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A B S T R A C T

Summertime bulk and size-segregated cloud water samples were collected in 2014 at the summit of Mount Tai
(Mt. Tai, 1534 m a.s.l.) in the North China Plain to investigate the concentrations, size distributions and stable
carbon isotopic compositions (δ13C) of dicarboxylic acids, oxoacids and α-dicarbonyls as well as fluorescence
properties of dissolved organic carbon (DOC). Positive correlations were observed for Peaks A (terrestrial humic-
like), M (marine humic-like) and T (protein-like) with diacids and related compounds (r2 ≥ 0.43), except for
Peak M and α-dicarbonyls, illustrating that fluorescent components and dicarboxylic acids were derived from
common biological origins and biomass burning. Oxalic acid (C2, 2080 μg L−1) was the dominant diacid in this
study, followed by succinic (C4, 640 μg L−1) and glyoxylic (ωC2, 448 μg L−1) acids. Compared to organic
precursors, the relatively negative δ13C values of C2 (−18.8‰), glyoxylic acid (ωC2, –16.6‰), pyruvic acid
(Pyr, −21.5‰) and methylglyoxal (MeGly, −19.6‰) supported that C2, Pyr, ωC2 and MeGly were formed via
the oxidation of 13C-enriched organic precursors in aqueous phase. Furthermore, the larger size (22 μm) of cloud
droplet was associated with more abundant organic compounds in general, which might be caused by scaven-
ging ability and condensation of aerosol particles on the larger surface of large droplets. Our study suggested that
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high loadings of diacids and related compounds in cloud water over Mt. Tai were involved with emissions from
anthropogenic and biological sources, followed by photochemical formation during the long-range atmospheric
transport.

1. Introduction

Low molecular weight (LMW) dicarboxylic acids (C2 − C12), ox-
ocarboxylic acids (ωC2 – ωC9, pyruvic acids) and α-dicarbonyls (C2 −
C3) are widely present in urban (Agarwal et al., 2010; Zhang et al.,
2015), mountainous (Kawamura et al., 2013b; Sullivan et al., 2015) and
marine (Fu et al., 2013; Mochida et al., 2007) aerosols. Except for at-
mospheric particles, high concentrations of diacids and related com-
pounds are also found in rain (Kawamura et al., 1996), snow
(Narukawa et al., 2002; Sempére and Kawamura, 2015), ice cores
(Kawamura et al., 2001) and lakes (Bertilsson and Tranvik, 2000;
Brinkmann et al., 2003) as well as seawaters (J. V. Goldstone et al.,
2002; Tedetti et al., 2007). LMW dicarboxylic acids are either derived
from marine phytoplankton emissions (Kawamura and Gagosian, 1987;
Rinaldi et al., 2011), meal cooking (Schauer et al., 1999; Zhao et al.,
2007), vehicular exhaust (Kawamura and Kaplan, 1987; Kawamura
et al., 2000), biomass burning (Destevou et al., 1998; Kawamura et al.,
2013b) and fossil fuel combustion (Kawamura and Kaplan, 1987;
Kawamura et al., 2000; Rogge et al., 1993), or widely formed via the
photooxidation of organic precursors in the atmosphere. Chamber
studies and field measurements found that the aqueous uptake of vo-
latile organic compounds (VOCs) can be oxidized to produce small
diacids in cloud (Bilde et al., 2015; Dall'Osto et al., 2009; Ervens and
Volkamer, 2010; Lim et al., 2010; Tan et al., 2010).
Stable carbon isotope ratios of dicarboxylic acids, oxoacids and α-

dicarbonyls are useful to estimate the contribution of sources and
photochemical oxidation in field studies (Rudolph et al., 2003; Saito
et al., 2002). Meanwhile, the compounds-specific stable carbon isotope
analysis has been employed in various organic matters, like fatty acids,
n-alkanes, polycyclic aromatic hydrocarbons, to investigate the emis-
sion sources in urban and marine areas (Bendle et al., 2006, 2007; Fang
et al., 2002; Matsumoto et al., 2007; Norman et al., 1999; Simoneit,
1997). The biomarkers are less active to oxidants than volatile com-
pounds in the atmosphere, and they are directly emitted from biological
and anthropogenic sources to a great extent (Fang et al., 2002).
Therefore, the stable carbon isotopic compositions (δ13C) of these
biomarkers are representative for source identification of organic
compounds, but not suitable for gaining insight into photochemical
aging. Photochemical processing, like aqueous reactions, can largely
influence the relative abundance of diacids and related compounds in
organic aerosols (Boris et al., 2014; McNeill, 2015). Previous studies
found that the shorter chain dicarboxylic acids are more enriched in 13C
than longer chain diacids in photochemical processing (Ballentine et al.,
1998; Irei et al., 2006; Rudolph et al., 2003; Zhang et al., 2016).
The North China Plain (NCP) is a large flat terrain associated with

significant industrial emissions and agricultural sources, where the
most abundant concentrations of SO2 (3102 Gg/year) and NOx (1759
Gg/year) are reported in China (Zhang et al., 2009). Because of the
isolated peak situated in the middle plain, Mt. Tai is favorable for in-
vestigating the influences of anthropogenic emissions, photooxidation
and long-range transport of chemical species in aerosol (Desyaterik
et al., 2013a; Kanaya et al., 2013), rain (Li et al., 2011b) and cloud (Guo
et al., 2012; Li et al., 2011a; Wei et al., 2017) on a regional scale. For
example, Guo et al. (2012) demonstrated an enhanced contribution of
HNO3 to cloud acidification over Mt. Tai owing to significant NOx
emitted from surrounding industrialized areas. Desyaterik et al.
(2013b) discovered that cloud water influenced by agricultural burning
was responsible for high concentrations of brown carbon at Mt. Tai in
summer. Li et al. (2017) found that water-soluble materials are largely
scavenged by cloud water, and the dilution effect of cloud water needs

to be taken into consideration to estimate contents of water-soluble
compounds in cloud at Mt. Tai. Owing to limitation of instruments and
difficulty in analysis at a molecular level, previous studies mostly fo-
cused on the pH, cloud droplet-size properties and soluble ions in cloud
water.
The fluorescence technique is useful to study the sources and optical

