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Abstract: The heterogeneous hydrolysis of dinitrogen pentoxide (N2O5) is a critical 21 

process in assessing NOx fate and secondary pollutants formation. However, accurate 22 

quantification of the N2O5 uptake coefficient (γ(N2O5)) in ambient conditions is a 23 

challenging problem that can cause unpredictable uncertainties in the predictions of the 24 

air quality models. Here, the γ(N2O5) values were directly measured using an improved 25 

in situ aerosol flow tube system at a site located on a highland region in southwestern 26 

China to investigate its influencing factors and performances of current γ(N2O5) 27 

parameterizations under this typical environmental condition. The nocturnal mean 28 

γ(N2O5) value ranged from 0.0018 to 0.12 with an average of 0.023±0.021. The 29 

relationship between the measured γ(N2O5) and impacting factors was consistent with 30 

previous laboratory results, except for aerosol chloride. The aerosol water significantly 31 

promoted N2O5 uptake, while particulate organic and nitrate showed suppression effects. 32 
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We found that several parameterizations can capture the median of measured values, 33 

whereas none of the ten parameterizations were able to reproduce the variabilities and 34 

showed poor correlations (R2=0.00~0.09). Elevated biases of predictions specifically 35 

occurred at high aerosol liquid water content (ALWC) (>35M) and low ALWC (<25M) 36 

with an underestimation of -37%~-1% and an overestimation of 34~189%, respectively. 37 

Such differences between the measured and parameterized γ(N2O5) would lead to 38 

biased estimation (-77%~74%) on particulate nitrate production potential. Our findings 39 

suggest the need for more direct field quantifications of γ(N2O5) and the laboratory 40 

measurements under extreme ALWC conditions to re-evaluate the response coefficients 41 

between γ(N2O5) and aerosol chemical compositions in parameterizations. 42 

Keywords: N2O5 uptake coefficient, γ(N2O5) parameterizations, particulate nitrate 43 

formation, nighttime chemistry 44 
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1. Introduction 50 

Nitrate radical (NO3) and dinitrogen pentoxide (N2O5) are dominant in nocturnal 51 

atmospheric chemistry as reactive nitrogen species that can strongly influence the 52 

concentration and distribution of ozone (O3) and nitrogen oxides (NOx=NO+NO2), and 53 
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the air quality (Brown et al., 2006;Wang et al., 2023;Decker et al., 2019;Dentener and 54 

Crutzen, 1993). NO3 is produced by the reaction of NO2 and O3 (R1), and there is a 55 

thermodynamic equilibrium between NO3 and N2O5 (R2), which is the source of N2O5 56 

(Brown and Stutz, 2012). There are two main pathways for NO3 removal: the direct one 57 

is reactions of NO3 and VOCs (R3), especially alkenes, and the indirect way is the 58 

heterogeneous hydrolysis of N2O5 (Asaf et al., 2009;Ng et al., 2017). N2O5 can react 59 

with H2O and chloride (Cl-) in the particle phase and form soluble nitrate and nitryl 60 

chloride (ClNO2) (R4) (Osthoff et al., 2008;Chang et al., 2011). The uptake of N2O5 is 61 

the main pathway for the formation of particulate nitrate at night, which contributes to 62 

PM2.5 (<2.5 μm in diameter) pollution. Meanwhile, chlorine radical is produced by 63 

ClNO2 photodecomposition in the daytime and further regulates the O3 pollution 64 

production by promoting the oxidation of VOCs (Finlaysonpitts et al., 1989;Riedel et 65 

al., 2014). Thus, it is important to quantify the rate of the N2O5 heterogeneous 66 

hydrolysis reaction in ambient conditions. 67 

NO2 + O3 → NO3 + O2 (R1) 

NO3 + NO2 + M ↔ N2O5 + M (R2) 

NO3 + VOCs → Products (R3) 

N2O5 + H2O/Cl-(p) → NO3
-(p) + ClNO2 (R4) 

γ(N2O5) is defined as the net probability of N2O5 irreversibly taken up onto an 68 

aerosol surface upon collision (McDuffie et al., 2018). According to the previous study, 69 

the process of N2O5 heterogeneous hydrolysis reaction on aerosols was treated as a 70 

resistor model including three steps: gas diffusion (R5), surface accommodation, and 71 

aqueous reaction (R6~R8) (Abbatt et al., 2012;Fang et al., 2024). This process can be 72 

influenced by aerosol chemical compositions (e.g. aerosol liquid water content 73 

(ALWC), nitrate (NO3
-) concentration, Cl- concentration, and organics), morphology 74 

and ambient meteorological factors (Bertram and Thornton, 2009;Mozurkewich and 75 

