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Abstract. Characterizing the molecular composition of cloud water could provide unique insight into the aqueous chemistry. 22 

Field measurement was conducted at Mt. Tianjing in southern China during May, 2018. Thousands of formulas (C5-30H4-55O1-23 

15N0-2S0-2) were identified in cloud water by Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS). 24 

CHON represents the dominant component (43.6-65.3% of relative abundance), followed by CHO (13.8-52.1%). S-containing 25 

formulas constitute the remaining ~10-20%. Molecules have O/C of 0.45-0.56 and the double-bond equivalent of 5.10-5.70. 26 

More than 90% are assigned as aliphatic and olefinic species. No statistical difference of oxidation state is observed between 27 

cloud water and interstitial PM2.5. CHON with aromatic structures are abundant in cloud water, suggesting their enhanced in-28 

cloud formation. Other organics in cloud water are mainly from biomass burning and oxidation of biogenic volatile organic 29 

compounds. The cloud water contains more abundant CHON and CHOS at night, which are mainly contributed by –N2O5 30 

function and organosulfates, demonstrating the enhanced formation in dark aqueous or multi-phase reactions. While more 31 

abundant CHO are observed during the daytime, likely due to the photochemical oxidation and photolysis of N-/S-containing 32 

formulas. The results provide an improved understanding on the in-cloud aqueous-phase reactions. 33 

  34 
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1 Introduction 35 

On average, approximately 70% of the Earth is covered by clouds (Stubenrauch et al., 2013; Herrmann et al., 2015). Cloud 36 

water is an important sink of organics (Herckes et al., 2013) and provides a medium for the aqueous-phase reactions of 37 

dissolved gases and aerosols (Blando and Turpin, 2000), which can substantially modify the characteristics of the organics 38 

(McNeill, 2015; Kim et al., 2019). Aqueous-phase secondary organic aerosols (aqSOA) forming in the in-cloud aqueous-phase 39 

processes  significantly contribute to the total SOA with a negative impact for the visibility, human health and climate (Ge et 40 

al., 2012; Huang et al., 2018; Schurman et al., 2018; Li et al., 2020a; Smith et al., 2014; Paglione et al., 2020; Hallquist et al., 41 

2009). Therefore, an understanding of the molecular characteristics and aqueous-phase reactions in cloud droplets is crucial to 42 

assessing their impact accurately.  43 

Organics in cloud water mainly include organic acids (e.g., formic, acetic, oxalic acids and other short-chain mono and 44 

dicarboxylic acids) (Sun et al., 2016), carbonyls (e.g., formaldehyde, acetaldehyde, glyoxal and methyglyoxal) (Ervens et al., 45 

2013; Van Pinxteren et al., 2016), as well as some heteroatom-containing compounds such as amino acids (Bianco et al., 46 

2016b), organonitrates, and organosulfates (Zhao et al., 2013). Some less polar organics such as n-alkanes (Herckes et al., 47 

2002), benzene, toluene, ethylbenzene and xylenes (Wang et al., 2020), polycyclic aromatic hydrocarbons (Herckes et al., 48 

2002; Ehrenhauser et al., 2012), phenols and nitrophenols (Lüttke et al., 1997; Lüttke et al., 1999) are also observed, though 49 

with a much lower fraction of dissolved organic materials (usually < 1%). The organics that have been characterized using 50 

chromatographic and spectroscopic techniques only take a proportion of ~20% of all kinds of organics in cloud water (Herckes 51 

et al., 2013; Bianco et al., 2018). Ultra-high resolution mass spectrometry such as Fourier Transform Ion Cyclotron Resonance 52 

Mass Spectrometry (FT-ICR MS) has made possible to characterize individual molecular formulas in complex mixtures (Cho 53 

et al., 2015). In studies using ultra-high resolution MS to characterize cloud/fog water, formulas were mainly divided into 54 

CHO, CHON, CHOS and CHONS based on the elemental composition, in which CHO and CHON were usually dominant 55 

(Zhao et al., 2013; Cook et al., 2017; Brege et al., 2018; Bianco et al., 2018; Bianco et al., 2019). Boone et al. (2015) observed 56 

a high fraction of N-containing formulas in cloud water compared with particles and attributed it to the aqueous-phase 57 

formation. However, a more recent study carried out in Po Valley observed more CHO formulas in cloud water, while particle 58 

samples contained more N- and S-containing formulas. The authors attribute it to the high possibility of reactions with sulfate 59 

and nitrate ions in the concentrated environment of aerosol liquid water (Brege et al., 2018). Thus more observations are 60 

needed to provide more convincing evidences of in-cloud aqueous-phase reactions.  61 

