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Abstract: Organic acids were investigated in the rain sequence. Samples were collected in Shanghai
(East China) over a one-year period using an automatic volume-based sequential rain sampler
designed by ourselves. Organic acids significantly contributed (17.8 & 10.2%) to the acidity of rainfall
events in Shanghai. We observed that the concentration of each water-soluble ion in the sequential
volume-based rainwater samples did not change significantly after the cumulative rainfall reached
~1.2 mm, on average. The volume-weighted mean (VWM) concentrations of formic acid, acetic acid,
and oxalic acid were 13.54 peq L-1,832 peq L~!, and 5.85 peq L1, respectively. Organic acids might
mostly come from fine particles, which was the reason for the differences in acid concentrations in
rainfall events, cloud water, and early sequences of rainfall events. The VWM concentrations of
organic acids in rainfall events, cloud water, and early sequences of rainfall events were highest
in spring and lowest in winter. Further analysis, including positive matrix factorization (PMF),
suggested that vehicle exhaust and secondary emission sources were dominant contributors of
organic acids in rainfall events (40.5%), followed by biological emission sources (37.3%), and biomass
combustion sources (18.6%). The overall results not only reveal the critical role of organic acids in
cloud water and rainfall events but also indicate organic acids might pose an ecological threat to the
local surface ecosystem.
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1. Introduction

Organic acids are ubiquitous and abundant components in precipitation [1-3]. Organic
acids are generally characterized by high hygroscopicity and polarity, which means that
organic acids in the atmosphere could serve as condensation nuclei to drive the spontaneous
growth of atmospheric particles [4,5]. It was found that oxalic acid had a significant effect on
aerosol-cloud nucleation activity via laboratory experiments [6]. Furthermore, organic acids
were found to be an important cause of acid rain [7-11]. Cloud droplets can continuously
absorb organic acids from aerosols and gaseous phases, and thus increase the concentration
of organic acids in rainwater (regional precipitation) [12]. Since the 1990s, studies on the
contributions of organic acids to rainwater acidity have been carried out [6]. For example,
a previous study showed that the contributions of organic acids to the free acidity of
rainwater are 25-69% in remote areas [13]. Organic acids are responsible for 44% of the free
acidity in rainwater in Sao Paulo [14]. In China, organic acids have been found to contribute
18% to the free acidity in rainwater on Mount Lu [15]. The contributions of organic acids
to total free acidity in rainwater are 14% in Lin’an [4]. Previous studies have suggested
that formic acid, acetic acid, and oxalic acid are the most predominant organic acids in
rainwater, together contributing to more than 90% of organic acids in rainwater [1,4,15].
However, a few studies have simultaneously focused on organic acids in both rainwater
and cloud water. In particular, little attention has been paid to organic acids in cloud water
in megacities.
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Previous studies on organic acids in the atmosphere have shown that the concen-
trations of organic acids in and below clouds were quite different. The concentration
of oxalic acid (the most abundant of dicarboxylic acids in the troposphere) in the cloud
(0.11 4 0.11 peq m~—3) was more than that below the cloud (0.08 4- 0.10 peq m~3) [16]. Field
observations on organic acids in rainwater in Mount Lu showed that the VWM concen-
tration of organic acids in rainwater (33.39 peq L~1) was less than that in cloud water
(38.42 peq L71) [15]. Because the height of rainfall cloud is usually more than 1 km, it is
challenging to collect cloud water on flat ground. Therefore, most cloud water sampling
points were situated in mountainous areas. As a result, previous studies on the differ-
ences between organic acids in rainwater and cloud water were limited to mountainous
areas [15]. However, recent research has shown that cloud water and rainwater could be
distinguished by analyzing the data obtained from sequential rain samples [17]. Accord-
ingly, this provides us with the possibility to explore the organic acids of cloud water in
urban areas.

It has previously been documented that the sources of organic acids in rainwater
include primary and secondary sources. The former contains direct emissions from vehicle
emissions, biomass combustion, fossil fuel combustion, and biological emissions [18-22].
The latter consists of the photochemistry reactions of precursors from artificial and natural
sources [23-26]. Previous studies showed that biological emissions accounted for 73.0%
of formic acid, 65.3% of acetic acid, and 52.8% of oxalic acid in cloud water in Mount
Lu (Central China) [15]. Moreover, researchers have found that primary emissions were
the dominant sources of organic acids in rainwater in Anshun (Southwest China) [27].
Indeed, due to the limited investigations on the organic acids in the sequential volume-
based rainwater samples, large uncertainties exist in the relative impacts of primary and
secondary production processes on organic acid abundances in cloud water and rainwater
in urban areas.