characteristics of dissolved organic matter (DOM) in aquatic environ-
ments (Birdwell and Engel, 2010; Mcknight et al., 2001). Excitation-
emission matrix (EEM) spectroscopy has been employed to discriminate
chromophoric DOM sources on the basis of the relative abundances of
different fluorophores, such as protein-like fluorescence (Jaenicke,
2005; Stolpe et al., 2014), terrestrial and marine humic-like fluores-
cence (Bianco et al., 2014; Coble, 2007). Humic like substances (HULIS)
are ubiquitous components in the atmosphere (Graber and Rudich,
2006). Bianco et al. (2018) reported that lignins/CRAM-like, aliphatic/
proteins-like, and lipids-like compounds are the most abundant classes
in cloud waters. Owing to the high hygroscopicity, both HULIS and
dicarboxylic acids and related compounds are critical to increase the
ability of aerosols to be cloud condensation nuclei (CCN) (Andreae and
Rosenfeld, 2008; Graber and Rudich, 2006; Hennigan et al., 2012;
Kreidenweis et al., 2011). This can further change the life time of cloud
and global radiative balance by altering the physical and chemical
properties of cloud droplets (Alizadeh-Choobari and Gharaylou, 2017;
Collett et al., 2008; Miles et al., 2000; Moore et al., 2004).
Fluorescent particles contain not only biogenic primary particles

including bacteria, fungal spores, plant debris and biopolymers
(O'Connor et al., 2011; Pan, 2015), but also non-biogenic particles such
as secondary organic compounds via the photooxidation of biogenic
VOCs (e.g., isoprene and monoterpenes) (Lee et al., 2013). Dicarboxylic
acids are important products oxidized by organic compounds like fatty
acids and VOCs from terrestrial higher plant emissions and biomass
burning (Kawamura and Bikkina, 2016). Additionally, biomass burning
is a critical source for HULIS (Hoffer et al., 2005). Although biomass
burning is considered as anthropogenic source, the emitted compounds
are mainly from biogenic origin. Wei et al. (2017) demonstrated that
biological particles are enriched with bacteria and other biopolymers in
cloud waters over Mt. Tai. Mountain cloud is viewed as a photo-
chemical reactor affected by local higher plant emissions and regional
pollutants (Alizadeh-Choobari and Gharaylou, 2017; Anastasio et al.,
1997; Haan et al., 2009; Herckes et al., 2013; Munger et al., 1995). For
example, the aqueous reactions in low cloud can significantly modify
aerosol composition and contribute to the formation of oxygenated and
nitrogen-containing organic compounds in atmospheric particles (Kim
et al., 2018). However, little information is available about the fluor-
escence properties of dissolved organic carbon (DOC) and molecular
characteristics of dicarboxylic acids in Mt. Tai cloud waters.
In this study, the concentration levels and stable carbon isotopic

compositions of LMW diacids and related compounds, and fluorescence
properties of DOC in cloud waters were described for the first time. We
then compare the values in cloud waters at Mt. Tai with those in re-
presentative regions of the world to explore the sources, photochemical
processing and long-range transport of organic acids. The effect of air-
mass source regions on the chemical compositions of cloud water is also
discussed. Furthermore, this study applied a three-stage Caltech Active
Strand Cloud-water Collector (CASCC) to investigate the optical and
chemical compositions of size-segregated cloud water over the North
China Plain.
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2. Experiments and methods

2.1. Sampling

Eight cloud-water samples were collected at the summit of Mount
Tai (36.251°N, 117.101°E, 1534 m a.s.l.) using a single-stage Caltech
Active Strand Cloud-water Collector (CASCC, n = 6) and a three-stage
CASCC (n = 2) during 13 – 23 August 2014. Mt. Tai is located in
Shandong Province, the North China Plain (30°N – 40°N, 110°E −
130°E). The planetary boundary layer was lower than the summit of Mt.
Tai at night (Kawamura et al., 2013b), so most cloud waters were
sampled in free troposphere and more affected by terrestrial higher
plant emissions. The cloud droplets were drawn by a fan with a flow
rate of 24.5 m3 min−1. The theoretical 50% collection efficiency cut-off
size of the cloud droplets is at 3.5 μm.
The three-stage CASCC is a size-fractionating cloud water collector

for droplet diameters from approximately 22 μm (stage one), 16 μm
(stage two) and 4 μm (stage three) droplet diameter at a volume flow
rate of 19 m3 min−1 associated with theoretical 50% size cuts (Raja
et al., 2008). Similarly, cloud droplets are drawn by a fan via a duct and
are collected relying on impact. As droplet size increases, their inertia
reduces the ability to follow the gas stream line. Obstacles of a specific
size can be used to capture cloud water with certain droplet diameter.
The working principles of two types of CASCC were described by
Demoz et al. (1996) in detail.
Cloud water samples were collected into pre-cleaned high-density

polyethylene bottles. After collection, a 20 mL aliquot of each sample
was immediately added 0.5% (v/v) CHCl3 to avoid microbial activities,
and then stored at −20 °C to prevent evaporation of semi-volatile
components.

2.2. Laboratory analysis

LMW dicarboxylic acids, oxoacids and α-dicarbonyls in Mt. Tai
cloud waters were measured as described elsewhere (Kawamura and
Ikushima, 1993; Kawamura and Kaplan, 1987). Briefly, the water
samples were concentrated to dryness and then reacted with BF3/n-
butanol (10% − 20%). Next, the derivatives were extracted with n-
hexane and determined using a capillary gas chromatography (GC) with
flame ionization detector (FID). Concentrations of diacids and related
compounds in cloud samples were all corrected for the field blanks. The
recoveries of water-soluble organic acids in this study were better than
85%.

2.3. Compound-specific stable C isotope ratios of organic acids

The stable carbon isotopic compositions (δ13C) of diacids and re-
lated compounds relative to Pee Dee belemnite (PDB) were measured
using the technique set up by Kawamura et al. (2004). Briefly, δ13C
values of the derivatized species, determined using a Thermo Trace GC
Ultra coupled with a gas isotope ratio mass spectrometer (MAT 253,
Thermo) via a combustion furnace maintained at a temperature of
1000 °C, were then calculated for dicarboxylic acids on the basis of the
isotopic mass balance equation. Duplicate analysis was applied to en-
sure that the analytical difference in δ13C values of compounds were
below 0.4‰.

2.4. DOC and inorganic ions

Five mL cloud water samples were passed through syringe-driven
filters (25 mm, 0.45 μm, PTFE, SCAA-213, Anpel Inc., Shanghai) into
the 20 mL pre-heated glass screw vials. Then 5 mL Milli-Q water was
added into each vial. Finally, the diluted solution was analyzed using a
Shimadzu TOC-V CPH total carbon analyzer (Aggarwal and Kawamura,
2008). Owing to the contribution of CHCl3 to dissolved carbon in cloud
waters, the field blank of Milli-Q water with 0.5% (v/v) CHCl3 was

measured for twice to ensure analytical error< 0.2 μg L−1. Con-
centrations of DOC in each cloud water were corrected for the value of
field blank (0.69 μg L−1).
Concentrations of cations (NH+, Na+, K+, Ca2+ and Mg2+) and

anions (Cl−, NO3− and SO42−) in cloud waters were determined by ion
chromatography (Dionex, ICS-90).