Aqueous-phase reactions have been identified as an important source of organics in cloud water in addition to the gas-liquid 62 

and particle-liquid partition. Aqueous-phase reactions mainly include radical and non-radical reactions. Under irradiation, 63 

hydroxyl radical (OH•) is the main radical in the atmosphere (Herrmann et al., 2010). In cloud water, the oxidation of 64 

precursors can be initiated by the hydrogen abstraction or electron transfer reaction driven by the OH•, resulting in the 65 
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formation of organic acids and condensed compounds (McNeill, 2015). On the one hand, photolysis causes the fragmentation 66 

of high-molecular-weight organic compounds, results in the formation of relatively low-molecular-weight compounds such as 67 

small acids, including oxalic, glyoxylic and, in large quantity, formic and acetic acid (Renard et al., 2015; Schurman et al., 68 

2018; Huang et al., 2018; Sun et al., 2010; Li et al., 2014; L.Oflund et al., 2002). These compounds are highly oxygenated 69 

owing to cloud processing (Brege et al., 2018; Sareen et al., 2016), as indicated by the fact that aqSOA has a higher O/C ratio 70 

(~1) than gas-phase SOA (0.3-0.5) in the atmosphere (Ervens et al., 2011). On the other hand, photolysis also lead to the 71 

oligomerization of organics, such as pyruvic acid, phenols and methyl vinyl ketone under conditions relevant to deliquesced 72 

aerosols (Reed Harris et al., 2014; Renard et al., 2015; Yu et al., 2016). The oligomerization of tryptophan were also observed 73 

in synthetic cloud water (Bianco et al., 2016a). For the N- and S-containing organics, photochemistry may also cause the 74 

release of inorganic nitrate and sulfate (Braman et al., 2020; Laskin et al., 2015; Bruggemann et al., 2020). The main radicals 75 

in the atmosphere at night is NO3•, which can form from the gas-phase reaction between NO2 and O3 and enter into cloud 76 

droplets. The reactions between NO3• and organics lead to the oxidation of organics or the addition of functional groups 77 

containing N atoms when the aqueous phase is concentrated and acidic (Herrmann et al., 2015; McNeill, 2015; Wang et al., 78 

2008; Szmigielski, 2016; Rudziński and Szmigielski, 2019). Meanwhile, the radical nitration is believed to form 79 

dinitroaromatics in the aqueous-phase (Kroflic et al., 2015). Carbonyls can also react with ammonium and amine without 80 

illumination, resulting in the generation of imidazoles and N-containing oligomers, especially in aerosol liquid water and 81 

evaporating cloud water (De Haan et al., 2009; Kua et al., 2011; De Haan et al., 2011; De Haan et al., 2018). While, 82 

organosulfates are formed mainly through heterogeneous and bulk particle phase reactions (Bruggemann et al., 2020). The 83 

non-radical reactions in the aqueous phase also include hydrolysis, hydration, acid catalysis, Fenton reaction and translation 84 

metals reactivity with organics, probably ozone reactivity at the gas/liquid interface and so on (McNeill, 2015; Deguillaume 85 

et al., 2005; Herrmann et al., 2015). 86 

To date, only a few studies reported the molecular characteristics of cloud water using ultra-high resolution MS, hampering 87 

our understanding of aqueous-phase reactions on the composition of cloud water. In this study, cloud water and PM2.5 samples 88 

at a remote mountain site were collected and analyzed by FT-ICR MS. The primary objectives of this study are to investigate 89 

the molecular characteristics and composition of the organics in cloud water, and to explore the potential influences of aqueous-90 

phase reactions. 91 

2 Materials and methods 92 

2.1 Sample collection  93 

A sampling campaign was carried out at an atmospheric monitoring station (112°53′56″E, 24°41′56″N, 1690 m above sea 94 

level) located in the Tianjing Mountain in southern China (Fig. S1). The site is located in a natural conservation zone far away 95 
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from anthropogenic activities, which is affected mainly by local biogenic emissions and long-distance transport during the 96 

monsoon seasons. 97 

A Caltech Active Strand Cloudwater Collector, Version 2 was used for cloud water collection (Demoz et al., 1996). Sampling 98 

methods are presented in Supporting Information (Text S1). A total of 24 cloud water samples (CL1-24) were collected in 99 

succession during a long-duration cloud event that lasted from May 8 to May 13, 2018. To investigate the molecular 100 

characteristics of the organic compounds and the effects of aqueous-phase processes, six samples collected from May 11 to 101 