Shanghai is situated in the middle part of the east coast of China, with an average
elevation of 4 m. It is the center of economy, science and technology, industry, finance,
and trade in China. However, with the city’s rapid development, the population and the
number of cars are increasing rapidly, and the atmosphere in Shanghai is threatened by
high anthropogenic pollutant inputs. Therefore, Shanghai is an ideal region to study the
effects of organic acids in rainwater on the atmosphere and surface ecosystems. In this
study, in-cloud water (rain in the later stage of a precipitation event (cloud water); at this
stage, the rainout effect largely controls the chemical compositions in rainwater) will be
distinguished from rainfall events via a homemade automatic sequential rainfall event
sampler. Subsequently, the concentration levels and seasonal variations of organic acids
in cloud water and rainfall events were discussed. Furthermore, the formic acid to acetic
acid (F/A) ratio and the PMF analysis was carried out to identify the potential sources of
organic acids in cloud water and rainfall events in Shanghai.

2. Materials and Methods
2.1. Sampling Location

The sampling site is located on the roof of the College of Agriculture and Biology,
Shanghai Jiao Tong University, Shanghai (31.03° N, 121.45° E) (Figure S1). There are no
high-rise buildings near this sampling point. Typical pollution sources, such as factories,
and waste incineration plants, are not found within 20 km of the sampling site. The nearest
coastline is 26 km away. The average temperature from June to August in Shanghai is about
28 °C, and the rainfall is 931 mm. From September to November, the average temperature
is about 20 °C, and the rainfall is about 314 mm. The average temperature is about 8 °C
from December to February, and the rainfall is about 202 mm. The average temperature
is about 17 °C, and the rainfall is about 277 mm from March to May. Meteorological data
were obtained from the National Meteorological Science Data Center (http://data.cma.cn/)
(accessed on 30 August 2021).
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2.2. Sampling Equipment and Sampling Method

A homemade automatic sequential rainfall event sampler is shown in Figure S2. The
liquid level sensor controls the amount of rainwater collected by each bottle. The point
sensors ensure that each water outlet for each horizontal duct is aligned with the bottle
mouth. Sample leakage will not occur during sample collection. Rainwater is first collected
into the funnel through the canopy and then flows into the bottle through the horizontal
conduit. The liquid level sensor gives a signal to the point level sensor when rainwater
collection reaches a certain height (Figure 1). The horizontal conduit port goes to the next
bottle port via an electric motor and cycles back and forth. The canopy of the experimental
device is made up of two stainless steel plates (1.3 m x 0.8 m), both of which are inclined at
an angle of 30° with the horizontal plane. The outer rim of this sampler was wrapped with
transparent waterproof cloth and covered with an acrylic plate. A fixed collection volume
of 350 mL was set for each bottle, which corresponds to a cumulative rainfall of ~0.2 mm.

The customized bottles used in this study were washed and dried prior to sample
collection. The sampling period for this study was from August 2020 to May 2021. A total
of 61 rain events were investigated. The total number of samples was 616. The pH and
electrical conductivity (EC) values of rainwater samples were measured on-site. Then,
the rainwater samples were filtered with 0.45 um microporous filter (polyether sulfone)
immediately. All rainwater samples were stored in the refrigerator (-40 °C).

iquid level sensor positioning sensor

-~
\

® Sensing point for positioning > sensing height for Liquid level

Figure 1. Conceptual diagram showing an automatic volume-based sequential rain sampler. When
the blue liquid level reaches the sensing line (corresponding to the purple liquid height), the horizontal
conduit goes to the next point.

2.3. Analysis of Chemical Components in Rainwater

Inorganic ions (Na*, NHs*, K¥, Mg2+, Ca%*,F~,Cl~,NO,,Br,NO;  and 8042’)
and organic acids (formic acid, acetic acid, Methane Sulfonic Acid (MSA), succinixc acid,
glutaric acid, oxalic acid) were measured by Thermo Fisher Dionex Aquion Ion Chromatog-
raphy [28,29]. EC and pH were analyzed by a DZS-706A Multiparameter Analyzer.