2.5. Fluorescence properties

Detailed fluorescence analytical procedures were reported in pre-
vious studies (Yamashita et al., 2008; Yamashita and Tanoue, 2008).
Three mL cloud water samples were passed through syringe-driven
filters (25 mm, 0.45 μm, PTFE, SCAA-213, Anpel Inc., Shanghai) into
cuvette. A fluorometer (Fluoromax-4, Horiba) and a UV–Vis spectro-
photometer (U3900H, Hitachi) were applied to measure the excitation-
emission matrix (EEM) fluorescence and absorbance of cloud DOC,
respectively. The EEM of Milli-Q water with 0.5% (v/v) CHCl3 was
subtracted from each sample. Fluorescence indices were calculated
from excitation/emission pairs for the humification index (HIX, a ratio
of the integrated fluorescence intensity in the range of 436 – 480 nm
and 300 – 344 nm both excited at 255 nm), biological index (BIX, a
ratio of emission intensities of 380 nm – 430 nm both excited at 310
nm) and fluorescence index (FI, a ratio of Ex/Em = 370/470 nm to Ex/
Em = 370/520 nm) (Birdwell and Engel, 2010).

2.6. Air mass backward trajectories

Three-day air mass backward trajectories with fire spots were con-
ducted for each cloud sample at 1500 m a.s.l. by using a Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT4) model (Rolph
et al., 2017). Fire spots datasets were downloaded from the MODIS
website (https://earthdata.nasa.gov/earth-observation-data/near-real-
time/firms). Each backward trajectory was drawn every hour.

3. Results and discussion

3.1. Chemical properties of cloud water

3.1.1. Concentrations of DOC
Sample information is listed in Table S1. DOC concentrations

showed a maximum (34 mg L−1) in the sample No. 22 and a minimum
(9.4 mg L−1) in sample No. 17. The mean concentration of DOC (23 mg
L−1) in cloud waters at Mt. Tai was higher than the winter value (14 mg
L−1) at a hill-top site in southern Scotland (Hadi et al., 1995), and that
(6.0 mg L−1) at Mount Rax, Austria (Löflund et al., 2002) and that (3.6
mg L−1) at Puy de Dôme, France (Marinoni et al., 2004). These com-
parisons suggested that the larger DOC values in Mt. Tai clouds may be
attributed to stronger anthropogenic emissions from regional industrial
areas in the North China Plain.
Total diacids showed the same variation trend as DOC (Fig. S2).

Mass concentrations of total diacids (av. 4070 μg L−1) were sig-
nificantly higher than those of oxoacids (av. 548 μg L−1) and α-di-
carbonyls (av. 145 μg L−1) in cloud waters over Mt. Tai. Variation of
total concentrations of oxoacids showed a giant peak (1106 μg L−1) in
sample No. 22 (Fig. S2c), which was collected under solar radiation in
the morning. However, the variation of total α-dicarbonyls was little
different from that of total oxoacids (Fig. S2d). These results implied
that oxoacids may be largely influenced by the photo-induced oxidation
of anthropogenic precursors upon long-range transport in air, whereas
α-dicarbonyls may be affected by local higher plant emissions.

3.1.2. Molecular distribution
Oxalic acid (C2, 546 – 4010 μg L−1) was detected as the dominant

diacid in cloud waters, followed by succinic acid (C4, 172 – 1210 μg
L−1) and malonic acids (C3, 87 – 600 μg L−1) (Table 1). C2 to C4 diacids
account for> 61% of total diacids. Additionally, glutaric (C5, 31 – 200
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μg L−1), adipic (C6, 22 – 81 μg L−1) and azelaic (C9, 31 – 196 μg L−1)
acids also showed high concentrations in cloud samples (Fig. 1). C5 and
C6 are the main oxidation products of anthropogenic cyclic olefins
(Hamilton et al., 2006) and intermediates of relatively long-chain dia-
cids for the production of lower carbon-number diacids (C2 − C4)
(Kawamura et al., 2010). C9 is largely produced by the photochemical
processing of unsaturated fatty acids (e.g., C18:1) from biomass burning,
plant tissue emissions and phytoplankton activities (Kawamura and
Gagosian, 1987). The C2-C/DOC ratio is useful for evaluating the level
of photochemical aging of organic aerosols due to C2 being the smallest
diacid formed via secondary oxidation of higher carbon-number diacids
and related precursors. As shown in Fig. S3, the ratios of C2-C/DOC
correlated well with concentrations of C2 − C4 (r2 = 0.92), C5 (r2 =
0.86), C6 (r2 = 0.71) and C9 (r2 = 0.61) in cloud waters, indicating that
the concentrations of diacids increased with the enhanced aging of
organic matter. Meanwhile, the relative abundance of short-chain dia-
cids in saturated straight diacids (C2 − C4/C2 − C12) showed nega-
tively strong relationship with C9/C2 − C12 (r2 = 0.77) (Fig. S4),
implying that the photodegradation of longer-chain diacids might form
low-carbon number diacids (Matsunaga et al., 1999; Yang et al., 2008).

The molecular distribution of oxoacids was characterized by the
predominance of glyoxylic acid (ωC2, 168 – 990 μg L−1), followed by
pyruvic acid (Pyr, 23 – 95 μg L−1). ωC2 and Pyr are major intermediates
oxidized by α-dicarbonyls, including glyoxal (Gly) and methylglyoxal
(MeGly), in heterogeneous aqueous phase for C2 (Carlton et al., 2009;
Lim et al., 2005). MeGly (32 – 205 μg L−1) was more abundant than Gly
(11 – 41 μg L−1). Both are semi-volatile gaseous organic precursors
formed via the secondary production of isoprene (Zimmermann and
Poppe, 1996), monoterpenes (Fick et al., 2004) and other biogenic
VOCs (Ervens et al., 2004), as well as anthropogenic aromatic hydro-
carbons (e.g., benzene and toluene) (Volkamer et al., 2001). Strong
correlation (r2 = 0.86) was only existed between Pyr and C2-C/DOC
ratio (Fig. S3e), which implied that photochemical formation was an
important contributor to Pyr. The linear-regression analyses of ωC2 and
α-dicarbonyls with C2–C/DOC ratio failed to pass correlation test (Figs.
S3f–h), implying that these compounds in cloud water had multiple
sources including primary emissions. For example, Pyr, ωC2 and α-di-
carbonyls are abundantly emitted by biomass burning in the NCP
(Kawamura et al., 2013a) and are produced by photooxidation of bio-
genic VOCs from terrestrial higher plants (Fu et al., 2008).
To understand the contribution of ωC2, Pyr and α-dicarbonyls via