May 12 (ID: CL12-17, Table 1) were selected for FT-ICR MS analysis in detail since these six samples were all collected 102 

during the maintenance stage of a cloud event with stable pH (Table 1), meteorological conditions and no dramatic change of 103 

air masses origin (Fig. S1, S2). The sampling interval of six samples are presented in Table 1 and Fig. S2. The samples CL12, 104 

CL13 and CL14 were collected during the daytime of May 11, while the other three samples (CL15, CL16 and CL17) could 105 

be roughly regarded as nighttime samples although the CL15 was partly collected in the evening.  106 

An aerosol sampler (PM-PUF-300, Mingye Inc., China) with a cut size of 2.5 μm was used to collected the interstitial particles 107 

(PM2.5) at a flow rate of 300 L min-1 during the investigated cloud event. The sampling interval of PM2.5 was roughly 24 hours. 108 

Two PM2.5 samples were collected during May 11-13. The details have been provided in Supporting Information (Text S2).  109 

2.2 Sample pretreatment, instrumental analysis, and data processing 110 

Water-soluble organic compounds in cloud water were isolated using solid-phase extraction (SPE) and analyzed using an 111 

electrospray ionization (ESI) source coupled with FT-ICR MS in the negative ion mode. PM2.5 samples were first ultrasonically 112 

extracted with water and then pretreated and analyzed using the same methods with cloud water samples (Text S3). The details 113 

of the molecular characteristics of the two PM2.5 samples are beyond the scope of this study. However, we documented the 114 

main results of the PM2.5 samples for the contrastive analysis in the Supporting Information (Fig. S4, S5; Table S3, S4). 115 

Kendrick mass defects analysis was used for the formula assignment (Shi et al., 2012). The chemical formula CcHhOoNnSs 116 

with molecular weight of 150-1000 Da was obtained finally. Relative abundance (RA) of each formula was represented by the 117 

intensities of each peaks after normalization by the maximum intensity in each sample. Note that ESI FT-ICR MS is not a 118 

purely quantitative technique, the intensity of the peak for each formula is a product of its concentration and ionization 119 

efficiency. However, since all of the samples were measured using the same instrumental conditions, each spectrum was biased 120 

in an equal fashion, so relative peak intensities within the acquired spectra can be compared to each other, although they cannot 121 

be related back to concentrations in the original samples (Sleighter et al., 2010; Wozniak et al., 2014). 122 

The RA-weighted average elemental ratios of oxygen, carbon, and hydrogen, including O/Cw and H/Cw, the oxidation state of 123 

carbon (OSCw), the double-bond equivalent (DBEw), and the modified aromaticity index (AImod) were calculated. OSC, DBE 124 

and AImod are the parameters, which are generally used to evaluate the average oxidation state of carbon atoms (Kroll et al., 125 

2011), the degree of unsaturation of molecules (Hockaday et al., 2006), and the degree of aromaticity in molecular formulas, 126 
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respectively (Koch and Dittmar, 2006). The discussion in this paper is based on the weight-average values unless otherwise 127 

specified; thus, the subscript “w” is omitted for brevity in the following texts. Details of SPE pretreatment, instrumental 128 

analysis and data processing were described in Text S3.  129 

In addition, oxalate and water-soluble inorganic ions, and water-soluble organic nitrogen (WSON) in cloud water samples 130 

were analyzed using ion chromatograph (IC) and TOC/TN analyser. Details have been provided in Text S3. The 72 h back 131 

trajectories were displayed using the Hybrid Single-Particle Lagrangian Integrated Trajectory model 132 

(https://ready.arl.noaa.gov) (Stein et al., 2015; Lin et al., 2017). The meteorological conditions during sampling and water-133 

soluble ions concentrations are provided and discussed in Text S4. 134 

3. Results and Discussion  135 

3.1 Overview of molecular formulas of cloud water and comparison to the interstitial PM2.5 136 

A total of 1691, 1546, 1604, 1264, 2364, and 2767 molecular formulas were identified in CL12-17 samples, respectively. 137 