2.4. The Data Analysis
2.4.1. Ionic Balance Analysis

Ion balance can be used to detect the data quality of rainwater samples. For rainwater
samples with total ion concentrations greater than 100 peq L}, a difference in concen-
trations between total cations and total anions of 15-30% is acceptable, while 30-60% of
the concentrations difference between the total cations and total anions is acceptable for
rainwater samples with total ion concentrations in the range 50-100 peq L~1[30]. The
difference in concentrations of all rainwater samples in this study was within the error
range. There was a great correlation (R? = 0.87) between total anions and total cations
(Figure S3). These results showed that our experimental data were reliable.
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2.4.2. The Contribution of Organic Acids to Total Free Acidity

The calculation method proposed by (Keene et al., 1983) [13] was used to evaluate the
contributions of organic acids to total free acidity (TFA) in rainfall events, shown below.

n (%) = %Iﬁ M
[A7] = Kalfi[j[\l/fl]"‘] (2

where [H*] represents the concentration of hydrogen ion (umol L™1). K,, is the ionization
constant of mono-carboxylic acid. The ionization constant of formic acid and acetic acid
is 1.78 x 10™* and 1.77 x 107> (T = 298.15 K), respectively. [M] is the concentration of
formic or acetic acid (umol L~1). The free acidity [A~] of formic acid and acetic acid was
calculated by Equation (2).

The free acidity [A™] of oxalic acid was calculated by the following equations (Saku-
gawa et al., 1993) [31].

[A7]=[HCO04 ]+ [C2047] ®)
-1 _ [M]
[HC,04™ | = T & )
TR
1 _ [M]
(G047 ] = B[ ®)
1+ +

KKy Ky[H']
TFA =2 x [SO427 ]+ [NO; ] + [CI"] +T[A ] (6)

where the first order ionization constant K; of oxalic acid is 5.9 x 1072 (T = 298.15 K), and
the second order ionization constant K, of oxalic acid is 6.4 x 107° (T = 298.15 K). T[A™]
represents the sum of [A™] of formic acid, acetic acid, and oxalic acid.

The following equation was used to calculate the contributions of organic acids (OA)
to free acidity (COA) in rainfall events [13]:

COA = OA/TFA = T[a7] x 100% 7
- ~ TFA ¢ 7)

2.4.3. Backward Trajectory Analysis

In this study, Meteoinfo software (http:/ /www.meteothink.org/) (accessed on 10 June 2021)
were used to analyze the backward trajectories of the air masses arriving at the sampling
site in every investigated precipitation event [32]. The Global Data Assimilation System
(GDAS) provided by Air Resources Laboratory (NOAA ARL) (http://ready.arl.noaa.gov/
HYSPLIT.php) (accessed on 10 June 2021) was used to calculate 2-day (48 h) back trajectories
of air masses starting at 1500 m above sea level.

2.4.4. The Formic to Acetic Acid (F/A) Ratio

The F/ A ratio can be utilized to identify the relative importance of the contribution of
primary and secondary sources to organic acids in rainwater. If F/A > 1, it indicates that
the organic acids in rainwater mainly come from secondary sources. If F/A <1, it indicates
that the organic acids in rainwater mainly come from primary source [33,34]. The F/A
ratio in the liquid phase is related to the Henry coefficient, dissociation coefficient, and pH
value [35]. The [F/A]um value can be calculated according to the following equation.

[E/A] =[F]/[A] ®)
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K ([H] +Ka)
Ky ([HT] 4+ Kp)

where K1 =5.6 x 103 mol L atm ™!, Kijp =88 x 10° mol Lt atm™!, K, =1.77 x 10~* mol L1,
and K, = 1.76 x 1072 mol L ~! (T = 298.15 K). [F] represents the concentration of formic acid
(umol L), [A] represents the concentration of acetic acid (umol L= [31].

In addition, a positive matrix factorization (PMF) model (version 5.0) (Environmental
Protection Agency, EPA, New York City, NY, USA) was applied to identify the potential
sources of organic acids in rainwater (Text S1) [36-38]. Correlation analysis was conducted
via SPSS 20.0 (International Business Machines Corporation, IBM, New York City, NY, USA)
to explore potential relationships in the response and explanatory variables.

