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ABSTRACT 27 

Cloud-water samples collected at the summit of Mt. Tai Mo Shan (Mt. TMS, 957 m, a.s.l.), Hong 28 

Kong in autumn 2016 and spring 2017 were measured for molecular compositions and stable 29 

carbon isotope ratios (δ13C) of dicarboxylic acids, oxoacids and α-dicarbonyls. Oxalic acid (C2, 30 

253–1680 μg L−1)was found as the most abundant diacid, followed by succinic acid (C4, 24–656 31 

μg L−1) in autumn and phthalic acid (Ph, 27–363 μg L−1) in spring. 32 

Higher concentrations of Ph (192 ± 197 μg L−1) and terephthalic acid (tPh, 31 ± 15 μg L−1) were 33 

observed in autumn than those in spring, illustrating the enhanced contribution from fossil fuel 34 

combustion and plastic wastes burning. Stronger correlations for the shorter chain diacids (C2–C4) 35 

with 𝑁𝑁𝑁𝑁3−, 𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑠𝑠𝑠𝑠42− and nss-K+ in autumn (R2 ≥ 0.7) than spring suggested that these diacids 36 

were mainly produced via atmospheric photooxidation following anthropogenic emissions. The 37 

δ13C values of C2 (mean − 14.7‰), glyoxylic acid (ωC2, −12.2‰), pyruvic acid (Pyr, −15.5‰), 38 

glyoxal (Gly, −13.5‰) were much higher than those in atmospheric aerosols from isoprene and 39 

other precursors, indicating that diacids, oxoacids and α-dicarbonyls in cloud atMt. TMSwere 40 

significantly influenced by photochemical formation during the long-range atmospheric transport. 41 

 42 

INTRODUCTION 43 

The water-soluble dicarboxylic acids, oxocarboxylic acids and α-dicarbonyls are abundant in 44 

urban (Kawamura and Ikushima, 1993; Löflund et al., 2002; Zhao et al., 2018), mountainous 45 

(Kawamura et al., 2013; Khwaja et al., 1995; Sullivan et al., 2015; Voisin et al., 2000), marine 46 

(Hegg et al., 2002;Mochida et al., 2007) and the Arctic (Kawamura et al., 2010; Narukawa et al., 47 

2002) atmosphere. Owing to their low vapor pressure and high hygroscopicity, diacids and related 48 



compounds are important to increase the ability of aerosols to be cloud condensation nuclei (CCN) 49 

(Andreae and Rosenfeld, 2008; Bilde et al., 2015; Prenni et al., 2001) to affect the formation, 50 

development and dissipation processes of cloud (Dall'Osto et al., 2009; Gioda et al., 2008; 51 

Hennigan et al., 2012). High levels in concentrations of diacids and others are strongly linked to 52 

human activities (Joos and Baltensperger, 1991; Kumar et al., 2015; Myriokefalitakis et al., 2008; 53 

Wang et al., 2012) and to photochemistry (Carlton et al., 2007; Kawamura and Gagosian, 1987; 54 

Lim et al., 2010). While they are not only derived from primary sources, like marine emissions 55 

(Rinaldi et al., 2011; Tedetti et al., 2006), biomass burning (Legrand and Angelis, 1996; Narukawa 56 

et al., 1999), fossil fuel combustion and vehicular exhausts (Kawamura and Kaplan, 1987; Rogge 57 

et al., 1993), but diacids and related compounds are also largely formed via the photooxidation of 58 

organic precursors during atmospheric transport (Charbouillot et al., 2012; Hatakeyama et al., 59 

1987; Kawamura et al., 1996). 60 

The dicarboxylic acids and related compounds have long been considered as signature compounds 61 

to investigate the sources, photochemical aging and long-range transport of aerosol particles in the 62 

atmosphere (Kawamura and Pavuluri, 2010; Khwaja et al., 1995; Pavuluri and Kawamura, 2012). 63 

The compounds-specific stable carbon isotopic composition (δ13C) of dicarboxylic acids is useful 64 

to estimate the relative contribution of primary sources and photochemical formation pathways to 65 

atmospheric particles (Wang and Kawamura, 2006). Shorter carbon-chain diacids with more 66 

enrichment of 13C were attributed to the kinetic isotopic effect (KIE) for the photochemical 67 

degradation of higher carbon-number diacids (Kawamura and Bikkina, 2016). For example, many 68 

studies reported that oxalic acid is more enriched in 13C than other diacids in photochemical aging 69 

processing (Aggarwal and Kawamura, 2008; Pavuluri and Kawamura, 2012; Zhang et al., 2016b). 70 

Such studies mainly focused on dicarboxylic acids in atmospheric aerosols (Wang et al., 2012; 71 



Zhang et al., 2016b; Zhao et al., 2018), while little is known about dicarboxylic acids and their 72 

stable carbon isotopic compositions in cloud water, especially in subtropical regions such as Hong 73 

Kong (HK) where photochemical activities are very active. 74 

Different from ground surface measurements and aerosol studies, the investigation of mountain 75 

cloud provides vital information about the influence of regional anthropogenic emissions and 76 

evolution processing on organic compounds (Herckes et al., 2013; Löflund et al., 2002; McNeill, 77 

