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24 Abstract: Partitioning gaseous water-soluble organic nitrogen (WSON) to the aerosol
25  phase is a major formation pathway of atmospheric secondary organic aerosols (SOA).
26  However, the factors influencing this WSON transfer process remain unclear. We
27  conducted simultaneous wintertime measurements of WSON in both gas and aerosol
28  phases at an urban site in Chengdu, located in the Sichuan Basin (SCB), China, to
29  investigate the concentration, gas-particle partitioning processes, and driven factors of
30  WSON. The average concentration of particulate WSON (2.3 + 1.4 pugN m~) was
31  about twice that of gaseous WSON (1.2 + 0.9 pg N m~) and increased significantly as
32 PMys increased. Amines (methylamine, MA; dimethylamine, DMA) were
33  predominantly present in the gas phase but exhibited enhanced partitioning into the
34  particle phase during the PMas polluted periods. The gas-particle partitioning
35  coefficient (Fpwson)) showed a diurnal pattern with lower values during the day and
36 higher values at night, which was enhanced by aerosol liquid water content (ALWC).
37  Thermodynamic modeling using an S-curve analysis further revealed that ALWC was
38  the key factor promoting the partitioning of WSON and amines into the particle phase,
39  while the effects of pH and temperature were relatively weak. Furthermore, NH4sNO3
40  was identified as the primary contributor to ALWC, suggesting that controlling NOx

41  and NHj3 emissions is crucial for reducing ALWC and subsequent WSON formation.
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42 1 Introduction

43 Organic nitrogen (ON) is a ubiquitous component of fine particulate matter
44 (PMzs), accounting for 10%—50% of total nitrogen (TN) in global aerosols (Leung et
45 al., 2024). Atmospheric nitrogen-containing organic compounds (NOCs) constitute a
46  complex mixture, encompassing a wide range of compound classes, including urea,
47  free and combined amino acids, amines, N-heterocyclic compounds, nitroaromatic
48  hydrocarbons, nitrated polycyclic aromatic hydrocarbons, and organic nitrates
49  (Jickells et al., 2013; Yu et al., 2024). These species partition between the gas and
50  condensed phases depending on their volatility and water solubility. For example,
51  low-molecular-weight amines and nitroaromatic compounds are semi-volatile and are
52 distributed between the gas and particle phases (Liu et al., 2018; Chen et al., 2025).
53  Monofunctional organic nitrates predominantly reside in the gas phase, whereas
54  multifunctional organic nitrates exhibit substantially lower volatility and
55  preferentially partition into the particle phase (Pleim and Ran, 2011).

56 Amines, as common water-soluble NOCs in the atmosphere, play a pivotal role
57 in the formation and evolution of atmospheric aerosols. The sulfuric acid
58 (H2SO4)-amine-H>O ternary nucleation theory has been widely recognized as a key
59  mechanism for new particle formation (NPF), wherein amines markedly enhance
60  nucleation rates compared to a NH3 by stabilizing critical molecular clusters (Almeida
61 et al., 2013; Schobesberger et al., 2013; Yao et al., 2018; Yu et al., 2025). Ambient
62  observations have demonstrated more than a thousand-fold increase in particle
63  formation rates in the presence of amines relative to ammonia (Kanawade and
64  Jokinen, 2025). Moreover, even at sub-5 parts per trillion Volume (pptV) mixing
65  ratios, amines can facilitate the physical and chemical transformation of aerosols,
66  enhancing not only aerosol formation and growth rates but also hygroscopicity and
67  the activation of cloud condensation nuclei (CCN) (Kanawade and Jokinen, 2025).
68  Through acid-base reactions, amines readily form stable aminium salts (e.g.,
69  HzSOs-amines-H2O) with inorganic acids, processes that can alter the
70  physicochemical properties of pre-existing particles, including their hygroscopicity,
71  thermostability, density, phase, and optical properties (Qiu and Zhang, 2013).
72 Additionally, Maillard-like reactions between amines and carbonyl compounds in the
73 aqueous phase contribute substantially to the formation of brown carbon (BrC), with

74  organic amine precursors consistently yielding stronger light-absorbing capacities
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75  compared to ammonium (Tang et al., 2022; Xiao et al., 2025). The gas-particle
76  partitioning of amines is governed by multiple factors, including aerosol pH, relative
77  humidity, and the composition of the condensed phase (Pankow, 2015). Notably, for
78  several common amines, the tendency to partition into the particle phase is similar to
79  or greater than that of NHs, and such partitioning is strongly pH-dependent and
80  maximized under acidic aerosol conditions (Ge et al., 2011). Despite the critical
81  importance of amines in atmospheric chemistry and aerosol processes, research on
82  their gas-particle partitioning behavior remains limited, hindering accurate assessment
83  of their contribution to fine particulate matter formation and climate effects. Given the
84  significant yet underexplored role of amines in aerosol formation, further
85  investigation into their gas-particle partitioning mechanisms is urgently needed.