[F/Aly; = Measured [F]/Measured [A] =

[F/A] )

3. Results and Discussion
3.1. General Variation Patterns of Chemical Compositions in the Sequential Rainwater Samples

A representative rainfall was chosen from all rainfall events to show the general
variation patterns of the chemical compositions in the sequential volume-based rainwater
samples in Shanghai (Figure 2). The removal efficiency of quantified chemical compositions
of the first sample (cumulative rainfall is 0.2 mm) (22.9 & 10.1%) was highest (Figure 2).
Precipitation is an effective pathway to remove particulate matter (PM) in the atmosphere,
which is usually divided into two parts: in-cloud (rainout) and below-cloud (washout)
scavenging processes [17,39—41]. Previous studies have shown that most ions and major
elements would be washed away in the first few mm of precipitation. Data from several
studies suggest that the process of washout contributes 50 to 80% to ions concentrations in
rainfall events [41,42]. In the later rainfall process, the ion concentrations in the sequential
volume-based rainwater samples changed slowly and gradually approached a constant
value. The rainfall process was gradually transferred from the process of washout to the
process of rainout [43]. We observed that the concentration of each water-soluble ion in the
sequential volume-based rainwater samples changed insignificantly after the cumulative
rainfall reached 1.0~1.6 mm (1.2 mm, on average) (Figure 2). It could be inferred that
the component of rainfall events might be dominated by the process of washout before
~1.2 mm of accumulated rainfall; the rainfall events in this stage were called the early
sequences of rainfall events. After ~1.2 mm of accumulated rainfall, the process of rainout
might dominate the component of rainfall events. The rainfall events in this stage were
called cloud water [17,42].

The variations in concentrations of all detected inorganic ions and organic acids in the
sequential volume-based rainwater samples were further studied (Figure S4). Before the
accumulated rainfall of 1.2 mm, the concentration proportion of Ca?* showed a decline,
while the concentration proportion of NH;* demonstrated an increase. After accumulated
rainfall of 1.2 mm, the concentrations of all ions in the sequential volume-based rainwater
samples tended to balance, further supporting that it is reasonable to divide cloud water by
judging general variation patterns of chemical compositions in the sequential rainwater
samples. The concentration proportion changes in formic acid, acetic acid, and oxalic acid
did not change significantly from the beginning to the end of rainfall, which was similar to
that of 5042’ and NO3 ™. The reason might be that with the increase in rainfall, the process
of washout contributed less and less to the composition of rainfall events [44]. It has been
proved by relevant research that ions such as SO4?~, NO3;~, and NH,* mainly exist in fine
particles, while ions including Ca?* primarily exist in coarse particles [16,45]. The removal
way of coarse particles was mainly through the process of washout, and the removal way
of fine particles was mainly through the process of rainout [46]. It can be concluded that
organic acids in rainfall events might mostly come from fine particles, and organic acids in
cloud water might contribute significantly to the concentrations of organic acids in rainfall
events in Shanghai [17,47-50].
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Figure 2. The change patterns of water-soluble ions in rainfall event with rainfall intensity and
rainfall in Shanghai: (a) pH and EC, (b) Na* and Cl~, (c) K*, Mg?*, and Ca2*, (d) acetic, formic, MSA,
glutaric, succinic, and oxalic acid, (e) NO,~, NO3~, SO42~,NH,*, and F~.

Several major organic acids (formic acid, acetic acid, and oxalic acid) and inorganic
ions (Ca%*, NH4*, and SO,42~) were chosen to analyze the variation differences in the
concentrations of inorganic ions and organic acids in the sequential volume-based rainwater
samples in Shanghai (Figure 3). From top to bottom, the concentration range includes four
concentration percentile intervals (70-90%, 50-70%, 30-50% and 0-30%). On the one hand,
because extreme values usually occur in the concentration range of 70-90% and 0-30%,
we focus on the changes in the concentration ranges of 30-50% and 50-70%. We selected
the cumulative rainfall of 0.2 mm, 1.2 mm, and 2.4 mm as three comparison nodes. The
concentration differences in the range 50-70% of Ca?*,NH;", and SO42~ decreased with
the increase in accumulated rainfall, especially Ca?*. A similar situation was also found
in the range of 30-50% (Ca%* and SO42~). However, insignificant changes were found
in the concentration ranges 30-50% and 50-70% of formic acid, acetic acid, and oxalic
acid. It could be clearly found that the concentration ranges of inorganic ions change more
than that of organic acids with rainfall. On the other hand, the slopes of the median line
of Ca%*, SO42~, and NHy* were —6.26, —5.12, and —5.08, respectively. Additionally, the
slopes of the median line of formic acid, acetic acid, and oxalic acid were —1.02, —0.71,
and —0.22, respectively. If the absolute value of the change slope of ion concentration was
smaller, the difference of which between the early and late stages of rainfall was smaller.
From the comparisons of concentration ranges and slopes, the influence of cumulative
rainfall on the concentrations of organic acids in Shanghai rainfall events was less than
that on inorganic ions. It was known that the scouring process of atmospheric compounds
was dependent not only on rain intensity and cumulative rainfall, but also on their size
distributions and aerosol sources [51]. Therefore, the slight variations in the concentrations
of organic acids in the sequential volume-based rainwater samples might relate to the small