Calvert, 1988;Roberts et al., 2009;Thornton et al., 2003). High concentrations of 76 

aerosol water and Cl- can promote the uptake reaction (R6~R8), and NO3
- suppress the 77 

reaction (R6). Organics also can suppress the reaction by forming a coating on the 78 

surface of the particles and regulating the ALWC and the passage rate of N2O5 79 

molecules (Folkers et al., 2003;Gaston et al., 2014;Anttila et al., 2006). However, the 80 

above results are mainly based on laboratory studies. In ambient conditions, the 81 

correlations between γ(N2O5) and aerosol chemical compositions were generally weak 82 
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mainly due to the coupling effects of particle morphology, size, mixing state, and 83 

meteorological parameters (e.g. temperature and relative humidity) (Phillips et al., 84 

2016;Wang et al., 2020b;Riedel et al., 2012). 85 

N2O5 (g) ↔ N2O5 (aq) (R5) 

N2O5(aq) + H2O(l) ↔ H2ONO2
+(aq) + NO3

- (aq)  (R6) 

H2ONO2
+ (aq) + H2O(l) → HNO3(aq) + H3O

+ (aq)  (R7) 

H2ONO2
+ (aq) + HX(aq) → XNO2(aq) + H3O

+ (aq)  (R8) 

In order to accurately quantify the contribution of N2O5 heterogeneous hydrolysis 86 

to nitrate formation and NOx regulation, a variety of parameterizations of γ(N2O5) have 87 

been established based on laboratory and field studies (Evans and Jacob, 2005;Davis et 88 

al., 2008;Yu et al., 2020;Bertram and Thornton, 2009). The parameters in 89 

parameterizations mainly include the meteorological parameters, concentrations of 90 

aerosol chemical compositions, and particle physicochemical parameters. However, 91 

these parameterizations usually exhibit low correlations with observed γ(N2O5) in 92 

varying environments (Brown et al., 2009; Ryder et al., 2014; McDuffie et al., 2018). 93 

Moreover, the overestimation or underestimation of the parameterized γ(N2O5) can lead 94 

to unpredictable biases in the simulations of the chemical transport models (Murray et 95 

al., 2021;Chen et al., 2018;Ryder et al., 2014).  96 

Until now, only a few studies have quantified γ(N2O5) values in ambient conditions 97 

(<10-4 to 0.1) mostly by indirect quantification methods (Brown et al., 2016;Wang et 98 

al., 2018;Chen et al., 2020b;Morgan et al., 2015;Tham et al., 2018) while some by direct 99 

measurements (Yu et al., 2020;Riedel et al., 2012;Bertram et al., 2009a). The N2O5 100 

heterogeneous uptake process has been reported to be active in China. The γ(N2O5) 101 

values in North China Plain, Yangtze River Delta and Pearl River Delta in China (10-102 

2~10-1) were generally about 1 to 2 orders of magnitude larger than that in Europe and 103 

North America (10-3~10-2) (Yan et al., 2023;Wang et al., 2017b;Wang et al., 104 

2017d;Wang et al., 2017c;Niu et al., 2022). To further investigate the N2O5 105 

heterogeneous chemistry in China, the γ(N2O5) values were directly measured in a 106 

typical highland city, Kunming, in China using an improved in situ aerosol flow tube 107 

system from 15 April to 20 May 2021. The relationship between the γ(N2O5) values and 108 

impacting factors was determined. We then examine the performance of current γ(N2O5) 109 

parameterizations by comparing them to the observed values and analyze the causes of 110 

discrepancies in extreme ALWC conditions. We further observe significant biases when 111 
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estimating particulate nitrate formation potential based on current γ(N2O5) 112 

parameterization. 113 

2. Methods 114 

2.1. Site description  115 

The field campaign was conducted in Kunming, China from 15 April to 20 May 116 

2021. The main sampling site was on the roof of the Yihe Building, Yijingyuan Hotel 117 

(24°59′05′′ N, 102°39′40′′ E), about 20 m above the ground. As shown in Figure 1, the 118 

measurement site was located approximately 1890 m above sea level, 8 km away from 119 

the city center, and 1 km from Dianchi Lake to the west. The site receives traffic 120 

emissions from two roads within a radius of 500 m. The site was mainly surrounded by 121 

residential areas and there was no major industrial source around. Besides, the particle 122 

composition was measured at Guandu Forest Park (25°00′43′′ N, 102°45′55′′ E), which 123 

was about 9 km away from Yijingyuan Hotel, 5.2 km from the city center and was also 124 

mainly surrounded by residential living area. Sunrise was around 06:30 CNST (Chinese 125 