aqueous oxidation pathways to the formation of C2 in cloud waters, we
examined their correlations with C2-C/DOC and ratios of C2/ωC2, C2/
Pyr, C2/Gly and C2/MeGly. Positive linear coefficients were obtained
for C2 with ωC2 (r2 = 0.52), Pyr (r2 = 0.77), Gly (r2 = 0.71) and
MeGly (r2 = 0.74) (Figs. S5a − d), indicating that oxalic acid and its
precursors were emitted from common sources or similar secondary
processing. However, except for C2/Gly, no linear relationship was
observed for C2-C/DOC with C2/ωC2, C2/Pyr and C2/MeGly, which
suggested that the aqueous oxidation of Gly to form C2 was more ef-
fective than other three compounds cloud waters at Mt. Tai.
Sulfate (SO42−) is mainly produced by reactions between oxidants

(e.g. OH radicals and O3) with SO2 mostly emitted from coal-fired
power plants (Hwang and Hopke, 2007). Mass concentrations of non-
sea-salt sulfate (nss-SO42−) was calculated using the equation: nss-
SO42−=SO42− – (SO42−/Na+)seawater * Na+. The ratio of SO42− to
Na+ in seawater (SO42−/Na+)seawater is 0.12 (Keene et al., 1986). Ni-
trate (NO3−) precursors like NOx are mostly from coal burning or ve-
hicular exhausts. Collett et al. (2002) discovered that the scavenging of
aerosol nitrate and sulfate as well as the uptake of gaseous sulphuric
and nitric acids are the major precursors to SO42−, NO3− in cloud
waters. Ion information in cloud water over Mt. Tai is listed in Table S1.
In this study, robust linear regression slopes were obtained for

NO3− with C2 to C6 diacids (r2 ≥ 0.69) and MeGly (r2 = 0.89), and for
nss-SO42− with C3 (r2 = 0.79) and C5 (r2 = 0.69) (see Table S2), which
indicated that diacids and related compounds were associated with
coal-fired power plants, fossil fuel burning and motor vehicles followed
by aqueous phase reactions in cloud waters. Non-sea-salt K+ (nss-K+), a
tracer of biomass burning, was calculated by the following equation (Ji
et al., 2016): nss-K+ = K+ – 0.0355 * Na+. The coefficients of nss-K+

with ωC2 (r2 = 0.76) and MeGly (r2 = 0.57) implied that biomass
burning was an important contributor to ωC2 and MeGly (Fig. S6). Due
to the shortage of sample numbers, the linear-regression analyses of
other compounds with ions failed to pass correlation test, so their
coefficients were not reported here.

3.1.3. Contributions of diacids and related compounds to DOC
Relative abundances (%) of saturated straight chain diacids (C2 −

C12), total diacids, oxoacids and α-dicarbonyls in DOC were calculated
(Fig. 2). Ratios of diacids-C/DOC varied from 4.8% to 7.5% with an
average of 5.9%, which were higher than that (2.1%) in aerosols at
Ulaanbaatar, Mongolia (Jung et al., 2010), but lower than that in
summer aerosols (11%) at Mount Hua (Mt. Hua, 2060 m a.s.l.) in
central China (Meng et al., 2014) and the summer value (15%) at
Gosan, Jeju Island, South Korea (Kundu et al., 2010). The organic
compounds in Ulaanbaatar were directly emitted from local sources like

Table 1
Concentrations of dissolved organic carbon, diacids, oxoacids and α-dicarbo-
nyls in cloud waters collected at Mt. Tai on 13 – 23 August in 2014.

Species (μg L–1) Single-stage CASCC (n=6) Three-stage CASCC (n=2)

Range Mean/SD No. 19 No. 21

Dicarboxylic acids

Oxalic, C2 546–4010 2080/1330 734 510
Malonic, C3 87–600 327/219 101 84
Succinic, C4 172–1210 640/364 247 121
Glutaric, C5 31–200 116/65 46 33
Adipic, C6 22–81 53/26 29 27
Pimelic, C7 9.1–53 34/17.3 16 22
Suberic, C8 4.9–67 17.9/24 5.0 5.5
Azelaic, C9 31–196 107/61 65 76
Decanedioic, C10 4.1–14 9.4/3.9 5.7 4.2
Undecanedioic, C11 2.4–31 13.6/9.3 6.3 2.2
Dodecanedioc, C12 0.8–11 4.9/3.4 2.7 0.4
Methylmalonic, iC4 2.6–25 12.8/8.5 4.0 1.2
Methylsuccinic, iC5 17.2–90 52/27 24 13.5
2-Methylglutaric, iC6 4.2–27 13.2/8.7 6.2 10.8
Maleic, M 28–137 91/39 92 27
Fumaric, F 8.9–49 28/16.6 17.6 7.2
Methylmaleic, mM 48–193 98/53 78 41
Phthalic, Ph 147–375 244/100 213 137
Isophthalic, iPh 3.1–13 8.1/4.1 3.4 3.9
Terephthalic, tPh 22–113 65/37 33 17.9
Malic, hC4 3.1–10.3 6.2/2.5 3.4 4.9
Oxomalonic, kC3 6.0–26 16.7/7.1 7.1 16.5
4-Oxopimelic, kC7 8.4–65 36/20 5.3 7.8
Subtotal 1270–7410 4070/2450 1750 1170

Oxocarboxylic acids

Pyruvic, Pyr 23–95 48/26 28 23
Glyoxylic, ωC2 168–990 448/316 233 142
3-Oxopropanoic, ωC3 3.5–10.1 7.3/2.4 5.2 6.7
4-Oxobutanoic, ωC4 2.5–11.4 6.7/3.0 2.4 4.2
5-Oxopentanoic, ωC5 1.5–13.1 5.9/4.5 2.1 0.5
7-Oxoheptanoic, ωC7 4.1–16.7 9.9/5.5 5.1 3.1
8-Oxooctanoic, ωC8 1.7–12.4 6.5/4.4 3.3 1.7
9-Oxononanoic, ωC9 4.6–23 15.5/7.6 6.4 4.2
Total ketoacids 231–1110 548/368 285 186

