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Abstract To investigate the chemical characteristics of or-
ganic acids and to identify their source, cloud water and rain-
water samples were collected at Mount Lu, a mountain site
located in the acid rain-affected area of south China, from
August to September of 2011 and March to May of 2012.
The volume-weighted mean (VWM) concentration of organic
acids in cloud water was 38.42 peq/L, ranging from 7.45 to
111.46 peg/L, contributing to 2.50 % of acidity. In rainwater
samples, organic acid concentrations varied from 12.39 to
68.97 peq/L (VWM of 33.39 peq/L). Organic acids contrib-
uted significant acidity to rainwater, with a value of 17.66 %.
Formic acid, acetic acid, and oxalic acid were the most com-
mon organic acids in both cloud water and rainwater. Organic
acids had an obviously higher concentration in summer than
in spring in cloud water, whereas there was much less discrim-
ination in rainwater between the two seasons. The contribu-
tion of organic acids to acidity was lower during summer than
during spring in both cloud water (2.20 % in summer vs
2.83 % in spring) and rainwater (12.24 % in summer vs
19.89 % in spring). The formic-to-acetic acid ratio (F/A4)
showed that organic acids were dominated by primary
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emissions in 71.31 % of the cloud water samples and whole
rainwater samples. Positive matrix factorization (PMF) anal-
ysis determined four factors as the sources of organic acids in
cloud water, including biogenic emissions (61.8 %), anthro-
pogenic emissions (15.28 %), marine emissions (15.07 %) and
soil emissions (7.85 %). The findings from this study imply an
indispensable role of organic acids in wet deposition, but or-
ganic acids may have a limited capacity to increase ecological
risks in local environments.

Keywords Organic acids - Cloud water - Rainwater -
Sources - Mount Lu

Introduction

Organic acids are abundant and ubiquitous in the atmosphere
(Paulot et al. 2010; Chebbi and Carlier 1996), and organic
acids in the gas phase, in the aqueous phase, and in aerosols
have been observed (Alier et al. 2014; Li et al. 2015) (Keene
and Galloway 1988; Khare et al. 1999). High polarity and
hygroscopicity impel organic acids in the atmosphere to be-
come a cloud condensation nucleus (Sun and Ariya 2006).
And significant effect of oxalic acid on cloud condensation
nucleus activity of mineral dust aerosols was reported via
laboratory experiments (Gierlus et al. 2012). Clouds continu-
ously absorb organic acids from the gaseous phase and aero-
sols when floating in the atmosphere. During the process of
scavenging below clouds, rain drops further adsorb organic
acids from the gaseous phase and aerosols and thus consider-
ably affect organic acids in rainwater (Sun et al. 2010). In
many nonurban environments, organic acids were identified
as important contributors to rain acidity (Akpo et al. 2015;
Kawamura et al. 2001; Pena et al. 2002); the contribution rate
even reached 80-90 % (Kawamura et al. 1985; Talbot et al.
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1988). Therefore, it was significant to monitor and to research
organic acids in wet depositions, including cloud water and
rainwater.

Monocarboxylic acid, such as formic and acetic acids
(Avery et al. 1991; Nolte et al. 1997; Paulot et al. 2011), and
dicarboxylic acid such as oxalic acid (Legrand et al. 2005;
Sellegri et al. 2003) constitute the most abundant organic acids
in the atmosphere. Formic acids and acetic acids have been
detected for several decades in the atmosphere in a variety of
international environments, such as rural (Laouali et al. 2012;
Xu et al. 2009), urban (Song and Gao 2009; Zhang et al. 2011)
and marine areas (Gioda et al. 2011). Some reports have ex-
amined organic acids in China in recent years; for example,
the concentration levels of organic acids in Beijing (Hu et al.
2005) and Shenzhen (Huang et al. 2010) were investigated.
Sources of organic acids in the atmosphere are not completely
determined, but it is recognized that sources of organic acids
include direct and secondary sources (Carlton et al. 2007,
Paulot et al. 2011; Tan et al. 2010). The former comprises
direct emissions from biogenic emission, fossil fuel combus-
tion, automobile emission, biomass burning, and meat
cooking operation (Cheng et al. 2013; Wu et al. 2015; Ying
and Kuo 2013), whereas the latter comprises the photochem-
istry oxidation of precursors from natural and artificial sources
(Carlton et al. 2007; Chebbi and Carlier 1996; Khare et al.
1999; Tan et al. 2010). The formic-to-acetic acid ratio (F/4)
was broadly applied in previous research to determine the
sources of organic acids as primary emissions or secondary
formations (Carlton et al. 2007; Khare et al. 1997a; Tan et al.
2010). Positive matrix factorization (PMF) analysis has been
extensively used as a quantitative source apportionment tool
of PM, 5 and PAHs (Khan et al. 2015; Sofowote et al. 2015),
but it is uncommon to use PMF to analyze the sources of
organic acids.

Southern China has become the third largest acid rain-
prone region worldwide after Europe and North America,
and acid rain considerably influences the environment and
human health (Galloway and Likens 1976; Menz and Seip
2004; Wang and Wang 1995). Mount Lu, a high-elevation
site located in this acid rain-affected area away from local
emissions, was selected as the monitoring site of this
study. The analysis of organic acids in cloud water and
rainwater simultaneously would provide a better under-
standing of the characteristics and transformation mecha-
nism of organic acids. This study covered content levels,
acidity contribution, and discrimination between summer
and spring and identified the source of organic acids in
cloud water and rainwater at Mount Lu. The concentration
of organic acids in total suspended particulate (TSP) was
tested to auxiliarily explain the difference in organic acids
in rainwater between summer and spring. /4 was imple-
mented to determine whether organic acid was generated
from primary discharge or secondary formation, and PMF
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analysis was conducted to determine potential emission
sources of organic acids.

Materials and methods
Site description

Mount Lu (29° 35" N, 115° 59" E; 1165 m a.s.1.) is situated on
the eastern edge of the middle reaches of the Yangtze River,
approximately 400 km from the Yangtze River Delta, a larger
national industrial hub. The site is approximately 500 km from
the East China Sea and 700 km from South China Sea, respec-
tively, and is thus affected by the sea to some extent.