86 Water-soluble organic nitrogen (WSON) contributes significantly to the
87  formation of SOA. Typically, WSON accounts for 8-30% of the water-soluble total
88  nitrogen (WSTN) mass in atmospheric aerosols, as well as in snow and rain
89  (Mochizuki et al., 2016; Yu et al., 2020; Murray et al., 2022). In regions influenced by
90 fossil fuel and biomass combustion, the WSON/WSTN ratio can reach 60% (Nehir
91 and Kocak, 2018). However, reports on gaseous WSON remain scarce, with most
92  studies focusing on the particle phase, leading to a limited understanding of the
93  atmospheric nitrogen cycle and atmospheric brown carbon. Research on the
94  gas-particle partitioning behavior of WSON is even more lacking. Therefore, this
95  study conducted an intensive winter observation campaign in the Sichuan Basin (SCB)
96  from December 2024 to January 2025. Our work aims to elucidate the pollution
97  characteristics of WSON and amines, and the driving factors governing their

98  gas-particle partitioning behavior in the atmosphere.
99 2 Materials and methods
100 2.1 Observation site description.

101 Winter sampling was conducted in Chengdu, located in the SCB, from December
102 14, 2024, to January 9, 2025. The observation site was situated on the roof of the
103 Civil Engineering Building at Southwest Jiaotong University’s Jiuli Campus (30.7°N,
104 105.05°E) (Fig. S1), at a height of 25 meters above ground level. It was located in the
105  central area of Chengdu, near the North Second Ring Road, surrounded by residential

106  areas, shopping malls, gas stations, and restaurants, During the sampling period,

4
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107  meteorological conditions in Chengdu were stagnant with low wind speeds and high

108  relative humidity (RH) (Table 1).
109 2.2 Measurements of the gas- and aerosol-phase species.

110 Continuous measurements of inorganic ions, WSON, MA, and DMA in the gas
111 and aerosol phases were conducted at the campus site. Online samples of the
112 aforementioned compounds were collected via the In-situ Gas and Aerosol
113 Compositions monitor (IGAC, model 63GA, Fortelice International Co., Ltd., Taiwan,
114 China) coupled with an ICS—-5000+ ion chromatograph (Thermo Scientific, USA) and
115 a TOC/TN analyzer (model TOC/TN-L CPH, Shimadzu, Inc., Japan) for
116  simultaneous measurements of online samples. WSON was measured with a time
117 interval of 3 hours, while other species were measured hourly. In this study, the

118  equation for calculating WSON concentration is as follows:
WSON, ,~WSTN,, — WSIN,, (1)

119  where, g and p represent the gas phase and particle phase, respectively; WSTN
120  represents total water-soluble nitrogen measured by TOC/TN analyzer; WSIN
121  represents the total water-soluble inorganic nitrogen measured by IGAC-IC. The unit
122 is pg m>. Due to the differing forms in which inorganic nitrogen exists in the gas

123 phase and particulate phase, the calculation methods will vary accordingly, as follows:

_(INH;] [HNO;] [HNO,]
WSINg—< 7 + 3 + e x14 D)
[NH;] | [NO3]  [NO3]
WSIsz( 13 + @ + 76 x14 3)
124 Five anions (SO4*, NOs~, NO», CI, F), five cations (NH4*, Na*, K*, Mg?",

125 Ca?"), and two amines (MA and DMA) were measured in this study. PMzs and
126  meteorological parameters (including temperature and RH) were measured by the
127 E-BAM continuous environmental PM>s monitor (Met One Instruments, United
128  States) and an automatic weather station (MILOS520, Vaisala, Inc., Finland),
129  respectively. In this study, pollution periods (PP) were defined as days with a daily
130 PMas > 75 ug m=, clean periods (CP) as PM2s < 35 ug m™, and transition periods
131 (TP) as PMys between 35 and 75 ug m=. The organic carbon (OC) and elemental
132 carbon (EC) of the PMa;s filter samples were analyzed by DRI Model 2015 Carbon

5
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133 Analyzer (Atmoslytic, Inc., Calabasas, USA) with IMPROVE_A protocol (Chow et
134 al.,, 2012; Li et al., 2025).

135 To minimize background interference and systematic errors in the instrument, a
136 HEPA filter was installed at the IGAC sampling port. Measurement results indicated
137  that the background levels in the tube system were comparable to the blank
138 concentration of deionized water. The background concentrations of WSOC and
139 WSTN in the tubes were 0.049 + 0.030 mg L' and 0.007 + 0.002 mg L', respectively,
140  significantly lower than the sample concentrations. Additionally, the collection
141 efficiency of IGAC system for both gas and particle phase species is > 73% (Lv et
142 al, 2022a; Lv et al, 2022b), and the data during the observation period were
143 corrected accordingly. For detailed information on instrument applications and

144 method accuracy tests, please refer to the Support Information Text S1.
145 2.3 Calculations on ALWC and acidity of PM:..

