is well below Ds, therefore the particulate matter 284 
on BL1 was insufficient to form a monolayer and thus not subject to the shadow effect. For 285 
this reason, this data point was not used in fitting the LE curve. 286 
 287 
Table 2. Summary of sample information and results of the shadow effect experiment a 288 

Sample 

No. 
PM2.5 loading 

(µg cm−2) 

Nitrate loading 

(nmol cm−2) 

PHONO 

(nmol h−1) 

Light 

efficiency 

(%) 

𝑗𝑗pNO3−→HONO 

corrected  

(10−6 s−1)  

AH1 17.92 25.21 3.48 
93.53 15.59 

AL1 12.82 18.04 2.68 

AH2 42.86 85.32 8.19 
88.01 14.30 

AL2 30.67 61.05 6.70 

AH3 130.31 242.14 25.48 
68.10 33.94 

AL3 93.25 173.27 26.91 

BH1 21.72 78.29 5.13 
70.71 8.76 

BL1 7.77 28.01 2.68 

BH2 43.88 211.22 9.44 
75.22 6.63 

BL2 15.70 75.57 4.51 

BH3 177.87 477.02 28.62 
51.33 22.89 

BL3 63.64 170.67 20.06 
a Set A was sampled at a flow rate of 1130 Lpm and 100 Lpm, while Set B was sampled at 289 



1130 Lpm and 50 Lpm. Sampling durations were 3 h, 6 h, and 18 h, with samples labeled 290 
as follows: AH1-3 (high-volume, Set A), AL1-3 (low-volume, Set A), BH1-3 (high-volume, 291 
Set B), and BL1-3 (low-volume, Set B). 292 

The aerosol filter samples collected from across the NCP can be regarded as multi-293 
layered structures, as their PM2.5 loadings were much larger than Ds. Therefore, the 294 
𝑗𝑗pNO3−→HONO initially calculated using eq. 2 was underestimated for these multi-layered 295 
samples. To rectify this, an adjustment of 𝑗𝑗pNO3−→HONO to a single-layer equivalent was 296 
necessary. We first needed to establish a fundamentally sound formula that accurately 297 
models the relationship between LE and Dd. Assuming that the additional loading beyond 298 
the first layer (Dx) can be represented as multiple layers of Ds (i.e., Dx = n × Ds, where n is 299 
the number of layers, ranging from 2 to 39 in this study), the LE of NCP samples can be 300 
calculated by eq. 4. To establish the relationship between PHONO-x and Dx, we assumed that 301 
the ratio of PHONO between two adjacent layers was a constant, denoted as γ, in accordance 302 
with the Beer–Lambert law which describes the exponential decrease of light intensity as 303 
it propagates through a uniform medium (Text S4). Under this assumption, a geometric 304 
sequence expressed as eq. 5 was formulated. The cumulative PHONO-x can be calculated as 305 
the sum of PHONO-xi, where PHONO-xi represents the PHONO in the ith layer (eq. 6). The 306 
resulting expression for LE incorporating three constant parameters is shown in eq. 7. This 307 
expression was further simplified to eq. 8 by considering the boundary condition when Dx 308 
equals zero. Although Dd equals Dx only when the filter with lower particle loading in the 309 
comparative set consists of a single layer, applying eq. 8 to fit the data points in Figure 2b 310 
resulted in a high correlation coefficient (R2 = 0.99) after excluding one outlier. The derived 311 
fitting parameters were a = 1.407, b = 0.996, c = 0.010. The fitting curve also captures the 312 
decreasing trend of LE as Dd increases, and it aligns with the theoretical inverse 313 
proportional decay pattern as Dd approaches infinity.  314 