Located in an area of the comprehensive broad-leaved for-
est and subtropical coniferous forest preserved at the Lushan
natural reserve, with a good biodiversity of more than 2000
species of wild plant, the sampling site was situated on the
summit of Mount Lu, far away from residents and tourists. An
automatic weather system from the meteorological station was
used to record air temperature, humidity, wind speed and di-
rection, and precipitation amount. At Mount Lu, cloud or fog
events frequently occur because of the advection of frontal
systems and the rising topography, which leads to moist air
masses moving upward. More than 190 cloudy and foggy
days are reported annually. As part of the East Asian monsoon
system, this region experiences obvious seasonal variation
and plentiful rainfall. Mount Lu is characterized by frondent
plants, intense solar radiation, high temperatures, a low fre-
quency of fog and prevailing southeast winds in summer. On
the contrary, it is characterized by plants in the bud, low tem-
perature, temporary illumination, faint solar radiation, and
prevailing northwest winds in spring. Considering its unique
topographic conditions, monsoonal climate, and high eleva-
tion, Mount Lu is therefore an excellent location at which to
conduct atmospheric chemistry measurements and to study
regional pollution transport.

Sampling collection

The entire atmospheric observation was conducted during
August 22—September 24, 2011 and March 19-May 19,
2012. A total of 118 cloud water samples were collected dur-
ing the monitoring period with a Caltech Active Strand Cloud
Collector (CASCC) designed by California Institute of
Technology, USA. Ambient air that contains cloud droplets/
fog droplets is inhaled into the CASCC by a fan, and the
droplets are impacted on vertical 508-um Teflon strands.
The theoretical lower 50 % size cut for this sampler was
3.5 pm (drop diameter). Once a cloud event occurred, cloud
water sample was immediately collected into a pre-cleaned,
high-density 500-ml Teflon bottle. Sampling interval for a
single cloud event was ranged from 2 to 3 h, but longer or
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shorter sampling periods were used on some cases to ensure
the volume of each sample not less than 200 ml. In addition,
49 precipitation events were sampled using a pre-cleaned,
high-density polyethylene (HDPE) rain sampler with a diam-
eter of 50 cm in a HDPE bucket, in accordance with the tech-
nical specifications required for the monitoring of acid depo-
sitions (China Meteorological Administration 2003). The
rainwater sample collection began at the start of the rain events
till the events ended if duration of rainfall was less than 24 h. If
it rained for more than 24 h, another rainwater sample collec-
tion would begin when the time period of collecting reached
24 h. Moreover, the sampler was capped and sealed after sam-
pling to avoid the effect of dry deposition. One hundred eigh-
teen valid TSP samples were obtained and stored in the dark at
—20 °C before laboratory analysis. TSP samples were collect-
ed on glass fiber filters (203 x 254 mm, FP2063-810, HI-Q
Environmental Products Company, San Diego, USA)
employed in a TSP impactor (HVT-4300AFC) with a high
flow rate of 1 m*/min. For exploring the variation of species
in TSP before and after the rain (cloud), one TSP sample was
collected at the time of expected rain (cloud) and after rain
(cloud). Sampling time period was 40 min to 3 h. Before
sample collection, the filters were heated at 500 °C for 3 h,
subsequently balanced at 25 °C and a relative humidity of
50 % for 24 h and weighed using a Sartorius CP2P analytical
balance with a sensitivity of 1 pg before and after sampling.

Chemical analysis

After collection, the samples of cloud water and rainwater
were filtered through 0.45 pm pore-size membrane filters
and separated into several aliquots. Then, the pH value was
immediately determined on aliquots of samples on site using a
pH meter, and the rest of the samples were reserved in a
refrigerator under 4 °C prior to further analysis in the labora-
tory. To avoid the loss of organic acids due to biodegradation,
chloroform was added to the organic acid samples as a
preservative.

Aqueous aerosol extracts were prepared by shaking a por-
tion of the loaded filters vigorously for 1 h in Nanopure water
(18.0 M2 cm) with an ultrasonic vibrator. Sample solutions
then were filtered through 0.2 um ether acetate filter paper. A
half-sample filter was extracted with 25 ml portions of water.

Selected organic acids (formic acid, acetic acid, oxalic acid,
methane sulfonic acid, propionic acid, lactic acid, and butyric
acid) in cloud water and rainwater samples and in aerosol
extracts were simultaneously quantified by an ion chromatog-
raphy system (ICS-2500, Dionex, USA) within 2 weeks. The
ion chromatography system was equipped with a Dionex
IonPac AS11-HC analytical column and solution of NaOH
as eluent at a rate of 1.2 ml/min. The linear correlation coef-
ficients of the calibration curve were stable in the range of
0.9994-0.9998.

PMF

EPA PMF 3.0 software was used to identify to the major
emission sources of organic acids in cloud water at Mount
Lu. The data matrix was decomposed into two categories,
factor contributions and factor profiles, with a residual matrix
by PMF, which was a multivariate factor analysis model
(Paatero and Tapper 1994). The PMF model was described
briefly and built on the following Eq. (1):

Xij =Y ko 4uwFij+ Ry (1)

where Xj; is the concentration of the jy, congener in the iy,
sample of the original dataset, p is the number of factors, 4;;
is the contribution of the ky, factor to the iy, sample, F; is the
fraction of the &y, factor arising from congener j and R;; is the
residual for each sample species.

The PMF calculation minimizes object function Q with the
adjusted values of 4, F4; and p and the estimate of uncertain-
ty (). Q is defined by Eq. (2):

2

p
0= 1LY ’Z;;‘ — @

Two input files were required by PMF, one containing con-
centration values and one containing either uncertainty values
or parameters for calculating uncertainty for each sample. The
uncertainty values were estimated for two cases: when the
concentration of the specie (X) is less or equal to the method
detection limit (MDL) (Eq. (3)) and when the concentration of
the specie is greater than the MDL (Eq. (4)) (Adam et al.
2007):

5
Unc = EMDL (3)

Unc = \/ (Error fraction x concentration)” + (MDL)*  (4)

Species that have a signal-to-noise (S/N) ratio ranging from
0.2 to 2 and missing or values below a MDL greater than 50 %
were considered weak variables. Different numbers of factors
were run in the default robust mode (strong species) as the
input of the model to decrease the influence of extreme values
on the PMF solution, and the fpeak parameter was utilized to
control rotational ambiguity (Paatero et al. 2002). In this
study, the model was run at numbers of factors from 3 to 8
to get the optimal number of factors, determined by the slope
of the O value vs the number of factors. For each run, the
stability and reliability of the output were checked according
to the O value, correlation coefficients between predicted and
observed concentrations, and residual analysis. The frequency
distributions of the scaled residuals as well as changes in the O
value must be at a minimum or stable. If the analysis is
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properly weighted, the Q value should be approximately equal
to the theoretical Q value. The theoretical O value can be
estimated by Eq. (5) (Callén et al. 2014):

O (Theoretical) = (samples X strong species)

+ (samples x weak species)/3—(samples x factors estimated)

(5)