difference in the concentrations of organic acids between cloud water and rainfall events in
Shanghai [12,52,53].
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Figure 3. The changes in concentrations of (a) Ca?*, (b) NH,*, (c) SO42~, (d) formic acid, (e) acetic
acid, and (f) oxalic acid with accumulated rainfall. The ion concentrations were divided into four
percentiles to observe the ion concentrations in each concentration interval (0-30%, 30-50%, 50-70%,
70-90%).

3.2. Concentrations and Seasonal Changes of Organic Acids in Rainfall Events, Early Sequences of
Rainfall Events and Cloud Water

3.2.1. Chemical Characteristics of Organic Acids in Rainfall Events, Early Sequences of
Rainfall Events and Cloud Water

Six organic acids (formic acid, acetic acid, MSA, glutaric acid, succinic acid, and oxalic
acid) in rainfall events were detected in this study. The concentration of formic acid ranged
from 0.77 to 126.29 peq L™}, the concentration of acetic acid was from 0.11 to 63.4 peq L1,
and the concentration of oxalic acid varied between 0 peq L~! (below determination
limit) and 40.21 peq L~!. The highest VWM concentration of organic acids in rainfall
events was formic acid (13.54 peq L~'), followed by acetic acid (8.32 peq L™!), oxalic
acid (5.85 peq L~1), succinic acid (1.18 peq LY, glutaric acid (0.54 peq L~1), and MSA
(0.1 peq L~1). The highest VWM concentration of inorganic ions in rainfall events was
NHy* (73.35 peq L™1), followed by Ca?* (59.72 peq L™1), SO42~ (52.12 peq L71), C1-
(27.79 peq L71), Na* (23.87neq L~1), NO3~ (12.59 peq L~1), and Mg?* (11.64 peq L71).
Formic acid, acetic acid, and oxalic acid were the main organic acids in rainfall events in
Shanghai, together accounting for 95% of organic acids. SO42~ and NO; ~ were the main
inorganic acid components in acid rain, accounting for more than 90% [54]. It has been
observed that the concentration of oxalic acid was generally highest among PM [55]. The
reason might be that the water solubility of oxalic acid was lower than that of formic acid
and acetic acid [50,56,57]. The regional comparisons of the VWM concentrations of organic
acids in rainfall events are shown in Table 1. Studies about organic acids in rainfall events
have been carried out extensively in mountainous areas, such as Mount Lu, Mount Heng,
Mount Mangdang, and Anshun area with high fractional vegetation [15,27,58], the authors
suggested the VWM concentration of acetic acid was greater than that of formic acid in
rainfall events. However, the VWM concentration of organic acids in urban areas showed
an opposite pattern, such as Shanghai, Xiamen, Beijing, and Shenzhen areas [59-61]. It was
well established from various studies that formic acid in the atmosphere mainly comes from
the photochemical formation of natural hydrocarbons (terpene and isoprene) emitted by
plants [14,18,62,63]. Therefore, the high formic acid concentration in urban rainfall events
could be attributed to the secondary production processes [64]. Moreover, the concentration
of acetic acid in rainfall events in mountainous areas was found to be relatively higher.
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A plausible reason is that organic acids in rainfall events were greatly affected by biological
emission sources in the suburban areas where the plants were very luxuriant [4,14].

Table 1. VWM concentrations (peq L1 of major organic acids, corresponding contributions of
organic acids to the acidity in rainwater in different representative regions.

