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A B S T R A C T   

Low molecular weight organic compounds are ubiquitous in the atmosphere. However, knowledge on their 
concentrations and molecular distribution in fresh snow remains limited. Here, twelve fresh snow samples 
collected at eight sites in China were investigated for dicarboxylic acids and related compounds (DCRCs) 
including oxocarboxylic acids and α-dicarbonyls. Dissolved organic carbon (DOC) concentrations in the snow 
samples ranged from 0.99 to 14.6 mg C L− 1. Concentrations of total dicarboxylic acids were from 225 to 1970 μg 
L− 1 (av. 650 μg L− 1), while oxoacids (28.3–173, av. 68.1 μg L− 1) and dicarbonyls (12.6–69.2, av. 31.3 μg L− 1) 
were less abundant, accounting for 4.6–8.5% (6.2%), 0.45–1.4% (0.73%), and 0.12–0.88% (0.46%) of DOC, 
respectively. Molecular patterns of dicarboxylic acids are characterized by a predominance of oxalic acid (C2) 
(95.0–1030, av. 310 μg L− 1), followed by phthalic (Ph) (9.69–244, av. 69.9 μg L− 1) or succinic (C4) (23.8–163, 
av. 63.7 μg L− 1) acid. Higher concentrations of Ph in snow from Beijing and Tianjin than other urban and rural 
regions suggest significant emissions from vehicular exhausts and other fossil fuel combustion sources in 
megacities. C2 constituted 40–54% of total diacids, corresponding to 1.5–2.6% of snow DOC. The total measured 
DCRCs represent 5.5–10% of snow DOC, which suggests that there are large amounts of unknown organics 
requiring further investigations. The spatial distributions of diacids exhibited higher loadings in megacities than 
rural and island sites. Molecular distributions of diacids indicated that the photochemical modification was 
restrained under the weak solar radiation during the snow events, while anthropogenic primary sources had a 
more significant influence in megacities than rural areas and islands.   

1. Introduction 

Low molecular weight (LMW) organic species (dicarboxylic acids, 
oxocarboxylic acids, and α-dicarbonyls) are among one of the most 
abundant organics in atmospheric aerosols (Kawamura and Ikushima, 
1993); Sempéré and Kawamura (2003). They contain an important 
fraction of water-soluble organic aerosols (Kawamura and Sakaguchi, 
1999). Because of the low vapor pressures and high hygroscopicity 
(Kawamura and Usukura, 1993; Saxena and Hildemann, 1996), dicar-
boxylic acids and related compounds (DCRCs) have been reported in 

rain, snow, fog, and cloud waters. Moreover, DCRCs increase the ability 
of ambient aerosol particles to act as cloud condensation nuclei (Prenni 
et al., 2001; Sun and Ariya, 2006), and affect the formation and devel-
opment processes of cloud. DCRCs in the atmosphere can be removed 
effectively by in-cloud and below cloud scavenging (Dall’Osto et al., 
2009; Hennigan et al., 2012). LMW dicarboxylic acids (hereafter 
referred to as diacids) can also directly and indirectly affect radiative 
forcing and global climate change by absorbing solar radiation and 
scattering the radiation through interacting with water vapor in the 
atmosphere (Boreddy et al., 2014; Saxena et al., 1995). In addition, 
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carboxylic acids have an important effect on the chemical constituents 
and acidity of the rainwater (Zhang et al., 2011). 

DCRCs in the atmosphere are from many primary emission sources 
such as incomplete combustion of fossil fuels, vehicular exhaust, meal 
cooking, biomass burning, and marine phytoplankton and sea-spray 
(Kawamura and Kaplan, 1987; Kawamura et al., 2013; Schauer et al., 
2002a, b; Schiffer et al., 2018). However, DCRCs can also be formed 
from secondary processes via the photooxidation of various anthropo-
genic and biogenic organic precursors, e.g., polycyclic aromatic hydro-
carbons (PAHs), isoprene, unsaturated fatty acids, and toluene (Carlton 
et al., 2007; Ervens et al., 2004; Huang et al., 2019). For example, a few 
chamber and field studies have found that oxalic acid (C2) and many 
other short chain diacids can be produced in the cloud and aerosol 
through aqueous phase reaction of volatile organic compounds (VOCs) 
(Bilde et al., 2015; Dall’Osto et al., 2009). 

Diacids have been reported extensively in urban (Ho et al., 2007; 
Wang et al., 2012; Zhao et al., 2018), suburban (Zhou et al., 2015), rural 
(Cao et al., 2017), high mountainous (Cong et al., 2015; Kawamura 
et al., 2013), marine (Fu et al., 2013a; Hoque and Kawamura, 2016; 
Kawamura et al., 2017; Yang et al., 2020) and polar aerosols (Kawamura 
et al., 2007; Singh et al., 2017). These studies mainly reported the 
sources, chemical characteristics, formation process, molecular 
composition (Mkoma and Kawamura, 2013), seasonal variation (Gowda 
and Kawamura, 2018), and spatial distribution (Hoque et al., 2015) of 
diacids in aerosols. In conclusion, the molecular distributions of diacids 
in urban/suburban aerosols are often characterized by the predomi-
nance of C2 followed by phthalic acid (Ph) and/or succinic acid (C4), 
while those sampled over the rural, high mountain and marine regions 
follow the order of C2 > C4 ≥ C3, whereas in the polar regions often 
follow the order of C4 ≥ C2 and C3. In addition to atmospheric particles, 
high concentrations of LMW DCRCs have been reported in wet deposi-
tion such as rainwater (Kawamura, 1993; Sempéré and Kawamura, 
1994; Tsai et al., 2011), cloud and fog water (Loflund et al., 2002; Zhao 
et al., 2019a), and snow samples (Matsunaga et al., 1999; Sempéré and 
Kawamura, 1994). Furthermore, DCRCs are found in fluvial and marine 
environments such as sea water (Sempéré et al., 2019), river (Sempéré 
et al., 2018), lake (Bertilsson and Tranvik, 2000; Brinkmann et al., 
2003), and ice core (Kawamura et al., 2001). 