Results and discussion
Composition and concentration levels of organic acids

The concentration of seven organic acids (formic acid, acetic
acid, oxalic acid, methane sulfonic acid (MSA), propionic
acid, lactic acid, and butyric acid) were detected in 118 cloud
water samples and 49 rainwater samples collected at Mount
Lu from August 22 to September 24, 2011 and March 19 to
May 19, 2012. Figure 1 summarizes the content levels of these
seven organic acids in cloud water and rainwater. The total
concentration of the analyzed organic acids in cloud water
varied from 7.45 to 111.46 peq/L, with a VWM concentration
value of 38.42 peq/L. The VWM concentrations were
10.82 peg/L for formic acid, 9.29 peg/L for acetic acid and
9.90 peq/L for oxalic acid; these three organic acids occupied
the top three values in cloud water, whereas propionic acid
ranked last, with a VWM value of 1.38 peq/L. The total con-
centration of the analyzed organic acids in rainwater ranged
from 12.39 to 68.97 peq/L, with a VWM concentration value
0f33.39 peq/L. Moreover, formic acid, acetic acid, and oxalic
acid were the three most abundant carboxylic acids in rainwa-
ter; their VWM concentrations were 11.20, 10.21, and
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Fig. 1 Concentrations (peq/L) of major organic acids in cloud water and
rainwater over the sampling period
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5.07 pneq/L, respectively. Propionic acid was the most indigent
carboxylic acid in rainwater; its VWM concentration was
1.18 peq/L.

The VWM concentration of organic acid in cloud water
was similar to that of rainwater, but the variation range of
the former was larger, as shown in Fig. 1. The VWM concen-
tration of oxalic acid in cloud water was twice as much as that
in rainwater which was related to the fact that oxalate tended
to have higher concentrations in smaller drops and droplet size
of cloud drops was far less than that of rain drops (Bator and
Collett 1997; Hoag et al. 1999).

The major composition and concentration levels of organic
acids in cloud water and rainwater in this station and the re-
ported data sets of representative various environments (in-
cluding mountain sites, tropical ecosystems, rural areas, urban
areas, and marine environments) are listed in Table 1 for com-
parison. The sum of the concentration of the four typical or-
ganic acids (formic acid, acetic acid, oxalic acid, and methane
sulfonic acid) in the cloud water of Mount Lu was close to
those of the forest ecosystems of Taiwan (Ying and Kuo 2013)
but lower than those of Mount Heng (Wang et al. 2011). A
higher sum of the concentration of the four typical organic
acids at Mount Lu than in Puerto Rico (Gioda et al. 2011), a
sampling site related to marine environments, was observed
due to Mount Lu’s more polluted air masses and more dis-
charge sources from plants. The concentrations of formic acid
and acetic acid were both lower than that at Mount Heng but
higher than that in Puerto Rico. However, the concentration of
formic acid at Mount Lu was higher than that of Taiwan but
the concentration of acetic acid at Mount Lu was lower than
that of Taiwan. The concentration of oxalic acid at Mount Lu
was comparable with the concentration of oxalic acid in
Taiwan and Mount Heng but was higher than that in Puerto
Rico.

The sum of the concentration of the four typical organic
acids in rainwater at Mount Lu was close to that of Mount
Mangdang (Cheng et al. 2011) and the forest ecosystem of
Taiwan (Ying and Kuo 2013) because of the homologous
natural environments of these three sampling sites located in
natural protection areas with lush vegetation. An obviously
higher sum of the concentration of the four typical organic
acids in rainwater was observed at Mount Lu than in
Shenzhen (Huang et al. 2010) and NewYork (Song and Gao
2009). Among these four organic acids, acetic acid and oxalic
acid showed similar concentration levels with the sum of these
four organic acids. However, the concentration of formic acid
was higher than most of the sampling sites listed in Table 1. To
a large extent, the discrepancies in the composition and con-
centration levels at different sites indicated different sources of
carboxylic acid associated with different geographical loca-
tions of the sampling sites. To sum up, sum of the concentra-
tion of the four typical organic acids in wet deposition at
Mount Lu was comparable to those of other mountain sites
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Table 1

VWM concentrations (peq/L), fluxes (g m 2 year %; within the brackets) of major organic acids, corresponding contributions of organic acids

to the total acidity and pH in cloud water and rainwater in different representative atmospheric environments

Location Category PH  Formic Acetic Oxalic MSA Sum OA/TAC OA/TFA References
acid acid acid (%) (%)
Mountain site
Mount Lu Cloud 3.81 10.83 9.29 9.90 271 3273 6.70 2.50 This study
Mount Lu Rain 444 1021 11.20 5.07 241 28.89 27.89 17.66 This study
Mount Heng Cloud 3.80 19.65 16.04 10.22 341 4932 793 3.53 Wang et al. (2011)
Mount Heng Rain 435 14.30 16.46 3.31 292 3699 2450 16.78 Wang et al. (2011)
Mangdang Mountain Rain 481 790 9.90 3.60 020 21.60 23.46 18.42
Urban
Shenzhen, South China  Rain 456 226 0.55 1.15 - 396  3.64 2.86 Huang et al. (2010)
Anshun Rain 4.67 877 6.93 5.68 - 21.38 15.00 8.1 Zhang et al. (2011)
Newark US East Coast Rain 460 444 3.56 1.36 - 936  13.09 14 Song and Gao (2009)
Rural
Shangzhong Rain 495 1.35 2.31 0.10 8.71 58.1 Xu et al. (2009)
Sdo Paulo State, Brazil Rain 496 7.80 5.00 2.40 - 15.20 42.80 39.83 Coelho et al. (2011)
Tropical and subtropical ecosystem
Agoufou, Africa Rain 6.28 4.50(6.7) 3.90(74) 220(1.5) - 10.60 17.80 17.57 Laouali et al. (2012)
Balbina, Amazonia Rain 490 045 5.20 0.25 - 590 29.70 19.87 Pauliquevis et al. (2012)
Taiwan Cloud - 5.74 15.80 13.20 - 3474 - - Ying and Kuo (2013)
Taiwan Rain - 2.79 6.94 5.64 - 1538 — - Ying and Kuo (2013)
Marine environment
Puerto Rico Cloud 5.50 1.00 5.40 1.00 210 950 1.71 1.18 Gioda et al. (2011)
Puerto Rico Rain 530 0.20 5.80 0.00 038 638 4.28 32 Gioda et al. (2011)

OA/TAC proportion of organic acids accounted of total anionic content, Sum sum of concentration of four typical organic acids (formic acid, acetic acid,
oxalic acid, and methane sulfonic acid), OA/TFA contribution of organic acids to total free acidity

and forest ecological systems but higher than those of urban
and marine sites.

