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ABSTRACT:  22 

Nitrate-driven aerosol pollution frequently occurs during winter over the North China 23 

Plain (NCP). Extensive studies have focused on inorganic nitrate formation, but few 24 

have focused on organic nitrates in China, which hinders a thorough understanding of 25 

the nitrogen cycle and nitrate aerosol formation. Here, an Aerodyne high-resolution 26 

time-of-flight aerosol mass spectrometer (HR-ToF-AMS) was deployed to investigate 27 

the formation processes of both inorganic (NO3,inorg) and organic nitrates (NO3,org) under 28 

the influence of aerosol liquid water (ALW) and aerosol acidity (pH) during winter over 29 

the NCP. The campaign-averaged mass concentration of the total nitrate was 5.3 30 

μg 𝑚−3 , with a 13% contribution from NO3,org, which exhibited a significantly 31 

decreased contribution with increasing haze episode evolution. The diurnal cycles of 32 

NO3,inorg and NO3,org were similar, with high concentrations during the nighttime at a 33 

high ALW level, suggesting the important role of aqueous-phase processes. However, 34 

the correlation between the aerosol pH and NO3,inorg (R2=0.13, P<0.01) and NO3,org 35 

(R2=0.63, P<0.01) during polluted periods indicated a contrasting effect of the aerosol 36 

pH on inorganic and organic nitrate formation. Our results provide a meaningful 37 

reference for smog chamber studies and promote a better understanding of organic 38 

nitrate formation via anthropogenic emissions. 39 
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1 INTRODUCTION  42 

Air pollution triggered by high aerosol concentrations is a major environmental 43 

concern in China and exerts adverse effects on climate, public health and visibility 1, 2. 44 

To tackle this problem, the Chinese Government implemented clean air actions to 45 

control pollutant emissions in 2013, resulting in a dramatic decrease in aerosol 46 

precursors 3, 4. However, the limited control of nitrogen oxide (NOx) has led to a notable 47 

increase in the nitrate contribution in aerosols 3, 4. Nitrate-driven aerosol pollution has 48 

recently drawn increasing attention in China 5-8.  49 

The formation of inorganic nitrates is dominated by the oxidation of nitrogen 50 

dioxide (NO2) by hydroxyl radicals (OH) during the daytime and occurs via the 51 

heterogeneous reaction of dinitrogen pentoxide (N2O5) during the nighttime 9. In recent 52 

years, nitrate has overwhelmed sulfate as the major inorganic component in Northern 53 

China. In situ observations have indicated that the mass ratios of nitrate and sulfate in 54 

multi-size particulate matter (PM1, PM2.5, and PM10) are all higher than 1 during winter 55 

in Beijing 10. Nitrate-dominated submicron aerosol pollution frequently occurs in the 56 

North China Plain (NCP) 6, 11. Inorganic nitrates can be detected by high-resolution 57 

aerosol mass spectrometer (AMS) based on the analysis of the signals of the NO+ and 58 

NO2
+ fragments. Similar to inorganic nitrates, organic nitrates can be formed via the 59 

oxidation of volatile organic compounds (VOCs) by OH in the presence of NO during 60 

the day and via nitrate radicals during the night 12, 13. Compared to the inorganic nitrate 61 

monitoring approach, organic nitrates are not directly quantified due to the complexity 62 



 

 

of organic aerosols (OA). Alternatively, the methods of positive matrix factorization 63 

(PMF) and NO+/NO2
+ ratio have been empirically applied to high-resolution time-of-64 

flight aerosol mass spectrometer (HR-ToF-AMS) data to quantify the organic nitrates 65 

concentration 14-16. Yu et al. (2019) 17 estimated the mass concentration of organic 66 

nitrates by HR-ToF-AMS at an urban site in Shenzhen, accounting for 9%-21% (spring), 67 

11%-25% (summer) and 9%-20% (autumn) of the OA. Field studies have also found 68 

that organic nitrates contribute 5% ~ 42% to OA in the southeastern USA and Europe 69 