According to the elemental compositions, four groups (CHO, CHON, CHOS and CHONS) were assigned. The reconstructed 138 

mass spectrum of a typical sample, CL12, is presented in Fig. 1a. The peaks of formulas are intensive within m/z 200-400. A 139 

similar pattern is also found in cloud (Zhao et al., 2013; Bianco et al., 2018; Cook et al., 2017), fog (Brege et al., 2018), and 140 

aerosols (Lin et al., 2012; Mazzoleni et al., 2012). 141 

In cloud water, CHON is the most frequently observed group, representing more than 60% of the total number of assigned 142 

formulas. CHO contributes to 16.3-28.3% of the total number of identified formulas, while the proportions of S-containing 143 

formulas (CHOS and CHONS) are much lower (3.6-9.4% and 3.7-9.3%, respectively) (Table S5). RA of each group is 144 

evaluated, as shown in Fig. 1b and Table S5. The fraction in RA (fRA) of the CHON group is 43.6-65.3% (54.9% on arithmetic 145 

average), and CHO contributes 13.8-52.1% (34.7% on arithmetic average). S-containing formulas constitutes the remaining 146 

fraction, approximately 10-20% (Table S5). The fraction of four groups in RA and in number are different, which is mainly 147 

attributed to some formulas with high intensities contributing much more to RA than to the number. 148 

The cloud water shows distinct pattern of molecular composition with the interstitial PM2.5. In two PM2.5 samples, 1198 and 149 

1057 formulas are identified, in which CHO and CHON are dominant. CHO group contributes to 39.9-49.8%, while CHON 150 

group contributes to 31.8-51.0%. The S-containing formulas constitutes the remaining fraction of 9.1-18.4%. Similar results 151 

can also be obtained by fRA of CHO (44.0-55.5%), CHON (24.3-47.3%) and S-containing formulas (8.7-20.3%) (Table S3). 152 

Obviously, the molecular composition of PM2.5 in this study is different from that of aerosols in the Pearl River Delta (PRD). 153 

More than a half number of all detected formulas were assigned as CHO, while CHON only accounted 8-18% in the aerosols 154 

collected at three sites in PRD (Lin et al., 2012). The higher fraction of CHON in cloud water compared with PM2.5 at urban 155 
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and rural areas and interstitial particles is consistent with the pervious finding (Boone et al., 2015), likely indicating the 156 

formation of N-containing organics in cloud water.  157 

3.2 Effects of cloud processing on oxidation metrics and aromaticity of the molecular formulas 158 

Oxidation metrics O/C and OSC are employed to evaluate the oxidation degree of molecules in cloud water. In six cloud water 159 

samples, the average O/C values range from 0.45 to 0.56 (Table S6). No significant differences of O/C are observed between 160 

cloud water and PM2.5, of which average O/C values are 0.45-0.56. In the Van Krevelen (VK) plot, CHON formulas distribute 161 

in a wide area (Fig. 2 and Fig. S6). Some of them with O/C exceeding 0.8 distribute in the top-right corner of the plots, which 162 

also result in higher O/C (0.51-0.62, Table S6) of CHON on average compared with CHO, of which O/C ratios range from 163 

0.34 to 0.46. On RA-weighted average, the O/C ratios of CHOS and CHONS range from 0.36 to 0.51 and from 0.65 to 0.88, 164 

respectively. This is not unintelligible if we note that the N and S atoms in the CHON and S-containing formulas would 165 

probably combine with O (e.g., -NO2, -NO3 or -SO3 function group), leading to the higher average O/C of non-CHO formulas. 166 

The OSC value excludes the influence of oxygen atoms combined with H, N, and S, thus it is a more applicative proxy to 167 

evaluate the oxidation state of carbon atoms. The average OSC values range from -0.91 to -0.72 in cloud water (Table S6), 168 

while that in PM2.5 ranges from -0.84 to -0.61 (Table S4). Being limited by the sampling size, no statistical difference of OSC 169 

can be identified between cloud water and PM2.5. However, a higher OSC of detected formulas, especially CHO, appears in 170 

PM2.5 samples (-0.40 in P2 sample). Similar phenomenon is also observed in CHOS. It is not consistent with the current 171 

understanding that aqueous-phase reactions generally increase the degree of oxidation (Ervens et al., 2011). However, a 172 

previous aircraft sampling also observed a lower O/C in cloud water compared with the below-cloud atmospheric particles 173 