146 The ALWC and acidity (pH) of PM» s were estimated using the thermodynamic
147  ISORROPIA-II model based on hourly data of aerosol chemical composition
148  (including Na', NH4*, K*, Ca?, Mg*, S04, NO;, and CI), gaseous NHj3
149  concentration, and meteorological parameters (T; RH) (Fountoukis and Nenes, 2007).
150  The forward metastable mode was employed for the estimation due to its lower
151  sensitivity to measurement errors compared to the reverse mode (Hennigan et al.,
152 2015). Data corresponding to RH greater than 95% were excluded on the basis that
153 such conditions are associated with increased uncertainty in the model estimation of
154 both ALWC and pH (Guo et al., 2015). The contribution of organic compounds to
155 ALWC (ALWCo) was determined using the mass concentration of organic matter
156  (OM) (Lv et al., 2022a; Lv et al., 2022b), as described in detail in the Supporting
157  Information Text S2.

158 2.4 S-Curve analysis of amines.

159 To further elucidate the effects of pH and ALWC on the gas-particle phase
160  distribution of organic amines, this study assumes that the gas and particle phases of
161  amines are in thermodynamic equilibrium. ( 3 3) and (( 3)2 3), the
162  theoretical values of the gas-particle phase distribution coefficients, are calculated

163  using a thermodynamic model and analyzed via S-curve analysis with aerosol pH.
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164  The calculation equations are as follows:

+ K H,
( T jgpHy e ) CI”gN”Z W,RT*0.987x10714

» + y
£(CH;NH, " )=—1 YT 4)
1+( T jopHy ¢ > CILN py, RT>0.987x 10714

VCH;NH; YCH3NH, a

R K, \H
< LTI )“IHng” W.RTx0.987x10™14

((CH,),NH, )= V(CH3),NHy* V(CH;):NH. a 4)
+ K H
1+< T jgepHy e > (LN 7 RT0.987104
V(CH;),NH,* V(CH3),NH a

165  where, H; is the Henry’s law constant for organic amine i at 298.15 K, K, is acid
166  dissociation constant at 298.15 K, y; represents the activity coefficient, which can be
167  calculated using the E-AIM model; W; is the ALWC of the particles; R is the gas
168  constant, and T is the temperature. Detailed derivations of Equations (4) and (5) are

169  provided in the Support Information Text S3.
170 3 Results and discussion
171 3.1 Chemical characteristics of PM:.s pollution during the campaign.

172 The temporal variations of meteorological parameters, major atmospheric
173 pollutants during the whole campaign are shown in Fig. 1 and Table 1, respectively.
174 During the campaign, the average PM»s concentration in Chengdu was 76 + 38 ug
175 m (Table 1), with 14 pollution days accounting for 51.9% of the total sampling days.
176 The average PMays concentration during PP was 100 + 33 pg m=, with the highest
177  pollution level reaching 199 pg m=3. Concurrently, NOs~ concentrations (Table S1)
178 and contributions (Table S1) began to exceed those of SO42~ and exhibited an overall
179  increasing trend, indicating that NOs;~ has become the dominant inorganic salt in
180  PMys. In contrast, SO4* remained relatively stable and was significantly lower in
181 2024 compared to previous years (Table S1). NH4* has remained relatively stable
182 since its decline began in 2016, as has CI~. In this study, SO4+*-, NO3~, and NH4"
183  accounted for 7.2 + 3.1%, 22.8 + 6.6%, and 11.5 + 4.6% of the PM>s mass,
184  respectively (Fig. 1b). Additionally, the observed concentration of organic matter
185 (OM) in Chengdu was 21.1 + 9.6 pg m= (Table 1), contributing 27.3 + 7.4% to the
186  total PMa2s mass. As shown in Table S1, previously reported values in the SCB also
187  exceeded 25%. These results clearly indicate that NOs~ and OM are the major



https://doi.org/10.5194/egusphere-2026-3616
Preprint. Discussion started: 10 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

188 components of PM. s in the SCB, accounting for over 50% of the total PM» s mass.

189 The temporal variation of WSON,, (Fig. 1¢) exhibited the same trend as PMxs
190  (Fig. 1b), with a significant positive correlation between WSON, and PMs (R = 0.78,
191  p<<0.05, Fig. Table S1). WSON;, contributed to 0.5 — 12.4% of the PM>.5s mass, with
192 the average value was 3% (Fig. S3a—d). The concentration of WSON,, (2.7 + 1.6 pg
193  m~>) was more than twice that of WSON, (1.2 + 0.9 ug m™) (Fig. l1c and Table 1),
194  indicating that WSON in the SCB mainly exists in the particle phase, as observed at
195  Mt. Fuji in Japan (Matsumoto et al., 2020). WSON contributed 9.3% and 14.7% to
196  the total nitrogen (TN) in the gas phase and particulate phase, respectively. In
197  Chengdu, the WSON/WSOC ratios for the gas and particle phases were 0.05 and 0.15
198  (Fig. S3e-1), respectively. Notably, the WSON/WSOC, ratio increases as pollution
199  worsens (Fig. S3i-1), indicating that more NOCs are formed during the accumulation
200 of OM. Our study shows that the wintertime WSON, concentration of PMas in
201 Chengdu (2.3 + 1.4 pgN m™>) was slightly higher than those in central Chinese cities
202 such as Nanjing (1.7 + 0.6 ugN m™) (Guan et al., 2022) and Shanghai (1.9 + 1.8 ugN
203  m7) (Lv et al., 2022a), as well as in the northern city of Wuhai (1.7 = 1.1 ugN m™)
204  (Xie et al., 2025), but substantially higher than those in southern coastal cities such as
205  Guangzhou (0.48 — 0.53 pgN m™) (Yu et al., 2017) and Hong Kong (0.6 = 0.6 ugN
206 m7) (Leung et al., 2024). This indicates that the wintertime NOCs of PM,s in
207  Chengdu are notably prominent, likely due to its unique basin topography, which
208  allows local emissions (e.g., biomass burning (Yu et al., 2017; Xie et al., 2025),
209  cooking fumes (Ozel et al., 2010; Ditto et al., 2022), vehicle exhaust (Yu et al., 2017;
210 Xie et al., 2025)) and secondary formation (Liu et al., 2023; Yu et al., 2017; Xie et al.,
211 2025) to continuously accumulate near the surface, resulting in concentrations that