However, there are limited studies on DCRCs in fresh snow. Snow 
efficiently scavenges airborne particles from the atmosphere and 
transfers considerable amounts of DOM from the atmosphere to fresh-
water and marine environments (Wang et al., 2019), having impacts on 
the continental and marine ecosystems (Xu et al., 2016). Snow samples 
abundantly contain polar organic compounds which are largely scav-
enged from the atmosphere (Kawamura and Kaplan, 1987; Kawamura 
et al., 1996b), although a large number of species (up to 50%) in the 
snow pack remain unidentified (Ariya et al., 2014). More information 
about chemical composition of atmospheric precipitation, especially 
secondary organic aerosols (SOA) markers is useful to increase under-
standing of chemical transformations in the atmosphere and improve 
modeling of atmospheric processes (Spolnik et al., 2020). Previous 
studies have revealed the photochemical secondary formation process of 
diacids, but the aqueous-phase chemistry oxidation process during snow 
formation and wet deposition scavenge of diacids are not clear. The 
contribution of diacids to dissolved organic carbon (DOC) of continuous 
rain samples, showed a remarkable decrease with time, suggesting that 
diacids are more effectively scavenged from the air by raindrops than 
other water-soluble organic compound classes such as aldehydes, ke-
tones and volatile fatty acids (Sempéré and Kawamura, 1994). 

To better understand the wet deposition and atmospheric chemistry 
of DCRCs in different regions, 12 fresh snow samples were collected 
from eight sites in China from December 2018 to February 2019. The 
snow samples were analyzed for LMW DCRCs for the first time in China. 
We investigated the contributions of LMW DCRCs to DOC in snow and 
compared the values with those in representative regions worldwide to 
investigate their potential sources and formation pathway during long- 

range transport. The air mass backward trajectories were performed to 
elucidate the source regions of diacids and related compounds in the 
snow samples. 

2. Experimental and methods 

2.1. Site description and sample collection 

In this study, fresh snow samples were collected at eight sites in 
China, including Tianjin, Beijing, Baotou, Zhengzhou, Xinxiang, Youyu, 
Changdao and Guiyang (Fig. 1). These research areas are mainly located 
in the North China Plain (NCP), which is a large flat terrain with sig-
nificant agricultural activities and strong industrial emissions. These 
sampling sites were selected to characterize representative regional air 
pollution based on geographical location, climate type, meteorological 
conditions, urban size, industrial structure, and ecotypes. The location 
and specific characteristics of sampling sites are described in Table S1. 

During the whole sampling period, three snowfall events occurred in 
Tianjin and Youyu respectively, while only one snowfall event occurred 
in other sampling sites. So the snow samples collected in Tianjin and 
Youyu were named as Tianjin 1, Tianjin 2, Tianjin 3, Youyu1, Youyu2, 
Youyu3, respectively. A total of twelve samples were collected during 
December 2018 to February 2019. Sample numbers and sampling dates 
are shown in Table S2. All the collection tools and containers were pre- 
cleaned, according to the standard cleaning methods. All the glassware 
was baked at 450 ◦C in a muffle furnace for a minimum of 6 h to remove 
organics prior to use. In each sampling, only the fresh layer (about 3–5 
cm) of snow was collected into a glass jar (4 L) by cleaned stainless-steel 
shovels. Every effort was made to collect fresh, well-preserved surface 
snow, which was not affected by post-depositional processes, even the 
snow layer was thin. Taking large amounts of snow guarantees a greater 
homogeneity and thus the reproducibility of the results of chemical 
analysis. These deposited-snow samples were collected immediately 
after snowfall. The glass bottles were sealed with Teflon-lined screw 
caps immediately after the sampling. Millipore water (con-
ductivity>18.2 MΩ cm, total organic carbon, TOC<10 ppb) (500 mL) 
was used as a procedural blank at each site. Details of snow sample 
collection and storage are described in the supporting information. 

2.2. Analyses of dissolved organic carbon 

A Shimadzu TOC-V CPH total carbon analyzer was used to measure 
the snow DOC (detection limit: 50 μg C L− 1) (Aggarwal and Kawamura, 
2008). The standards for DOC measurements were prepared from 

Fig. 1. Spatial variations in dicarboxylic acids in snow samples at eight regions 
in China. 
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reagent grade potassium hydrogen phthalate in Millipore water. 
Reproducibility (the relative percentage deviation from the mean value) 
was better than 5%. The concentrations of DOC were corrected for the 
procedural blanks. 

2.3. Analyses of dicarboxylic acids and related compounds 

DCRCs were generally analyzed using a previously reported method 
(Gowda and Kawamura, 2018; Kawamura and Ikushima, 1993; Mochi-
zuki et al., 2016). Briefly, 40 mL of melted snow filtrates was transferred 
to a pear-shaped flask and adjusted their pHs to 8.5–9.5 using KOH 
solution (0.1 M) and was concentrated to almost dryness by the usage of 
a rotary evaporator (EYELA N-1300, Shanghai Eyela Instrument Co., 
Ltd., Shanghai, China) under a vacuum at 50 ◦C. The concentrates were 
reacted with 14% BF3/n-butanol at 100 ◦C for 1 h. DCRCs were then 
derivatized to the corresponding dibutyl esters and/or acetals. The de-
rivatives were dissolved in n-hexane and washed with Milli-Q water 
after adding acetonitrile, and then concentrated to dryness under rotary 
evaporation (30 ◦C) followed by the blowdown by N2. The target organic 
compounds were finally dissolved in n-hexane (100 μl) and analyzed by 
gas chromatograph (GC; Agilent 7890B) fused silica capillary column 
and a flame ionization detector (FID). 

The recoveries were higher than 82% for all target compounds. The 
organic species in field blanks were lower than 3% of real samples. The 
concentrations reported here were corrected for field blanks and re-
coveries. Detection limits of the measured species were 0.05 μg L− 1. 

2.4. Air mass backward trajectories 

Backward air-mass trajectories provide a means to assess the source 
regions of atmospheric aerosols over a receptor site (Tyagi et al., 2015). 
Here, 48-h air mass backward trajectories were calculated for each snow 
event from the sampling site at 1000 m a.s.l. by the Hybrid Single Par-
ticle Lagrangian Integrated Trajectory (HYSPLIT4) model. Each back-
ward trajectory was drawn every hour (https://ready.arl.noaa. 
gov/hypub-bin/trajtype.pl?runtype=archive) (Fig. S1). 

3. Results and discussion 

3.1. Concentrations of DOC in snow samples 

The concentration of DOC in snow samples varied significantly 
among the sites in China (Table S2). The DOC concentration ranged 
from 0.99 to 14.6 mg C L− 1, with the order of urban (except for Guiyang) 
>rural > island, and with the highest values in Tianjin 1 sample (14.6 
mg C L− 1) followed by Beijing (6.86 mg C L− 1), Baotou (4.92 mg C L− 1) 
and Xinxiang (4.85 mg C L− 1). 