(Boone et al., 2015), suggesting that the effects of aqueous-phase reaction may be complex in the actual atmosphere. We note 174 

that PM2.5 samples were collected during the cloud event, high aerosol liquid water content in PM2.5 likely provide a sink 175 

containing more concentrated precursors for the aqueous-phase reactions compared with cloud water. However, no formation 176 

mechanism of more oxidized organics in aerosol liquid water is proposed in previous studies, thus the future researches of 177 

aqueous-phase reactions in atmosphere are needed. In four groups, CHO has the highest OSC values (-0.80 ~ -0.54) (Table S6), 178 

which may be related to the high abundance of carboxyl groups in CHO.  179 

To investigate the diurnal variation of oxidation metrics in cloud water, daytime and nighttime samples are compared. The 180 

O/C ratios show no identified diurnal variation expect for CHO groups. The O/C ratios and OSC of CHO collected during the 181 

daytime is slightly lower than the nighttime (Table S6), this is not consistent with the high oxidation capacity under the 182 

illumination during the daytime, indicating that the oxidation degree of the organics in cloud water is not exclusively affected 183 

by the illumination. 184 

Aromaticity The unsaturation and aromaticity of molecular formulas could be evaluated using the H/C ratio and the DBE, 185 

where low H/C and high DBE indicate high degree of unsaturation, and to some extent, aromatic structure. On average, H/C 186 
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ratios in cloud water ranged from 1.44 to 1.49, with no statistic difference compared to PM2.5 (1.40-1.53). In the VK plot, 187 

CHOS and CHONS occupy an upper area of the diagram with high H/C ratios, indicating that they may have higher saturation 188 

compared with CHO and CHON. On average, DBE values in cloud water range from 5.10 to 5.70 (Table S6), which is 189 

generally higher than that in PM2.5 (4.74-5.04, Table S4). The RA-weighted DBE values of CHO, CHON, CHOS and CHONS 190 

are 4.96-6.12, 5.44-6.09, 2.72-4.58 and 3.01-4.29, respectively. DBE values are also projected onto the plots of DBE versus 191 

carbon atom number (Fig. 3). DBE values generally increase with carbon number, and CHOS and CHONS distribute in a 192 

range with low DBE values. The higher unsaturation degree of CHO and CHON is likely corresponding to the high abundance 193 

of aromatic functions.  194 

Another commonly used metric of aromaticity is AImod. In cloud water, most of the formulas (94.9-98.3% of CHO, 79.2-97.5% 195 

of CHON, 93.5-98.8% of CHOS and 95.7-100.0% of CHONS in fRA) are assigned as aliphatic or olefinic compounds (Table 196 

S7). The fRA of aliphatic and olefinic compounds in PM2.5 also exceeds 90%. The high fraction of aliphatic and olefinic and 197 

the low fraction of aromatic structure are also observed in aerosol and cloud water in previous studies (Brege et al., 2018; An 198 

et al., 2019), however, it is quite different with the primary emissions including biomass burning and coal combustion, of 199 

which the fraction of aromatic structures is higher (Song et al., 2018), indicating the aging processes of organics likely reduce 200 

the aromaticity of organics. In four groups of molecules in cloud water, CHON has the most (2.5-20.8% in fRA) aromatic 201 

structures, consistent with the high DBE values (unsaturation) of CHON. Previous studies conducted in the Po Valley, Italy 202 

(Brege et al., 2018) and Fresno, USA (Leclair et al., 2012) also observed the higher fraction of aromatics in CHON compared 203 

with the S-containing groups in fog water. The dinitrophenols in cloud water contributes to the high fRA of aromatic structures 204 

in CHON significantly, which may be related to the aqueous-phase reactions (see the detailed discussion in Section 3.4).  205 

3.3 Molecular composition of cloud water 206 

CHON In cloud water, CHON formulas show no prominent carbon number peaks except sample CL17 (Fig. S7), and one or 207 

two nitrogen atoms are assigned to them (Fig. 4). Both the N1 and N2 categories contain 1-14 oxygen atoms. The most abundant 208 

class of N1 formulas is –N1O8 or –N1O7 (Fig. 4), which include C12H17NO8, C15H19NO8, C17H27NO7, and C8H11NO7 and so on. 209 

More than 77.7% of the CHON formulas in fRA in all six samples have O/N ratios exceeding 3, indicating that the N atoms in 210 

these molecules may be in the –NO3 functional group (Zhao et al., 2013). Samples CL12-16 show no prominent peak of the 211 

function classes in the N2 category, but a dominant peak of the –N2O5 class is observed in CL17 (Fig. 4), where C8H8N2O5 and 212 