𝐿𝐿𝐿𝐿 =  𝑗𝑗sample

𝑗𝑗s
=

𝑃𝑃HONO−s+𝑃𝑃HONO−x
𝑛𝑛NO3

−−s+𝑛𝑛NO3
−−x

𝑃𝑃HONO−s
𝑛𝑛NO3

−−s

=
1+𝑃𝑃HONO−x𝑃𝑃HONO−s

1+
𝑛𝑛NO3

−−x
𝑛𝑛NO3

−−s

 (4) 315 

where 𝑛𝑛NO3−−s, PHONO-s, and js are the nitrate abundance, HONO production rate, and the 316 
nitrate photolysis rate constant of the first layer, respectively. The same nomenclature is 317 
applied to the remaining part, represented as x. 318 
𝑃𝑃HONO−x1 = γ × 𝑃𝑃HONO−s;𝑃𝑃HONO−x2 = γ × 𝑃𝑃HONO−x1; … ;𝑃𝑃HONO−xn = γ × 𝑃𝑃HONO−xn−1 319 
(5) 320 

𝑃𝑃HONO−x =  ∑ 𝑃𝑃HONO−xi =  𝑃𝑃HONO−s × γ−γn+1

1−γ
n
i=1  (6) 321 



𝐿𝐿𝐿𝐿 =
1+γ−γ

n+1

1−γ

1+n
= 1−γ

𝐷𝐷x
Ds

+1

(1+𝐷𝐷xDs
)(1−γ)

, γ and Ds are constants (7) 322 

𝐿𝐿𝐿𝐿 =  a−b𝐷𝐷x

a−1+c×𝐷𝐷x
 (8)  323 

    The revised 𝑗𝑗pNO3−→HONO  obtained using this fitting equation remained 324 
underestimated in cases of high PM2.5 loading, because the filter with lower particle loading 325 
in each pair of comparative experiments may have already exhibited the shadow effect, 326 
necessitating further correction toward a single-layer representation. Direct correction to a 327 
single layer is, however, impractical. Consequently, a dichotomous approach was adopted 328 
to iteratively refine the 𝑗𝑗pNO3−→HONO  estimation for multi-layered NCP filters. This 329 
method facilitated a stepwise approximation of the true value, as depicted in Figure 4b. 330 
The correction procedure involved calculating the LE for half the initial PM2.5 loading 331 
using eq. 8, and then iteratively halving the PM2.5 loading until it reached a point where 332 
further division would not result in a single layer (i.e., when Ds < PM2.5 loading < 2Ds). In 333 
this way, the actual LE was equivalent to the cumulative product of these iteratively 334 
calculated LEs, as shown in Table 1, and the 𝑗𝑗pNO3−→HONO was recalculated by dividing by 335 
the actual LE. This revised method was initially employed to adjust the 𝑗𝑗pNO3−→HONO 336 
values in the shadow effect experiments and yielded promising results: post-correction, the 337 
𝑗𝑗pNO3−→HONO  under high aerosol loadings in each pair of parallel shadow effect 338 
experiments increased and aligned more closely with those under low aerosol loadings (Fig. 339 
2c and Fig. S4).  340 
    We then applied the LE equation derived from the Qingdao samples to adjust the 341 
𝑗𝑗pNO3−→HONO  values for samples from other cities in the NCP region. We noted that 342 
uncertainties may arise from such extrapolations, as the aerosol samples were collected 343 
from different cities and in different years (2017 vs 2022), although the ionic compositions 344 
of PM2.5 in Qingdao are generally similar to those from other NCP cities (e.g., 𝑅𝑅NO3− is 345 
16.9% compared with 20.8% in the NCP). The corrected 𝑗𝑗pNO3−→HONO values for the NCP 346 
varied from 8.21 × 10−6 s−1 to 3.65 × 10−5 s−1, with an average of 1.72 × 10−5 s−1, 347 
significantly higher than the uncorrected mean value of 5.89 × 10−6 s−1. The difference 348 
between the corrected and uncorrected 𝑗𝑗pNO3−→HONO increases with higher aerosol loading 349 
(Fig. S5), confirming that the shadow effect is a factor contributing to the observed 350 
decrease in uncorrected 𝑗𝑗pNO3−→HONO with increasing nitrate loading on filters.13,16 351 



 352 

Figure 4. Principle of quantifying the influence of shadow effect and parameterization of 353 
corrected 𝑗𝑗pNO3−→HONO. (a) Schematic diagram of our model representing the accumulation 354 
of particles on filters, and (b) dichotomy method of stepwise approximation of the true 355 
𝑗𝑗pNO3−→HONO. (c) Correlation between the corrected 𝑗𝑗pNO3−→HONO and the product of pH 356 
and the proportion of NO3