212 exceed those in other cities.
213 3.2 Gas-to-aerosol phase partitioning of WSON

214 Table S2 and Fig. S4 illustrate the diurnal variations in gas- and particle-phase
215  concentrations of WSON and its gas-particle partitioning coefficient (Fwson) across
216  different pollution periods (clean, transition, and pollution). WSONg,, concentrations
217 were low during the CP and showed no significant diurnal variation (p > 0.05).
218  WSON,, began to gradually increase within the TP. During the PP, WSONg,
219  increased significantly during the day (p < 0.01), exhibiting distinct photochemical
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220  characteristics. Wang et al. (2024) reported that photochemical reactions were a major
221  cause of winter haze formation in the SCB, and the polluted period showed a much
222 higher degree of photochemical aging compared to the non-pollution period. Similar
223 WSON, formation due to photochemical oxidation during winter has also been
224  observed in Hong Kong (Leung et al., 2024). Based on previous studies, there are
225  three primary pathways for the secondary formation of WSON, (Fig. S5): (1)
226  aqueous-phase reaction of NHi/NH4" with biogenic volatile organic compounds
227 (BVOCs) to form water-soluble NOCs including imidazoles and other species (Stangl
228  and Johnston, 2017; Xiao et al., 2025); the significant positive correlation between
229  WSON; and NH3/NH4" in Chengdu (R > 0.5, p < 0.05) (Fig. S6) confirms this
230  pathway. Additionally, the “salting-in” effect induced by sulfate and nitrate promotes
231  the partitioning of polar organics (e.g., glyoxal) into the aerosol aqueous phase,
232 enhancing NOCs formation (Sareen et al., 2017; Gen et al., 2018), which is consistent
233 with the significant correlations between WSON, and both SO4* and NOs™ in
234 Chengdu (R > 0.6, p < 0.05) (Fig. S6); (2) reaction of NOx with BVOCs to form
235  gaseous NOCs, which subsequently enter the particulate phase via gas-to-particle
236  conversion (Xie et al., 2025; Nursanto et al., 2026; Xu et al., 2026; Zhang et al., 2026);
237 (3) photochemical reactions of BTEX (benzene, toluene, ethylbenzene, xylene) with
238 OH and NOs radicals to form gaseous nitrophenols, which then partition into the
239  particulate phase, while BTEX can also be directly absorbed into the particulate phase
240  and undergo liquid-phase reactions to form WSON, (Vione et al., 2004; Yuan et al.,
241  2016; Wang et al., 2019; Chen et al., 2025).

242 As shown in Fig. S4 and Table S2, Fwson remained approximately 0.60 during
243 the CP with no significant diurnal variation (p > 0.05). Starting from the TP, it
244  exhibited a pronounced pattern of lower values during the day (0.60 + 0.15) and
245  higher values at night (0.71 + 0.12) (p < 0.01), which persisted into the PP (day: 0.69
246  + 0.13, night: 0.76 £ 0.12, p < 0.01). In both periods, the minimum value occurred
247  around noon. This partitioning characteristic may suggest that photochemical
248  oxidation reactions rapidly generate WSON, during the daytime (Rollins et al., 2010),
249  followed by its partitioning into the particulate phase. Figure 2 shows that F,
250  exhibited no significant correlations with T, RH or pH (R < 0.3), indicating that it is
251  weakly regulated by these factors. Therefore, the decrease in Fwson during the
252 daytime may be attributed to the increase of WSON, exceeding that of WSON,, (Fig.
253 S4). At nighttime, the combination of depleted gas-phase precursors and

9
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254  aqueous-phase/heterogeneous reactions promoted by ALWC leads to relative
255  enrichment of WSON,, (Xu et al., 2020; Leung et al., 2024) and an increased Fwson
256  value. Meanwhile, ALWC showed weak correlations with both WSON;, and F, (R =
257 0.31 (Fig. S6) and R = 0.32 (Fig. 2), respectively; p < 0.05), which is inconsistent
258  with previous studies reporting stronger correlations (R > 0.5) (Xu et al., 2020; Leung
259 et al., 2024). This discrepancy may stem from the high OM loading in Chengdu’s
260  atmosphere (Table 1). The ratio of OM to inorganic ions in Chengdu’s atmosphere is
261  as high as 0.70, suggesting that organic gases can form a hydrophobic outer layer on
262  the surface of inorganic salt nuclei, creating a core-shell structure that weakens the
263 transfer of gases to the particle phase (Silvern et al., 2017), and ultimately leading to
264  the weak correlations of ALWC with WSON,, and F,,.