C7H6N2O5 are two most abundant formulas. These formulas probably belong to dinitrophenols and their derivatives.  213 

To evaluate the contribution of primary sources, we compared the molecular composition in cloud water with that in particles 214 

emitted from the primary sources such as biomass burning (including corn straw, pine branches and rice straw) and coal 215 

combustion using the same analytical instrument (Song et al., 2018). In cloud water, 40.9-51.4%, 21.9-27.1% and 48.1-59.4% 216 

(in terms of number fraction) of CHON molecules appear in the smoke particles of corn straw, pine branches and rice straw, 217 
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indicating a non-negligible contribution from biomass burning. While only 10.5-14.5% of molecules in cloud water can be 218 

corresponding to the coal combustion emission, suggesting the less contribution to the molecular composition of cloud water. 219 

Note that the comparison only based on the molecular formulas given by FT-ICR MS, the isomeride cannot be distinguished, 220 

thus the results only represents a possible relationship with the different sources. Additionally, some N-containing molecules 221 

are also detected in monoterpene SOA (Park et al., 2017; Zhang et al., 2018), in which the products such as C7H9,11NO7-8, 222 

C8H11NO7-8, C9H13,15NO7-8, and C10H15,17,19NO7-8 are detected in cloud water, indicating a contribution from monoterpene 223 

oxidation.  224 

CHO For CHO formulas in cloud water, a prominent C17 peak is observed in all six samples (Fig. S7), in which the most 225 

abundant formula is C17H26O4, which also causes a significant peak of O4 class (Fig. 4). The formula may belong to lipids-like 226 

compounds based on the classification in the VK plot (Bianco et al., 2018). Considering the intensive emission of biogenic 227 

volatile organic compounds (BVOCs) around the sampling site, the oxidation products of BVOCs may also contribute to the 228 

molecular composition. Putman et al. (2012) reported the molecular composition of α-pinene ozonolysis SOA using FT-ICR 229 

MS. 26.9-39.1% (in term of number fraction) of the CHO formulas in cloud water are corresponding to the yields of α-pinene 230 

ozonolysis, including the most abundant C17H26O4, indicating possible contribution from BVOCs oxidation. In addition, cloud 231 

water contains formulas that have been observed in the combustion of coal and biogenic materials. Specifically, 26.5-38.7%, 232 

65.9-77.3%, 50.7-69.3%, and 61.1-76.7% of the CHO formulas in cloud water, by number, were detected in the smoke emitted 233 

from combustion of coal, corn straw, pine branches, and rice straw, respectively (Song et al., 2018), indicating that combustion 234 

also potentially contributes to the organics in cloud water.  235 

S-containing formulas Most of the CHOS formulas in cloud water have C13 or C14 peaks (Fig. S7), and -SO3 or -SO4 represent 236 

the most abundant classes of CHOS (Fig. 4). We divided the CHOS formulas into two classes according to the O/S ratios: 237 

CHOSO/S≥4 and CHOSO/S<4. When O/S ≥ 4, CHOS can be provisionally identified as organosulfates (Lin et al., 2012). The O/S 238 

ratios of most of the CHOS formulas (78.9-95.8% in number fraction and 87.5-98.6% in fRA) in cloud water exceed 4. 239 

CHOSO/S<4 accounts for 1.4-12.5% in fRA of all the CHOS formulas in cloud water, indicating reduced S groups exist in these 240 

formulas. Some of them are aliphatic-like, such as C24H42O3S, C29H52O3S. Some are aromatic-like with high DBE values, such 241 

as C6H6O3S, which may be an aromatic ring bearing a –SO3H group. Some of them may have more than one aromatic rings, 242 

such as C17H16O3S, C20H18O3S. Note that the aromaticity of these formulas cannot be identified accurately using AImod values, 243 

since the value is a conservative method to evaluate the aromaticity (Koch and Dittmar, 2006). The presence of aromatic 244 

structure in these molecules indicates that they are likely emitted by anthropogenic sources or biomass burning (Ervens et al., 245 