α-Dicarbonyls

Glyoxal, Gly 11–41 27/11.2 26 19.5
Methylglyoxal, MeGly 32–205 118/82 66 75
Total dicarbonyls 43–241 145/90 92 94
DOC (mg L−1) 9.4–34 23/10.2 14.3 9.2
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heat and power plants, home stoves, and motor vehicles. But the pol-
lutants identified here are linked to photochemical processes and long-
range transport owing to lack of anthropogenic emissions at the summit
of Mt. Hua (Meng et al., 2014). Moreover, high concentrations of total
diacids in summer are associated with strong photooxidation due to
large oxidant concentrations and warm temperature at Gosan, Jeju Is-
land (Kundu et al., 2010). Because the higher diacids-C/DOC ratio is
attributed to stronger photochemical aging of organic aerosols
(Kawamura and Sakaguchi, 1999), the values of diacids-C/DOC in
cloud waters over Mt. Tai illustrated that photochemical formation
during atmospheric long-range transport made a contribution to the
mountaintop water-soluble organic matters.
Meanwhile, (C2 − C12)-C/DOC (range: 3.2% – 6.2%) and diacids-C/

DOC ratios showed similar temporal trends (Fig. 2a). The mean value of
(C2 − C12)-C/DOC ratio (4.5%) was lower than that (9.5%) in Mt. Hua
aerosols (Meng et al., 2014), but obviously larger than that (0.7%) in
Ulaanbaatar particles influenced by direct anthropogenic emissions
(Jung et al., 2010), which implied that dicarboxylic acids in cloud
waters at Mt. Tai were photochemically aged to a certain extent.
The mean value of oxoacids-C/DOC (0.81%) was comparable to the

winter value (0.8%) in Gosan, Jeju Island owing to the aging of organic
compounds occurring in the northwesterly wind, but was slightly larger
than that (0.7%) in summer due to enhanced photochemical degrada-
tion of oxoacids to the formation of diacids in Gosan, Jeju Island
(Kundu et al., 2010). Mass concentrations of ωC2 and Pyr accounted for
90% of total oxoacids on average. Combined with possible sources of
ωC2 and Pyr, and contributions of their transformations to the forma-
tion of C2 discussed above, this phenomenon potentially demonstrated
that the atmospheric supplement of oxoacids may overwhelm the de-
gradation of oxoacids in cloud waters at Mt. Tai.
α-Dicarbonyls-C/DOC ratios showed a similar trend (0.15% −

0.42%) to those of oxoacids-C/DOC (Fig. 2b). But a bottom value of α-
dicarbonyls-C/DOC appeared at 10:10 a.m, when the oxoacids-C/DOC
ratio showed a peak, resulting in significant transformation of α-di-
carbonyls to corresponding organic acids, like ωC2 and Pyr, in cloud
water under solar radiation. Additionally, α-dicarbonyls-C/DOC ratios
(av. 0.3%) were comparable to that (0.27%) at Mt. Hua aerosols (Meng
et al., 2014), but was higher than that (0.1%) in Ulaanbaatar, Mongolia
(Jung et al., 2010). The formation pathways may start with the aqueous
uptake of VOCs (e.g., isoprene, toluene and cyclohexene) oxidized by
O3 and OH, which could lead to the production of C2 − C6 diacids, ωC2,
Pyr and α-dicarbonyls (Sorooshian et al., 2006).

The variation of C2-C/DOC ratios was similar to those of C3-C/DOC
and C4-C/DOC ratios (Fig. 2c). Mean values of C2-C/DOC ratios (2.2%)
were much lower than those (6.8%) in Hong Kong aerosols owing to
photo-oxidation processing controlling the diacid concentrations in a
high temperature and humid environment (Ho et al., 2011), but similar
to those (2.4%) in Arctic areas due to secondary formation of C2
overwhelmed by C2 photodegradation after polar sunrise (Kawamura
et al., 2010). The C3-C/DOC ratios (av. 0.45%) were smaller than those
in Sapporo, Japan (0.86%) (Aggarwal and Kawamura, 2008), Hong
Kong, China (0.57%) (Ho et al., 2011) and Arctic (0.9%) aerosols
(Kawamura et al., 2010). Based on abundant Fe in cloud water (Li et al.,

Fig. 2. Daily variations in (C2–C12)-C/DOC, total diacids-C/DOC, oxoacids-C/
DOC and dicarbonyls-C/DOC, C2-C/DOC, C3-C/DOC and C4-C/DOC in cloud
samples at Mt. Tai.

Fig. 1. Molecular distributions of diacids, oxoacids and α-dicarbonyls in cloud waters collected at Mt. Tai.
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2017) and ratio comparisons with others, we assumed that iron-cata-
lyzed photolysis of C2 and C3 diacids lead to the decrease of their re-
lative abundance in DOC and concentrations in Fe-rich cloud water
during atmospheric long-suspension processing (Pavuluri et al., 2015).
In contrast, C4-C/DOC ratios (av. 1.07%) were similar to those in Arctic
areas (1.2%) (Kawamura et al., 2010) and higher than those in Sapporo,
Japan (0.76%) (Aggarwal and Kawamura, 2008) and Hong Kong, China
(0.49%) (Ho et al., 2011), indicating that the concentrations of C4 in-
creased with secondary processing in aqueous phase. These results were
in coincidence with laboratory results (Pavuluri et al., 2015). Moreover,
Nepotchatykh and Ariya (2002) discovered that the degradation rate
constants of C3 diacid are 2 – 4 orders of magnitude higher than others
(C2, C4 − C9 diacids) via ozonolysis and photo-assisted ozonolysis re-
actions in aqueous phase. Thus, C3 diacid may have heavier degrada-
tion level than C2 in Mt. Tai cloud.

3.2. Fluorescence properties of cloud water

Typical EEM spectra of DOC in cloud waters over Mt. Tai is shown in
Fig. 3. The fluorescence intensities of Peaks A (terrestrial humic-like,
Ex/Em = 240 – 260/400 – 460 nm), M (marine humic-like, Ex/Em =
290 – 310/370 – 410 nm), T (protein-like, Ex/Em = 270 – 280/330 –
340 nm) calculated from excitation/emission pairs and their ratios (BIX,
FI and HIX) are listed in Table 2. All Peaks showed maximum values in
sample No. 23 or No. 24. In this paper, good linear relationships were
observed for Peaks with diacids and related compounds (r2 ≥ 0.43) in
Table 3, except for Peak M and α-dicarbonyls, indicating fluorescent
components and water-soluble organic acids derived from common
biological sources and biomass burning.
Fluorescence indices are indicators for the origin of fluorophores.