2015; Van Pinxteren et al., 2016). Furthermore, low molecular weight (LMW) dicarboxylic acids 78 

can be largely formed  via  aqueous  oxidation  in  cloud  or  wet  aerosol  (Carlton et al., 2006; 79 

Charbouillot et al., 2012; Ervens and Volkamer, 2010; Lim et al., 2005; Lim et al., 2010; Tan et 80 

al., 2010). Mount Tai Mo Shan (Mt. TMS), the highest mountain in Hong Kong, is located along 81 

the coast of the South China Sea and is connected to the Pearl River Delta (PRD) region, China. 82 

With the development of urbanizations and industrializations, the balance between economic 83 

growth and environmental protection has become a major issue in the PRD region. The air quality 84 

of HK is affected by anthropogenic emissions from the PRD region and clean marine air mass 85 

under prevalent wind like Asia monsoon. In addition, the interactions among local circulation 86 

systems, coastal topography and synoptic forcing can also affect the accumulation of air pollutants 87 

in HK (Liu and Chan, 2002a; Liu and Chan, 2002b). 88 

Here, we report the molecular distribution of diacids, oxoacids and α-dicarbonyls in cloud waters 89 

collected at Mt. TMS from November 2016 to April 2017. Concentrations of inorganic ions in 90 

cloud waters, air-mass backward trajectories and meteorological conditions were also discussed. 91 

Moreover, the compound-specific stable carbon isotopic compositions of dicarboxylic acids and 92 

related compounds in cloud wa- ters were investigated to better estimate the contribution of 93 



anthropo- genic emissions, photooxidation pathways and long-range transport to organic acids in 94 

the atmosphere. 95 

 96 

MATERIALS AND METHODS 97 

Sample collection 98 

A total of 24 cloud water samples associated with 13 cloud events were collected in autumn 99 

(November 9–18, 2016, n = 12) and spring (March 30–April 25, 2017, n = 12) using a singlestage 100 

Caltech Active Strand Cloud-water Collector (CASCC) at the summit of Mt. Tai Mo Shan 101 

(22.41°N,114.12°E; 957 m a.s.l.), Hong Kong. The cloud droplets were drawn into a 500 mL high-102 

density polyethylene cylinder by a fan at a flow rate of 24.5 m3 min−1 with a droplet cut-off size 103 

of 3.5 μm on theoretical 50% collection efficiency (Demoz et al., 1996). Before each sampling 104 

process, the collector was repeatedly flushed using high-purity deionized water (≥ 18 MΩ) to 105 

clean and then sealed. Field blanks were collected by high-purity deionized water before and 106 

during the sampling. It is noteworthy that the collector was shut down in rainy days. 107 

After collection, the cloud water samples were filtered through a cellulose acetate filter of 108 

0.45mmpore size and stored in 30–50 mL bottles of different materials according to the 109 

characteristics of compounds. For example, 20 mL of each cloud water was preserved in 110 

polyethylene bottle for analysis of inorganic ions analysis. And an aliquot of each sample (15–20 111 

mL) was immediately added by CHCl3 solution (5–7%, v/v) to avoid microbial activities, then 112 

was stored in an amber glass bottle at 4 °C until organic analysis. Field blanks were analyzed using 113 

the same experimental procedures as samples. 114 



Dicarboxylic acid analyses 115 

The LMW diacids and related compounds in cloud waters at Mt. TMS were determined using a 116 

well-established method (Kawamura and Kaplan, 1987). In brief, the cloud waters were 117 

concentrated into dryness using a rotary evaporator under vacuum and then reacted with BF3/n-118 

butanol (10% − 20%) at 100 °C. The derivatives were dissolved in n-hexane and analyzed by a 119 

split/splitless Agilent 6980GC/FID installed with an HP-5 column (0.2 mm × 25 m, 0.5 μm film 120 

thickness). Concentrations of organic acids identified in this study were corrected for the field 121 

blanks, and their recoveries were better than 85%. 122 

Measurement of isotopic composition of organic compounds 123 

The stable carbon isotopic compositions (δ13C) of diacids and their derivatives relative to Pee Dee 124 

Belemnite (PDB) are calculated using the following equation (Kawamura et al., 2004): 125 

 126 

Briefly, δ13C values of the esters and internal standard, measured using a Thermo Trace GC Ultra 127 

coupled with a Gas Isotope Ratio MS (MAT 253) via a combustion furnace (DB-5MS: 30 m × 128 

0.25 mm × 0.25 μm) maintained at 1000 °C, were then calculated for individual organic acids on 129 

the basis of the isotopic mass balance equations: 130 

 131 

The δ13CDiBE, δ13CDiacid, δ13CBuOH are the δ13C values of diacid dibutyl ester, diacid and 1-butanol, 132 

while fDiacid and fBuOH are carbon fractions in the derivatives of diacid and butanol respectively. 133 

Molar fractions of original compounds carbon and butanol-derived carbon in the derivatives are 134 



reported in detail by Kawamura et al. (2004). The δ13C values of dicarboxylic acids, oxoacids and 135 