15, 18, indicating their important role in atmospheric aerosols. However, organic nitrate 70 

estimation is scarce in China due to the limited field observations of high-resolution 71 

AMS. Sun et al. 19 found a high N/C ratio in an aqueous-oxygenated OA during winter, 72 

indicating that aqueous-phase processes promote organic nitrogen-containing 73 

compound production. Laboratory results have suggested that increased aerosol liquid 74 

water (ALW) and aerosol acidity levels might enhance secondary aerosol formation 75 

through aqueous-phase acid-catalyzed reactions. For example, Lin et al. 20 showed that 76 

isoprene-driven secondary organic aerosols (SOA) were greatly enhanced under acidic 77 

conditions. However, contrary conclusions have also been drawn in the laboratory, 78 

where weak correlations between SOA and aerosol acidity have been reported 21, 22. 79 

Therefore, the role of the ALW and aerosol acidity on the formation of organic nitrates 80 

remains uncertain, especially in the ambient atmosphere.  81 

In this study, we investigated the formation regimes of inorganic and organic 82 

nitrates during intensive winter haze periods at a suburban site between Beijing and 83 



 

 

Tianjin using an Aerodyne HR-ToF-AMS. The effects of the ALW and aerosol acidity 84 

on the formation of inorganic and organic nitrates were examined. Our results may 85 

improve the understanding of organic nitrate formation in heavily polluted megacities. 86 

 87 

2 MATERIALS AND METHODS 88 

2.1 Sampling site 89 

The sampling site is located at the Xianghe Atmospheric Observatory (39.798°N, 90 

116.958°E; 15 m above sea level), operated by the Institute of Atmospheric Physics 91 

(IAP), Chinese Academy of Sciences, since 1973. As a typical suburban site in the 92 

Beijing-Tianjin-Hebei (BTH) general urban region, this site has a unique geographical 93 

location. The site is approximately 50 km to the southeast of Beijing and 75 km to the 94 

northwest of Tianjin (Figure S1) and suffers severe air pollution due to transport from 95 

the above urban areas depending on the wind direction 23. Surrounded by agricultural 96 

land, residential areas and traffic roads, this site also experiences frequent local 97 

pollution from biomass and coal burning for domestic heating purposes during winter 98 

24. This site enables comprehensive observations of the atmospheric environment and 99 

plays an important strategic role in regional air pollution research 24-27.  100 

2.2 Measurements of aerosol chemical components and gas species 101 

Nonrefractory PM1 (NR-PM1) components were measured by HR-ToF-AMS from 102 

25 December 2018 to 13 January 2019. A detailed description of the AMS operation 103 

has been provided in the literature 28, 29. Briefly, aerosol particles were drawn into the 104 



 

 

sampling chamber at a flow rate of 3.0 L min-1, of which ~0.085 L min-1 was sampled 105 

into the AMS instrument after being dried with a silica gel diffusion dryer. During the 106 

observation period, the AMS instrument was operated under the V and W ion optical 107 

modes, alternating every 5 min. The AMS instrument was calibrated for the ionization 108 

efficiency using pure ammonium nitrate particles following standard protocols 30. The 109 

AMS data were analyzed for the mass concentration and size distribution of the 110 

organics, nitrate, sulfate and chloride with software packages SQUIRREL (v1.50H) and 111 

PIKA (v1.09H) in Igor Pro 6.37 (Wave-Metrics Inc.).  112 

NOx, SO2 and O3 were measured with commercial gas analyzers from Thermo 113 

Fisher Scientific (model 42I, 43I and 49I, respectively). The NOx, SO2 and O3 analyzers 114 

were calibrated using a 52 ppmv NO standard gas, a 50 ppmv SO2 standard gas and an 115 

O3 calibrator (49C PS). The sampling methods and instrument protocols as well as the 116 

scheduled procedures of quality assurance have previously been described in detail 117 

elsewhere 31. 118 

Meteorological parameters, including the temperature (T), relative humidity (RH), 119 

surface wind direction (WD) and surface wind speed (WS), were obtained with an 120 

automatic meteorological observation instrument (Milos 520, Vaisala, Finland). A 121 

general description of the observation results of the entire study have been provided in 122 

the Supporting Information (SI, Figure S2). 123 

2.3 Estimation of organic nitrates 124 

The nitrate measured by HR-ToF-AMS includes the nitrate functionality from both 125 