265 To further investigate the influence of ALWC on the partitioning of WSON in
266  China, we conducted a statistical analysis of the relationship between the spatial
267  distribution of the ratio of ALWC to PMas (fatwc) and Fwson across the country (Fig.
268  3a). A significant linear correlation was observed between farwc and Fwson (R = 0.78,
269 p < 0.05), indicating that higher ALWC levels promote the partitioning of WSONj,
270  into the particle phase. As illustrated in Fig. 3b, ALWC increased with increasing
271  SNA (sulfate, nitrate, ammonium) concentrations during the observation period,
272 particularly under conditions of high RH. Calculations using the ISORROPIA-II
273 thermodynamic model indicate that NH4NO; contributed approximately 61.3% to
274 ALWC, followed by (NH4)2SO4 (14.4%) and OM (7.7%) during the whole campaign
275  in the SCB (Fig. 3c). Figure 3d demonstrates that ALWC increased with the ratio of
276  NHiNOs to PMa s at a given RH, suggesting that ALWC in the SCB during winter is
277  primarily driven by NH4NOs. Therefore, controlling emissions of NH4NO3 precursors
278  (NOx and NH3) is crucial for both ALWC and WSON.

279 3.3 Gas-to-aerosol phase partitioning of amines

280 Numerous studies have demonstrated that amines play an important role in new
281  particle formation and growth, as observed in both field measurements (Yu et al.,
282 2012; Tao et al., 2016; Yao et al., 2018) and laboratory simulations (Almeida et al.,
283 2013; Kiirten et al., 2014; Lehtipalo et al., 2016). In the SCB, amines contribute
284  significantly to WSONg,. Specifically, amines-N (MA-N and DMA-N) account for
285  48.7% and 10.5% of WSON in the gas and particle phases, respectively (Fig. 4).

10
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286 During the winter haze periods in the CD, the total concentration of amines increased
287  substantially, and the gas-particle partitioning coefficient (F) nearly doubled (Table 1),
288  indicating enhanced gas-to-particle conversion. The high volatility of amines can
289  easily lead to their transfer into the gas phase. As shown in Fig. 1d and Table 1, the
290  gas-phase concentrations of methylamine (MA,) and dimethylamine (DMA,) (1.23 +
291  0.37 ug m> and 0.41 £ 0.03 pug m>, respectively) were 3-5 times higher than their
292 particle-phase concentrations (0.45 + 0.24 pg m™ and 0.09 + 0.05 pg m>,
293 respectively). This trend was consistent with observations reported from the Nanling
294  Mountains in Guangzhou, China (MA,: 60.6 + 35.0 ng m>, MA,: 8.8 £ 7.8 ng m™3;
295  DMAg 71.3 £ 54.5 ng m>, DMA,: 2.4 + 3.2 ng m™) (Liu et al., 2018), suggesting
296  that amines predominantly exist in the gas phase in the atmosphere. Furthermore, the
297  observed amine concentrations were much higher than those reported in other regions
298  (Liu et al., 2018; Yang et al., 2022; Zhu et al., 2022; Yang et al., 2023; Brean et al.,
299  2025). Studies show that vehicle emissions elevate roadside Ci—C, amine
300  concentrations by more than a factor of four relative to background levels (Brean et
301 al., 2025), with a contribution exceeding 70% (Yang et al., 2022; Zhu et al., 2022). As
302  shown in Fig. S7, amines in Chengdu exhibited significant correlations with the
303 vehicular tracers NO2 and CO (r = 0.4 and 0.5, respectively, p < 0.05), indicating that
304  vehicle exhaust contributes to amine emissions to some extent.

305 Except primary emissions, secondary formation also was a major source of
306 amines (Yang et al., 2023). In Chengdu, particulate amines exhibited strong
307  correlation with SNA (r > 0.7, p < 0.05; Fig. S6), indicating that secondary formation
308 driven by acid-base neutralization is also an important source. According to the
309 Reactions (6 — 7) (Ge et al., 2011), gaseous amines synergistically neutralize
310  H>SO4/HNOs together with NH3 to generate particulate amine salts (Almeida et al.,
311 2013; Glasoe et al., 2015; Liu et al., 2018). The humid and stagnant meteorological
312 conditions in the SCB (Table 1) provide an ideal environment for the above
313 transformations, promoting efficient enrichment of amines in the particle phase and

314  making them a significant component of water-soluble ions in PM s.