− in PM2.5. The error bars are the errors propagated from the LE 357 
fitting curve (Text S5). (d) Dependence of 𝑗𝑗pNO3−→HONO on temperature. The vertical axis 358 
shows the ratio of 𝑗𝑗pNO3−→HONO at different temperatures to that at 5 ℃. The data points 359 
were taken from Bao et al.16 using WebPlotDigitizer (Version 4.6)34.  360 
 361 
3.3. Parameterization of 𝒋𝒋𝐩𝐩𝐩𝐩𝐎𝐎𝟑𝟑−→𝐇𝐇𝐇𝐇𝐇𝐇𝐇𝐇  362 

    Pearson correlation coefficients were calculated for correlations between the corrected 363 
𝑗𝑗pNO3−→HONO and major chemical components in PM2.5, including water-soluble ions and 364 
H+ (Table S3). The H+ concentrations were estimated using the Extended Aerosol Inorganic 365 
Model IV (E-AIM IV) (Text S2). The results revealed a significant negative correlation 366 
between the corrected 𝑗𝑗pNO3−→HONO and 𝑅𝑅NO3−. A possible reason for this is the potential 367 
saturation effect under high particle loading conditions. Surface-adsorbed nitrate has a 368 
higher photolysis rate constant than bulk nitrate.23 With surface-adsorbed nitrate 369 
approaching saturation, a further increase in 𝑅𝑅NO3− would result in a lower proportion of 370 



surface-adsorbed nitrate, resulting in a lower 𝑗𝑗pNO3−→HONO value when using total nitrate 371 
in the calculation. However, the exact reason for the decrease in 𝑗𝑗pNO3−→HONO values with 372 
𝑅𝑅NO3− requires further investigation. In addition to nitrate, aerosol acidity is another factor 373 
determining the 𝑗𝑗pNO3−→HONO values.16,35,36 In this study, over 90% of the NCP samples 374 
had a pH in the range of 3–4, which is consistent with the pH estimated in other studies 375 
conducted in the NCP;37–39 while samples from Qingdao demonstrated a lower acidity, with 376 
an average pH of 4.64. The corrected 𝑗𝑗pNO3−→HONO  exhibited a pronounced negative 377 
correlation with pH, indicating the important role of H+ in the formation of HONO. Given 378 
that both 𝑅𝑅NO3−  and pH are key factors controlling 𝑗𝑗pNO3−→HONO , a parameterization 379 
considering both factors was developed by multiplying these two, resulting in a fitting 380 
equation (eq. 9) with an R2 of 0.55, as shown in Figure 4c. 381 
𝑗𝑗pNO3−→HONO = 1.29 × 10−5 × (pH × 𝑅𝑅NO3−)−0.65 (9)  382 
where 𝑅𝑅NO3− is the ratio of mass concentration of nitrate to PM2.5.    383 
    To align our results with previous research, we accounted for the influence of 384 
temperature on 𝑗𝑗pNO3−→HONO, as our experiments were conducted at 5 ℃ rather than at 385 
room temperature, as typically applied in prior studies. Bao et al.16 investigated the impact 386 
of temperature on cumulative HONO production as a function of irradiation time over a 387 
range of 5 ℃ to 60 ℃. Figure 4d presents the relative ratio of HONO production at different 388 
temperatures to that at 5 ℃ (denoted as RT) based on data from Bao et al. For consistency 389 
with our calculation methodology of HONO production (eq. 1), we selected data points at 390 
15 min and excluded data recorded at 60 ℃, which is beyond the range of ambient 391 
temperatures in the troposphere. Generally, RT exhibited an exponential increase with 392 
temperature in the range of 5 ℃ to 40 ℃, as demonstrated by eq. 10. While RT remained 393 
approximately uniform at lower temperatures (< 15 ℃), RT at 40 ℃ was larger than 40, 394 
demonstrating the remarkable influence of temperature on 𝑗𝑗pNO3−→HONO. After normalizing 395 
our results to 20 ℃, the mean 𝑗𝑗pNO3−→HONO increased from 1.72 × 10−5 s−1 to 8.90 × 10−5 396 
s−1, which aligns with the mean value measured by Ye et al. in filter-based experiments in 397 
relatively clean environments (1.3 × 10−4 s−1).13 Bao et al. also obtained a comparable value 398 
in the polluted urban area of Beijing (8.24 × 10−5 s−1), albeit a slight underestimation due 399 
to the shadow effect.  400 
𝑅𝑅T = 0.77 × 1.1𝑇𝑇 (10) 401 
where RT is ratio of HONO production at temperature T to that at 5 ℃; T is the temperature 402 
of the irradiation experiments (℃). 403 
    With the established relationship between 𝑗𝑗pNO3−→HONO and the three key factors pH, 404 
𝑅𝑅NO3−, and temperature, we derived a parameterization for 𝑗𝑗pNO3−→HONO, shown as eq. 11. 405 
The parameterization revealed that 𝑗𝑗pNO3−→HONO  varied significantly across different 406 