National Standard Time = UTC + 8 h) and sunset was at 19:30 CNST. 126 

 127 

Figure 1.  Google Map images showing the locations of the experimental sites. (a) 128 

The location of the Yijingyuan Hotel and Guandu Forest Park. (b) The surrounding 129 

environment of Yijingyuan Hotel. 130 

2.2. Instrument setup 131 

Multiple gas phase and particulate parameters were measured during the campaign, 132 

including N2O5, NO, NO2, O3, VOCs, PM2.5, particle number size distribution (PNSD), 133 

particle composition, and meteorological parameters. The detailed information of the 134 

instruments is listed in Table 1.  135 

N2O5 concentration was measured by a cavity-enhanced absorption spectrometer 136 
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(CEAS) developed by Wang et al. (Wang et al., 2017a), which has been used in several 137 

field campaigns. N2O5 in the sampling gas was thermally decomposed to NO3 in a 138 

preheated perfluoroalkoxy alkane (PFA) tube (130 oC), and then detected in a resonator 139 

cavity maintained at 110 oC to avoid the reversible reaction of N2O5 and NO3. Excess 140 

NO was injected to the cavity every 5 min to obtain the reference spectrum by 141 

eliminating the influence of water vapor. The N2O5 loss in the sampling system and 142 

detection system were also calibrated and corrected during data processing. The 143 

detection of limit (LOD) of CEAS was 2.7 pptv (1σ), and the uncertainty was 19%.  144 

NO, NO2 and O3 were monitored by commercial instruments (Thermo-Fisher 42i 145 

and 49i). A total of 117 kinds of volatile organic compounds (VOCs) species were 146 

measured by an automated gas chromatograph equipped with a mass spectrometer and 147 

flame ionization detector (GC-MS/FID). The particle composition was measured by a 148 

time-of-flight aerosol chemical speciation monitor (ToF-ACSM), including sulfate, 149 

nitrate, ammonium, chloride and organics. The ALWC was calculated by ISORROPA-150 

II model and did not consider the hygroscopicity of organic compounds (Fountoukis 151 

and Nenes, 2007). PNSD were measured by a scanning mobility particle sizer (SMPS, 152 

TSI Model 3938), including an Electrostatic Classifier (Model 3082) and a 153 

condensation particle counter (CPC, Model 3776). Meteorological parameters, 154 

including relative humidity (RH), temperature (T), pressure, wind speed and wind 155 

direction, were available during the campaign.  156 

Table 1. The detailed information of instruments during the campaign. 157 

Parameters  Detection limits Methods Accuracies 

N2O5 2.7 pptv (1σ, 1min) CEAS ± 19% 

NO 50 pptv (2min) Chemiluminescence ± 10% 

NO2 50 pptv (2min) Chemiluminescencea ± 10% 

O3 0.5 ppbv (2σ, 1min) UV photometry ± 5% 

VOCs 2–190 ppt (1 h) GC-MS/FID ± 5% 

PNSD 14–730 nm (5 min) SMPS ± 10% 

Particle 

composition 

m/z 10 – 219 (10 min) ToF-ACSM - 

γ(N2O5) 0.0016 (40 min) Aerosol flow tube system ± 16~43 % 

a Photolytic conversion to NO through blue light before detection. 158 
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2.3. Measurement and calculation of γ(N2O5) 159 

The γ(N2O5) was directly measured by an aerosol flow tube system (AFTS) 160 

coupled with a detailed box model developed by Chen et al. (Chen et al., 2022). The 161 

detection limit and accuracy of the AFTS are listed in Table 1. Briefly, the AFTS mainly 162 

consists of a N2O5 generator, an aerosol flow tube, and detection instruments for N2O5, 163 

NOx, O3 and Sa (Figure S1). N2O5 generated by O3 and NO2 (in excess) was added to 164 

the sampling gas in the front of the aerosol flow tube. The aerosol flow tube consists of 165 

two cones at both ends with a vertex angle of 15° and a straight cylinder in the middle 166 

with an inner diameter of 140 mm and a length of 343 mm. The total flow rate in the 167 

tube was 2.08 L min-1, and the residence time was 259 s. The detection instruments 168 

used for measurements of N2O5, NOx, O3 and Sa are CEAS-PKU, Thermo 42i-TL, 169 

Teledyne T265 and SMPS (TSI Model 3938). Additionally, a RH&T sensor (Rotronic, 170 