Contribution to acidity and wet deposition flux

Mount Lu is located in the south of the Yangtze River in
China, where the acid rain phenomenon is serious. In this
study, the pH values varied from 2.94 to 5.47 for all cloud
samples, with a VWM pH value of 3.81, and rainwater
samples showed a similar pH range, with a VWM pH value
of 4.44. In addition to inorganic acids such as nitric acid
and sulfuric acid, it was agreed that the effect of organic
acids on the acidity of wet deposition in forest ecological
system with lush vegetation (Avery et al. 2001; Fornaro and
Gutz 2003) was non-negligible. As shown in Table 1, the
total contribution of organic acids to the acidity in rainwa-
ter at Mount Lu was much higher than the total contribution
to cloud water (17.66 vs 2.50 %), which was attributed to
the limited solubility of weak organic acids associated with
the higher amount of dissociated hydrogen ions (lower pH)
and with the more abundant inorganic acidic species in
cloud water (Wang et al. 2011).

Because the contribution of organic acids to acidity in
cloud water is low, this study will not discuss it in detail.
Nonetheless, the contribution of organic acid to acidity was
significant in rainwater. The average contributions to acidity
of formic, acetic, and oxalic acids were 8.08, 3.48, and 3.96 %
in rainwater, respectively. The contribution of acetic acid to
acidity was low, which was not consistent with its high con-
centration levels. This contribution is evidenced by the fact
that the dissociation constant of acetate was small, and thus, it
is difficult to knock off hydrogen ions. As indicated in Table 1,
the contribution of organic acid to acidity in rainwater at
Mount Lu was comparable to the contributions of Mount
Heng, Mount Mangdang, and a forest ecological system in
Taiwan (Ying and Kuo 2013). However, compared to the con-
tribution of organic acid to acidity in urban sites of China, like
Shenzhen (approximately 2 %) (Huang et al. 2010), their con-
tribution at Mount Lu was higher. The high concentrations of
organic acids and the contribution levels of organic acids to
acidity at Mount Lu suggested that organic acid was an indis-
pensable component of wet deposition.

In consideration of the high value of the contribution of
organic acids to acidity in rainwater at Mount Lu, the rain
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deposition flux of organic acids might greatly affect the local
ecological system. In this work, it was estimated that the an-
nual rain deposition flux was 3.51 g m 2 year ' for total or-
ganic acids in 2011 and 3.66 g m * year ' for total organic
acids in 2012. Previous studies were limited on the wet depo-
sition fluxes of low-molecular-weight organic acids. The an-
nual rain deposition fluxes of total organic acids in Mount Lu
were slightly lower than those calculated in the SET Station of
the Tibetan Plateau (Liu et al. 2014) but obviously lower than
those calculated in the tropical ecosystem of Agoufou, Africa
(Laouali et al. 2012). The annual wet deposition fluxes of total
organic acids in this study were found not to be at a high level.

Discrimination of organic acids between summer
and spring

Cloud water and rainwater samples were collected in the sum-
mer of 2011 and the spring of 2012. Organic acid concentra-
tion levels and contribution to acidity in summer and spring
were contrasted to estimate the discrimination of organic acids
between the two seasons.

A comparison of the VWM concentration of organic acids
in cloud water between summer and spring is shown in Fig. 2.
The VWM of total organic acid in summer samples of cloud
water was 48.81 peq/L, obviously higher than that of spring
(34.38 peq/L). Formic acid, acetic acid and oxalic acid pre-
dominated in summer samples of cloud water, with
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Fig. 2 Comparison of the VWM concentration of organic acids between
summer and spring in cloud water, TSP, and rainwater
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concentrations of 14.84, 13.40, and 13.99 peq/L, respectively,
higher than those of spring samples (8.14, 8.07, and 9.04 peq/
L, respectively). The results were due to an increase in bio-
genic emissions from vegetation (Wang et al. 2011) and pho-
tochemical activity because of intense solar radiation and
abundant atmospheric oxidants (Kuhn et al. 2002) in summer.
Different meteorological conditions such as the low frequency
of fog in summer were expected to have non-negligible effects
on such variations of organic acids, too.

A contrast of the VWM concentrations of organic acids in
rainwater for summer and spring is presented in Fig. 2. The
VWM of total organic acid in summer samples of rainwater
was 34.77 peq/L, close to the value of that in spring samples
(33.04 neqg/L). However, concentrations of formic acid, acetic
acid, and oxalic acid revealed a different seasonal discrimina-
tion regularity. The concentration of formic acid in summer
was 12.63 peq/L, higher than that in spring (9.61 peq/L),
whereas the concentrations of acetic acid (10.43 peq/L) and
oxalic acid (4.47 peg/L) were lower in summer than in spring
(11.40 and 5.22 peq/L for acetic acid and oxalic acid,
respectively).

In addition to the prosomatic cloud of rainwater, the scav-
enging of rainfall in aerosols was another important source of
organic acid in rainwater (Sun et al. 2010). For the sake of
exploring the contribution of organic acid in aerosols to the
concentration of organic acids in rainwater, the concentration
of organic acids in TSP of summer and spring was investigat-
ed, as shown in Fig. 2. The average concentration of organic
acids in TSP samples of spring was 1698.69 ng/m’, higher
than the value 0f 929.68 ng/m’ in summer. The first two abun-
dant organic acids were acetic acid and oxalic acid in the two
seasons. In spring, the most abundant organic acid was acetic
acid, with a concentration of 1222.55 ng/m’>, followed by
oxalic acid, with a concentration of 232.88 ng/m3 . However,
concentrations of these two acids in summer were obviously
lower (550.60 and 163.97 ng/m> for acetic acid and oxalic
acid, respectively). Formic acid occupied a significant per-
centage both in rainwater and cloud water, whereas the per-
centage of formic acid in TSP was not high. However, the
concentration of formic acid in TSP in spring was 93.15 ng/
m’, higher than that in summer (54.49 ng/m”).

In addition to prosomatic cloud water, aerosols were anoth-
er main source of acetic acid and oxalic acid in rainwater.
Higher concentrations of acetic acid and oxalic acid in TSP
increased the concentrations of acetic acid and oxalic acid in
rainwater in spring. Therefore, rainwater and cloud water pre-
sented different seasonal discrimination regularity.