seasons (i.e., the temperature effect) and different aerosol compositions, especially nitrate 407 
content. Previous studies have found that particles with a lower pH tend to have a higher 408 
𝑗𝑗pNO3−→HONO,40,41 which was also observed in our study and fundamentally supported by 409 
the participation of protons during the production of HONO. The 𝑗𝑗pNO3−→HONO  is also 410 
affected by RH.16,17,19 Bao et al. 16 found that 𝑗𝑗pNO3−  was relatively low under dry 411 
conditions (~3% RH), but it increased with RH, with minimal variation across intermediate 412 
RH levels (15%–75%). However, Sommariva et al.18 observed a significantly higher value 413 
at RH levels of 75%–85% than at 24%, suggesting complex interactions between RH and 414 
nitrate photolysis. In view of these inconsistent results, RH has not been incorporated into 415 
the current parameterization. Further research is necessary to comprehensively understand 416 
the impact of humidity on nitrate photolysis. 417 
𝑗𝑗HNO3→HONO = 1.0 × 10−5 × (pH × 𝑅𝑅NO3−)−0.65 × 1.1𝑇𝑇 (11) 418 
 419 
3.4. Atmospheric implications 420 
    Our results demonstrated that the shadow effect can lead to a significant 421 
underestimation of 𝑗𝑗pNO3−→HONO  measured with the filter-based method under high 422 
aerosol loading conditions. After correcting for the shadow effect, the average 423 
𝑗𝑗pNO3−→HONO  of NCP samples in winter was 1.72 × 10−5 s−1. The 𝑗𝑗pNO3−→HONO  is 424 
dependent on 𝑅𝑅NO3− rather than on nitrate concentrations. Our results can help improve 425 
the modeling of HONO formation in NCP and other regions with similar chemical 426 
conditions. In current air-quality models, the 𝑗𝑗pNO3− values employed at noontime tropical 427 
conditions are typically treated as constants (see Table S4, which compiles the 𝑗𝑗pNO3− 428 
values applied in 12 studies conducted in China and the United States). Some of these 429 
studies adopted the maximum value (2.1 × 10−5 s−1) reported by Romer et al. based on an 430 
assessment of the nitric acid budget, while others opted for the median (8.3 × 10−5 s−1) or 431 
mean (1.3 × 10−4 s−1) value sourced from Ye et al., who included filter-based experimental 432 
results for aerosols collected from various environments. However, there are no clear 433 
specific selection criteria for the 𝑗𝑗pNO3− value applied in models. The large discrepancies 434 
in the applied 𝑗𝑗pNO3−  values in studies have undoubtedly impacted the estimation of 435 
HONO production rates from nitrate photolysis. The parameterization in our study, which 436 
accounts for variations in aerosol pH, 𝑅𝑅NO3−, and temperature, can reduce uncertainties in 437 
the 𝑗𝑗pNO3−→HONO predictions, thereby improving estimations of HONO budget and HONO 438 
impact on secondary pollutants.  439 
     We acknowledge that the parametrization developed in this study does not consider 440 
all factors that may influence the production of HONO from nitrate photolysis, as 441 
evidenced by the variance in the data points around the fitting line of the parameterization 442 