α-dicarbonyls in cloud were corrected for the field blanks. The analytical differences in the 136 

determination of δ13C values of organic compounds based on replicate analyses were below 0.4‰. 137 

Inorganic ions 138 

Concentrations of cations (NH4+, Na+, K+, Ca2+ and Mg2+) and anions (Cl−, NO3
− and SO4

2−) in 139 

cloud waters were measured using an ion chromatography (Dionex, Model 2500). The separation 140 

of cations was determined by an IonPac CS12A column with the eluent of methanesulfonic acid, 141 

and the separation of anions was analyzed by an IonPac AS11-HC separator column with the 142 

gradient elution of NaOH. The method detection limit for inorganic ions was 0.01 mg L−1. And 143 

the detection uncertainty was below 10%. 144 

WRF model set-up 145 

This study utilized the Advanced Weather Research and Forecasting model (WRF, V3.6.1), 146 

coupled with a single-layer urban canopy model (UCM) to simulate the weather condition, 147 

planetary boundary layer height (PBLH) and other meteorological elements (Chen et al., 2011; 148 

Skamarock, 2008). As shown in Fig. S1, a two-ways nest was adopted for three domains of the 149 

WRF model, with horizontal grid points of 136 × 109, 136 × 121 and 133 × 109, and spatial 150 

resolutions of 9.0, 3.0, and 1.3 km. The physical parameterization schemes used in WRF domains 151 

included the Kessler microphysics scheme (Kessler, 1995), Kain-Fritsch cumulus 152 

parameterization (Kain, 2004), rapid radiative transfer model (RRTM) longwave radiation 153 

(Mlawer et al., 1997) and Dudhia shortwave radiation (Dudhia, 1989). The model time step was 154 

52 s, and the time interval of WRF output data was 1 h. 155 



The WRF simulations were driven by the National Centers for Environmental Prediction (NCEP) 156 

Global Final (FNL) reanalysis data with 1° × 1° spatial resolution and temporal resolution of 6 h 157 

for initial and boundary conditions. According to the sampling time, 4 case analyses (Nov09#1 158 

during 5:30–13:00, Nov16#2 during 0:10–12:30, Nov18#3 during 16:30–22:50 and Apr21#4 159 

during 2:30–12:30) were selected to investigate the meteorological influence on the concentration 160 

variations of organic compounds in cloud. Therefore, the periods of 4 numerical simulations 161 

covered observation time of these cases. The first 6 h of each simulation are treated as spin-up 162 

time, and the remaining hours (7–48 h) used for evaluation were corresponding to the sampling 163 

time of cloud water collected at Mt. TMS. 164 

Air mass backward trajectories 165 

To characterize air masses of different origins encountered the sampling site, three-day backward 166 

trajectory analyses with fire spots were conducted for each cloud water sample at the summit of 167 

Mt. TMS by using a Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT4) model 168 

(Rolph et al., 2017). Fire spots datasets were downloaded from the MODIS website 169 

(https://earthdata.nasa.gov/ earth-observation-data/near-real-time/firms). Each backward 170 

trajectory was drawn every hour (Fig. 1). 171 

 172 

RESULTS AND DISCUSSION 173 

Molecular distributions of diacids, oxoacids and α-dicarbonyls 174 

Mass concentrations of dicarboxylic acids, oxocarboxylic acids and α-dicarbonyls in Mt. TMS 175 

cloud are listed in Table 1. The concentrations of dicarboxylic acids in autumn is dominated by 176 

oxalic acid (C2: 935 ± 440 μg L−1), followed by succinic acid (C4: 250 ± 176 μg L−1), malonic 177 



acid (C3: 225 ± 152 μg L−1) and phthalic acid (Ph: 192 ± 197 μg L−1), while the order in spring is 178 

C2 (418 ± 126 μg L−1) N Ph (114 ± 85 μg L−1) N C4 (71 ± 55 μg L−1) N C3 (58 ± 28 μg L−1) in 179 

Fig. 2. Such a difference in autumn and spring were associated with the photochemical production 180 

and the emission strength of primary sources (Cao et al., 2003; Ho et al., 2011; Lee et al., 2002; 181 

Lee et al., 2001; Louie et al., 2005), like vehicular exhausts, fossil fuel combustion, marine 182 

phytoplankton activities and the meteorological factor. 183 

Oxalic, malonic and succinic acids, the three shortest chain diacids, had similar concentration 184 

variations in sampling seasons, indicating that they were derived from common sources or 185 

secondary oxidation pathways. Malonic acid can be produced by the hydrogen abstraction 186 

processing of OH radical after the decarboxylation reaction of succinic acid. The C3/C4 ratio is 187 

larger than unity in photochemically aged aerosol (Kawamura and Ikushima, 1993). Concentration 188 

ratios of C3/C4 in this study showed similar mean values (0.93) in autumn and spring, sug- gesting 189 

that atmospheric oxidation pathways largely contribute to di- acids in cloud at Mt. TMS. Adipic 190 

acid (C6) and phthalic acid are oxidation products of anthropogenic cyclic hexane (Hamilton et al., 191 