Carbonaceous species can be scavenged by wet deposition, the most 
abundant component (＞79%) of TOC was typically in the dissolved 
form (Pan et al., 2010). This large spatial variation in DOC concentra-
tions could be influenced by the difference of local air quality, meteo-
rology, moisture source as well as the air mass pathways during snowfall 
events (Zhang et al., 2021). For example, a continuous rainfall event 
occurred before the snowfall in urban Guiyang. Thus, the lowest con-
centration of DOC (0.99 mg C L− 1) in the snow sample in Guiyang may 
be caused by the scavenging of rainfall. During the snowfall in Beijing 
and Tianjin 3, the air mass came from the southwest region (Fig. S1), 
where the air quality was very poor (Zhang et al., 2021). Such air masses 
might be associated with higher levels of pollutants emitted from a large 
number of industrial factories located in the southwest of Beijing and 
Tianjin due to a large number of industries (Pang et al., 2021; Zhao et al., 
2021). 

The DOC concentrations in rural (Youyu 1: 2.35 mg C L− 1, Youyu 2: 
2.63 mg C L− 1, Youyu 3: 1.55 mg C L− 1) and island (1.98 mg C L− 1) sites 
were less than half of those in urban areas. Because Youyu is a low- 
population city, its low anthropogenic activities result in low 

atmospheric loadings. According to the backward air mass trajectories 
(Fig. S1), the dilution of marine air mass resulted in the low DOC con-
centrations in the snow samples from Tianjin 2 (3.01 mg C L− 1) and 
Changdao (1.98 mg C L− 1). Changdao island is located at the confluence 
of the Yellow Sea and the Bohai Sea, and the influence of anthropogenic 
emissions should be minor. 

The average concentration of snow DOC (4.18 mg C L− 1) in this study 
was lower than the value (23 mg C L− 1) in the cloud water of Mt. Tai 
(Zhao et al., 2019b) and those in snow (19.7 mg C L− 1) and sleet (22.6 
mg C L− 1) samples in Tokyo (Sempéré and Kawamura, 1994), but was 
higher than the value in Mt. Tateyama snow in Japan (0.268–1.55 mg C 
L− 1, average: 0.626 mg C L− 1) (Kawamura et al., 2012; Mochizuki et al., 
2016), snow/ice in the glaciers of western China (0.35–1.62 mg C L− 1) 
(Thapa et al., 2020), and precipitation samples (3.0 mg C L− 1) at ten 
sites in North China during 2007–2008 (Pan et al., 2010). 

Such a comparison suggests that the higher loadings of snow DOC 
values in megacities may be attributed to regional anthropogenic 
emissions in the NCP. In addition, under the influence of local meteo-
rology and the air mass pathways (e.g., marine and continental) during 
precipitation events, the DOC in snowfall samples varied greatly in 
different precipitation events in the same site (Tianjin 2 vs Tianjin 3). 
The results are similar to the results in precipitation in northern China 
obtained by Pan et al. (2010). 

3.2. Molecular and spatial distribution of DCRCs 

A homologous series of dicarboxylic acids, ω-oxocarboxylic acids and 
α-dicarbonyls were measured in these snow samples as summarized in 
Table S2. The molecular distributions of these compounds are shown in 
Fig. 2. Large variations in the concentrations of DCRCs were found 
among the 12 snow samples, showing a similar variation trend to DOC. 
Mass concentrations of total dicarboxylic acids (range 225–1970 μg L− 1, 
av. 651 μg L− 1) were much higher than those of total oxoacids 
(28.3–173 μg L− 1, av. 68.1 μg L− 1) and total dicarbonyls (12.6–69.2 μg 
L− 1, av. 31.3 μg L− 1) (Table S2). The spatial distributions of DCRCs 
exhibited higher loadings in megacities than the rural and island regions 
(Fig. 1). 

3.2.1. Total dicarboxylic acids 
As shown in Fig. 3a, the highest level of total dicarboxylic acids was 

found in Tianjin 1 (1970 μg L− 1), followed by Beijing (1190 μg L− 1), 
Xinxiang (853 μg L− 1), Baotou (778 μg L− 1), and Tianjin 3 sample (724 
μg L− 1). The lowest value was observed in Guiyang (225 μg L− 1). Such 
values are similar to those reported in remote marine rain samples 
(35.9–959 μg L− 1, av. 237 μg L− 1) (Sempéré and Kawamura, 1996), and 
are higher than those of snow samples from urban sites such as Tokyo, 
Tajima and Sapporo in Japan (Kawamura et al., 2000), Dome Fuji Sta-
tion at the Antarctica (Matsunaga et al., 1999), and the Arctic region 
(Narukawa et al., 2002), but are lower than the values of cloud water 
(Autumn: 546–3940 μg L− 1, av 1980 μg L− 1; Spring: 497–1230 μg L− 1, 
av. 805 μg L− 1) at Mt. Tai Mo Shan (Zhao et al., 2019a) and Mt. Tai 
(1270–7410 μg L− 1, av.4070 μg L− 1) (Zhao et al., 2019b). 

Similar to atmospheric compartments, including aerosols (Ho et al., 
2007), rainwaters and snow (Kawamura et al., 2000; Sempéré and 
Kawamura, 1996), and cloud water (Zhao et al., 2019a; Zhao et al., 
2019b), C2 was the predominant diacid species in snow samples. Due to 
limited data on DCRCs in snow samples, concentrations relative abun-
dance of DCRCs in other types of precipitation (cloud, rain, and fog 
water) were used for comparison. 

C2 is an end-product of various chemical reactions (e.g., oxidation/ 
decomposition) in the atmosphere (Hu et al., 2021; Kawamura and 
Sakaguchi, 1999), whereas the presence of long chain diacids suggests 
incomplete photochemical degradation of alkenes in the ambient air 
(Barbaro et al., 2017). The concentrations of C2 (95–1030 μg L− 1, av. 
310 μg L− 1) in snow samples are higher than those (12–540 μg L− 1) in 
the wet precipitation samples collected from urban Tokyo, Japan 
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(Sempéré and Kawamura, 1994), and remote marine rain samples 
(13–461 μg L− 1, av. 123 μg L− 1) collected from the Western Pacific 
(Sempéré and Kawamura, 1996), but lower than the value (546–4010 
μg L− 1) in cloud waters over Mt. Tai (Zhao et al., 2019b). The relative 
abundance of C2 in total diacids has been used as an indicator to the 
aging level of organic aerosols (OAs) (Kawamura and Sakaguchi, 1999). 
The values of such a ratio in the snow samples ranged from 40% to 54% 
(av. 47%) (Fig. 4a), which were lower than those in the remote marine 
rainwaters (av. 50%) (Sempéré and Kawamura, 1996), marine aerosols 
(47–70%, av. 58%) (Fu et al., 2013a) and fine particulate matter samples 
(day: 57%, night: 60%) collected at Mt. Tai (Zhu et al., 2018), but much 
higher than those in urban snow (28%) and rain (37%) samples 
(Sempéré and Kawamura, 1994), and Tianjin fine aerosols (38.9 ±
11.0%) (Pavuluri et al., 2020). These comparisons suggested that OAs 
were less oxidized in snowfall, due to the lower temperature and weaker 
solar radiation before the snowfall occurred. 