For example, the biological index (BIX) can provide an estimated con-
tribution of autochthonous biological activity (Huguet et al., 2009).
High values (> 1) are attributed to a predominant biological organic
material, while low values (< 0.6) indicate relatively small contribu-
tion of biological material (Huguet et al., 2009). The humification index
(HIX) is used to evaluate the maturation level of dissolved organic
material in soil (Zsolnay et al., 1999). High HIX values (> 10) indicate
strong humified or aromatic organics mainly emitted from continental
sources, whereas low HIX values (< 4) are associated with auto-
chthonous or microbial origin (Birdwell and Engel, 2010; Huguet et al.,
2009; Tedetti et al., 2011). In this paper, BIX varied from 0.73 to 1.27
(av. 1.01) in total cloud samples. Meanwhile, HIX were in the range of
0.91 – 1.84 (av. 1.48). These indices illustrated that the biological
origin was an important factor to the organic matter in Mt. Tai cloud.
The fluorescence index (FI) is useful to estimate the relative strength

of continental and microbial sources to DOM in waters. FI equal to or
less than 1.4 corresponds to terrestrially emitted organics and higher
aromaticity. FI had a mean value of 1.39 in cloud water samples, de-
monstrating that the fluorophores were typical materials of both ter-
restrial and microbial origins. The indices discussed above indicated
that the Mt. Tai cloud waters were mixed with organics from regional
anthropogenic sources via a long-range atmospheric transport and
biological origin from local higher plant emissions.

3.3. Case analyses

In the early stage of cloud evolution, the liquid water content
(LWC), number concentration (Nd) and volume diameter (Vd) of cloud
droplets raised. Then concentrations of inorganic ions reached max-
imum values in the cloud mature stage at 00:00 on 23 August 2014 (Li
et al., 2017). Finally, in the following development of cloud, the con-
centrations of ions decreased with the increase of LWC (Li et al., 2017).
Thus, the dilution effect of LWC should be considered in the formation,
development and dissipation processes of cloud when concentrations of
organic compounds were estimated.
Four cloud waters (sample No. 22 during 10:10 – 11:18, sample No.

23 during 22:18 – 01:25, sample No. 24 during 02:30 – 04:28 and
sample No. 25 during 04:38 – 06:21) were selected to analyze the in-
fluence of photooxidation. Samples No. 22 and No. 23 represented the
daytime and nighttime highest concentrations on 17 August 2014, re-
spectively. Samples No. 24 and No. 25 showed cloud development, both
belonging to the same cloud event on 23 August 2014. The con-
centrations of ions (e.g., SO42− and NO3−) (Li et al., 2017) and DOC
showed larger values in sample No. 22 than those in No. 23, which
suggested that the cloud water was less affected by anthropogenic
emissions in nighttime.
Similar diurnal trends of DOC and total diacids are shown in Fig. S7.

The concentration of total diacids (7410 μg L−1) is higher in sample No.
24 than that in other cloud waters, demonstrating that besides photo-
chemical oxidation of related precursors during long-range atmospheric
transport, the aqueous formation pathways were also critical to diacids.
In contrast, the variation of total oxoacids resembled that of PM2.5 with
a maximum value in sample No. 22 (Li et al., 2017), illustrating that
oxoacids were partly derived from anthropogenic emissions. Except for
the lowest value in sample No. 25, total α-dicarbonyls had a similar
relatively high concentration in other cloud waters (Fig. S7e). This re-
sult suggested that α-dicarbonyls were associated with natural emis-
sions from higher plants.
Oxalic, malonic, succinic, glutaric and azelaic acids and glyoxal

showed higher concentrations in samples No. 22 and No. 24 (Figs. 4a −

Fig. 3. Typical excitation-emission matrix (EEM) fluorescence spectra (RU) of
dissolved organic matter in cloud waters at Mt. Tai.
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d, f), which indicated that these organic acids were mainly influenced
by anthropogenic emissions followed by atmospheric oxidation in cloud
droplet water during long-range transport. Adipic acid is mainly formed
via photooxidation of anthropogenic cyclic olefins, while methylglyoxal
can be produced by secondary oxidation of aliphatic olefins and aro-
matic hydrocarbons. Similar concentration trends of C6 and MeGly
implied that they had common secondary formation routes or anthro-
pogenic emission sources (Figs. 4e, l). As for Pyr, it showed a larger
value in the nighttime than daytime, illustrating that Pyr could mainly
be attributed to aqueous formation after emissions of VOCs from higher
plants.
Phthalic acid (Ph) not only can be directly emitted by fossil fuel

combustion and vehicular exhausts but also can be formed by the
photooxidation of polycyclic aromatic hydrocarbons (Fraser et al.,
2003; Kawamura and Kaplan, 1987). Larger concentrations of Ph in
cloud were observed in daytime (sample No. 22: 375 μg L−1) than
nighttime (sample No. 23: 340 μg L−1), and sample No. 24 (267 μg L−1)
than No. 25 (178 μg L−1) as shown in Fig. 4g. This phenomenon was in
accordance with the concentration variations of NO3− and nss-SO42−

(Table S1), indicating that contribution of anthropogenic sources to
diacids and related compounds reduced in nighttime, and Ph con-
centrations decreased with an increase of cloud water content. Con-
centration variation of ωC2 was consistent with that of Ph, demon-
strating that ωC2 was largely associated with motor vehicles and fossil
fuel combustion. Terephthalic acid (tPh), a marker of plastic wastes
incinerations, had a similar trend as that of C2 to C5 diacids (Fig. 4h),
showing that secondary formation of tPh may be important as well.
As for fluorescence properties of these cloud cases, the fluorescence

intensity of protein-like peak T was similar (1.03 vs 1.08 RU) in samples
No. 22 (daytime) and No. 23 (nighttime). However, the intensity of two
HULIS peaks were much higher in nighttime than in daytime, specifi-
cally 0.94 vs 2.7 RU for marine humic-like Peak M and 1.6 vs 2.6 RU for

terrestrial humic-like Peak A. Owing to the dilution effect of cloud, all
peaks were larger in sample No. 24 than those in No. 25. In general,
variations of solute concentrations in cloud are linked with many fac-
tors, including microphysical conditions, air mass origins, CCN prop-
erties, chemical reactions in cloud droplets and gas–liquid phase equi-
librium (Van Pinxteren et al., 2016).

3.4. Stable carbon isotopic compositions

In order to better evaluate the contributions of primary sources and
atmospheric processing to LMW organic acids, δ13C values of diacids
and other polar compounds were determined in this study (Table 4).

Table 2
Fluorescence spectral parameters in cloud waters over Mt. Tai.