 

 

inorganic (NO3,inorg) and organic nitrates (NO3,org), which were separated by PMF 126 

analysis following the same approach applied in previous publications 14, 15. The organic 127 

mass spectra together with the NO+ and NO2
+ ions were resolved for two primary OA 128 

(POA) factors (hydrocarbon-like OA, HOA, and biomass burning OA, BBOA), one 129 

SOA factor (OOA) and one nitrate inorganic aerosol factor (NIA). The selection of the 130 

optimal PMF analysis solutions is discussed in detail in the SI (Figures S3-S7). In 131 

addition to the presence of the NOx ions in the NIA factor, the NOx ions also occurred 132 

among the various OA factors, indicating that they originated from the organic nitrate 133 

functionality (-ONO2). Thus, the NO3,org concentration is calculated by summing the 134 

NOx
+ signals (NO+ and NO2

+) from all OA factors with equation (1) 15: 135 

𝑁𝑂3,𝑜𝑟𝑔 = 𝑁𝑂𝑜𝑟𝑔
+ + 𝑁𝑂2,𝑜𝑟𝑔

+ = ∑ ([𝑂𝐴 𝑓𝑎𝑐𝑡𝑜𝑟]𝑖 × (𝑓𝑁𝑂𝑖
+ + 𝑓𝑁𝑂2,𝑖

+ ))      (1) 136 

where [𝑂𝐴 𝑓𝑎𝑐𝑡𝑜𝑟]𝑖 is the mass concentration of the ith OA factor and 𝑓𝑁𝑂𝑖
+ and 137 

𝑓𝑁𝑂2,𝑖
+  are the mass fractions of NO+ and NO2

+, respectively. The calculated results 138 

indicated that the NO+/NO2
+ ratio in NO3,org was 13.1, which was higher than that in 139 

NO3,inorg (1.7) and close to the value of 10~15 in aerosols derived from the reactions of 140 

monoterpene and nitrate radicals in chamber experiments 16, 32. Moreover, the sum of 141 

NO3,inorg and NO3,org was equivalent to the nitrate measured directly via AMS (R2=1.00, 142 

P<0.01, Figure S8). These results indicated that the PMF analysis of nitrate is 143 

reasonable. 144 

2.4 Prediction of the ALW and pH 145 

The ALW was calculated as the sum of the water associated with the inorganic 146 



 

 

components (Wi) and organic components (Wo) based on the Zdanovskii-Stokes-147 

Robinson relationship, assuming that the particles are internally mixed 33. Wi was 148 

simulated by the thermodynamic model of ISORROPIA II 149 

(https://www.epfl.ch/labs/lapi/isorropia/iso-code-repository/), which has been 150 

extensively applied to predict Wi 
34-36. ISORROPIA II was run in the forward mode due 151 

to its low sensitivity to measurement errors 37, 38, with the aerosol inorganic components 152 

measured by AMS and the gaseous ammonia concentration, as well as certain 153 

meteorological parameters (RH and ambient temperature) as input. Wo was calculated 154 

using the following simplified equation based on the k-K�̈�ℎ𝑙𝑒𝑟 theory 39, 40: 155 

𝑊𝑜 =
𝑚𝑜𝑟𝑔𝜌𝑤

𝜌𝑜𝑟𝑔
×

𝑘𝑜𝑟𝑔

(1 𝑅𝐻⁄ −1)
                       (2) 156 

𝑘𝑜𝑟𝑔 = 0.18 × 𝑂 𝐶⁄ + 0.03                    (3) 157 

where 𝑚𝑜𝑟𝑔 is the organic mass concentration, 𝜌𝑤 and 𝜌𝑜𝑟𝑔 (1.4 g cm-3) 36 are the 158 

water and organic densities, respectively, and 𝑘𝑜𝑟𝑔  is the organic hygroscopicity 159 