2006; Müller et al., 2007) and gaseous aromatic hydrocarbons (e.g. naphthalene) from fossil fuel 192 

combustion (Kautzman et al., 2010), sol- vent  usage  (Na  et  al.,  2003)  and  vehicular  emissions  193 

(Dabek- Zlotorzynska et al., 2005; Kawamura and Kaplan, 1987). In the present study, the average 194 

concentrations of both C6 (34 μg L−1) and Ph (192 μg L−1) in autumn were obviously higher than 195 

those in spring (C6: 6.8 μg L−1, Ph: 114 μg L−1), and were larger than those (C6: 19 μg L−1, Ph: 196 

6.0 μg L−1) in cloud waters at Austrian Alps (Limbeck and Puxbaum, 2000), which indicated that 197 

abundant C6 and Ph in Mt. TMS cloud were attributed to anthropogenic emissions, especially in 198 

autumn. Kawamura and Pavuluri (2010) proposed that terephthalic acid (tPh) is an important 199 



marker of plastic wastes burning. The lower concentrations of tPh in spring (11 μg L−1) than 200 

autumn (31 μg L−1) may be attributed to the more effective dilution of sea airflow. 201 

Glyoxylic acid (ωC2: 171 ± 132 μg L−1 in autumn, 59 ± 26 μg L−1 in spring) was the dominant 202 

oxoacid, followed by pyruvic acid (Pyr: 54 ± 37 μg L−1 in autumn, 25 ± 13 μg L−1 in spring). 203 

Glyoxal (Gly) and methylglyoxal (MeGly), the two smallest dicarbonyls in atmosphere, are 204 

oxidation products of biogenic (e.g. isoprene) (Ervens et al., 2004; Fick et al., 2004) and 205 

anthropogenic volatile organic compounds (VOCs) (e.g. aromatics) (Volkamer et al., 2001). Both 206 

dicarbonyls can ultimately produce C2 via aqueous reactions of the intermediates like ωC2 and Pyr 207 

with oxidants (Carlton et al., 2007; Lim et al., 2005). Mass concentrations of Gly and MeGly were 208 

62 ± 79 μg L−1 and 84 ± 56 μg L−1 in autumn but decreased to 23 ± 16 μg L−1 and 35 ± 23 μg L−1 209 

in spring, respectively. The enhanced concentrations of ωC2, Pyr, Gly and MeGly in autumn were 210 

more ascribed to the substantial organic precursors emitted from vehicular exhausts, fossil fuel 211 

combustion and biomass burning under the long-range transport of prevalent wind. 212 

Sulfate (SO4
2−) is mostly produced by the oxidation of SO2 emitted from coal-fired power plants 213 

(Hwang and Hopke, 2007), while nitrate (NO3
−) precursors like NOx aremainly emitted fromfossil 214 

fuel combustion and motor vehicles (Liljestrand and Morgan, 1981). Non-sea-salt potassium (nss-215 

K+) can be viewed as a tracer of biomass burning (Andreae, 1983). Non-sea-salt sulfate (nss-SO4 216 

2−) and nss-K+ were calculated using the equations reported by Keene et al. (1986)): nss − SO4
2−) 217 

=SO4
2−) − 0.12 ∗ Na+ and nss-K+=K+ − 0.0355 ∗ Na+. In this study, nss − SO4

2−, nss-K+, NO3
−), 218 

major diacids (C2–C4, Ph, tPh) and oxoacids (ωC2, Pyr) as well as α-dicarbonyls were selected for 219 

linear correlation analyses. 220 



In autumn (Table S1–2), strong linear relationships were observed for C2–C4 with tPh, nss − SO4
2−, 221 

nss-K+ and NO3
− (R2 ≥ 0.64). tPh, ωC2and Pyr moderately correlated with nss-SO4 2−, nss-K+ 222 

and NO3
− (R2 ≥0.39), except for Pyr with nss − SO4

2−,. Moreover, good correlations were found 223 

between C3, C4, ωC2 and Pyr with Ph (R2 ≥ 0.37). These coefficients implied that diacids and 224 

related compounds in cloud waters at Mt. TMS were formed via secondary oxidation after 225 

atmospheric longrange transport of anthropogenic emissions (Ho et al., 2006; Huang et al., 2014; 226 

Zhang et al., 2016a), such as coal-fired power plants, vehicular exhausts, fossil fuel combustion 227 

and biomass burning. 228 

As for springtime samples (Table S3–4), C2, C3, C4 and MeGly showed robust linear correlations 229 

with nss-K+ (R2 ≥ 0.85), while relatively weak correlations were obtained for C3 and MeGly with 230 

NO3
−  (R2 ≥ 0.39). Previous studies proposed that open wastes burning aerosols also contain 231 

biomass and fuel burning compounds (Akagi et al., 2011; Lei et al., 2012). tPh correlated well with 232 

MeGly (R2 = 0.35) and Gly (R2 = 0.66) in autumn and spring, respectively. These relationships 233 

may be interpreted as the decreased anthropogenic emissions and enhanced contribution from 234 

natural sources (Guo et al., 2007; Ho et al., 2011), like marine emissions, to diacids in spring. 235 