(Fig. 4c). Besides the RH effect previously discussed, the presence of co-existing chemical 443 
species also affects the 𝑗𝑗pNO3−→HONO. Inorganic species such as cations and halides have 444 
been shown to augment nitrate photolysis, whereas the impact of organic species is more 445 
nuanced; certain compounds, like oxalate and succinic acid, inhibit nitrate photolysis, 446 
whereas others, including photosensitizers, organic acids, and aromatic compounds, can 447 
facilitate it.18,36 Therefore, the direct application of our parameterization to other 448 
environments should be done with caution. Future research incorporating global sample 449 
collection will be essential to validate and refine the shadow effect correction method and 450 
to adjust the parameterization to accommodate more diverse environmental conditions. 451 
 452 
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Text S1. Determination of the photolysis rate constant of HONO and nitrate 53 

under the irradiation of xenon lamp. 54 

The photolysis rate constant of HONO and nitrate was calculated by eq 1. 55 

𝑗 = ∫ 𝑞(λ)𝜎(λ)𝐼(λ)dλ (1) 56 

where q(λ) is the quantum yield at wavelength λ (nm); σ(λ) is the cross-section at 57 

wavelength λ; I(λ) is the flux of xenon lamp at wavelength λ. The flux of the xenon 58 

lamp at wavelength λ was determined by converting the irradiation energy spectra of 59 

the lamp (see Fig. 1b) to photon flux using Planck's equation. The values of q(λ) and 60 

σ(λ) of HONO was obtained from the recommended value provided by IUPAC at 278 61 

K (http://iupac.pole-ether.fr/index.html). The q(λ) and σ(λ) of aqueous nitrate were 62 

derived from Chu et al.1 It should be noted that the spectrum of aqueous nitrate 63 

photolysis should be different from particulate nitrate photolysis, resulting in some 64 

uncertainty when extrapolating to the ambient conditions. 65 

 66 

Text S2. Settings of Extended Aerosol Inorganic Model IV (E-AIM IV) and 67 

sensitivity test of pH on NH3 and RH input.  68 

To estimate the acidity of aerosols on the filters, the E-AIM model IV (batch mode) was 69 

run online at http://www.aim.env.uea.ac.uk/aim/model4/model4a.php.2 Here we 70 

assumed that the overall acidity of ambient aerosols did not change after they were 71 

collected on the filters. The RH measured in the chamber (50 ~ 55 %) and the daily air-72 

born concentration of Na+, NH4
+, Cl−, NO3

−, and SO4
2− (mol m-3) were adopted as input. 73 

The initial molarity of H+ was set to balance the total charges of anions and cations. For 74 

lack of ambient NH3 data, we further assumed that the molarity of NH3 equaled that of 75 

NH4
+ and tested the sensitivity of acidity on NH3 input. Parameter r was therefore set 76 

as 0 to allow NH3 (g) can be formed and partition between the condensed and gas phases. 77 

Other model configuration was shown as follows. Parameter e = 1, which means that 78 

water dissociation was considered by the model. Parameters p, q, s were set as 3, which 79 

means that the input amount of NO3
−, Cl−, and SO4

2− stay in the liquid or solid phase. 80 

Their gas-phase counterparts, i.e., HNO3, HCl, and H2SO4, were calculated based on 81 

the gas-particle equilibrium. The parameter u was set as 0, which means all potential 82 

solids can form in the system. 83 

 84 

To investigate the effect of NH3 input on the acidity, we conducted a sensitivity test 85 

using different ratio of the concentration of NH4
+ to that of NH3 (Fig. S6a). The results 86 

show that the average pH increased from 3.45 ± 0.16 to 3.81 ± 0.16 when doubling the 87 

concentration of NH3, while decreased to 2.85 ± 0.59 when halving the concentration 88 

of NH3. The ambient NH3 mass concentration is usually larger than or equivalent to the 89 

mass concentration of NH4
+ in polluted areas.3 We also conducted a sensitivity test on 90 

http://www.aim.env.uea.ac.uk/aim/model4/model4a.php


S2 
 

RH input since the ambient RH will change and is different from the RH measured in 91 

the chamber (Fig. S6b). The acidity increases with RH when RH is lower than 0.7 and 92 

tends to be independent after that.  93 

 94 

Text S3. Theoretical calculation of the loading of one-layer particles. 95 

To preliminarily determine the mass density of particles with one layer, namely Ds, we 96 

assumed that all particles are spherical and were distributed uniformly and compactly. 97 