Components Single-stage CASCC (n=6) Three-stage CASCC (n=2)

Fluorescence intensity (RU)

Min Max Mean± SD Sample 19 Sample 21

Peak A (terrestrial
humic-like)

1.13 2.6 1.79± 0.61 1.59 1.03

Peak M (marine
humic-like)

0.94 2.8 1.70± 0.84 1.29 0.77

Peak T (protein-
like)

0.65 1.13 0.91± 0.20 0.65 0.71

Ratios

Biological Index
(BIX)

0.73 1.27 1.01± 0.23 1.16 1.07

Fluorescence
Index (FI)

1.34 1.47 1.39± 0.05 1.50 1.46

Humification
Index (HIX)

0.91 1.84 1.48± 0.36 1.60 1.04

Table 3
Correlation coefficients (r2) for fluorescence with total diacids, oxoacids and α-
dicarbonyls in cloud waters in Mt. Tai.

Components Total diacids Total oxoacids Total α-dicarbonyls

Peak M 0.71 0.43
Peak A 0.82 0.74 0.73
Peak T 0.83 0.66 0.77

Note: linear coefficients of fluorescence with diacids and related compounds
failing to pass correlation test were not listed here.

Fig. 4. Diurnal variations in the concentrations of main water-soluble organic
acids in cloud samples at Mt. Tai.

Table 4
Stable carbon isotopic compositions (δ13C, ‰) of diacids and related polar
compounds in cloud waters at Mt. Tai.

Compounds Single-stage CASCC (n=6) Three-stage CASCC (n=2)

Min Max Mean± SD Sample 19 Sample 21

C2 –21.9 –16.5 –18.8± 2.1 –22.4 –22.8
C3 –22.5 –17.9 –19.7± 1.6 –22.1 –26.4
C4 –27.4 –23.8 –25.1± 1.2 –23.1 –28.0
C5 –39.9 –24.1 –31.1± 5.7 –30.0 –32.9
C6 –31.6 –18.3 –23.5± 5.1 –22.6 –22.8
C9 –31.4 –25.2 –28.1± 2.2 –27.8 –26.9
Ph –29.5 –27.8 –28.3± 0.7 –27.4 –28.2
tPh –32.6 –25.3 –27.7± 3.4
ωC2 –20.1 –12.8 –16.6± 2.7
Pyr –29.7 –15.4 –21.5± 4.7 –20.9 –23.0
MeGly –28.1 –8.0 –19.6± 8.1 –22.7 –27.8
C16:0 –32.3 –27.3 –28.8± 2.0 –27.9 –28.1
C18:1 –30.7 –27.0 –29.0± 1.6 –28.7 –30.6
C18:0 –32.2 –25.7 –29.6± 2.2 –28.2 –29.5
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The δ13C values of three main dicarboxylic acids (C2 − C4) varied from
−27.4‰ to −16.5‰ (mean: −21 ± 3.1‰). Such values were slightly
lower than those (−20‰) in remote marine aerosols (Wang and
Kawamura, 2006), but comparable to those (−21‰) in Sapporo,
Japan. Sapporo is a typical urban island site to trace the East Asian
outflow to the North Pacific Ocean and photochemical processing
during the atmospheric long-range transport. Aggarwal and Kawamura
(2008) reported that the aerosols were not seriously affected by local
photochemical processes and instead they were already aged in Sap-
poro. Furthermore, in the remote marine aerosols collected from the
western Pacific to Southern Ocean, δ13C increase toward the equator is
associated with photochemically aged air masses (Wang and
Kawamura, 2006). Therefore, these δ13C comparisons indicated that
photochemical processing largely contributed to dicarboxylic acids
during the long-range transport to the summit of Mt. Tai.
Previous studies proposed that the lower carbon-number diacids

with more enrichment of 13C were attributed to the kinetic isotopic
effect (KIE) for photodegradation of higher carbon-number dicarboxylic
acids (Anderson et al., 2004; Irei et al., 2006; Wang and Kawamura,
2006). The box plot in Fig. 5 shows the δ13C values of dicarboxylic
acids, oxoacids, α-dicarbonyls and fatty acids in Mt. Tai. Generally, a
decreasing trend in the stable carbon isotope ratios was observed for C2
to C9 diacids, except for C5 and C6. A relatively larger mean δ13C value
was determined for oxalic acid (−18.8‰) that was followed by
malonic (−19.7‰) and succinic (−25.1‰) acids, suggesting that
lower-carbon number diacids were more photochemically aged. This
result was in coincidence with the finding discussed in section 3.1.2
that 13C enrichment of C2 could be enhanced by the photooxidation of
organic precursors. Moreover, Pavuluri and Kawamura (2012) provided
evidence that C2 was more enriched in 13C via iron-catalyzed photolysis
reactions in aqueous phase.
The variation pattern of δ13C values in C3 diacid resembled that of

C4 diacid (Fig. S8), indicating similar primary sources and/or secondary
formation pathways. Malonic acid is produced by hydrogen abstraction
by OH radicals and decarboxylation reaction of succinic acid
(Kawamura and Ikushima, 1993). Fig. 6 shows the negative correlation
(R2 = 0.78, p< 0.05) for concentration ratios of C4/C3 with the dif-
ferences in 13C enrichment of C3 and C4 (Δδ13C (C4 − C3)), which
implied that the heavier δ13C values of malonic acid are caused by
photochemical degradation of succinic acid over Mt. Tai.
C5 (−39.9‰ to −24.1‰) and C6 (−31.6‰ to −18.3‰) are the

main oxidation products of anthropogenic cyclohexane and methyle-
necyclohexane (Hamilton et al., 2006; Müller et al., 2007) and inter-
mediates of higher homologous organic acids (Kawamura and
Ikushima, 1993). Sorooshian et al. (2006) discovered that C5 and C6 can
also be produced by aqueous reactions of anthropogenic precursors.
Therefore, the isotopic compositions of these two diacids were influ-
enced by anthropogenic emissions followed by atmospheric oxidation.
The δ13C values of C9, varying from −31.4‰ to −25.2‰ with a

mean of −28.1‰, were lower than those of C2 − C4 and C6 diacids,
which supported that stronger 13C enrichment was observed for the
relatively shorter chain diacids. Meanwhile, the δ13C values of C9 were
close to the mean value of identified fatty acids (−29.2‰) in cloud
waters over Mt. Tai, illustrating that C9 and fatty acids had similar
primary emissions or photochemical formation pathways. Many pre-
vious studies found that LMW fatty acids emitted from terrestrial higher
plants, marine phytoplankton activities and biomass burning are im-
portant precursors of azelaic acid (Kawamura and Bikkina, 2016;
Kawamura and Gagosian, 1987; Mochida et al., 2007). Similar δ13C
values were determined for palmitic (C16:0, −32.3‰ to −27.3‰),
oleic (C18:1, −30.7‰ to −27.0‰) and stearic (C18:0, −32.2‰ to
−25.7‰) acids. Organic compounds with direct marine emission are
observed for heavier δ13C values of −21±2‰ (Cachier et al., 2010),
which are much higher than those of fatty acids from terrestrial C3
higher plants (−36.4‰ to −34.9‰) (Matsumoto et al., 2007). These
phenomena demonstrated that besides photochemical processing, local