Model HC2A-S) was utilized to monitor relative humidity and temperature inside the 171 

flow tube. During each duty cycle, N2O5 concentrations were recorded both at the inlet 172 

and exit of the flow tube under the condition with and without aerosols to derive the 173 

wall loss of N2O5. NO, NO2, and O3 concentrations were consistently measured at the 174 

inlet of the flow tube, and Sa concentrations were consistently measured at the exit of 175 

the flow tube. The loss rate coefficients of N2O5 were calculated by a time-dependent 176 

box model coupled with NO3-N2O5 chemistry under the constraint of the measurement 177 

of N2O5 concentrations and other auxiliary parameters to overcome the influence of 178 

homogeneous reactions (e.g., NO2, O3 and NO) and variations of air mass on γ(N2O5) 179 

retrieval. The N2O5 loss rate in the absence of aerosols was expected as wall loss rate 180 

coefficients (khet
wo/aerosols

 ) of N2O5, and the loss rate in the presence of aerosols was 181 

expected as the loss rate both on wall and aerosols (khet
w/aerosols

 ) of N2O5. Therefore, 182 

γ(N2O5) could be calculated by Eq (1). Among them, the loss of Sa concentration in the 183 

aerosol flow tube was corrected by the penetration efficiency derived in our previous 184 

study (Chen et al., 2022), and the dry-state Sa was corrected to ambient (wet) Sa by a 185 

hygroscopic growth factor (Liu et al., 2013). A stringent data QA/QC procedure is 186 

applied before model calculation based on the above measured variables to retrieve 187 

robust γ(N2O5) values. Other detailed information about this system can be found in 188 

Supplementary Information and Chen et al. 2022.  189 
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γ(N2O5) =
4 ×(khet

w/aerosols
-khet

wo/aerosols
)

c × Sa

 (1) 

2.4 Calculation of NO3 and N2O5 reactivity 190 

NO3 production rate (P(NO3)) was calculated by the measured NO2 and O3 191 

concentrations via Eq.(2), 𝑘𝑁𝑂2+𝑂3 represents the reaction rate constant of NO2 and 192 

O3 (Atkinson et al., 2004). NO3 concentration can be calculated by the measured N2O5 193 

concentration with the temperature-dependent equilibrium relationship (Eq.3). The 194 

steady-state lifetime of N2O5 (τ(N2O5)) and NO3 (τ(NO3)) was calculated by 195 

concentrations and P(NO3) as shown in Eq.(4) and Eq.(5) (Brown and Stutz, 2012). The 196 

NO3 reactivity with VOCs (k(NO3)) can be calculated by Eq.(6), among them ki 197 

represents the bimolecular rate coefficients. 198 

𝑃(NO3)=kNO2+O3
[NO2][O3]  (2) 

[NO3]=[N2O5]/keq
[NO2], 

 keq=5.5×10
-27×e10724/T 

 (3) 

τ(N2O5)= [N2O5]/P(NO3)   (4) 

τ(NO3)= [NO3]/P(NO3)   (5) 

k(NO3)= ∑ ki [VOCi]   (6) 

2.5 Calculation of nitrate production rate 199 

The N2O5 uptake for nighttime particulate nitrate production is regarded as a 200 

pseudo-first-order reaction, the rate constant (kN2O5) of which can be calculated from 201 

Eq 7 with measured or parameterized γ(N2O5), where C is the mean molecular speed of 202 

N2O5. The yield ratio of ClNO2 (φ) was set as a constant of 0.5 in all calculations, which 203 

is consistent with the previously observed yield range of 0.3~0.73 in North China 204 

(Wang et al., 2017d;Wang et al., 2018). The nitrate production rate can be calculated by 205 

Eq 8, where [N2O5] is the concentration of N2O5. 206 

kN2O5=0.25×Sa×γ(N2O5)×C (7) 

P(NO3
-)= kN2O5×[N2O5]×(2-φ) (8) 



 

9 

 

3. Results and discussion  207 

3.1. γ(N2O5) measurement overview and comparison 208 

The mean diurnal variation of the measured N2O5 concentration, γ(N2O5) values, 209 

RH, T, concentrations of NO2, O3, NO, PM2.5 from 15 April to 20 May 2021 are shown 210 

in Figure 2a, and the time series are shown in Figure S2. Higher PM2.5 concentration 211 

was observed at night (average of 27.8±14.3 ug/m3, peak of 81.0 ug/m3) than during 212 

the day (Figure 2a & Figure S2). The NO2 (average of 6.5±8.4 ppbv) and O3 (average 213 

of 45.5±19.7 ppbv) concentrations in Kunming are lower than in other regions in 214 