Oxalic acid, the smallest diacid, is mostly formed via the atmospheric oxidation of homologous 236 

dicarboxylic acids and related precursors, hence the concentration ratio of C2 to total normal 237 

saturated diacids (C2/C2–C12) is a useful tracer to estimate photochemical aging level of organic 238 

compounds (Kawamura and Sakaguchi, 1999). The larger value of C2/C2–C12 was observed in 239 

spring (0.73) than that in autumn (0.62), which showed an increased photooxidation level of 240 

dicarboxylic acids in Mt. TMS cloud in spring. Inversely robust correlations were observed for 241 

concentrations of main water-soluble organic acids with C2/C2–C12 ratios in this study. 242 



Fig. 3 showed strong anti-correlations between C3 (R2 ≥ 0.56), C4 (R2≥ 0.49), C5 (R2 ≥ 0.65), 243 

C6 (R2 ≥ 0.47) and C2/C2–C12 ratios in both sea- sons, whereas relatively weak coefficients were 244 

found for C9 with C2/C2–C12 (R2 ≥  0.31). These results suggested that the photochemical 245 

degradation rates of saturated long-chain diacids may be faster than their formation rates during 246 

the atmospheric long-range transport. Similarly, inverse linear relationships were found for ωC2 247 

(R2 ≥ 0.69), Pyr (R2 ≥ 0.65), Gly (R2 ≥ 0.4) and MeGly (R2 ≥ 0.31) with C2/C2–C12 ratios as 248 

well, which implied that photochemical oxidations of ωC2, Pyr and dicarbonyls in aqueous phase 249 

largely contributed to the concentrations of C2. Combined the conclusions illustrated above, we 250 

found that dicarboxylic acids and related compounds were mainly formed by the photooxidation 251 

of organic precursors derived from vehicular emissions, fossil fuel combustion and biomass 252 

burning in autumn, whereas the contribution of natural sources to dicarboxylic acids enhanced in 253 

spring. But it is critical to note that longer-chain diacids and other precursors were significantly 254 

oxidized to produce C2 via subsequent reactions under strong solar radiation in both seasons. 255 

Case analyses 256 

The special conditions of terrain, small- and meso-scale atmospheric circulations, such as 257 

mountain-valley and land-sea breezes, frequently occur at Mt. TMS in HK, which increase the 258 

mixing level of polluted urban air and mountain air (Wang et al., 2016). Hence, combined with the 259 

sampling time, four case analyses (Nov09#1 during 5:30–13:00, Nov16#2 during 0:10–12:30, 260 

Nov18#3 during 16:30–22:50 and Apr21#4 during 2:30–12:30) were selected to investigate the 261 

meteorological influence on the concentration variations of organic compounds in Mt. TMS cloud. 262 

This study utilized the Advanced Weather Research and Forecasting model (WRF, V3.6.1),  263 

coupled  with  a single-layer urban canopy model (UCM) to simulate the synoptic circulation 264 



situation on a small scale. The high-resolution mesoscale WRF model can accurately reflect 265 

nonlinear dynamics, thermodynamics, and microphysical process, and recur the  complex  synoptic  266 

processes (Done et al., 2004; Li and Bou-Zeid, 2013; Noble et al., 2013; Schwartz, 2014). 267 

Therefore, the WRF model is a useful tool to reproduce the weather condition, planetary boundary 268 

layer height (PBLH, see Fig. S2) and other meteorological elements. 269 

Generally, the PBLH at Mt. TMS in daytime enhanced with the in- crease of temperature, which 270 

was higher than the PBLH values in night- time (Fig. S2). But the water vapor rise and condense 271 

owing to abundant moisture in air and the uplift effect  of  mountain (Markowski and Richardson, 272 

2010). Rainy day often occurs at Mt. TMS, resulting in the lower PBLH at many times. Both 273 

maximum (1200 m) and minimum (60 m) of PBLH in autumn and spring were observed in daytime 274 

(av. 480 m), while the nighttime value (av. 340 m) varied from 115 m to 720 m. Thus, the cloud 275 

waters at Mt. TMS were mostly sampled in the lower free troposphere. 276 

As shown in Figs. 4–7, owing to the lifting effect by terrestrial land and mountain, there was a 277 

convergence zone at the top of Mt. TMS (red point) in Hong Kong (Mass, 1981; Mass and 278 

Dempsey, 1985). Topographic height (units: m) of HK and surrounding areas are colorfully shaded. 279 

Meanwhile, wind field (vectors, units: m s−1) and divergence field (blue lines, units: 10−4 s−1) are 280 

set on the summit of Mt. TMS. Horizontal divergence is defined as D = ∂u
∂X

+ ∂v
∂y

  (u: zonalwind, v: 281 

meridional wind, x: zonal grid distance, y: meridional grid distance). If D > 0, it means horizontal 282 

divergence of wind field, which indicates the expansion of a vector field. The larger value of D 283 

represents the stronger outflow (Markowski and Richardson, 2010). But if D < 0, it indicates 284 

horizontal convergence of wind field, which indicates the contraction of a vector field. The lower 285 

value of D represents the stronger inflow (Markowski and Richardson, 2010). Mathematically, 286 

convergence is negative divergence. The lower negative value observed at sampling site 287 



demonstrated that the stronger level of convergence occurred in this area, which facilitates the 288 

accumulation of air pollutants (Markowski and Richardson, 2010). For example, the convergence 289 