parameter. Moreover, O/C was obtained from the HR-ToF-AMS data, as determined by 160 

the improved ambient (I-A) method 41. 161 

The aerosol pH was calculated by considering 𝐻𝑎𝑖𝑟
+  and the total ALW, according 162 

to equation (4) 36: 163 

pH = -log
10

𝐻𝑎𝑞
+ = -log

10

1000𝐻𝑎𝑖𝑟
+

𝑊𝑖+𝑊𝑜
                   (4) 164 

where 𝐻𝑎𝑞
+  is the H+ concentration in the ALW and 𝐻𝑎𝑖𝑟

+  is the H+ concentration per 165 

volume of air, which is obtained from the ISORROPIA II model. Detailed calculations 166 

and uncertainty analysis are presented in the SI (Figures S9-S10). 167 



 

 

 168 

3 RESULTS AND DISCUSSION 169 

3.1 Bulk concentrations of the inorganic and organic nitrates 170 

The time series of NO3,inorg and NO3,org throughout the entire study are shown in 171 

Figure 1a. The average bulk concentrations of NO3,inorg and NO3,org in nonrefractory 172 

PM1 are 4.6 and 0.7 μg 𝑚−3, respectively. The concentration of NO3,org at the study 173 

site approached the value (0.52-1.80 μg 𝑚−3) observed at a suburban site in the 174 

Netherlands 18 but was higher than that (0.34-0.53 μg 𝑚−3) reported at an urban site 175 

in China 17. NO3,org on average accounted for 13% of the total nitrate, which was 176 

similar to the value (10%-21%) observed during the wintertime in the southeastern 177 

USA 15. Assuming an average molecular weight of 200 to 300 g/mol for the organic 178 

nitrates 42, the organic nitrates contribute approximately 12%-18% to the total OA, 179 

indicating that they comprise an important component of OA at this site. NOx
+ from 180 

the SOA dominated NO3,org, accounting for 77% (Figure S11), which was consistent 181 

with the higher N/C ratios in the SOA (0.08) than those in the POA (0.02-0.03) 182 

(Figure S4). Furthermore, NO3,org showed much higher correlations with the SOA 183 

(R2=0.91, P<0.01) than with the POA (R2=0.34, P<0.01, Figure S12). This finding 184 

indicates that the organic nitrates largely originated from secondary formation.  185 

Figure 1b shows diurnal profiles of NO3,inorg and NO3,org, which exhibited similar 186 

patterns, with high concentrations during the nighttime. This diurnal pattern could be 187 

explained by the change in the boundary layer height and the evaporation or 188 



 

 

condensation of nitrate due to the change in temperature and RH 14. Moreover, the 189 

enhanced formation levels of NO3,inorg and NO3,org differed. NO3,inorg presented a peak 190 

at 15:00, suggesting an important role of photochemical production in NO3,inorg 191 

formation. However, the organic nitrates exhibited a more rapid increase after sunset 192 

(~17:00), which likely occurred due to secondary formation through the oxidation of 193 

VOCs by nitrate radicals at night 15, 18, 42. Moreover, NO3,org also revealed a daytime 194 

peak at 8:00, similar to the results observed in the southeastern USA, which might be 195 

explained by the photooxidation of VOCs in the presence of NO 15. 196 

 197 

Figure 1 (a) Time series of the mass concentrations of NO3,inorg and NO3,org. Pie chart 198 

shows the proportions of NO3,inorg and NO3,org in the total nitrate. (b) Diurnal profile of 199 

NO3,inorg and NO3,org. 200 

3.2 Impact of the ALW on inorganic and organic nitrate formation and possible 201 

mechanism  202 

The observed severe haze episode (7-13 January) was classified into three stages 203 



 

 

in this study, namely, clean (PM1 < 35.0 μg 𝑚−3), transition (35.0 ≤ PM1 < 115.0 204 