China (Wang et al., 2017d;Wang et al., 2020a;Niu et al., 2022;Li et al., 2020), indicating 215 

a lower atmospheric oxidation capacity. The mean nocturnal NO3 production rate 216 

(P(NO3)) was 0.6± 0.8 ppbv/h, which is also lower than previous reports in China 217 

(Tham et al., 2016;Zhai et al., 2023;Wang et al., 2022). During this campaign, 218 

significant N2O5 concentration (at a maximum of 395.1 pptv) was only observed within 219 

April 16-27, mainly with low humidity and high precursor concentrations, while the 220 

concentrations fluctuated around the detection limit during other periods. The nocturnal 221 

mean concentration of N2O5 was 33.4±75.2 pptv, which is lower than reported 222 

concentrations in other regions of China (Wang et al., 2018;Brown et al., 2016;Zhai et 223 

al., 2023). During the field measurement, high temperature (~20℃) favors the 224 

equilibrium shifting from N2O5 towards NO3 and the site mainly received the emissions 225 

from vegetation in the surrounding parks. In that case, the major removal of NO3-N2O5 226 

at night was the reaction of NO3 with VOCs represented by monoterpene (67%) and 227 

isoprene (4%), followed by N2O5 uptake (15%) shown in Figure 2c. Rapid depletion of 228 

daytime-emitted isoprene by NO3 led to a low contribution of isoprene to NO3 reactivity 229 

after sunset (Figure S3). The steady-state lifetime of N2O5 (τ(N2O5)) was 185±294 s 230 

on average and its diel pattern was similar to N2O5 concentration. The τ(N2O5) in 231 

Kunming was higher than most other cities in China (Wang et al., 2020a;Li et al., 232 

2020;Yan et al., 2019). Comparisons of NO3 and N2O5 concentrations, P(NO3), and 233 

other parameters from various regions around the world in recent years are summarized 234 

in Table S1. 235 

The nocturnal mean γ(N2O5) value ranged from 0.0018 to 0.12 with an average of 236 

0.023±0.021. The diurnal profiles showed that the γ(N2O5) value decreased after sunset 237 

and then sharply increased with relative humidity after midnight, peaking at 5:00 am 238 

(Figure 2a). The mean γ(N2O5) was lower than that in North China Plain and Eastern 239 
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China, and similar to that in Pearl River Delta China, Europe and North America 240 

(Figure.2b) (Yan et al., 2023;Wang et al., 2017b;Wang et al., 2017d;Wang et al., 241 

2017c;Niu et al., 2022;Morgan et al., 2015;Phillips et al., 2016;Bertram et al., 242 

2009a;McDuffie et al., 2018). The detailed comparisons of field-derived γ(N2O5) were 243 

summarized in Table S2.  244 

 245 

Figure 2. The overview of γ(N2O5), gas phase and particulate parameters, 246 

meteorological parameters, and NO3 loss pathways. (a) Mean diurnal profiles of 247 

measured γ(N2O5), N2O5, T, RH, NO2, O3, PM2.5 and NO. (b) Comparison of γ(N2O5) 248 

values in China, Europe, and North America calculated from previous work with 249 

measured value in this work. (c) The percentage of NO3 loss pathway via VOCs and 250 

N2O5 uptake at night. 251 

3.2. Dependence of γ(N2O5) on impacting factors 252 

The dependence of measured γ(N2O5) values on organics, ALWC, NO3
- and Cl- 253 

concentration in the particle phase in this study are shown in Figure 3. The organic wet 254 

mass fraction showed a significant negative correlation (R2=0.83) with measured 255 

γ(N2O5) values (Figure 3a), indicating that organics in the aerosol significantly 256 

inhibited the uptake of N2O5 during the measuring period in Kunming. While a large 257 

number of studies have observed evident suppression of particulate organic on N2O5 258 

uptake on lab-generated aerosols (Escoreia et al., 2010;Cosman and Bertram, 259 

2008;Gaston et al., 2014), the negative correlation of particulate organic and γ(N2O5) 260 

was usually weak derived from field measurements (Brown et al., 2009;McDuffie et al., 261 