2011). Most of the CHONS formulas clearly peak at C10 (Fig. S7) and have more than seven O atoms (Fig. 4), allowing the 246 

presence of both sulfate and nitrate functional groups. These species can be nitrooxy organosulfates, which have been widely 247 

observed in the cloud/fog water (Zhao et al., 2013; Brege et al., 2018) and aerosols (Wozniak et al., 2014). For the detected S-248 
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containing formulas in cloud water, 6.2-23.0%, 15.9-33.6% and 15.0-34.3% in terms of number fraction are corresponding to 249 

the molecules in particles emitted by burning of corn straw, pine branches, and rice straw, respectively, while 24.8-47.7% 250 

(41.0% on arithmetic mean) are corresponding to that in coal combustion (Song et al., 2018), indicating coal combustion 251 

contributes to S-containing formulas in cloud water more significantly compared with that to CHO and CHON. 252 

3.4 Organic matter formed by in-cloud aqueous-phase reactions 253 

3.4.1 Formation of dinitrophenols  254 

To investigate the formation of molecules in cloud water, we compared the molecular formulas in cloud water with PM2.5. For 255 

CHON, the –N1O8 or –N1O7 formulas are also abundant in PM2.5 samples (Fig. S5), suggesting that these formulas may not 256 

only form in cloud water. However, the formulas with high intensities, e.g., C8H8N2O5, C7H7N2O5 and C6H4N2O5 in cloud 257 

water are not detected in PM2.5 samples. Earlier studies have found that over one-third of the nitrophenols and the majority of 258 

the dinitrophenols are contributed by secondary formation (Harrison et al., 2005). The transforming from 2-nitrophenol into 259 

2,4-dinitrophenol was also observed during cloud events (LüTtke et al., 1997; Lüttke et al., 1999). Aqueous-phase radical 260 

nitration of mononitroaromatics has been reported to be a potential pathway to form dinitroaromatics (Lüttke et al., 1999; 261 

Kroflic et al., 2015; Cook et al., 2017). This implies that in-cloud aqueous-phase reactions represent the main formation 262 

pathway of dinitrophenols at the observation site.  263 

Generally, CHON in cloud water has a higher fRA during the nighttime (56.2-65.3%) compared with the daytime (43.6-54.9%) 264 

(Table S5), which is consistent with the previous findings for aerosols (O'brien et al., 2014). Particularly, the RA of –N2O5 265 

formulas increases significantly at night. The representative formulas including C6H4N2O5, C7H6N2O5, and C8H8N2O5 account 266 

for 0.5%, 0.1%, 0.4%, 0.7%, 2.1%, and 14.8% of CHON in fRA for samples CL12-17, respectively. This may attribute to the 267 

aqueous-phase formation of these possible dinitrophenols at night. While during the daytime, the direct photolysis of 268 

nitrophenols would release NO2
- and NO3

- (Harrison et al., 2005; Chen et al., 2005; Bejan et al., 2006), causing the observed 269 

low RA of nitrophenols and dinitrophenols. Consistently, the five diurnal-nocturnal cycle samples (CL2-23) exhibit a higher 270 

concentration of WSON at night compared with the daytime (Text S5, Fig. S3 and Table S2). A recent study conducted at the 271 

Field Museum Tama Hill, Japan also observed that aerosol liquid water accelerated the formation of WSON, especially at 272 

night, and the authors suggested that aqueous-phase reactions between NH4
+/reactive nitrogen and BVOCs at night contribute 273 

significantly to WSON in particles (Xu et al., 2020). While in this study, the elevated abundance of N-containing organics in 274 

cloud water at night are mainly contributed by dinitrophenols and their derivatives, which are the products of radical nitration 275 

in the aqueous phase, indicating a possible pathway for the generation of WSON.  276 
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3.4.2 Formation of oxygenated organic matter and organosulfates 277 

For CHO, the most abundant C17H26O4 in cloud water is not detected in the PM2.5 samples, suggesting a formation by the in-278 

cloud aqueous-phase reactions, although the contribution from BVOCs cannot be ruled out. Interestingly, CHO formulas in 279 

PM2.5 samples peak at O8 (Fig. S5), which is significantly higher than cloud water (Fig. 4). This is consistent with the higher 280 

OSC values appear in PM2.5 samples. Some highly oxidized molecules (HOMs, O/C ≥ 0.6), e.g., C7H10O5, C8H12O5, C13H24O13, 281 

are identified in cloud water, however, the HOMs in cloud water only account for 12.6-32.2% in terms of fRA. A higher fRA of 282 

CHO is observed during the daytime (Fig. 1b), which may result from the photochemical oxidation (e.g., the oxidation of 283 

volatile organic compounds, VOCs) (Ehn et al., 2014; Wang et al., 2017) and photolysis of N- and S-containing formulas in 284 

cloud water under the illumination (Bruggemann et al., 2020; Laskin et al., 2015). 285 