μg 𝑚−3), and heavy pollution (HP, PM1 ≥ 115.0 μg 𝑚−3) periods, to investigate the 205 

evolution process of the inorganic and organic nitrates. As shown in Figure 2, the 206 

average mass concentration of the total nitrate increased from 2.5 μg 𝑚−3 (clean) to 207 

28.8 μg 𝑚−3 (HP), which increased by a factor of more than 10 from the clean period 208 

to the HP period. However, the variations in the contribution fraction of NO3,org and 209 

NO3,inorg to the total nitrate varied. The mass fraction of NO3,org greatly decreased from 210 

20% during the clean period to 9% during the HP period. In contrast, the contribution 211 

fraction of NO3,inorg to the total nitrate increased from 80% (clean) to 91% (HP), which 212 

was attributed to the more rapid and efficient formation of NO3,inorg under the given 213 

pollution conditions. 214 

 215 

Figure 2 Average bulk concentrations of nitrate and fractions of NO3,inorg and NO3,org 216 

in the nitrate aerosol during the clean, transition and heavy pollution (HP) periods. 217 

Aqueous-phase processes play an important role in aerosol evolution during 218 

winter 9, 43. Here, the variations in the bulk concentrations of NO3,inorg and NO3,org as a 219 

function of the RH are shown in Figure 3a. NO3,inorg and NO3,org remarkably increased 220 



 

 

with increasing RH, suggesting the potential impacts of aqueous-phase processes at a 221 

high RH. The evidence from the nitrate size distribution supported the rapid increase in 222 

the nitrate aerosols. As shown in Figure S13, the nitrate size distribution exhibited a 223 

major peak shift from ~400 nm (the vacuum aerodynamic diameter, Dva) to ~700 nm 224 

(Dva) with the evolution of the severe haze episode. The nitrate peak shift from the 225 

condensation mode to the droplet mode indicated aqueous-phase formation processes 226 

44, 45. This was also backed by the dramatic decrease in O3 and the elevated ALW with 227 

increasing RH (Figure S14), indicating efficient formation of nitrate radical via reaction 228 

of NO2 with O3 and its oxidation of VOC in aqueous phase. However, the variations in 229 

NO3,inorg and NO3,org as a function of the RH were different. NO3,inorg gradually 230 

increased at RH <70% (0.1 μg 𝑚−3/10%RH) but quickly increased at 70% <RH<90% 231 

(0.8 μg 𝑚−3/10%RH), which was similar to the variations in the ALW, suggesting that 232 

the formation of NO3,inorg might be controlled by the hydrolysis of N2O5 on the aerosol 233 

surface.  234 

Figure 3b shows the relationship between the ALW and NO3,inorg and NO3,org. The 235 

notable positive correlation relationship between the ALW and NO3,inorg (R2=0.76, 236 

P<0.01) indicated that the elevated ALW promoted the increase in NO3,inorg. Similar to 237 

NO3,inorg, NO3,org also correlated well with the ALW (R2=0.78, P<0.01), which 238 

suggested that aqueous-phase processes also played an important role in the formation 239 

of the organic nitrates. Previous studies have demonstrated that the organic nitrogen-240 

containing compounds increased as the RH increased, and a high N/C ratio was found 241 



 

 

in aqueous-OOA 19, 46, which was consistent with our results. In fact, our results 242 

indicated that the NOx
+ fragment of NO3,org mainly stemmed from the OOA factor, 243 

which might be formed by aqueous-phase processes because of the high RH and low 244 

O3 during the severe haze episode. We also investigated the relationship between the 245 

ALW and NO3,org originated from POA factors. The correlation coefficient between 246 

them decreased to 0.44 (Figure S15), which further indicated that aqueous-phase 247 

processes enhanced the formation of NO3,org. 248 

In contrast, NO3,org revealed a rapid increase at RH <50% and RH >70%, 249 

indicating different formation mechanisms at low and high RH levels. As shown in 250 

Figure 4, NO3,org exhibited a better correlation with NO at RH<50% (R2=0.49, P<0.01) 251 

than it did at RH>50% (R2=0.14, P<0.01), which indicated that the organic nitrates 252 

might be formed via the reaction of RO2 with NO. Hence, close-shelled organic nitrate 253 

molecules could still be subjected to multiple oxidation processes, which has been 254 

termed the aging process 47. These low-volatility oxidation products could substantially 255 

condense into pre-existing aerosols to form secondary aerosols. However, at RH>50%, 256 