The second most abundant compound showed significant spatial 
differences. Due to the impact of air mass origins, the molecular pattern 

of diacids was also different in different snowfall processes in the same 
area. In Tianjin 1 and Tianjin 3 samples, phthalic acid (Ph) was found to 
be the second most abundant diacid followed by C4, similar to the order 
in aerosol in Xi’an and Beijing (Ho et al., 2015; Wang et al., 2012), and 
cloud water at Mt. Tai Mo Shan, Hong Kong in spring (Zhao et al., 
2019a). Ph accounted for 11.2% and 9.3% of all measured diacids in 
these two samples, respectively. In Tianjin 2 sample, C4 diacid was the 
second most abundant diacid followed by malonic (C3). During different 
snowfall events in Tianjin, the molecular patterns of diacids were 
different, which indicates that the diacids in the snowfall of Tianjin 
might be derived from mixed sources (Pavuluri et al., 2020). In Beijing 
samples, Ph was also the second most abundant diacid followed by 
terephthalic acid (tPh). Ph and tPh accounted for 18% and 6% of the 
total diacids, respectively (Fig. 4a). These results suggested the 
enhanced contribution of anthropogenic activities such as fossil fuel 
combustion in megacities. 

In Baotou, Xinxiang and Zhengzhou samples, C4 diacid was the 
second most abundant diacid followed by Ph. In terms of Youyu 1, 

Fig. 2. Molecular distributions of dicarboxylic acids and related compounds in the snow samples collected at eight regions of China from December 2018 to 
February 2019. 
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Youyu 2 and Guiyang samples, C4 was the second most abundant diacid 
followed by C3. While in Youyu 3 sample, 2-methylglutaric (iC6) was the 
second most abundant diacid, followed by C4 diacid. In Changdao 
sample, C3 and C4 diacids have similar concentrations following C2, 
suggesting a production of C3 diacid from C4 diacid during long-range 
atmospheric transport. This spatial difference was partly associated 
with the emission intensity of primary sources. It is also affected by the 
origins of the air mass and the secondary formation pathway such as 
photochemical production. 

The concentrations of three short-chain diacids, including C2, C3 and 
C4 diacid, showed similar spatial variations in 12 samples, indicating 
that they were formed/derived from similar emission sources and/or 
secondary processes (Fig. 5). It is worth noting that, except for Changdao 
island sample (C3≥C4), the higher atmospheric level of C4 than C3 was 
found in urban areas (Table S2 and Figs. 2 and 5), which is opposite to 
the results in continental and marine aerosols (Fu et al., 2013a; He et al., 
2014; Kawamura and Bikkina, 2016). This distribution (C4>C3) is 
similar to that in aerosols from Beijing (Zhao et al., 2018), Tianjin 
(Pavuluri et al., 2020) and other Chinese megacities (Ho et al., 2007), 

where fossil fuel combustion and biomass burning were considered as 
the major emission sources of the ambient aerosols. 

Azelaic acid (C9) can be formed via the photooxidation of unsatu-
rated fatty acids (e.g., C18:1) that contains a double bond at the C9 po-
sition, which is emitted from biomass burning, cooking, terrestrial 
plantation, and marine phytoplankton (Kawamura and Bikkina, 2016). 
The concentration of C9 (1.82–29.0 μg L− 1, av. 9.21 μg L− 1) in snow 
were higher than those (1.27–9.65 μg L− 1, av. 3.68 μg L− 1) reported in 
remote marine rain samples (Sempéré and Kawamura, 1996). C9 
accounted for 0.6–3.0% (av. 1.5%) of the total diacids, which was lower 
than the fraction (0.5–8.0%, av. 3%) in remote marine rain samples 
(Sempéré and Kawamura, 1996), indicating that snowfall was less 
affected by natural sources. It is worth noting that the ratio of C9 to total 
diacids was the highest in Tianjin 2 (2.0%) and Changdao (3.0%) sam-
ples. During these two snowfalls, the air masses were mainly delivered 
from the Pacific (Fig. S1), which further proves that C9 is mainly from 
marine biogenic unsaturated fatty acids. 

Molecular patterns of unsaturated aromatic diacids were character-
ized by a predominance of Ph (9.69–244 μg L− 1, av. 95.4 μg L− 1), fol-
lowed by tPh (3.99–75.5 μg L− 1, av. 23.1 μg L− 1) and iPh (1.27–9.28 μg 
L− 1, av.2.43 μg L− 1) acids. Such a pattern is similar to those in Tianjin 
aerosols (Pavuluri et al., 2020). Unsaturated aromatic diacids accounted 
for 7.0–24% (av. 12%) of the total diacids, being similar to the fraction 
in Tianjin aerosols (summer: 12%; winter: 20%) (Pavuluri et al., 2020) 
and in size-resolved aerosols from Xi’an (summer: 12.4%; winter: 
27.5%) (Wang et al., 2012). The values were higher than those reported 
for aerosols from subtropical Okinawa (winter: 3.5%) (Kunwar and 
Kawamura, 2014), PM2.5 at the top of Mt. Tai (day: 5.8%; night: 4.9%) 
(Zhu et al., 2018) and Mt. Fuji (nighttime: 1.4%; whole-day: 3.0%) 
(Kunwar et al., 2019), but lower than the value (20–37%, av. 31%) in 
the fine particles from a Roadway Tunnel site in Hong Kong (Wang et al., 
2006b). Especially in Beijing, Tianjin 1 and Tianjin 3 samples, the ratios 
of unsaturated aromatic diacids to total diacids were greater than 15%, 
which further indicates that these two megacities were mainly affected 
by anthropogenic sources. The concentrations of multifunctional diacids 
(malic, oxomalonic, and 4-oxopimelic) ranged from 3.58 to 36.3 μg L− 1 

(av. 10.9 μg L− 1), accounting for 1.2–3.6% (av. 1.8%) of the total 
diacids. 