The contribution of organic acids to acidity in both cloud
water and rainwater in summer and spring was shown in
Fig. 3. The contribution ratios during the summer season were
lower than those during the spring period in both rainwater
(12.24 % in summer vs 19.89 % in spring) and cloud water
(2.20 % in summer vs 2.83 % in spring), attributed to more
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Fig. 3 Contributions of major organic acids to total free acidity in cloud
water and rainwater for summer and spring

acidic cloud water and rainwater in the summer period to
some extent and preventing the dissociation of weak organic
acids (Wang et al. 2011). The contributions of organic acids to
the total anionic content of cloud water and rainwater in sum-
mer were 6.2 and 28.09 %, respectively, lower than the values
in spring (7.4 and 42.95 %, respectively) (Sun et al. 2015).

Determining primary or secondary sources
by formic-to-acetic acid ratio

For further analysis of the sources of organic acid in cloud
water and rainwater at Mount Lu, F/4 is applied in this sec-
tion. Sources of organic acids in the atmosphere were divided
into primary sources, such as vegetation, biomass burning,
ocean, soil, and automotive vehicle discharge directly, and
secondary sources, such as the photochemistry oxidation of
unsaturated carbon hydrocarbons (Carlton et al. 2007; Chebbi
and Carlier 1996; Khare et al. 1999; Tan et al. 2010).
Considering that formic acid and acetic acid were emitted
from similar sources or source strengths, the ratio of /4 could
be applied to analyze the sources of organic acids in the atmo-
sphere (Khare et al. 1997b; Kieber et al. 2002). In this study,
correlation coefficients between formic acid and acetic acid
were calculated to be 0.74 and 0.79 in cloud water and rain-
water, respectively, close to the values of New Zealand rain-
water (0.7) (Kieber et al. 2002) and North Central India rain-
water (0.78) (Khare et al. 1997b), respectively. Consequently,
formic acid and acetic acid presented similar sources or source
strengths in cloud water and rainwater in our study. In the gas
phase, primary sources were in a dominant position when F/
A<1, whereas if F/4>1, secondary formation gained

ascendancy (Andreae et al. 1990; Kumar et al. 1996). The
differences between the liquid phase and the gas phase were
that /4 in the liquid phase was associated with Henry’s con-
stant, the dissociation constant, and pH. The computational
method is mentioned in Johnson and Dawson (1993) and
Winiwarter et al. (2010).

Supposing that organic acid was in a balanced state of the
gaseous phase and the liquid phase, the following equation
was used to identify whether the [F/4] of samples was above
1 or lower than 1, established according to Henry’s law and
dissociation equilibria:

K (H'] +K,)

K ([H'] +Ky) £/ ©)

[F/ Ay
where [F/A]y = Measured [F]/ Measured [4], Kiy; = 5.6 x 10°
mol L' atm™, Kj;, = 8.8 x 10° mol L' atm ™', K, = 1.77 x
10 *mol L™ and K;, = 1.76 x 10> mol L' (7=298.15 K) for
formic and acetic acids, respectively (Sakugawa et al. 1993;
Seinfeld and Pandis 1998).

In Fig. 4, black line was the value of [F/A]y; in Eq. (6) when
[F/A]=1, and scatters were the values of [F/A]y in cloud
water samples. It meant //4 <1 when data points of [F/A4]y
were below the curve and indicated that organic acids primar-
ily derived from primary sources. Organic acids could be con-
sidered to be primarily emitted from secondary formations
when data points of [F/4]y; were above the curve which meant
F/A>1. As illustrated in Fig. 4, the values of F/4 were lower
than 1 in 71.31 % of the cloud water samples, with summer
and spring samples covering 25.22 and 46.09 % of total, re-
spectively. The values of /4 were higher than 1 in 28.69 % of
the cloud water samples, with 19.13 % of the samples collect-
ed in summer and 9.56 % of the samples collected in the
spring. Therefore, the sources of organic acids in most cloud
water samples were primary sources, and the sources of or-
ganic acid in the rest of the samples were secondary

B
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Fig. 4 The [F/A]y judgment equation curve and [F/A4]y; of cloud water
samples for summer and spring seasons
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formations. High solar radiation, high temperature, and high
concentrations of oxide impelled the photochemistry oxida-
tion of unsaturated carbon hydrocarbons in summer. As a
result, there were more samples in summer than in spring
whose major emission sources were secondary photochemical
transformations.

In rainwater, prosomatic cloud water and the scavenging of
rainfall in aerosols were the significant sources of organic
acids. Moreover, the longer atmospheric residence time in
cloud water than rainwater, propitious to the secondary forma-
tions of organic acids, caused the values of F/4 in rainwater
and cloud water to present diverse features.

In Fig. 5, the black line was the value of [F/4]y; in Eq. (6)
when [F/A]=1, and scatters were the values of [F/A4]y; in rain
samples. The [F/A]\ point of each rainwater sample is located
under the curve (F/4<1), illustrating that organic acids in all
rainwater samples originated from primary sources.
Moreover, the [F/A]y points of the summer samples were
closer to the curve than those of the spring samples, suggest-
ing a stronger secondary generation of organic acids in rain-
water samples in summer.

Emission sources identified by PMF

PMF is adopted to quantitatively analyze the emission sources
of organic acids in this section. Only cloud water samples
were analyzed in this study due to the limited number of
samples of rainwater. To obviously apportion the possible
emission sources of organic acids in cloud water via the sta-
tistical software package EPA PMF 3.0, other non-sea salt
(nss) inorganic ions detected previously in the same samples
were cited in the study of Sun et al. (2015). Generally speak-
ing, Na" and C1” were considered tracers of marine emissions.
Nss components were computed by methods based on the
concentrations of Na', C1™ and other inorganic ions (Zhang

@ Summer [F/A],

61 a Spring [F/A],

[F/A],, (Rainwater)

Peset® * o
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Fig. 5 The [F/A]yv judgment equation curve and [F/A]y of rainwater
samples for summer and spring seasons
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et al. 2012). In this study, the concentrations and correspond-
ing uncertainty values of 106 cloud water samples with ten
species were considered as the input, and PMF was run mul-
tiple times while varying the number of factors. Finally, opti-
mal computational results were obtained. With a resultant
fpeak of 0.1 and Qrobust (975.9) and Qtrue (971.6) values
close to Qtheory (106 x 10=1060), four factors were physi-
cally reasonable and could be explained by the potential
sources at this site. Correlations between the measured and
predicted concentrations of species by the model were used
to authenticate the model, and the correlation coefficients of
10 species were all greater than 0.68 (R*>0.68), indicating
that the four sources analyzed by the PMF mode could accu-
rately estimate changes in mass concentrations of 10 species
in cloud water. The four sources obtained by PMF analysis in
this study were biogenic emissions, anthropogenic emissions,
marine emissions, and soil emissions. The source profiles of
the factors and explained species variations are shown in
Fig. 6.