higher plant emissions was an important contributor to C9 and fatty
acids.
Phthalic and terephthalic acids are molecular markers of anthro-

pogenic sources. tPh is viewed as a tracer of plastic wastes burning
(Kawamura and Pavuluri, 2010), while secondary formation by atmo-
spheric oxidation reactions may also be significant. The average δ13C
values of Ph (−28.3‰) and tPh (−27.7‰) in cloud waters were close
to those (Ph: −29.8‰, tPh: −27‰) linked to incomplete combustion
activities in Beijing, China (Zhao et al., 2018), but were lower than
these (Ph: −25.4‰, tPh: −24‰) related to intensively photochemical
aging in Gosan, Jeju Island in the western North Pacific (Zhang et al.,
2016). The isotopic compositions of Ph (−29.5‰ to −27.8‰) and tPh
(−32.6‰ to −25.3‰) were slightly lower than those in polycyclic
aromatic hydrocarbons (PAHs, −27.1‰ to −22.6‰) in source areas
(Guillon et al., 2012; Peng et al., 2006), which indicates that the con-
tribution from fossil fuel combustion cannot be excluded.
Interestingly, ωC2 (−20.1‰ to −12.8‰) was found to be the most

enriched in 13C in Mt. Tai cloud waters. The mean δ13C value
(−16.6‰) of ωC2 was larger than those (−19.6‰) in Sapporo, Japan
(Aggarwal and Kawamura, 2008) and tropical Indian aerosols
(−22.4‰) (Pavuluri et al., 2011). Meanwhile, the enrichment of 13C
was also observed for Pyr (−21.5‰) and MeGly (−19.6‰), both being
close to C2 (−18.8‰), which were slightly lower than isoprene
(−16.8‰) in remote sites (Rudolph et al., 2003) but were higher than
isoprene (−32‰ to −27‰) directly emitted from plants (Affek and
Dan, 2003; Rudolph et al., 2003). Such results suggest a contribution of
higher plants emissions to Pyr and MeGly in Mt. Tai cloud waters.
Hydrated Gly and MeGly formed via the photooxidation of biogenic

and anthropogenic VOCs can subsequently produce ωC2 and Pyr, and
ultimately generate C2 (Ervens et al., 2004; Lim et al., 2005). Except for
Pyr, mass concentrations of C2 (r2 = 0.62), ωC2 (r2 = 0.84) and MeGly
(r2 = 0.77) correlated well with their own δ13C values in Fig. 7. These
phenomena supported that C2 and its precursors were photochemically
aged in Mt. Tai clouds, especially for C2 and ωC2 formed via the oxi-
dation of 13C-enriched organic compounds in aqueous phase.

3.5. Size distribution

The size distribution of cloud droplet is a key factor controlling
microphysical properties of a cloud system (Yin et al., 2011). To better
understand the interactions between diacids and cloud droplet size
distribution, samples No. 19 and No. 21 were collected concurrently for
water droplets larger than 22 μm and smaller than 4 μm. The sampling
time started at 22:41 on 14 August and lasted for 8 hours.
For most dicarboxylic acids and related compounds, their con-

centrations were higher in larger cloud droplets (Table 1), which might
be caused by condensation of aerosol particles on the larger surface of
large droplets. However, mass ratios of C2 − C6 and C9 to total diacids
had similar values in different cloud droplet sizes in the same cloud

Fig. 5. Box plot of the δ13C values of dicarboxylic acids and related polar
compounds. The small circles represent the mean δ13C values.
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event (Table S3), indicating similar formation processes of diacids in
size-segregated cloud droplets.
The fluorescence intensities of protein-like substances (Peak T) were

similar between large and small droplets (0.65 vs 0.71 RU). Whilst the
fluorescence intensities of marine humic-like substances (Peak M, 1.29
vs 0.77 RU) and terrestrial humic-like substances (Peak A, 1.59 vs 1.03)
were higher in large droplets than small droplets. The abundance of the
fluorescent substances in water droplets depends on the collection of
aerosol particles and gases, and the heterogeneous and multiphase
chemistry within the droplets and on the surfaces. As larger droplets
could be formed via the collision of smaller droplet, while the con-
centrations of substances may also be diluted by the large volume of
water. The combined effect implied that in the large droplets, produc-
tion of HULIS substances within the droplets may contribute to the
increase of Peaks A and M.
Furthermore, as to δ13C values, except for C3, C4, C5, Pyr and MeGly,

δ13C values of diacids and other identified compounds were similar in

the large (> 22 μm) and small (< 4 μm) cloud droplets. The difference
in mechanisms of formation and decomposition of C3, C4, C5 and MeGly
may affect their δ13C values. A larger difference of 13C enrichment was
observed for MeGly (+5.1‰) in size-segregated cloud waters. Owing to
the limited numbers of size-segregated cloud samples, the formation
and atmospheric processing of solute compounds warrants further
studies.

4. Summary and conclusions

Cloud waters collected at the summit of Mt. Tai in NCP exhibited
significantly high loadings of diacids, oxoacids and α-dicarbonyls,
which were largely influenced by the anthropogenic emissions, like
coal-fired power plants, fossil fuel combustion and motor vehicle
emissions in this region, followed by aqueous reactions in the atmo-
sphere. Combined with the results of excitation-emission matrix fluor-
escence, we found that biological origin and biomass burning were
important contributors to dicarboxylic acids. The ratios of C2-C/DOC
correlated well with concentrations of C2 − C9 (r2 = 0.61 – 0.92) in
cloud water samples, indicating that the concentrations of diacids in-
creased with the enhanced aging level. Furthermore, the larger δ13C
values of organic acids in Mt. Tai cloud than those in urban aerosols
support that diacids and related compounds were photochemically
aged, especially for C2 and ωC2 formed via the oxidations of 13C-en-
riched organic compounds in aqueous phase. The larger size of cloud
droplet was associated with more abundant organic compounds, which
may be attributed to scavenging ability and condensation of aerosol
particles on the larger surface of large droplets. Our results suggest that
the organic materials in Mt. Tai cloud waters were mixed with regional
anthropogenic organics during long-range atmospheric transport and
biological organics emitted from local higher plants.
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