As an anthropogenic emission tracer (Kawamura and Yasui, 2005), 
Ph has been broadly detected in ambient aerosols (Zhang et al., 2016), 

Fig. 3. Spatial distributions in concentrations and mass fractions of total di-
acids (a), oxoacids (b), and α-dicarbonyls (c) in DOC in snow samples. 

Fig. 4. Spatial distribution in relative abundances (%) of dicarboxylic acids and related compounds in the snow samples collected at eight regions of China from 
December 2018 to February 2019. 
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and could be the oxidation of PAHs such as naphthalene (Fraser et al., 
2003; Liu et al., 2007) or benz [a]anthracene (Jang and McDow, 1997) 
which emitted from diesel exhaust, coal combustion and biomass 
burning (Schauer et al., 1999). It is worth noting that Ph is the second or 
third most abundant diacid in the six snow samples from Tianjin, Bei-
jing, Baotou, Zhengzhou, and Xinxiang. This pattern of molecular dis-
tribution is similar to that of the urban roadside PM2.5 samples (Ho et al., 
2006a). 

In addition, Ph is found to constitute 3.6–16% (av. 7.5%) of DCRCs, 
accounting for 4.3–18% (av. 8.7%) of total diacids in this study (Fig. 4a). 
Especially in the Beijing sample, Ph and tPh accounted for 18% and 
6.1% of total diacids, respectively. This result is similar to the molecular 
distribution of aerosol diacid in wintertime Beijing (Ho et al., 2015; 
Zhao et al., 2020; Zhao et al., 2018), Xi’an (Cheng et al., 2013), Hong 
Kong (Wang et al., 2006a) and Huangshi (Liu et al., 2019).The pre-
dominance of Ph compared to C3, C4 and C9 diacids in snow samples 
indicates an abundant contribution of anthropogenic precursors such as 
aromatics and plasticizers emitted from vehicle exhausts and coal 
combustion in urban regions, especially in megacities like Beijing and 
Tianjin than those in rural sites. (He et al., 2014; Jung et al., 2010). 

3.2.2. Total oxoacids 
Dicarbonyls and oxoacids are the major intermediates in the oxida-

tion processes of mono-carboxylic acids and can be further photo-
chemically oxidized to form dicarboxylic acids (Carlton et al., 2007; 
Warneck, 2003; Zhao et al., 2018). A series of ω-oxocarboxylic acids and 
pyruvic acid (Pyr) were detected (Fig. 3b). Total oxoacids’ concentra-
tions ranged from 28.3 to 173 μg L− 1 (average 68.1 μg L− 1) in snow 
samples. The highest value was found in Tianjin 1 snow sample followed 
by Beijing (113 μg L− 1), Baotou (86.4 μg L− 1), Tianjin 3 (74.7 μg L− 1), 
and Xinxiang snow samples (73.2 μg L− 1). These concentrations are 
higher than those in remote marine rain samples (3.51–106 μg L− 1, av. 
29.4 μg L− 1) (Sempéré and Kawamura, 1996), but lower than in cloud 
water (Autumn: 9.5–282 μg L− 1, av 272 μg L− 1; Spring: 36–196 μg L− 1, 
av. 102 μg L− 1) at Mt. Tai Mo Shan (Zhao et al., 2019a) and Mt. Tai 

(231–1110 μg L− 1, av. 548 μg L− 1) (Zhao et al., 2019b). Spatial distri-
butions of total oxoacids were observed to be in agreement with dicar-
boxylic acids, suggesting that oxoacids are important precursors of 
dicarboxylic acids. 

The molecular distribution of oxoacids in snow samples (Fig. 4b) is 
also similar to those in aerosols from marine (Yang et al., 2020), 
mountainous (Kawamura et al., 2013), and urban areas (Ho et al., 2007), 
in which glyoxylic acid (ωC2, 15.4–116 μg L− 1) is the most abundant 
oxoacid. The second most abundant oxoacid at urban site was 4-oxobu-
tanoic (ωC4) (4.52–14.3 μg L− 1, av. 9.76 μg L− 1) followed by Pyr 
(BDL–9.84 μg L− 1, av. 4.80 μg L− 1), which is similar to that reported in 
New Delhi (Miyazaki et al., 2009). But at rural and island sites, Pyr 
(2.95–15.0 μg L− 1, av. 7.27 μg L− 1) was the second most abundant 
oxoacid, followed by ωC4 (4.23–6.69 μg L− 1, av. 5.74 μg L− 1). 

On average, ωC2 and Pyr accounted for 70% of total oxoacids, which 
was lower than that in cloud water samples over Mt. Tai (av. 90%) (Zhao 
et al., 2019b). ωC2 acid accounted for 54–73% (av. 62%) of total 
oxoacids in snow samples, followed by ωC4 (8.2–24%, av. 14%), Pyr 
(0–26%, av. 9.3%) and 3-oxopropanoic acid (ωC3) (2.1–11%, av. 7.2%) 
(Fig. 4b). The concentrations of Pyr (BDL–15.0 μg L− 1, av. 5.62 μg L− 1) 
in snow samples are similar to those from wet precipitation samples 
(0.79–16.3 μg L− 1, av. 4.65 μg L− 1) collected from Tokyo (Sempéré and 
Kawamura, 1994), but lower than those in remote marine rain samples 
(0.64–87 μg L− 1, av. 11.9 μg L− 1) (Sempéré and Kawamura, 1996), and 
cloud water (23–95 μg L− 1, av. 48 μg L− 1) over Mt. Tai (Zhao et al., 
2019b). The concentration of total diacids was more than 5 times that of 
oxoacids, especially up to 10 times in big cities like Beijing, Tianjin, 
Zhengzhou, and Xinxiang. 

Oxoacids mainly come from the liquid phase oxidation in cloud, 
while dicarboxylic acids mainly form from the photochemical oxidation 
processes in the atmosphere. Previous studies have shown that higher 
diacid/oxoacid ratios indicate a stronger photochemical oxidative pro-
cesses (Sempéré and Kawamura, 1996). The ratios of total diacids/ox-
oacids in snow samples were greater than 10 in the heavily polluted 
urban samples including Beijing, Tianjin1, Zhengzhou, Xinxiang, while 

Fig. 5. Spatial distribution of selected diacids (a–e), oxoacids (f), α-dicarbonyls (g) and DOC (h) in the snow samples collected at eight regions of China from 
December 2018 to February 2019, respectively. 
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the ratio was lower in the areas less affected by human activities, such as 
rural areas and islands (av. 7.0). The average diacid/oxoacid ratio in 
snow samples (8.9) is higher than that reported in the wet precipitation 
samples (snow/sleet: 3.3–3.7, av. 3.5) from Tokyo (Sempéré and 
Kawamura, 1994), but lower than that in the rain samples (1.2–24, 
av.9.6) over the pristine marine regions (Sempéré and Kawamura, 
1996), and in urban aerosols (summer: av. 24; Winter: av. 17) in China 
(Ho et al., 2007). Higher ratios of total diacids/oxoacids in the heavily 
polluted urban areas indicates that the diacid in snowfall in these areas 
are mainly affected by photochemical oxidation. In the samples of 
Tianjin 2, Guiyang, Youyu 2, Youyu 3 and Changdao, the ratios were 
small, suggesting that the snowfall in these regions was greatly affected 
by liquid phase oxidation in cloud. 