2018;Chen et al., 2018;Wang et al., 2020b). The organic wet mass fraction in this study 262 

varies between 0.3 and 0.8, while other previous studies have reported a variation range 263 

of 0.1 to 0.5 (McDuffie et al., 2018;Wang et al., 2020;Brown et al., 2009). The large 264 
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proportion and variation range of organics in the aerosols may lead to a more significant 265 

inhibition effect on γ(N2O5). Additionally, we found that both the dry and wet mass 266 

fractions of organics in this study showed significant negative correlations with ALWC, 267 

with Pearson coefficients of -0.66 and -0.79 (Table S3), respectively. Therefore, 268 

organics might decrease γ(N2O5) by forming an organic coating to limit the penetration 269 

of liquid water into the particle phase and hinder the reaction between N2O5 with liquid 270 

phase.  271 

Aerosol liquid water also exhibited a controlling role in the heterogeneous uptake 272 

of N2O5 in this study as demonstrated by the evidently positive correlation (R2=0.74) 273 

of ALWC and γ(N2O5) (Figure 3b). A weak correlation was observed with ALWC below 274 

25 M and a significant correlation was observed with ALWC higher than 25 M. A 275 

similar trend has been reported by previous laboratory studies (Mozurkewich and 276 

Calvert, 1988;Bertram and Thornton, 2009;Folkers et al., 2003;Hallquist et al., 2003). 277 

When RH is low, the aerosols mainly exist in the solid state with low ALWC, limiting 278 

the uptake reaction. Whereas the aerosols become deliquesced as the RH (also ALWC) 279 

increases, which greatly promotes the uptake reaction. Previous field studies also found 280 

good correlations of γ(N2O5) values with ALWC or RH in most regions in China, 281 

indicating that ALWC may be one of the rate-limiting steps of heterogeneous reaction 282 

in China (McDuffie et al., 2018;Yu et al., 2020;Tham et al., 2018;Wang et al., 2022). 283 

Figure 3c shows the negative dependence of measured γ(N2O5) values on aerosol 284 

nitrate concentration, similar to the results of previous laboratory studies and most field 285 

observations (Tham et al., 2018;Bertram et al., 2009b;Morgan et al., 2015;Yu et al., 286 

2020). The suppression effect of NO3
- on the N2O5 heterogeneous uptake is mainly 287 

caused by the competition of aerosol nitrate with chloride and H2O for the H2ONO2
+ 288 

intermediate (R5~R8) (Bertram and Thornton, 2009). The positive correlation (R2=0.48) 289 

between γ(N2O5) and the molar ratio of Cl-/NO3
- values was weaker than that of ALWC 290 

(Figure 3d), which indicates that Cl- may promote the N2O5 uptake reaction instead of 291 

playing a critical role during our observation. The particulate Cl- concentration also 292 

contributes to a weaker enhancement of γ(N2O5) compared to ALWC in other field 293 

observations (Wang et al., 2020b;Yu et al., 2020;McDuffie et al., 2018). 294 
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 295 

Figure 3. The correlations of measured γ(N2O5) values between the influencing 296 

factors. Variation of γ(N2O5) with the organic wet mass fraction (a), the aerosol water 297 

content (b), the aerosol nitrate content (c), and the molar ratio of chloride to nitrate (d). 298 

The gray points represent the measured values. The symbols in different colors 299 

represent the median in each bin with range from the 10th to 90th percentile in each bin 300 

denoted as lines.  301 

3.3. Comparison of parameterized γ(N2O5) values 302 

The γ(N2O5) values were predicted using ten widely used parameterizations and 303 

compared with the measured results. The details of the parameterizations are 304 

summarized in Table S4. Parameterizations were categorized into inorganic-only and 305 

inorganic kernels with organic coating or organic mass (inorganic+organic).  306 

The γ(N2O5) predicted by inorganic-only parameterizations were generally larger 307 

than measurements. Among these inorganic-only parameterizations, RIE03, BT09 w/o 308 

Cl and Yu20 exhibited relatively low deviation in predicted median values from 309 

measurements (Figure 4a). However, the correlations of the predictions and 310 

measurements were bad for these three parameterizations (R2=0~0.09, Figure 4b). The 311 

empirical parameterization Yu20 derived from several field campaigns in China showed 312 

the best performance with a median difference of 4%, the lowest RMSE (0.0200) and 313 

the highest correlation coefficient (R2=0.09) in Kunming, indicating the effectiveness 314 
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of the improvement by the localized field results. The overestimation of the DAV08, 315 

BT09 and GRI09 were also reported by previous studies (Bertram et al., 2009b;Brown 316 

et al., 2009;Chang et al., 2016;Griffiths et al., 2009;McDuffie et al., 2018). All 317 

parameterizations had difficulties in predicting the low and high values of measured 318 