Based on the particle size distribution of Qingdao samples (Fig. S7), we determined the 98 

dominant particle diameter as 110.14 nm. Therefore, Ds can be calculated using the eq 99 

2 assuming all particles are the same with the dominant particle size. The calculated Ds 100 

is 11.75 µg cm-2, which is close to the value determined by the shadow effect 101 

experiments, 12.8 µg cm-2, indicating that determination of Ds is reasonable. 102 

𝐷s =
𝑉p𝜌p

𝑆p
 (2) 103 

where Sp is the area of the cross section of a single particle (cm2); Vp is the volume of a 104 

single particle (cm3); ρp is the density of particles, here is assumed as 1.6 g cm-3.   105 

 106 

Text S4. Justification for applying the Beer–Lambert law in PHONO Analysis. 107 

In a uniform medium, light intensity decreases exponentially as it propagates 108 

through the medium, in accordance with the Beer-Lambert law. Assuming each layer 109 

has the same thickness, and the medium possesses a consistent absorption coefficient 110 

and concentration, the exponential form of the Beer-Lambert law can be expressed as 111 

eq 3. 112 

𝐼 = 𝐼0e−α𝜒 (3) 113 

where I is the intensity of light after passing through the medium; I0 is the incident light 114 

intensity; α is the absorption coefficient, which is related to the medium's molar 115 

absorptivity and concentration; χ is the distance the light travels through the medium. 116 

For a single layer with thickness d, the light intensity after passing through the n-117 

th layer, In, can be expressed as eq 4. 118 

𝐼n = 𝐼0e−nαd (4) 119 

Therefore, the ratio of light intensities between adjacent layers (the n-th and the 120 

(n+1)-th layer) is a constant, as calculated in eq 5. 121 

𝐼n+1

𝐼n
=

𝐼0e−(n+1)αd

𝐼0e−nαd
= e−αd (5) 122 

 123 

Text S5. Calculation of the error for the 𝒋𝐩𝐍𝐎𝟑
−→𝐇𝐎𝐍𝐎  corrected using the LE 124 

fitting curve.  125 

The errors in the LE directly affect the calculated 𝑗pNO3
−→HONO  values. We 126 
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assume that the primary source of uncertainty in the calculated 𝑗pNO3
−→HONO  stems 127 

from the LE fitting curve. Since corrected 𝑗pNO3
−→HONO values were divided by LE 128 

multiple times based on the dichotomous approach, the relative error of corrected 129 

𝑗pNO3
−→HONO values intensifies proportionally (eq 6). 130 

𝜎𝑗c  

𝑗c 
= n

𝜎𝐿𝐸

𝐿𝐸
 (6) 131 

where 𝑗c represents the corrected 𝑗pNO3
−→HONO; 𝜎𝑗c

 is the standard error of 𝑗c; n is 132 

the number of times division is applied using dichotomous approach, 𝜎𝐿𝐸   is the 133 

standard error of LE, which was obtained from the LE fitting curve.  134 

 135 

Supplementary Tables 136 

Table S1. Chemical components of PM2.5 samples in the North China Plain. a 137 

Location Date PM2.5 Na+ K+ NH4
+ Mg2+ Ca2+ Cl⁻ NO3⁻ SO4

2⁻  OC EC 

Zhengzhou 2017/12/27 239.27 0.57 3.30 23.73 0.18 2.10 9.40 55.14 16.59 41.73 14.07 