RnNH3—n(g) RnNH3—n(aq) (6)
Re 3 (aQ)+H0()  R,NH_,(aq) + OH™(aq) ()
RaNH_,(aq) + NO3/S037(ag)  RyNH,_,NO3 (5)/(RyNH,4_)250; (5) ®)

RaNHs_ (@) + HNO; (9)/H,50, (9)  RoNH4_NO3 (5)/(RaNH,_)250; (5) ©)

11
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315 Figure 5a and 5b present the theoretical values of the gas-particle partitioning
316  coefficients for MA and DMA (e(CH3NH3") and &((CH3):NH>"), respectively)
317  calculated using a thermodynamic model and plotted against aerosol pH in an S-curve
318  analysis. The observed partitioning coefficients for amines in the SCB fell within the
319 range predicted by theoretical calculations; however, they did not exhibit the
320 anticipated decrease with increasing pH. Theoretically, the partitioning of amines is
321  co-regulated by pH, ALWC, and T. Under acidic conditions with low pH, amines are
322 protonated to form ionic species, with & approaching 100%, favoring their partitioning
323 into the aerosol phase. As pH increases, deprotonation occurs, forming volatile free
324  bases, with € approaching 0, leading to their transfer to the gas phase. However, given
325  the acidity of atmospheric aqueous phases (pH 0-5), amines exist almost entirely in
326  their protonated form (R-NH;3), rendering them largely insensitive to pH variations
327  (Tilgner et al., 2021). Generally, lower temperatures enhance the effective solubility
328  of trace gases. However, Tilgner et al. (2021) explicitly noted that aqueous-phase
329  partitioning coefficients are higher in clouds (typically around 285 K) compared to
330  near-surface conditions during hot summers, and higher in winter compared to
331 summer. This indicates that the influence of T on partitioning coefficients is
332 manifested in vertical altitude gradients and seasonal variations. Within a single
333 season, its impact is less pronounced compared to that of ALWC (Tilgner et al., 2021).
334 In this study, the partitioning coefficients of amines showed no significant correlation
335 with T but exhibited a significant positive correlation with ALWC (Fig. 2).
336  Consequently, variations in pH and T exert minimal influence on amine partitioning,
337  with ALWC emerging as the dominant limiting factor. ALWC significantly promotes
338  the enrichment of amines in the particle phase (p < 0.05, Fig. S6) and enhances their
339  partitioning (p < 0.05, Fig. 2).

340 According to the Pankow (1994), aerosol mass loading may also be a factor
341  affecting the gas-particle partitioning of organic compounds (Pankow, 1994; Lutz et
342 al, 2019; Li et al., 2025). This relationship is typically described using Raoult’s law,
343 with the calculation equation as follows (Pankow, 1994):

_ [i]partic/e

Ki_[i]gaS—TSP (10)

344 where K; is the partitioning constant of compound i, [i],guicie and [i]g. represent
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345  the concentrations of compound 7 in the particle and gas phases, respectively, and TSP
346 s the concentration of total suspended particulate material (PM2.5 mass concentrations
347  are used in this study). Figure S8 shows the relationship between the [ uicie/ [gas
348  ratios of MA and DMA and PM2s mass concentrations during the clean, transition,
349 and pollution periods, respectively. For MA, the correlations between its
350 [ilparicie/[igas tatio and PMas were weak across all the three periods, with R < 0.5
351 and p < 0.01. The [ipumicre/[ilgas ratio of DMA during the clean period showed a
352 correlation with PM2s (R = 0.56, p < 0.01); however, according to the application
353  criteria for the K; value proposed by Lutz et al. (2019), an R? greater than 0.7 is
354  required for accurate K; determination and meaningful interpretation, indicating that
355  the results did not fall within the applicability range in this study. During the
356 transition and pollution periods, the [i],uice / [i]gas ratio of DMA also showed no
357  significant correlation with PMas (R < 0.4, p < 0.01), suggesting that aerosol mass
358 loading did not exert a significant influence on amines uptake during the sampling

359  period.
360 4 Summary and implications

361 Atmospheric WSON accounts for approximately one-quarter to one-third of TN
362 in global wet deposition. Its chemical composition is highly complex, and its
363  qualitative and quantitative characterization remains limited to date (Yu et al., 2020).
364  The environmental behavior of WSON in the atmosphere (e.g., residence time,
365  transformation pathways, and deposition mechanisms) is influenced by its gas-particle
366  partitioning coefficient (Fwson). However, relevant studies are still lacking, and most
367  existing research has only measured particle-phase WSON. The SCB, characterized
368 by its unique topography and frequent stagnant, high-humidity meteorological
369  conditions in winter, is one of the regions most severely affected by haze in China.
370  Secondary inorganic ions account for 40%—60% of PMzs mass (Zhang et al., 2024a;
371  Zhang et al., 2024b), and the gas-particle partitioning of nitrogen-containing organic
372 compounds is strongly affected by the high-humidity environment.