Biogenic emissions were characterized by a very low load-
ing of nss ions and a high loading of three major organic acids
(acetic acid, formic acid, and oxalic acid). Biogenic emissions
explained 65.3 % of acetic acid, 73.0 % of formic acid and
52.8 % of oxalic acid; hence, biogenic emissions were the
major source of organic acids at Mount Lu. Biogenic organic
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species in the four factors identified via PMF are illustrated. Four
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gas, such as isoprene, delivered from vegetation was identified
as an important potential source of organic acids in the sub-
tropic forests of Taiwan (Ying and Kuo 2013) and on moun-
tains of China (Heinrich 2007).

Because of the high loading of sulfate, nitrate, and ammo-
nium, anthropogenic emissions were confirmed to be sources
of organic acids at Mount Lu, explaining 19.6 % of acetic
acid, 8.0 % of formic acid, 21.1 % of oxalic acid and 11.8 %
of MSA. Khare et al. discussed organic acids emitted from
automobiles at peak traffic hours at a suburban site in India
(Khare et al. 1997a). Anthropogenic sources can also be at-
tributed to air masses polluted due to the combustion of fossil
fuel, wood, and agricultural waste, among others (Kawamura
et al. 2000).

Marine emissions were determined because of the high
loading of MSA. It is widely known that dimethylsulfide
(DMS), the precursor of MSA, primarily originated from phy-
toplankton in the sea (Bates et al. 1992). Thus, MSA was
considered a typical marker of marine emissions. Marine
emissions explained 89.2 % of MSA, 7.7 % of acetic acid,
11.2 % of formic acid and 16.3 % of oxalic acid. Fu et al.
noted that organic acids such as oxalic may come from marine
phytoplankton by oxidizing biogenic precursors such as un-
saturated fatty acids in the sea (Fu et al. 2013).

Due to the high loading of elements Ca” and Mg", soil
emissions were determined. Soil emissions contributed less
to organic acids and explained 7.4 % of acetic acid, 7.9 % of
formic acid and 9.8 % of oxalic acid. Moreover, biogenic
metabolites and microbes that could produce organic acids
enabled soil particles to be a potential source of organic acid
in the atmosphere (Sanhueza and Andreae 1991).

Consequently, 61.8, 15.28, 15.07, and 7.85 % of the organ-
ic acid in cloud water at Mount Lu came from biogenic emis-
sions, anthropogenic emissions, marine emissions, and soil
emissions, respectively.

Conclusions

The chemical characteristics and sources of organic acids in
cloud water and rainwater were investigated at a mountain site
in an acid precipitation region, southern China. The VWM
concentrations of total organic acids were 38.42 peq/L in
cloud water and 33.39 peg/L in rainwater, and formic acid,
acetic acid, and oxalic acid were found to be the predominant
components. The concentrations of organic acids in cloud
water and rainwater at Mount Lu were comparable to those
at forest ecosystem and mountain sites but higher than those at
urban and marine sites. The contribution of organic acids to
the acidity of rainwater was significant, up to 17.66 %.
However, it was estimated that the annual wet deposition
fluxes of total organic acids were not high in 2011 and 2012.
Organic acids in cloud water in summer exhibited obviously

higher concentrations than in spring, whereas organic acids in
rainwater presented few differences in spring and summer.
The discrepant seasonal discrimination of organic acid con-
centrations between summer and spring resulted from differ-
ent sources of organic acid in cloud water and rainwater.
Organic acids in cloud water primarily originated from plant
emissions and photochemical oxidation. In addition to the
prosomatic cloud of rainwater, the scavenging of rainfall on
TSP contributed considerably to organic acid in rainwater.
The low F/A values indicated that the main sources of organic
acid in cloud water and rainwater were primary emissions,
whereas more secondary formations of organic acid were
found in cloud water than in rainwater. The discriminations
of F/A4 in cloud water samples confirmed that secondary for-
mations played a more important role in sources of organic
acids in summer than in spring. PMF confirmed that biogenic
emissions were the most significant sources of organic acids,
whereas anthropogenic emissions and marine emissions con-
tributed less but accounted for a certain proportion. We expect
that the contribution of organic acids to wet deposition was
nonignorable, but organic acids do not present significant eco-
logical risks in acid precipitation regions in China.

Acknowledgments We are thankful for the surface meteorological data
provided by the Mount Lu Meteorological Station. This research was
supported by the National Natural Science Foundation of China
(21177073).

References

Adam R, Eberly SI, Bhave PV (2007) Receptor modeling of ambient
particulate matter data using positive matrix factorization: review
of existing methods. J Air Waste Manage Assoc 57:146-154

Akpo A, Galy-Lacaux C, Laouali D, Delon C, Liousse C, Adon M,
Gardrat E, Mariscal A, Darakpa C (2015) Precipitation chemistry
and wet deposition in a remote wet savanna site in West Africa:
Djougou (Benin). Atmos Environ 115:110-123

Alier M, Osto MD, Lin YH, Surratt JD, Tauler R, Grimalt JO, van Drooge
BL (2014) On the origin of water-soluble organic tracer compounds
in fine aerosols in two cities: the case of Los Angeles and Barcelona.
Environ Sci Pollut Res Int 21:11649-11660

Andreae MO, Talbot RW, Berresheim H, Beecher KM (1990)
Precipitation chemistry in central Amazonia. J Geophys Res 95:
16987-16999

Avery GB, Willey JD, Wilson CA (1991) Formic and acetic acids in
coastal North Carolina rainwater. Environ Sci Technol 25:1875—
1880

Avery GB, Tang Y, Kieber RJ, Willey JD (2001) Impact of recent urban-
ization on formic and acetic acid concentrations in coastal North
Carolina rainwater. Atmos Environ 35:3353-3359

Bates TS, Lamb BK, Guenther A, Dignon J, Stoiber RE (1992) Sulfur
emissions to the atmosphere from natural sources. J Atmos Chem
14:315-337

Bator A, Collett JL (1997) Cloud chemistry varies with drop size. J
Geophys Res 102:28071-28078

Callén MS, Iturmendi A, Lopez JM (2014) Source apportionment of
atmospheric PM2.5-bound polycyclic aromatic hydrocarbons by a

@ Springer



9538

Environ Sci Pollut Res (2016) 23:9529-9539

PMF receptor model. Assessment of potential risk for human health.
Environ Pollut 195:167-177

Carlton AG, Turpin BJ, Altieri KE, Seitzinger S, Reff A, Lim HJ, Ervens
B (2007) Atmospheric oxalic acid and SOA production from
glyoxal: results of aqueous photooxidation experiments. Atmos
Environ 41:7588-7602

Chebbi A, Carlier P (1996) Carboxylic acids in the troposphere, occur-
rence, sources, and sinks: a review. Atmos Environ 30:4233-4249