NO3,org correlated well with NO2 × 𝑂3  (R2=0.44, P<0.01), an indicator of NO3 257 

radicals, suggesting the formation of NO3,org from NO3 radicals reacting with VOCs. 258 

This RH dependence of the organic nitrate formation regime may be associated with 259 

the oxidation process during the day and night, as the RH is usually high during the 260 

night. Similar results were also observed in Colorado, where the nighttime organic 261 

nitrates were positively correlated with NO2 × 𝑂3 12. 262 



 

 

 263 

Figure 3 (a) Variations in the bulk concentrations of NO3,inorg and NO3,org as a 264 

function of the RH during the severe haze episode. The raw data are displayed in light 265 

circles. The data were binned according to the RH (10% increments), and the mean 266 

(solid circles) and median (middle horizontal line) values and the 25th and 75th 267 

percentiles (lower and upper boxes, respectively) and the 10th and 90th percentiles 268 

(lower and upper whiskers, respectively) are shown for each bin. (b) Scatter plots of 269 

NO3,inorg versus the ALW and NO3,org versus the ALW. Fitted equations and the 270 

correlation coefficients are given.271 

 272 

Figure 4 Scatter plots of (a) NO3,org versus NO and (b) NO3,org versus NO2×O3. Fitted 273 

equations and correlation coefficients for NO3,org versus NO at RH <50% and NO3,org 274 

versus NO2×O3 at RH >50% are given. 275 



 

 

3.3 Effects of the aerosol acidity on the formation of the inorganic and organic 276 

nitrates 277 

The variations in the aerosol pH during the severe haze episode are shown in 278 

Figure S16. The aerosol pH ranged from 3.0-7.0 during the clean period but was 279 

concentrated between 4.0 and 6.0 during the polluted period, which was consistent with 280 

the variation in the aerosol pH at different pollution levels observed in Beijing 48. The 281 

large range of the aerosol pH during the clean period might be explained by the 282 

perturbation resulting from ALW dilution 36, 48. The average aerosol pH showed a 283 

decreasing trend from the transition period to the HP period, which was attributed to a 284 

rapid increase in sulfate, a main source of H+ in aerosols 48. Figure 5 shows the 285 

relationship between the aerosol pH and the increase in the inorganic and organic 286 

nitrates. The bulk concentrations of both NO3,inorg and NO3,org increased under the given 287 

pollution conditions, with the corresponding aerosol pH. In particular, the increase in 288 

the aerosol acidity enhanced the formation of NO3,org, as NO3,org attained a much better 289 

correlation with the aerosol pH (R2=0.63 at P<0.01 versus R2=0.13 for NO3,inorg at 290 

P<0.01, as shown in Figure S17). The detailed chemical mechanism behind this 291 

phenomenon has not yet been elucidated; however, one possible mechanism is the 292 

formation of high-molecular weight species via acid-catalyzed particle-phase reactions. 293 

For example, Jang et al. 49 showed that carbonyls lead to high aerosol yields in the 294 

presence of sulfuric acid via protonation, hydration and/or the addition of alcohol. 295 

Although our study does not provide a detailed picture of the reaction precursors to 296 



 

 

products influenced by the ALW and aerosol acidity, ambient information still 297 

increases our knowledge of organic nitrate aerosol formation in heavily polluted areas. 298 

Considering the complexity of aerosol composition effects on SOA formation, carefully 299 

designed smog chamber studies under atmospherically relevant conditions are 300 

warranted in the future. 301 

 302 

Figure 5 Relationships between the aerosol pH and NO3,inorg and NO3,org. The data 303 

point sizes are proportional to the PM1 mass concentration, and the points are color 304 

coded by the ALW bulk concentration level. The cycles denote the organic nitrates, 305 

while the triangles denote the inorganic nitrates. 306 
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