γ(N2O5). For the parameterizations with a median deviation less than 10%, the 319 

parameterized γ(N2O5) values mainly fell in the range of 0.0036~0.035, while the 320 

measured values varied from 0.0018 to 0.12, indicating that the relevant parameters in 321 

the parameterizations were still inappropriate and cannot reproduce the range of the 322 

measurements. 323 

 324 

Figure 4. Comparison of parameterized and measured γ(N2O5). (a) Comparison of 325 

median difference and root-mean-square-error (RMSE) between measured γ(N2O5) and 326 

parameterized γ(N2O5) values. The error bars of BT09+Rie09wG14 and MD18 showed 327 

the range of the results of O/C setting between 0.5 and 0.8. The distribution of 328 

parameterized γ(N2O5) values, including inorganic-only parameterizations (RIE03, 329 

DAV08, BT09 w/o Cl-, YU20) (b), and inorganic+organic parameterizations (EJ05, 330 

BT09+Rie09, BT09+Rie09wG14, MD18) (O/C=0.8) (c). The black solid line 331 
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represents the 1:1, 1:2 and 2:1 lines, respectively. The R2 displayed in different colors 332 

corresponds to the parameterization of the same color. 333 

The inorganic+organic parameterizations tend to underestimate the measured 334 

γ(N2O5) due to the suppression effects of organics. Worse agreement and larger scatter 335 

were found for the parameterized γ(N2O5) (R
2=0~0.07, Figure 4c) when the organics 336 

part was added into inorganic. BT09+Rie09(wG14) showed the best correlation with 337 

R2 of 0.07 but a relatively large median deviation (-66~5%). EJ05 and MD18 showed 338 

the lowest deviations among the four parameterizations, while EJ05 showed the worst 339 

correlation (R2=0.00). Among them, the empirical parameterization MD18, derived 340 

from field observations, exhibited the best performance with a deviation of -1~20% and 341 

the lowest RMSE (0.0207), which also indicates that parameterization can be improved 342 

by fitting to field observations, similar to the results of inorganic-only 343 

parameterizations.  344 

The commonly used parameterizations mainly consist of inorganic and 345 

inorganic+organic framework, such as BT09w/oCl, YU20, and MD18. In this study, 346 

among all parameterizations, YU20 demonstrated the best performance, most likely 347 

because YU20 was optimized based ondatasets observed in four rural regions in China. 348 

BT09w/oCl also performed well in this study, overestimating the median by only 7%. 349 

However, poor performances of BT09w/oCl were still reported in Pearl River Delta and 350 

North China Plain (Wang et al., 2022;Wang et al., 2020). Conversely, the BT09w/oCl 351 

performed well in Northwestern Europe, mainly because γ(N2O5) in Europe is 352 

predominantly controlled by the ions in bulk phase (Morgan et al., 2015;Chen et al., 353 

2018;Phillips et al., 2016). In North America, γ(N2O5) is significantly inhibited by 354 

organic effects  (Chang et al., 2016). The parameterizations considering organic 355 

effects, like MD18, might be more suitable for the conditions in North America. 356 

However, in this study, MD18 showed an overestimation of up to 20%, suggesting that 357 

this parameterization is not suitable for China, but more applicable to North American 358 

regions. 359 

Hence, most regions in China, where γ(N2O5) is controlled by aerosol liquid water 360 

content, are more suited to the YU20. European regions, where gamma is controlled by 361 

H2O/NO3
- and less influenced by organics, are better served by the BT09w/oCl. 362 

Meanwhile, MD18 is more appropriate for North American regions. Localized 363 

parameterizations established on the basis of local measurements can exhibit superior 364 

performance within the respective regions. Parameterizations incorporating organic 365 
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effects generally exhibit larger errors than others, underscoring the importance of 366 

further improving the consideration of organic effects in parameterizations. 367 

3.4. Impact of ALWC on parameterized γ(N2O5)  368 

Although some parameterizations performed relatively well in reproducing the 369 

median values of γ(N2O5), none of the ten parameterizations were able to reproduce the 370 

range of measured γ(N2O5) values, as indicated by poor correlations and large RMSE. 371 

This phenomenon was possibly caused by several aspects, including the inaccurate 372 

estimation of response coefficients of aerosol compositions (represents the quantitative 373 

relationship between γ(N2O5) and aerosol chemical compositions), relative rates of 374 

competitive reactions, and the missing parameters. The missing influencing factors in 375 

current parameterizations include parameters such as particle morphology, phase state, 376 

and mixing state (You et al., 2014;Shiraiwa et al., 2017;Ng et al., 2010). These 377 

parameters, which current methodologies are difficult to measure in field conditions, 378 

have been proven to affect γ(N2O5), and can contribute to the discrepancy between 379 

parameterized and measured values. 380 

ALWC is one of the factors controlling N2O5 uptake during our observation and 381 

the coefficients related to ALWC should play a critical role in reproducing the varying 382 

range of γ(N2O5). To investigate the accuracy of the ALWC-related response 383 

coefficients in γ(N2O5) parameterizations, we compared the parameterized and 384 

measured γ(N2O5) values at three ALWC levels: low concentration (0~25 M), medium 385 

concentration (25~35 M), and high concentration (35~45 M). Six parameterizations 386 

were selected for the comparison at different ALWC levels due to their low deviations 387 