3.2.3. Total α-dicarbonyls 
As the smallest α-dicarbonyls, Gly and MeGly are mainly produced 

via the photooxidation of biogenic VOCs (e.g., isoprene, monoterpenes, 
and sesquiterpenes) (Ervens et al., 2004; Fick et al., 2004; Zimmermann 
and Poppe, 1996) and anthropogenic hydrocarbons (e.g., benzene, 
toluene, acetone and acetylene) (Hu et al., 2021; Volkamer et al., 2001). 
They are important precursors to form organic acids such as ωC2 and Pyr 
with less-volatility via aqueous reactions and generate C2 ultimately 
(Ervens et al., 2004; Kawamura et al., 2013; Lim et al., 2005). Gly is 
formed by the oxidation of toluene, producing C2 (Ervens et al., 2004). 
The important precursor for Gly is acetylene (mostly anthropogenic 
including biomass burning), while that for MeGly is acetone (mostly 
biogenic). 

As shown in Fig. 3c, the total concentrations of α-dicarbonyls varied 
widely (12.6–69.2 μg L− 1, av. 31.3 μg L− 1), which was similar to those 
reported for rain samples in Tokyo (0.57–88.8 μg L− 1, av. 28.1 μg L− 1) 
(Sempéré and Kawamura, 1994), higher than those (0.69–37.8 μg L− 1, 
av. 11.8 μg L− 1) reported in the rain samples over the ocean (Sempéré 
and Kawamura, 1996), but lower than those of cloud waters over Mt. Tai 
(Zhao et al., 2019b). The concentrations of MeGly (9.53–63.2 μg L− 1) in 
snowfall was more abundant than Gly (2.13–13.4 μg L− 1), with a relative 
abundance of 70–93% (av. 85%) and 7.3–30 (av.15%) to total α-dicar-
bonyls, respectively. The molecular distribution of α-dicarbonyls in 
snow samples is similar to that of the pattern in cloud water over Mt. Tai, 
North China Plain (Zhao et al., 2019b), and nocturnal aerosol in Tianjin 
(Pavuluri et al., 2020) and Mt. Tai (Zhu et al., 2018), suggesting that the 
dicarbonyl compounds in snowfall mainly come from liquid phase 
oxidation. 

This molecular distribution of α-dicarbonyls possibly resulted from 
lower volatility and lower oxidation rate of MeGly with OH radicals in 
the particle phase than those of Gly (Cheng et al., 2013). Gly mainly 
exists in the gas phase in the ambient air, so MeGly in the aerosol phase 
in the atmosphere is easier to be scavenge by snowfall. The higher 
concentrations of Gly and MeGly in snowfall indicate that high humidity 
and low ambient temperature in winter favor for the transformation of 
gaseous species into the particle phase, which can be effectively 
removed in the snowfall process. 

3.3. Contributions of DCRCs to snow DOC 

One of the most important uncertainties regarding the role of organic 
acids in atmospheric waters is their contribution to the carbon budget of 
the troposphere. Relative contributions (%) of dicarboxylic acids, 
oxoacids, and α-dicarbonyls to snow DOC were calculated (Fig. 3). The 
total measured organics in this study accounted for 5.5–10% (av. 7.4%, 
Table S3) of snow DOC. 

Previous studies have shown that the higher ratios of diacids-C/DOC 
are attributed to the stronger photochemical aging of organics in the 
atmosphere (Kawamura and Sakaguchi, 1999). In this study, the highest 
value of diacids-C/DOC was found in Guiyang (8.5%) followed by Youyu 
3 (7.1%), Beijing (7.0%), Zhengzhou (6.8%), Xinxiang (6.7%) and 
Tianjin 3 (6.4%) (Table S3). Diacids-C contributes 4.6–8.5% of snow 

DOC with an average of 6.2% (Talbe S3), which were similar to that in 
cloud waters (4.8–7.5%, av. 5.9%) collected at Mt. Tai (Zhao et al., 
2019b) and that in aerosols water-soluble organic carbon (WSOC) at 
Tianjin (3.1–9.9%, av. 5.5%) (Pavuluri et al., 2020), but were lower than 
the values of diacid-C/DOC reported for aerosols from Mt. Fuji (9.1%) 
(Kunwar et al., 2019), summertime aerosols (11%) at Mount Hua (Meng 
et al., 2014), the California Coast (14.5–22.9%) and the Atlantic Ocean 
(14.5–16.5%) (Fu et al., 2013a), where long-range transport and pho-
tooxidation/aerosol aging occurs. It indicates that the aging degree of 
diacid in fresh snow in urban area is not strong. However, the ratios of 
diacids-C/DOC in fresh snow were higher than those in urban aerosols 
(av. 4.9%) in China (Ho et al., 2007), Ulaanbaatar, Mongolia (2.1%) 
(Jung et al., 2010), Sapporo (4.8%), Japan (Aggarwal and Kawamura, 
2008), New Delhi (1.0%), India (Miyazaki et al., 2009), remote marine 
rainwaters (1.0–5.0%, av. 3.0%) (Sempéré and Kawamura, 1996), rain 
(0.3–2.2% av. 1.0%) and snow (0.04–0.1%) samples from Tokyo 
(Sempéré and Kawamura, 1994). This suggesting that aqueous-phase 
chemistry is important for the formation of water-soluble organic 
aerosols in the free troposphere (Kunwar et al., 2019).The average 
diacids-C/DOC ratio (5.3%) in Tianjin samples was similar with aerosol 
studies (5.5%), suggesting that dicarboxylic acids in snow mainly come 
from the below cloud scavenging of aerosols. Meanwhile, (C2–C4)– 
C/DOC (range: 2.4–4.8%, av. 3.2%) and (C2–C12)–C/DOC (range: 
3.1–6.0%, av. 4.0%) ratios showed similar spatial variation trends. 