Cheng Y, Liu Y, Huo M, Sun Q, Wang H, Chen Z, Bai Y (2011) Chemical
characteristics of precipitation at Nanping Mangdang Mountain in
eastern China during spring. J Environ Sci 23:1350-1358

Cheng Y, Engling G, He KB, Duan FK, Ma YL, Du ZY, Liu JM, Zheng
M, Weber RJ (2013) Biomass burning contribution to Beijing aero-
sol. Atmos Chem Phys 13:7765-7781

China Meteorological Administration (2003) Specifications for
Surface Meteorological Observation (in Chinese), 2nd ed.
China Mete-orological Press, Beijing

Coelho CH, Allen AG, Fornaro A, Orlando EA, Grigoletto TLB, Campos
MLAM (2011) Wet deposition of major ions in a rural area impacted
by biomass burning emissions. Atmos Environ 45:5260-5265

Fornaro A, Gutz IGR (2003) Wet deposition and related atmospheric
chemistry in the Sao Paulo metropolis, Brazil: part 2—contribution
of formic and acetic acids. Atmos Environ 37:117-128

Fu P, Kawamura K, Usukura K, Miura K (2013) Dicarboxylic acids,
ketocarboxylic acids and glyoxal in the marine aerosols collected
during a round-the-world cruise. Mar Chem 148:22-32

Galloway JN, Likens GE (1976) Calibration of collection procedures for
the determination of precipitation chemistry. Water Air Soil Pollut 6:
241-258

Gierlus KM, Laskina O, Abernathy TL, Grassian VH (2012) Laboratory
study of the effect of oxalic acid on the cloud condensation nuclei
activity of mineral dust aerosol. Atmos Environ 46:125-130

Gioda A, Santos-Figueroa G, Collett JL, Decesari S, Bezerra Netto HIC,
De AN, Francisco R, Mayol-Bracero OL (2011) Speciation of
water-soluble inorganic, organic, and total nitrogen in a background
marine environment: cloud water, rainwater, and aerosol particles. J
Geophys Res Atmos 116:420-424

Heinrich A (2007) An estimate of biogenic emissions of volatile organic
compounds during summertime in China (7 pp). Environ Sci Pollut
Res 14 suppl 1:69-75

Hoag K1J, Collett JL Jr, Pandis SN (1999) The influence of drop size-
dependent fog chemistry on aerosol processing by San Joaquin
Valley fogs. Atmos Environ 33:4817-4832

Hu M, Zhang J, Wu Z (2005) Chemical compositions of precipitation and
scavenging of particles in Beijing. Sci China Ser B: Chem 48:265—
272

Huang XF, Li X, He LY, Feng N, Hu M, Niu YW, Zeng LW (2010) 5-year
study of rainwater chemistry in a coastal mega-city in South China.
Atmos Res 97:185-193

Johnson BJ, Dawson GA (1993) A preliminary study of the carbon-
isotopic content of ambient formic acid and two selected sources:
automobile exhaust and formicine ants. J Atmos Chem 17:123-140

Kawamura K, Ng LL, Kaplan IR (1985) Determination of organic acids
(C1-C10) in the atmosphere, motor exhausts, and engine oils.
Environ Sci Technol 19:1082—-1086

Kawamura K, Steinberg S, Kaplan IR (2000) Homologous series of C1-
C10 monocarboxylic acids and C1-C6 carbonyls in Los Angeles air
and motor vehicle exhausts. Atmos Environ 34:4175-4191

Kawamura K, Steinberg S, Lai N, Kaplan IR (2001) Wet deposition of
low molecular weight mono- and di-carboxylic acids, aldehydes and
inorganic species in Los Angeles. Atmos Environ 35:3917-3926

Keene WC, Galloway JN (1988) The biogeochemical cycling of formic
and acetic acids through the troposphere—an overview of current
understanding. Tellus Ser B Chem Phys Meteorol 40:322-334

Khan MF, Latif MT, Lim CH, Amil N, Jaafar SA, Dominick D, Nadzir
MSM, Sahani M, Tahir NM (2015) Seasonal effect and source

@ Springer

apportionment of polycyclic aromatic hydrocarbons in PM 2.5.
Atmos Environ 106:178-190

Khare P, Satsangi GS, Kumar N, Kumari KM, Srivastava SS (1997a)
Surface measurements of formaldehyde and formic and acetic acids
at a subtropical semiarid site in India. J] Geophys Res 102:18997—
19005

Khare P, Satsangi GS, Kumar N, Kumari KM, Srivastava SS (1997b)
HCHO, HCOOH and CH3COOH in air and rain water at a rural
tropical site in North Central India. Atmos Environ 31:3867-3875

Khare P, Kumar N, Kumari KM, Srivastava SS (1999) Atmospheric
formic and acetic acids: an overview. Rev Geophys 37:227-248

Kieber RJ, Peake B, Willey JD, Avery GB (2002) Dissolved organic
carbon and organic acids in coastal New Zealand rainwater. Atmos
Environ 36:3557-3563

Kuhn U, Rottenberger S, Biesenthal T, Ammann C, Wolf A, Schebeske
G, Oliva ST, Tavares TM, Kesselmeier J (2002) Exchange of short-
chain monocarboxylic acids by vegetation at a remote tropical forest
site in Amazonia. ] Geophys Res Atmos 107:LBA 36-1-LBA 36-18

Kumar N, Kulshrestha UC, Khare P, Saxena A, Kumari KM, Srivastava
SS (1996) Measurements of formic and acetic acid levels in the
vapour phase at Dayalbagh, Agra, India. Atmos Environ 30:3545—
3550

Laouali D, Galy-Lacaux C, Diop B, Delon C, Orange D, Lacaux J, Akpo
A, Lavenu F, Gardrat E, Castera P (2012) Long term monitoring of
the chemical composition of precipitation and wet deposition fluxes
over three Sahelian savannas. Atmos Environ 50:314-327

Legrand M, Preunkert S, Galy-Lacaux C, Liousse C, Wagenbach D
(2005) Atmospheric year-round records of dicarboxylic acids and
sulfate at three French sites located between 630 and 4360 m eleva-
tion. J Geophys Res Atmos 110:2793-2802

Li XD, Zhou Y, Fu P, Jing Y, Lang YC, Di L, Ono K, Kawamura K
(2015) High abundances of dicarboxylic acids, oxocarboxylic acids,
and o-dicarbonyls in fine aerosols (PM 2.5) in Chengdu, China
during wintertime haze pollution. Environ Sci Pollut Res 22:1-17