(−5) in Nov09#1 and Nov16#2 at Mt. TMS was the strongest in this study (Figs. 4–5). The level 290 

of central convergence zone was stronger in Nov18#3 than that in Apr21#4, because the negative 291 

value of contour line (−3) close to Mt. TMS was lower in Nov18#3 (Figs. 6–7). 292 

As shown in Fig. 1, three-day backward trajectories for cloud waters collected at Mt. TMS were 293 

mainly from the Pacific Ocean and the South China Sea in autumn and spring. But according to 294 

the helical air mass backward trajectories in autumn, the marine atmosphere was largely influenced 295 

by the continental air outflow. Meanwhile, the specific three-day backward trajectories were also 296 

categorized for the cloud cases in this study (Figs. S3–6). The winds in Nov09#1 and Nov16#2 297 

were mostly  from  the  Pacific  Ocean  based  on  WRF  model  results (Figs. 4-5), but the winds 298 

came from inland area in view of large-scale situation (Figs. S3–4). As to Nov18#3, the cloud 299 

waters at Mt. TMS were totally affected by easterly sea-breeze (Fig. 6 and Fig. S5). The 300 

concentrations of organic acids were larger in Nov09#1 and Nov16#2 than those in Nov18#3 (Fig. 301 

8), which were attributable to the strongest con- vergence and air mass sources in the atmosphere. 302 

In late autumn and winter, the Siberian high pressure system is one of the major seasonal 303 

atmospheric activity centers in the northern hemisphere, which strongly affects the Asia continent 304 

by continuing to spread cold air mass southwards (Chan et al., 2010; Chung et al., 1999; Wang et 305 

al., 1998). Hong Kong is mainly affected by north- easterly synoptic flow from the inland region 306 

in autumn. The diacids and related compounds were more abundant in downwind location of Hong 307 

Kong in the atmospheric long-range transport. Owing to the large-scale subsidence under the 308 

control of Siberian high pressure system, the air masses from the northern China are cold and dry, 309 

which impact the atmospheric quality in HK by carrying substantial air pollutants (Chan et al., 310 



2010; Chung et al., 1999; Wang et al., 1998). Furthermore, the convergence zone at Mt. TMS in 311 

lower free troposphere generally connects with a divergence zone in the upper free troposphere. 312 

Then the rising air from the lower level and the sinking air from the upper level converge in the 313 

free troposphere. This kind of atmospheric three- dimensional circulation system is favorable for 314 

the accumulation of pollutants over Mt. TMS in HK. 315 

In spring, there is the Subtropical High over the Western Pacific Ocean, which brings clean and 316 

moist airflow to southern China under the East Asia monsoon (Ding, 2005; Ding et al., 2018). The 317 

lower concentrations of diacids and related compounds in spring than autumn were attributed to 318 

the upwind sampling location. The local emissions were diluted by the south-easterly and south-319 

westerly airflows from the South China Sea (Fig. 1b). In Apr21#4, the organic compounds in cloud 320 

waters were influenced by marine emissions (Fig. S6), and Mt. 321 

TMS was observed to be located at the rim of convergence zone (Fig. 7). Corresponding to the 322 

highest concentrations of organic acids in the mid- day on April 4th, the convergence also showed 323 

the strongest level. In total, concentrations of total diacids, oxoacids and α-dicarbonyls in these 324 

cases increased with solar radiation, indicating that photochemical processing is an important 325 

formation pathway for organic acids. 326 

Table 2 shows the stable carbon isotope ratios of nine diacids (C2–C6, C9, M, Ph and tPh), two 327 

oxoacids (Pyr and ωC2) and one dicarbonyl (Gly). The δ13C values of normal saturated diacids 328 

increased with the decrease of carbon numbers of dicarboxylic acids in cloud waters over Mt. TMS 329 

(Fig. 9). In sum, the largest average δ13C values were observed for C2 (autumn: −18.2‰, spring: 330 

−11.2‰), followed by C3 (autumn:−19.8‰,   spring:   −17.1‰)   and   C4   (autumn:   −23.7‰,   331 

spring:−20.5‰) diacids, implying that shorter diacids were more photochemically aged. 332 



C5 and C6 are formed via the oxidation of anthropogenic cyclic alkenes (Hamilton et al., 2006; 333 

Müller et al., 2007) and longer-chain homologous diacids (Kawamura and Ikushima, 1993). Both 334 

δ13C values (C5: −32.2‰ to −22.1‰, C6: −31.6‰ to −20.2‰) widely varied in au- tumn and spring 335 

owing to the complex controlling factors of isotope fractionation in the atmosphere. Similar 336 

seasonal mean δ13C values (autumn: −26.4‰, spring: −25.5‰) was determined for C9, being 337 

higher than those of fatty acids (−36.4‰ to −34.9‰) emitted from terrestrial C3 plants (Matsumoto 338 

et al., 2007), but being close to fatty acids (−25.8‰) measured in aerosols collected from 339 