373 In this study, IGAC was employed to simultaneously measure, for the first time
374  in the Sichuan Basin, the concentration levels, chemical composition, and partitioning
375  characteristics of wintertime gas- and particle-phase WSON. The evolution of WSON

376  gas-particle partitioning across different pollution stages and its key driving factors
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377  were systematically elucidated. This study found that in high-humidity environments,
378  ALWC plays a much stronger role in promoting the partitioning of WSON and
379  amines into the particle phase than pH or T. During the PP, the particle-phase
380  partitioning coefficients of amines increased significantly. Owing to their stronger
381  basicity compared to NH3, amines can more effectively undergo acid-base reactions
382  with acidic molecules such as sulfuric acid, forming more stable sulfuric
383  acid—amine—water clusters, thereby substantially enhancing new particle formation
384 rates (Almeida et al., 2013; Schobesberger et al., 2013; Yao et al., 2018). This
385 indicates that amines are important precursors for SOA formation during heavy
386  pollution episodes. Thermodynamic model (ISORROPIA-II) and S-curve analysis
387  revealed that ALWC is the dominant factor controlling the partitioning of NOCs. This
388  finding suggests that in high-humidity polluted regions, aqueous-phase chemical
389  processes contribute significantly to nitrogen-containing organic aerosol formation.
390  Studies by Yu et al. (2017), Xu et al. (2020) and Leung et al. (2024) have similarly
391  demonstrated that ALWC significantly promotes the secondary formation of
392 particle-phase WSON. NH4NO3 contributes approximately 61% of ALWC, making it
393  the largest contributor. Therefore, for SCB, synergistic control of NOx and NHj
394  emissions can not only directly reduce nitrate in PMa.s but also indirectly inhibit the
395  particle-phase enrichment of WSON and amines by reducing ALWC, thereby
396  effectively interrupting the self-amplifying cycle of SNA formation. These findings

397  provide a new scientific basis for haze mitigation in high-humidity polluted regions.
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Table 1. Concentrations of major pollutants and meteorological parameters in

Sichuan Basin (SCB), China during winter (ug m3).

Specie

Whole

Clean Period

Transition Period

Pollution Period

1. Gas pollutants
NH3

WSON*
WSOC,”
CH3NH2
(CHs):NH

123+3.6(24-31.2)
12409 (0.1-5.8)
22.6+9.8 (4.4-69.8)
1.23 + 0.36 (0.46-2.90)
0.41 +0.03 (0.34-0.68)

1. Major components of PM» s

PM:s

NH4*

Other ions®

om!
WSON,;*
WSOC,®
CH3NH3*
(CH3):NH>"

76 + 38 (7-199)
49+2.0(1.5-11.9)
16.7+ 8.3 (2.9-39.0)
13+1.0(0.1-6.1)
72+3.0(1.4-15.5)
22+1.1(0.8-9.1)
21.1+9.6 (6.7-47.4)
23+1.4(0.1-6.3)
13.5+7.2 (1.2-56.2)
0.45+0.24 (0.03-1.27)
0.09 £ 0.05 (0.02-0.34)

8.142.7 (2.9-11.5)
0.7+0.5(0.1-1.7)
16.6+7.9 (4.4-31.3)
0.84 £ 0.21 (0.46-1.26)
0.38 +0.02 (0.34-0.42)

29+ 11 (7-49)

2.9+ 1.2 (1.5-6.0)
6.4+32.1(2.9-11.0)
0.5+0.2(0.1-0.9)
35408 (2.1-5.5)
12+02(0.8-1.9)
9.5+1.9 (6.7-11.3)
1.0£0.9(0.1—4.3)
8.14£4.5(1.4-21.0)
0.18 £ 0.06 (0.10-0.34)
0.06 £ 0.01 (0.04-0.09)

III. Gas-particle partitioning coefficients of WSON, WSOC, MA, DMA

Fwson®
Fwsoc®
Fma®

Fpma®

0.70 £ 0.14 (0.28-0.98)
0.36+0.09 (0.10-0.81)
0.25£0.08 (0.07-0.44)
0.18 £0.06 (0.04-0.45)

0.62+0.17 (0.29-0.88)
0.32+0.10 (0.19-0.65)
0.18 + 0.06 (0.09-0.31)
0.13 +0.02 (0.10-0.19)

IV. Meteorology parameters and aerosol properties

T (°C)

RH (%)
WS (m/s)
pH of PMa s
ALWC!