For CHOS formulas, the most abundant functions classes are similar between cloud water and PM2.5, and no identifiable 286 

difference of fraction of organosulfates is observed between cloud water and PM2.5, which may indicate the multiphase 287 

reactions and/or other common sources of CHOS in cloud water and PM2.5. However, S-containing formulas are abundant at 288 

night (8.4-20.9% in fRA) compared with daytime (4.3-10.2% in fRA).We note that the fRA of CHOSO/S≥4 at night (92.9-98.6%) 289 

is slightly higher than that during the daytime (87.5-92.2%). Thus the formation of organosulfates likely enhances at night, 290 

while the photochemical oxidation of organosulfates results in the release of inorganic sulfate during the daytime (Bruggemann 291 

et al., 2020), causing a low fraction of organosulfates.  292 

4 Conclusions and Atmospheric Implications 293 

This study investigated the molecular characteristics of cloud water using FT-ICR MS. Thousands of formulas including CHO, 294 

CHON, CHOS and CHONS were detected, in which CHON and CHO formulas are dominant. Although here we only include 295 

one single diurnal cycle, and the contingency cannot be ruled out, this study highlights the important effects of in-cloud 296 

aqueous-phase reactions on the molecular characteristics and composition of cloud water.  297 

Previous studies expected a higher oxidation state of organics in cloud water, however, no statistically difference between 298 

cloud water and PM2.5 is observed in this study. While a higher OSC of detected formulas, especially CHO, appears in PM2.5 299 

samples. Most of formulas are identified as aliphatic and olefinic species, CHON and their aromatic structures are abundant 300 

in cloud water. The complexity of aqueous-phase processes in the actual atmosphere appeal to the future researches.  301 

Our results showed that N-containing formulas are the most abundant formulas in cloud water, which may relate to the 302 

aqueous-phase formation. Dinitrophenols and derivatives exist abundantly in cloud water, especially at night, suggesting the 303 

contribution on N-containing organics from radical nitration in cloud water. Meanwhile, organosulfates are also abundant in 304 

cloud water, and a slightly higher fraction is observed at night, suggesting the dark-reaction formation. Nitroaromatic 305 

compounds have been identified as one of the major light absorption components in brown carbon  (Li et al., 2020b) and 306 
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regarded as the phytotoxin as well as suspected carcinogenic materials (Harrison et al., 2005). Organosulfates are thought to 307 

affect the physicochemical properties of aerosol such as hygroscopicity and cloud condensation nuclei formation potential 308 

(Bruggemann et al., 2020). Thus the aqueous-phase formation of N-containing organics and organosulfates at night are worth 309 

targeting in the near future.  310 

 311 
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 565 

Figure 1. Reconstructed FT-ICR mass spectra of a typical sample, CL12 (a); Relative abundance fraction of the four groups (CHO, 566 

CHON, CHOS, and CHONS) in the six cloud water samples (b). 567 
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 569 

 570 

Figure 2. Van Krevelen diagrams as a function of four groups (CHO, CHNO, CHOS, and CHNOS) for the cloud water samples. 571 

The larger point in the diagram represents the higher relative abundance of the formula. 572 
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 574 

Figure 3. The double bond equivalent (DBE) versus the number of C atoms for unique molecular formulas in cloud water samples. 575 

The larger point in the diagram represents the higher relative abundance of the compound.  576 
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 578 

 579 

Figure 4. Relative abundance of the categories of CHO, CHON, CHOS and CHONS compounds according to the characteristic atom 580 

groups in the molecular formulas in cloud water.  581 
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 585 

Table 1. The sampling interval, liquid water content (LWC, g m-3), and pH of each sample. The calculation of LWC and the 586 

measurement of the pH values were described in Text S1 in Supporting Information.  587 

Time Sample ID Sampling Interval LWC pH 

Daytime 

CL12 2018/5/11 10:15-12:40 0.17 4.16 

CL13 2018/5/11 12:40-15:00 0.17 4.22 

CL14 2018/5/11 15:00-18:00 0.19 4.37 

Nighttime 

CL15 2018/5/11 18:00-21:00 0.17 4.28 

CL16 2018/5/11 21:00-24:00 0.16 4.18 

CL17 2018/5/12 00:00-08:15 0.12 4.13 
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