Chichijima Island over the western North Pacific (Fang et al., 2002). These phenomena suggested 340 

that C9 was produced by the secondary oxidation of unsaturated fatty acids derived from biomass 341 

burning, marine emissions and terrestrial higher plants. 342 

Ph and its precursors are mainly emitted from fossil fuel combustion and vehicular exhausts 343 

(Fraser et al., 2003; Kleindienst et al., 2012). tPh is a tracer of plastic wastes burning (Kawamura 344 

and Pavuluri, 2010). Mean δ13C value of Ph in autumn (−29.0‰) was similar to spring (−28.5‰). 345 

These values were close to those (−28.5‰) in Beijing winter aerosols associated with substantial 346 

coal combustion for house heating (Zhao et al., 2018). Same phenomenon was also observed for 347 

tPh. The similar δ13C values of Ph and tPh suggested a similar stable isotopic signature for 348 

dicarboxylic acids from vehicular emissions, fossil fuel combustion and plastic wastes burning in 349 

Mt. TMS cloud waters. 350 

Hydrated  Gly  (autumn:  −16.6‰,  spring:  −10.3‰)  and  MeGly formed via the photooxidation 351 

of biogenic and anthropogenic VOCs can subsequently produce ωC2 (autumn: −13.7‰, spring: 352 

−10.7‰) and Pyr (autumn: −17.2‰, spring: −13.8‰), and ultimately generate C2 (Ervens et al., 353 

2004; Lim et al., 2005). The δ13C values of organic mat- ter from terrestrial higher plants (C3 plants: 354 

−27‰) (Ballentine et al., 1998) are larger than those from fossil fuel combustion (Widory et al., 355 



2004),  but  lower  than  those  of  marine  biological  origins  (around −20‰) (Turekian et al., 356 

2003). These results indicated that Pyr, ωC2 and α-dicarbonyls were formed via the oxidation of 357 

pre-aged precursors like isoprene and unsaturated fatty acids. It is of importance to state that 358 

besides motor vehicles and atmospheric photochemical oxidations, diacids and related compounds 359 

were more associated with fossil fuel combustion, while the contribution of marine emissions to 360 

dicarboxylic acids increased in spring. Thus, stronger enrichment of 13C was detected for C2, ωC2, 361 

Pyr and Gly in spring than autumn. 362 

Implications of enriched 13C in organic acids in cloud water and aerosol 363 

To better understand the differences in δ13C values of organic acids in cloud water and aerosol, the 364 

data in aerosols collected from Gosan, Jeju Island (Zhang et al., 2016b), tropical India (Pavuluri 365 

et al., 2011) and Sapporo, Japan (Aggarwal and Kawamura, 2008), the western Pacific and 366 

Southern Ocean (Wang and Kawamura, 2006) were plotted here together with δ13C values of 367 

organic compounds identified in Mt. TMS cloud (Fig.  10).  A slightly higher average δ13C value 368 

of  C2 (−11.2‰) was observed in Mt. TMS cloud in spring. Except for Gosan aerosols, seasonal 369 

mean δ13C values of C3 diacid in Mt. TMS cloud waters were larger than those in other three sites. 370 

The mean δ13C value of C4 di- acid in spring were comparable to those in aerosol studies selected 371 

in this study. The air masses encountered at Gosan, Sapporo and remote marine area are mixed 372 

outflows from the Asia mainland, where diacids were intensively photochemically aged in the 373 

atmospheric long-range transport. These comparisons suggested that lower carbon number di- 374 

carboxylic acids were significantly photochemically aged in Mt. TMS cloud. Mean δ13C values of 375 

M also supported the same conclusion. 376 

Biomass burning, terrestrial higher plants and marine phytoplankton emissions are the major 377 

contributors to C9 diacid in coastal urban aerosols in Sapporo, Japan (Aggarwal and Kawamura, 378 



2008) and Chennai, topical India (Pavuluri et al., 2011). In this study, mean δ13C values of C9 were 379 

lower than those in remote marine aerosols influenced by phytoplankton activities. But δ13C values 380 

of C9 were slightly larger than those in other locations. Such phenomena suggested that azelaic 381 

acid in Mt. TMS cloud water were linked with natural biogenic emissions and biomass burning. 382 

δ13C values of C6 and Ph were lower than those in Gosan and remote marine aerosols, 383 

demonstrating that the dicarboxylic acids were partly de- rived from anthropogenic emissions, like 384 

local vehicle exhausts. 385 

Higher δ13C values were identified for ωC2, Pyr and Gly in comparison to those in aerosol studies 386 

(Aggarwal and Kawamura, 2008; Pavuluri et al., 2011; Wang and Kawamura, 2006; Zhang et al., 387 

2016b). Similar 13C enrichment in C2, ωC2, Pyr and Gly supported that these organic acids may 388 

have common secondary formation ways as found in laboratory and modelling experiments 389 