6.4+3.6(-2.4-16.5)
78 + 19 (20-100)
0.5+0.4 (0.0-1.7)
44402 (3.4-5.0)
64.0£71.5 (0.5-422.2)

6.2+2.7(0.2-12.3)

78 +22 (26-99)
0.6+0.3 (0.0-1.4)
42403 (3.4-4.5)
34.0 £35.8 (1.2-130.5)

11.8+3.5 (3.4-31.2)
1.0+0.7 (0.1-3.9)
203+ 8.8 (4.8-51.5)
1.19 £ 0.37 (0.46-2.90)
0.40 £ 0.03 (0.34-0.68)

55+ 18 (9-101)
3.7+1.0 (1.6-6.7)
12.0£4.0 (3.4-22.3)
1.0 £0.7 (0.1-6.0)
5.6+1.7(1.4-10.3)
1.7+0.5 (0.9-3.5)

15.1 3.5 (6.9-21.0)
1.5+£0.8 (0.1—4.9)
10.9 £ 6.6 (1.2-56.2)
0.33 £0.13 (0.03-0.67)
0.07 £ 0.04 (0.02-0.29)

0.66 + 0.14 (0.28-0.90)
0.34 +0.09 (0.13-0.75)
021 +0.06 (0.07-0.39)
0.15 + 0.06 (0.04-0.42)

6.4+3.4(-1.3-15.4)
76 + 19 (20-100)
0.6+0.4(0.0-1.7)
44402 (3.6-4.9)
444 %492 (0.5-215.9)

13.543.0 (5.1-21.6)
14+ 1.1(0.1-5.8)
25.5+9.8 (6.2-69.8)
1.35+0.32 (0.59-2.32)
042+ 0.03 (0.35-0.53)

100 + 33 (30-199)
62+1.7(2.9-11.9)
223472 (6.4-39.0)
1.8+ 1.1 (0.3-6.1)

9.1 +2.6 (3.0-15.5)
2.8+1.2(1.1-9.1)
25.6+9.3(8.1-47.4)
3.0+ 1.4(03—63)
163+ 6.8 (2.7-54.8)
0.61 4023 (0.15-1.27)
0.12 4 0.04 (0.05-0.34)

073 0.13 (0.42-0.98)
039+ 0.09 (0.10-0.81)
030+ 0.06 (0.12-0.40)
0.21+0.05 (0.12-0.45)

6.4+3.9 (-2.4-16.5)
79 + 18 (29-100)

0.3 £0.3 (0.0-0.9)
44402 (3.8-5.0)
87.6+85.1 (1.6-422.2)

2 WSON; is the gas-phase organics, WSON,, is the organics in PMas, (ugN m™). ®

WSOC; is the gas-phase organics, WSOC, is the organics in PMazs, (ugC m™). ¢ Other
ions are the sum of NO>~, F-, K*, Na*, Mg?", and Ca?". ¢ Organic matter: OM = OC x
1.6. ¢ F, =Cp/(Cg+Cp). f ALWC: aerosol liquid water content of PMys.
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697  Figure 1. Temporal variation of major pollutants in Chengdu, China, during the
698  winter of 2024 — 2025. F, =C,/(Cs+Cp), Cp and C, are the concentrations of WSON
699  and methylamine (MA) or dimethylamine (DMA) in the particle phase and gas phase,
700  respectively. Green shadows represent clean periods with PM2s€[0, 35) ug m>. Blue
701  shadows represent transition periods with PM2s€[35, 75) pg m=>. Orange shadows
702 represent pollution periods with PM2 s E€[75, 200) ug m>.
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Figure 2. Factors affecting the gas-to-aerosol phase partitioning coefficients of

WSON (Fwson), methylamine (Fma) and dimethylamine (Fpma) in the SCB region of

China.
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Figure 3. Chemical drivers of ALWC and its associations with WSON. (a) correlation
between the relative abundance of ALWC to PMz s (fypwe=ALWC/(ALWC+PM, 5))

and Fwson. Symbols represent different geographical regions (YRD: Yangtze River
Delta; NCP: North China Plain; SCB: Sichuan Basin), colors denote different

pollution periods (PP: polluted period; TP: transition period; CP: clean period). (b)

relationship between ALWC and SNA concentrations during the whole campaign of

SCB, colored by RH. (¢) mean percentage contribution (£ 1 SD) of different chemical
components (NH4NOs, (NH4)2SOs4, OM) to ALWC during the whole campaign of
SCB. (d) variation of farwc with RH under different relative abundances of NH4NO;

to PM2.s during the whole campaign in the SCB (solid lines represent the fitted curves,

and gray dots represent the raw data).
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726  Figure 5. Analytically calculated S-curves of (3 3)and (( 3)2 3) and
727  ambient data during the entire observation period. Circles represent the measured data
728  for methylamine (a) and dimethylamine (b), respectively. For the analytically
729  calculated S-curve, we used + = +=0.338 , =
3 3 ( 32 2 3 2
730 ( 3, =21240,and + =0.836 (E-AIM model predicted). The black solid line
731 is the S-curve calculated based on the average temperature and ALWC (6.4 + 3.6 °C
732 and 63.99 £ 71.53 pg m3, respectively). The gray dashed line represents the S-curve
733 calculated using 1 standard deviation of the average temperature and ALWC. Due to
734 the value of ALWC minus 1 standard deviation being less than 0, the minimum
735  ALWC value (i.e., Wi = 0.48 pg m~) was used in the calculation. Different colors and
736  blocks represent different sampling periods and their corresponding average values.
737 CP: clean period, TP: transition period, PP: pollution period, and Whole: whole
738  campaign period.
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