The average ratio of (C2–C12)–C/DOC is lower than that in Mt. Tai 
cloud water (4.5%) (Zhao et al., 2019b) and Mt. Hua aerosols (9.5%) 
(Meng et al., 2014), but is larger than that in urban aerosols in Ulaan-
baatar (0.7%) that were strongly influenced by anthropogenic sources 
(e.g., heat and power plants, home stoves, and motor vehicles) (Jung 
et al., 2010), which indicate that dicarboxylic acids in snow samples, to 
a certain extent, are photochemically aged. 

Total oxoacids-C accounted for 0.45–1.40% (av. 0.73%, Table S3) of 
DOC which was comparable to the summertime ratio (0.7%) at Jeju 
Island, Korea owing to enhanced photochemical degradation of oxoacids 
to the formation of diacids (Kundu et al., 2010b), slightly lower than 
that (0.81%) in cloud water over Mt. Tai (Zhao et al., 2019b), but higher 
than the ratios reported in remote marine rainwater (0.2–0.6%, av. 
0.4%) (Sempéré and Kawamura, 1996) and Tokyo rainwater 
(0.06–0.6%, av. 0.3%) (Sempéré and Kawamura, 1994). According to 
their possible source and transformation process of oxoacids discussed 
above, the ratio of oxoacids-C/DOC indicates that higher humidity and 
lower temperature in winter snowfall days result from the oxidation 
formation of oxoacids in the liquid phase to overwhelm the degradation. 

The values of total α-dicarbonyls-C/DOC ranged from 0.12% to 
0.88% (av. 0.46%, Table S3), showing a similar trend to those of 
oxoacids-C/DOC (Fig. 3b). The contributions of total α-dicarbonyls to 
DOC in the snow samples are higher than those found for the cloud water 
of Mt. Tai (0.15–0.42%, av. 0.3%) (Zhao et al., 2019b), Tokyo 
(0.02–0.39%, av. 0.21%) (Sempéré and Kawamura, 1994) and marine 
rain (0.1–0.7%, av. 0.4%) (Sempéré and Kawamura, 1996), urban 
aerosol (0.1%) in Ulaanbaatar (Jung et al., 2010), and Mt. Hua aerosol 
samples (0.27%) (Meng et al., 2014). This result indicated the important 
role of liquid phase and heterogeneous oxidation processes in the for-
mation of DCRCs in snowfall. 

3.4. Source identification of the compounds 

The mass ratios of selected compounds provide important informa-
tion on the sources and potential formation pathway of organics in the 
ambient air. To identify the sources and estimate the emission strength 
of anthropogenic activities, the mass concentration ratios of C3/C4, M/F, 
C6/C9, Ph/C9, and Ph/Tot diacids (Fig. 6) are compared with those from 
other studies in wet deposition. As limited data of the diacids are 
available in snow samples, we also compared diacids in atmospheric 
aerosols (Fig. S2). 
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3.4.1. C3/C4 ratio 
Because C4 serves the precursor of C3 (Kawamura et al., 1996a), the 

C3/C4 ratio is used to evaluate the extent of photochemical aging of OAs 
(Kawamura and Ikushima, 1993); that is, the increase in the C3/C4 ratio, 
the increase in photochemical aging (Aggarwal and Kawamura, 2008). 
In addition, this ratio is used to estimate the relative contribution of 
primary sources and secondary formation to organic aerosols. Previous 
studies have shown that C3/C4 ratios were higher in daytime aerosols 
(0.81) than nighttime (0.59) (Kundu et al., 2010a), in summertime 
(0.86) than wintertime aerosols (0.61) (Ho et al., 2007), and in marine 
(0.9–5.8, av. 2.3) (Fu et al., 2013b) than urban aerosols in New Delhi, 
India (0.62) (Miyazaki et al., 2009), Beijing (0.59) (Zhao et al., 2018) 
and Xi’an (clean day:0.59, haze day:0.80) (Cheng et al., 2013). 

As shown in Fig. 6a, the mass concentration ratios of C3/C4 in the 
snow samples ranged from 0.40 to 1.0 (av. 0.69), being higher than 
those for vehicular aerosols (0.25–0.44, av. 0.35) (Kawamura and 
Kaplan, 1987), food cooking fumes (0.07–0.25), and pinewood smoke 
(0.07–0.27) (Wu et al., 2015). In addition, the C3/C4 ratio was similar to 
those of snow samples in Tokyo (0.44–0.80, av. 0.60), Tajima 
(0.50–0.88, av. 0.72), Sapporo (0.58–1.0, av. 0.75) (Kawamura et al., 

2000), the Arctic (0.49) (Narukawa et al., 2002), and the Antarctic 
(0.72) (Matsunaga et al., 1999), but lower than the values in remote 
marine rain and photochemically aged marine aerosols (0.92–3.7, av. 
2.0) (Bikkina et al., 2015; Deshmukh et al., 2016; Fu et al., 2013a; 
Kawamura et al., 2017; Sempéré and Kawamura, 1996) (Fig. 6a and 
Fig. S2a). Such results indicate that the pollutants removed by snowfall 
had a certain degree of photochemical aging, but the degree of aging was 
lower at lower temperature in winter. Rather lower C3/C4 values were 
observed in urban snow samples, including Beijing, Tianjin, Xinxiang, 
Zhengzhou, and Guiyang, compared to those collected from the rural 
(Youyu) and island (Changdao) sites, suggesting that the urban sites 
were greatly affected by the primary emissions. 

The lowest C3/C4 ratio was found in Xinxiang (0.40), followed by 
Guiyang (0.48), Zhengzhou (0.53) and Tianjin 3 (0.57). According to the 
sampling records, precipitation events occurred before the snowfall 
events in Guiyang and Tianjin 3, resulting in the removal of aged 
aerosols in the environment by precipitation. Therefore, pollutants in 
these two snowfall samples were relatively fresh and greatly affected by 
the primary source, such as the major contributions from local vehicular 
exhaust. The higher C3/C4 ratios in Changdao (1.0), Youyu 3 (0.99) and 

Fig. 6. Mass ratios of (a) C3/C4, (b) M/F, (c) C6/C9, (d) Ph/C9 and (e) Ph/Total diacids from this study compared with those in snow (Kawamura et al., 2000; 
Matsunaga et al., 1999; Narukawa et al., 2002; Sempéré and Kawamura, 1994), rain (Sempéré and Kawamura, 1994, 1996), and cloud water (Zhao et al., 2019a; 
Zhao et al., 2019b) samples in previous studies. 
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Youyu 1 (0.89) samples may be caused by photochemical oxidation of C3 
from C4 during a long-range transport. The lower C3/C4 ratios in Xin-
xiang (0.40), Tianjin 3 (0.57) and Beijing (0.62) samples were associated 
with the significant emissions from motor vehicles. 