(below 10% of median values) over the entire observation (Figure 5). At low ALWC, 388 

all six parameterizations showed overestimation with the maximum difference for EJ05 389 

(189%) and the minimum for MD18 (34%). At median ALWC, the deviation of 390 

parameterized γ(N2O5) reduced to -8~4%. At high ALWC, the parameterizations tend 391 

to underestimate the measured γ(N2O5) with the difference ranging from -37% to -1%. 392 

The treatment of ALWC-related effects on the γ(N2O5) following BT09 and Rie09 393 

parameterizations framework was generally better than those following RIE03 and 394 

EJ05. The YU20 and MD18 showed the best performance across all three ALWC levels 395 

among inorganic-only parameterizations and inorganic+organic parameterizations, 396 

respectively. The overestimation at low ALWC and underestimation at high ALWC 397 

suggest that the treatment of coefficients related to ALWC in most parameterizations 398 

can hardly capture the response of γ(N2O5) to largely varied ALWC. 399 
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 400 

Figure 5. Comparison of the median values of measured and parameterized 401 

γ(N2O5) at low, median and high ALWC levels. The O/C settings of 402 

BT09+Rie09wG14 and MD18 were 0.8 and 0.5, respectively. 403 

The biased prediction of γ(N2O5) at low and high ALWC levels might cause 404 

considerable uncertainties in estimating the impacts of N2O5 uptake when ALWC varies 405 

largely in ambient conditions. We calculated the particulate nitrate production potential 406 

contributed by N2O5 uptake based on measured γ(N2O5) and six selected 407 

parameterizations at low and high ALWC levels, respectively. The maximum deviations 408 

of median nitrate production rates were 74% and -77% at low and high ALWC levels, 409 

respectively (Figure 6). Our results indicate that current parameterizations may lead to 410 

large deviations in nitrate production potential predictions. The contribution of the N2O5 411 

heterogeneous reaction to nitrate production is important in some regions (Wang et al., 412 

2021;Chen et al., 2020a;Fan et al., 2020;Wagner et al., 2013), and can be comparable 413 

with that of OH+NO2 pathway (Alexander et al., 2020;Fan et al., 2022;Zhai et al., 2023). 414 

Therefore, we suggest that future studies should conduct more γ(N2O5) measurements 415 

under extreme ALWC levels, which helps to improve the reliability of response 416 

coefficients between γ(N2O5) and ALWC in ambient conditions. 417 
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 418 

Figure 6. The median difference of the nitrate production rates P(NO3
-) between 419 

measured and parameterized γ(N2O5) values during low, median and high ALWC 420 

conditions. The O/C setting of BT09+Rie09wG14 was 0.8 and that of MD18 was 0.5. 421 

4. Conclusions 422 

The γ(N2O5) values on ambient aerosols were directly measured by an improved 423 

in situ aerosol flow tube system in Kunming, which represents a typical highland 424 

environment. The relationship between the measured γ(N2O5) and impacting factors 425 

was consistent with previous laboratory results, except for aerosol chloride. The median 426 

of γ(N2O5) predicted by inorganic-only and inorganic+organic parameterizations 427 

generally overestimate and underestimate the measurements, respectively. While some 428 

parameterizations agreed well with the measurements on median values, they failed to 429 

reproduce the variabilities and showed low correlations. In particular, parameterizations 430 

overestimate the γ(N2O5) by 34~189% at low ALWC and underestimate by -37%~-1% 431 

at high ALWC, respectively. Among the ten parameterizations, the empirical 432 

parameterizations YU20 and MD18 performed relatively well with lower deviations in 433 

median values and RMSE. The suggestions on how to choose the different 434 

parameterization scenarios under various conditions were given. Our result reveals that 435 

using ambient measurements can effectively improve parameterizations derived from 436 

laboratory experiments. Therefore, we call for the need to conduct more field 437 

observations of γ(N2O5) directly on ambient aerosols to improve the performance of 438 

parameterizations and better elucidate the environmental impacts of N2O5 uptake 439 

reaction. Meanwhile, further studies on the mechanism of N2O5 uptake under extreme 440 

ALWC conditions would help to improve the accuracy of its response coefficients in 441 
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parameterizations. 442 
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