Liu B, Kang S, Sun J, Wan X, Wang Y, Gao S, Cong Z (2014) Low-
molecular-weight organic acids in the Tibetan Plateau: results from
one-year of precipitation samples at the SET station. Atmos Environ
86:68-73

Menz FC, Seip HM (2004) Acid rain in Europe and the United States: an
update. Environ Sci Pol 7:253-265

Nolte CG, Solomon PA, Fall T, Salmon LG, Cass GR (1997) Seasonal
and spatial characteristics of formic and acetic acids concentrations
in the southern California atmosphere. Environ Sci Technol 31:
2547-2553

Paatero P, Tapper U (1994) Positive matrix factorization: a non-negative
factor model with optimal utilization of error estimates of data
values. Environmetrics 5:111-126

Paatero P, Hopke PK, Song XH, Ramadan Z (2002) Understanding and
controlling rotations in factor analytic models. Chemom Intell Lab
Syst 60:253-264

Pauliquevis T, Lara LL, Antunes ML, Artaxo P (2012) Aerosol and pre-
cipitation chemistry measurements in a remote site in Central
Amazonia: the role of biogenic contribution. Atmos Chem Phys
12:4987-5015

Paulot F, Wunch D, Crounse JD, Toon GC, Millet DB, Decarlo PF,
Vigouroux C, Deutscher NM, Abad GG, Notholt J (2010)
Importance of secondary sources in the atmospheric budgets of
formic and acetic acids. Atmos Chem Phys 11:24435-24497

Paulot F, Wunch D, Crounse JD, Toon GC, Millet DB, Decarlo PF,
Vigouroux C, Deutscher NM, Abad GG, Notholt J (2011)
Importance of secondary sources in the atmospheric budgets of
formic and acetic acids. Atmos Chem Phys 10:24435-24497

Pena RM, Garcia S, Herrero C, Losada M, Vazquez A, Lucas T (2002)
Organic acids and aldehydes in rainwater in a northwest region of
Spain. Atmos Environ 36:5277-5288



Environ Sci Pollut Res (2016) 23:9529-9539

9539

Sakugawa H, Kaplan IR, Shepard LS (1993) Measurements of H202,
aldehydes and organic acids in Los Angeles rainwater: their sources
and deposition rates. Atmospheric Environment Part B Urban
Atmosphere 27:203-219

Sanhueza E, Andreac MO (1991) Emission of formic and acetic acids
from tropical Savanna soils. Geophys Res Lett 18:1707-1710

Seinfeld JH, Pandis SN (1998) Atmospheric chemistry and physics: from
air pollution to climate change. Publisher: New York, NY: Wiley,
1998 Physical description: xxvii, 1326 p. A Wiley-Interscience
Publication. ISBN: 0471178152, pp. 212-214(3)

Sellegri K, Laj P, Marinoni A, Dupuy R, Legrand M, Preunkert S (2003)
Contribution of gaseous and particulate species to droplet solute
composition at the Puy de Dome, France. Atmos Chem Phys 3:
1509-1522

Sofowote UM, Su Y, Dabek-Zlotorzynska E, Rastogi AK, Brook J,
Hopke PK (2015) Sources and temporal variations of constrained
PMF factors obtained from multiple-year receptor modeling of am-
bient PM2.5 data from five speciation sites in Ontario, Canada.
Atmospheric Environment., pp 140150

Song F, Gao Y (2009) Chemical characteristics of precipitation at metro-
politan Newark in the US East Coast. Atmos Environ 43:4903—4913

Sun J, Ariya PA (2006) Atmospheric organic and bio-aerosols as cloud
condensation nuclei (CCN): a review. Atmos Environ 40:795-820

Sun M, Wang Y, Wang T, Fan S, Wang W, Li P, Guo J, Li Y (2010) Cloud
and the corresponding precipitation chemistry in south China: water-
soluble components and pollution transport. J Geophys Res Atmos
115:1842—-1851

Sun L, Wang Y, Yue T, Yang X, Xue L, Wang W (2015): Evaluation of
the behavior of clouds in a region of severe acid rain pollution in
southern China: species, complexes, and variations. Environmental
Science & Pollution Research

Talbot RW, Beecher KM, Harriss RC, Cofer WR (1988) Atmospheric
geochemistry of formic and acetic acids at a mid-latitude temperate
site. J] Geophys Res Atmos 93:1638-1652

Tan Y, Carlton AG, Seitzinger SP, Turpin BJ (2010) SOA from
methylglyoxal in clouds and wet aerosols: measurement and predic-
tion of key products. Atmos Environ 44:5218-5226

Wang W, Wang T (1995) On the origin and the trend of acid precipitation
in China. Water Air Soil Pollut 85:2295-2300

Wang Y, Sun M, Li P, Li Y, Xue L, Wang W (2011) Variation of low
molecular weight organic acids in precipitation and cloudwater at
high elevation in South China. Atmos Environ 45:6518-6525

Winiwarter W, Puxbaum H, Fuzzi S, Facchini MC, Orsi G, Beltz N,
Enderle K, Jaeschke W (2010) Organic acid gas and liquid-phase
measurements in Po Valley fall-winter conditions in the presence of
fog. Tellus Ser B Chem Phys Meteorol 40b:348-357

Wu SP, Schwab J, Liu BL, Li TC, Yuan CS (2015) Seasonal variations
and source identification of selected organic acids associated with
PM10 in the coastal area of Southeastern China. Atmos Res 155:37—
51

Xu G, Lee X, Lv Y (2009) Urban and rural observations of carboxylic
acids in rainwater in Southwest of China: the impact of urbanization.
J Atmos Chem 62:249-260

Ying IT, Kuo SC (2013) Contributions of low molecular weight carbox-
ylic acids to aerosols and wet deposition in a natural subtropical
broad-leaved forest environment. Atmos Environ 81:270-279

Zhang Y, Lee X, Cao F (2011) Chemical characteristics and sources of
organic acids in precipitation at a semi-urban site in Southwest
China. Atmos Environ 45:413-419

Zhang NN, He YQ, Cao JJ, Ho KF, Shen ZX (2012) Long-term trends in
chemical composition of precipitation at Lijiang, southeast Tibetan
Plateau, southwestern China (SCI). Atmos Res 106:50—-60

@ Springer



	Organic acids in cloud water and rainwater at a mountain site in acid rain areas of South China
	Abstract
	Introduction
	Materials and methods
	Site description
	Sampling collection
	Chemical analysis
	PMF

	Results and discussion
	Composition and concentration levels of organic acids
	Contribution to acidity and wet deposition flux
	Discrimination of organic acids between summer and spring
	Determining primary or secondary sources by formic-to-acetic acid ratio
	Emission sources identified by PMF

	Conclusions
	References