(Pavuluri and Kawamura, 2012). The δ13C values of C2, ωC2, Pyr might indicate that uptake of 390 

semi-volatile organic compounds (Gly, MeGly) by cloud droplet and wet aerosol, followed by the 391 

oxidation of oxoacids (ωC2, Pyr) and later evaporation  is  an  important  pathway  to  C2  (Carlton  392 

et  al.,  2009; Ervens et al., 2004; Ervens and Volkamer, 2010; Rinaldi et al., 2011). 393 

 394 

SUMMARY AND CONCLUSIONS 395 

Current knowledge on molecular distribution and compound-specific stable carbon isotopic 396 

composition of dicarboxylic acids in cloud waters, as well as potential factors controlling their 397 

atmospheric abundance at a small or large scale above the planetary boundary layer based on 398 

observations is very limited. Owing to the development of urbanizations and industrializations in 399 

the PRD region, HK that is situated at the rim of the PRD region is significantly influenced by 400 



anthropogenic emissions under prevalent winds. The top of Mt. TMS, HK is mostly observed in 401 

the upper PBL in daytime and viewed in the lower free troposphere in nighttime. Our results 402 

demonstrate that high loadings of diacids and related compounds in cloud waters at Mt. TMS in 403 

autumn are mainly attributed to anthropogenic sources, including fossil fuel combustion and 404 

biomass burning, from regional areas, whereas marine emissions play a significant role to organic 405 

acids in spring. It is worthy to note that photochemical formation during atmospheric transport and 406 

vehicular exhausts from ground surface are also important factors to dicarboxylic acids in cloud 407 

water at Mt. TMS. Further- more, this work highlights the potential influence of meteorological 408 

factors on the concentrations, molecular compositions, and δ13C values of dicarboxylic acids. 409 
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 440 

Fig. 1. Fire spots with typical 3-day air mass backward trajectories arriving at the summit of Mt. 441 
TMS in the autumn of 2016 and the spring of 2017. The fire spot data were obtained from the 442 
MODIS fire spot website (https://earthdata.nasa.gov/earth-observation-data/ near-real-time/firms). 443 
The air mass trajectories were drawn using the data obtained by the HYSPLIT4 model from the 444 
NOAA ARL website (http://ready.arl.noaa.gov/ HYSPLIT. php). 445 

 446 



 447 

Fig. 2. Molecular distributions of dicarboxylic acids and related compounds in cloud waters 448 
collected over Mt. TMS, Hong Kong. The inner plot shows the concentrations of longer-chain 449 
saturated diacids (C5–C12), branched diacids, unsaturated diacids, multifunctional diacids, 450 
oxoacids and α-dicarbonyls, especially. See Table 1 for abbreviations 451 

 452 



 453 

Fig. 3. Linear relationships for C2/C2–C12 with diacids and related compounds in autumn 454 



and spring in cloud at Mt. TMS. 455 

 456 

     457 

ig. 4. The divergence field (blue lines, units: 10−4 s−1) and wind field (vector, units: m s−1) of 458 

Nov09#1 during 5:30–13:00 at Mt. TMS (red point, 957 m a.s.l.), and the levels of contour lines 459 

are −1, −3 and −5, respectively. (For interpretation of the references to colour in this figure legend, 460 

the reader is referred to the web version of this article.) 461 



 462 



Fig. 5. The divergence field (blue lines, units: 10−4 s−1) and wind field (vector, units: m s−1) of 463 

Nov16#2 during 0:10–12:30 at Mt. TMS (red point, 957 m a.s.l.), and the levels of contour lines 464 

are −1, −3 and −5, respectively. (For interpretation of the references to colour in this figure legend, 465 

the reader is referred to the web version of this article.) 466 

   467 

Fig. 6. The divergence field (blue lines, units: 10−4 s−1) and wind field (vector, units: m s−1) of 468 

Nov18#3 during 16:30–22:50 at Mt. TMS (red point, 957 m a.s.l.), and the levels of contour lines 469 

are −1, −3 and −5, respectively. (For interpretation of the references to colour in this figure legend, 470 

the reader is referred to the web version of this article.) 471 

 



   472 

Fig. 7. The divergence field (blue lines, units: 10−4 s−1) and wind field (vector, units: m s−1) of 473 
Apr21#4 during 2:30–12:30 at Mt. TMS (red point, 957 m a.s.l.), and the levels of contour lines 474 
are −1, −3 and −5, respectively. (For interpretation of the references to colour in this figure legend, 475 
the reader is referred to the web version of this article.) 476 

 477 



 478 

Fig. 9. Box plot of the δ13C values of dicarboxylic acids and related compounds. Small circles 479 
represent the mean values. 480 

 481 

 482 



 483 

 484 

Fig. 10. Mean δ13C values of dicarboxylic acids and related compounds in Mt. TMS cloud waters. 485 
Data in atmospheric aerosols collected from tropical India (Pavuluri et al., 2011), Sapporo 486 
(Aggarwal and Kawamura, 2008), Gosan, Jeju Island (Zhang et al., 2016b), and remote marine 487 
regions (Wang and Kawamura, 2006) are also plotted. The bars represent the standard variations 488 
(±SD) in the δ13C values. 489 

 490 
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