2018/11/27 154.41 0.70 1.33 13.36 0.22 2.62 1.52 36.08 13.97 23.44 2.81 

2019/1/4 191.18 0.51 2.06 25.86 0.05 0.32 8.62 69.70 22.21 45.93 1.21 

Zibo 2017/12/2 163.65 0.47 1.69 14.39 0.25 2.99 4.24 39.83 15.15 17.55 6.15 

2017/12/27 119.41 0.24 1.07 13.27 0.13 1.53 3.86 28.13 10.70 14.33 5.40 

2017/12/28 217.11 0.67 2.00 23.74 0.07 0.90 7.64 43.88 24.05 20.98 15.53 

Shijiazhuang 2019/1/1 114.88 3.76 0.99 8.75 0.34 2.35 6.40 20.01 10.79 41.46 8.15 

2019/1/3 163.53 3.84 1.56 12.90 0.34 3.69 8.32 36.90 18.46 42.91 9.79 

2019/1/4 109.61 2.82 0.89 7.84 0.24 2.54 4.89 18.48 8.28 30.39 7.81 

2019/1/9 73.37 1.90 0.94 6.09 0.14 1.75 6.67 10.90 5.93 24.11 6.02 

2019/1/12 289.48 4.92 2.08 19.49 0.41 4.78 9.14 47.45 48.11 59.59 12.08 

Tianjin 2019/1/4 17.89 0.25 0.06 0.95 0.11 0.64 0.44 1.44 1.04 3.34 0.93 

2019/1/6 58.51 0.58 0.57 4.31 0.15 0.97 4.33 9.16 2.48 13.51 4.96 

2019/1/7 15.61 0.23 0.12 1.00 0.09 0.58 0.44 1.60 0.98 5.09 1.15 

Dezhou 2017/12/29 211.83 0.26 1.79 29.93 ND b ND 5.47 54.69 33.50 19.29 5.34 

2018/11/26 214.58 0.31 2.42 32.34 0.07 0.42 3.40 71.33 25.76 30.35 10.83 

2019/1/2 134.48 0.60 1.92 16.69 0.09 0.39 7.30 32.55 11.84 29.34 7.86 

Jinan 2017/12/1 181.58 0.48 1.54 13.67 0.34 5.29 2.64 44.53 15.43 20.28 6.83 

2017/12/27 139.39 0.29 1.08 12.39 0.31 5.42 2.79 27.52 9.79 15.04 9.44 

2018/12/31 67.73 0.28 0.42 7.15 0.09 1.00 2.53 13.30 5.08 10.67 3.97 

2019/1/3 181.44 0.62 1.45 21.23 0.14 1.61 3.25 57.06 17.96 27.69 9.32 

Handan 2017/12/2 284.80 1.35 3.01 36.31 0.24 4.33 15.01 62.10 32.73 40.35 13.03 

2017/12/27 223.13 0.88 1.96 24.68 0.06 1.19 12.31 43.06 26.45 23.21 37.31 

2017/12/30 102.93 0.42 0.87 10.40 ND 1.00 5.76 11.95 14.31 23.23 7.66 

2019/1/2 116.45 0.67 2.39 17.57 0.22 2.45 8.36 27.17 12.12 32.62 5.90 
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2019/1/5 40.42 0.37 0.75 5.30 0.12 1.49 3.86 5.61 2.62 12.11 2.54 

a All chemical components are measured in µg m-3. b ND: not detectable. 138 

 139 

Table S2. Summary of reported 𝑗pNO3
− values in various environments. 140 

Study type 𝑗pNO3
− (10-5 s-1) Air mass origin Reference 

Laboratory 0.62–50 (13a) Remote, rural, urban 4 

Laboratory 1.2–48 (8.2)b Urban 5 

Laboratory 0.1–1.8 (0.32) Marine 6 

Laboratory 1.3–31 (17) Marine 7 

Laboratory <0.7c  8 

Model 2.0c Marine 6 

Model 20b Marine 7 

Model 0.07–2.1c  9 
a Values in parentheses are the average values. b 𝑗pNO3

− here is the 𝑗pNO3
− leading to 141 

HONO production. c Calculated from EF using jHNO3 = 7 × 10-7 s-1.  142 

 143 

Table S3. Pearson correlation coefficients (R) between 𝑗pNO3
−→HONO and other factors. 144 