3.4.2. M/F ratio 
The cis maleic acid (abbr. M) can be transformed to trans fumaric 

acid (F) during the photochemical aging (Kawamura et al., 2003), so the 
ratio of M/F could be used as a tracer of photo-induced cis-to-trans 
transformation. M/F ratios in the snow DOC ranged from 0.80 to 11.7 
(av. 2.7) (see Fig. 6b). The highest M/F ratio was found in Beijing snow 
(11.7), being close to the values in Tokyo snow (8.8 and 11.5) and rain 
(12.1 and 10.4) samples (Kawamura et al., 2000; Sempéré and Kawa-
mura, 1994). The M/F ratios in Beijing snow samples were comparable 
to those of aerosol in Chengdu (6.3) (Li et al., 2015) and Hong Kong 
(6.0) (Ho et al., 2006b). The M/F ratios of all the snow samples are 
higher than those reported in the North Atlantic Ocean (0.47) (Fu et al., 
2013a), Western North Atlantic (0.46) (Kawamura et al., 2017) and 
California Coast (0.26) (Fu et al., 2013a) aerosols. 

Except for the Beijing sample, the M/F ratios of all snowfall samples 
in this study are less than 4. Higher values of M/F were observed in 
urban regions, including Beijing, Tianjin, Baotou and Zhengzhou, 
compared to those collected from rural (Youyu) and island (Changdao) 
regions. The lower C3/C4 and higher M/F ratios in urban snow samples 
indicate that the photochemical modification was restrained under the 
weaker solar radiation during the snow events, while the higher C3/C4 
and lower M/F ratios in rural and island sites may be attributable to the 
enhanced secondary oxidation which is conducive to the conversion of 
C4 to C3 and photo-isomerization of M to F during atmospheric long- 
range transport. 

3.4.3. C6/C9 ratio 
Because adipic acid (C6) is mainly produced by the photooxidation of 

anthropogenic cyclohexene, the mass ratio of C6 to C9 is proposed to 
trace the contribution of biogenic versus anthropogenic sources to di-
acids (Kawamura et al., 2013). The ratios of C6/C9 in this study ranged 
from 0.50 to 1.15 (av. 0.72) (Fig. 6c). Except for Youyu 3 sample, the 
C6/C9 ratios in urban snowfall are slightly higher than those from rural 
and island areas, although the difference is not distinct. This indicates 
that snowfall in urban areas is more influenced by anthropogenic 
sources than in rural and island areas. 

3.4.4. Ph/C9 ratio 
The ratios of Ph/C9 and Ph/Tot diacids are used to evaluate the 

source strength of biogenic versus anthropogenic source for DCRCs 
(Kawamura and Yasui, 2005). Ph/C9 ratios ranged from 2.3 to 18.0 (av. 
6.7) as shown in Fig. 6d. The highest Ph/C9 ratio was found in Beijing 
(18.0), followed by Tianjin 1 (8.4), Youyu 3 (8.2), and Xinxiang (8.0), 
which are comparable to those of aerosol samples in megacities such as 
Guangzhou (av. in summer: 14.6) (Ho et al., 2011), Xi’an (av. in winter: 
13.1) (Cheng et al., 2013), and Hong Kong (av. in summer: 9.8) (Ho 
et al., 2006a) (Fig. S2), but higher than the values of snow samples in 
Sapporo (av. 3.3) (Kawamura et al., 2000) and Arctic (av. 5.6) (Nar-
ukawa et al., 2002), rain samples in Tokyo (0.65–14.5, av. 6.5), and 
cloud waters at Mt. Tai (2.3) (Zhao et al., 2019b). 

The lower Ph/C9 ratios in Changdao (2.4) and Tianjin 2 (3.2) snow 
samples were related to the influence of ocean air mass. The lowest Ph/ 
C9 ratio of Guiyang (2.3) was consistent with the lowest total diacids 
(225 μg L− 1), indicating that wet precipitation such as snow and rain can 
efficiently remove organic compounds from the atmosphere. The spatial 
distributions of Ph/total diacids (Fig. 6e) showed the same trend as Ph/ 
C9 (Fig. 6d). 

The mass concentration ratios of selected dicarboxylic acids suggest 
that during the cold winter, the photochemical activities are less sig-
nificant compared to primary emission sources in urban areas. But in 
rural and remote island regions, the secondary oxidation processes to 

the contribution to atmospheric organics enhance during long-range 
atmospheric transport. Higher ratio of Ph/C9 in urban areas, demon-
strating that urban areas in the NCP were heavily influenced by 
anthropogenic sources such as intense industrial emissions, coal burning 
for house heating and motor vehicle exhaust. 

4. Conclusions 

Molecular compositions and distributions of DCRCs were investi-
gated in the snow samples collected at eight Chinese sites during the 
winter of 2018–2019 to understand their spatial variations and potential 
sources. The dicarboxylic acids, oxocarboxylic acids, and α-dicarbonyls 
were found as the important chemical species (av. 4.2 mg C L− 1), ac-
counting for 5.5–10% (av. 7.4%) of snow DOC. Oxalic acid was detected 
to be the most abundant, followed by Ph or C4 in the snow samples. 
Longer chain diacids are generally less abundant. The spatial distribu-
tion of oxoacids was consistent with that of dicarboxylic acids. Higher 
diacid/oxoacid ratios in snow sample in megacities than rural regions 
indicate that the diacids in snowfall mainly come from the below-cloud 
aerosol scavenging of local pollutants during snow scavenging, which 
are also affected by photochemical oxidation in the atmosphere. In 
addition, high relative abundances of oxoacids and α-dicarbonyls in 
snow samples compared to those of atmospheric aerosols indicate the 
importance of liquid phase oxidation and heterogeneous oxidation for 
the formation of DCRCs in snowfall. High abundance of Ph in urban 
snow indicates an important anthropogenic source of incomplete com-
bustion of fossil fuels including vehicular exhaust, especially in mega-
cities like Beijing and Tianjin. 
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Sempéré, R., Kawamura, K., 2003. Trans-hemispheric contribution of C2-C10 α, 
ω-dicarboxylic acids, and related polar compounds to water-soluble organic carbon 
in the western Pacific aerosols in relation to photochemical oxidation reactions. 
Global Biogeochem. Cycles 17, 1069. 
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