Factor (Concentration) R Factor (Proportion in PM2.5) R 

[NO3
–] -0.357 NO3⁻ -0.671 

[SO4
2–] -0.095 SO4

2⁻ -0.113 

[Cl–] -0.037 Cl⁻ 0.2 

[Na+] 0.109 Na+ 0.283 

[NH4
+] -0.300 NH4

+ -0.562 

[K+] -0.234 K+ -0.253 

[Mg2+] -0.113 Mg2+ 0.669 

[Ca2+] -0.234 Ca2+ 0.361 

[H+] 0.629   

 145 

Table S4. Summary of the 𝑗pNO3
− applied in different modeling studies. 146 

Location Date  𝑗pNO3
− (s-1) Sources Reference 

Beijing, 

China 

Dec 7–22, 2015 2.1×10-5 Max value, field 

combined with 

model9 

10 

Wangdu, 

China 

Dec 3–24, 2017 2.1×10-5 11 

Fort Worth, 

Texas, US 

May 30–Jul 1, 

2011 

2.2×10-5 Mean value, Pyrex 

surface, chamber12 

13 

Pasadena, 

CA, US 

May–Jun, 2010 3.4×10-5 Median value, 

various surface, 

15 
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chamber14 

Pearl River 

Delta, China 

Jan 4–8, 2017 8.3×10-5 Median value, 

ambient particle, 

chamber4 

16 

Changzhou, 

China 

Apr 3–24, 2017 8.3×10-5 17 

Beijing, 

China 

May 7–30, 2017 

Jan 15–30, 2018 

8.3×10-5 18 

Beijing, 

China 

Apr 24–May 4, 

2018 

8.3×10-5 19 

Beijing, 

China 

May 25–Jul 15, 

2018 

Nov 26, 2018–

15 Jan, 2019 

8.3×10-5 20 

Wangdu, 

China 

Jun 8–Jul 5, 

2014 

1.3×10-4 Mean value, 

ambient particle, 

chamber4 

21 

Beijing, 

China 

Aug 23–Sep 17, 

2018 

1.3×10-4 22 

Southeastern 

US 

Jun–Jul, 2013 2×10-4 Median value, field 

observations7 

23 
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Supplementary Figures 148 

 149 

Figure S1. An example of CIMS average spectra taken from a filter sample (Dezhou 150 

2019.01.02). 151 
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 152 

Figure S2. The sensitivity of HONO measurements by ToF-CIMS as a function of RH. 153 

Black dots are the sensitivities directly measured. Red dots are the calculated 154 

sensitivities by the fitted equation. 155 
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 156 

Figure S3. The time series of HONO concentrations under various experimental 157 

conditions to assess the effect of ozone (O3). The experiments included: (a) 158 

incrementally adding O3 at 40 ppb intervals from 0 to 200 ppb, (b) introducing 40 ppb 159 
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O3 20 minutes after turning on the light, and (c) introducing 40 ppb O3 before turning 160 

on the light. 161 

 162 

 163 

Figure S4. The comparison between the raw and corrected ratios of 𝑗pNO3
−→HONO 164 

under conditions of high and low aerosol loadings in each pair of parallel shadow effect 165 

experiments. The black horizontal line denotes a ratio value of 1. A1 refers to the 166 

comparative experiment involving AL1 and AH1, with A2 and others following the 167 

same nomenclature. 168 

 169 
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 170 

Figure S5. The correction factor of 𝑗pNO3
−→HONO  as a function of ambient PM2.5 171 

concentration. The correction factor was calculated by dividing the corrected 172 

𝑗pNO3
−→HONO value by the original value. 173 

 174 

 175 

Figure S6. The E-AIM sensitivity tests of average pH on (a) NH3 input and (b) RH 176 

input. 177 

 178 
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 179 

Figure S7. The normalized particle size distribution of Qingdao samples. dN denotes 180 

particle number concentrations in individual channels; dlogDp means the difference in 181 

the logarithm of the channel width. 182 

 183 
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