Location Formic Acetic Oxalic OA/TFA (%) Time Reference

Shanghai, China 13.54 8.32 5.85 17.8 2020-2021 This study
Lin’an, China 10.21 3.89 2.01 17.7 2014-2015 [30]
Xiamen, China 4.62 1.84 0.44 <2 2012-2013 [59]
Mt. Lu, China 4.12 11.20 5.07 12.3 2011-2012 [15]
Mt. Heng, China 14.30 16.46 3.31 16.8 2009 [61]
Mt. Mangdang, China 7.90 9.90 3.60 18.4 March—April 2009 [58]
Anshun, China 495 6.93 2.84 58.1 2007-2008 [27]
Shangzhong, China 2.26 1.35 2.31 2.9 2006-2007 [65]
Shenzhen, South China 1.34 0.05 1.15 04 2005-2009 [21]
Beijing, China 5.60 4.60 1.17 / 2003 [60]
Wilmington, NC, USA 26.90 2.60 / 31.6 2008 [66]
Amersfoort, South Africa 7.50 6.10 / 10.0 1986-1999 [25]
Los Angeles 124 4.10 / 27.4 1985-1991 [31]
Northwest Spain / 9.50 3.00 / 1996-1997 [67]
Sao Paulo State, Brazil 7.80 5.00 240 39.8 2003-2007 [68]

The concentrations of inorganic ions and organic acids in early sequences of rainfall
events and cloud water were also compared systematically, as shown in Figure S5. In
cloud water, formic acid (VWM = 11.38 peq L~!) was the predominant organic acid species,
followed by acetic acid (VWM = 6.83 peq L~1), and oxalic acid (VWM = 5.13 peq L.
The VWM concentration of NH;* (62.46 peq L~1) was much higher than that of SO42~
(40.96 peq LY, Ca?* (37.60 neq L~1), and NO3;~ (9.80 peq LY. In early sequences of
rainfall events, the VWM concentration of formic acid (16.79 peq L~!) was more than that
of acetic acid (9.87 peq L~1) and oxalic acid (6.53 peq L~1). The largest VWM concentration
of water-soluble ions was Ca2* (82.93 peq L~1), and second NH,* (82.85 neq L~1), 5042~
(61.53 peq L~1), and NO;~ (16.18 peq L~1). The VWM concentrations of Ca?*, NH,*,
8042’, NO3 ™, formic acid, acetic acid, and oxalic acid in early sequences of rainfall events
were 2.2, 1.3, 1.5, 1.65, 1.48, 1.45, and 1.27 times than that in cloud water, respectively.
If the ratio was smaller, the difference between the concentration of the corresponding
ion in cloud water and early sequences of rainfall events was smaller. We previously
suggested that ions, such as S042~,NO;~, and NH,* mainly exist in fine particles, while
CaZ* primarily exists in coarse particles [16,45]. Thus, the ratios of NH,*, S042~,NO;3 ™,
formic acid, acetic acid, and oxalic acid showed insignificant differences. This could be
further supported by the fact that cloud water might be the primary contributor to organic
acids in rainfall events [52,53]. The concentrations of organic acids in this study were
comparable to those studied in cloud water in other regions. Higher concentrations of
organic acids in cloud water were found in most mountain sites and tropical ecosystems,
such as Mount Lu, Mount Heng, and the forest ecosystems of Taiwan [15,61,69]. The
concentrations of organic acids in cloud water in the marine environment were lower than
in most other areas [6]. The concentrations of acetic acid and oxalic acid in cloud water in
Shanghai were lower than that in Mount Lu and Taiwan, while the concentration of formic
acid in cloud water was higher than that in Mount Lu and Taiwan [15,69].

3.2.2. Seasonal Changes of Organic Acids in Rainfall Events, Early Sequences of Rainfall
Events and Cloud Water

The seasonal changes in organic acids and inorganic ions in rainfall events in Shanghai
were investigated (Figure 4). The concentrations of formic acid and acetic acid in rainfall
events peaked in spring and reached the minimum in winter. Formic acid showed a similar
temporal trend to acetic acid, glutaric acid, and succinic acid. Although the concentration
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of oxalic acid in rainfall events was also highest in spring, it was lowest in summer.
Photooxidation of aliphatic diolefins and cycloolefins emitted by vehicle exhaust was
observed to be an important source of oxalic acid [70]. The lower concentration of oxalic
acid in summer might be the reason for lower vehicle exhaust emission strength and greater
rainfall in summer. The reaction between oxalic acid and calcium carbonate can lead to the
production of water-insoluble calcium oxalate, which also partly explained the relatively
low concentration of oxalic acid in summer [71,72]. However, the seasonal variations in
inorganic ions in rainfall events differed from that of organic acids. The concentrations of
inorganic ions in rainfall events reached maximum in winter, while that of organic acids
in rainfall events reached maximum in spring. NH;* showed similar seasonal variation
with Ca%*, Na*, C1~, and SO42~, with the highest concentrations in winter, followed by
spring, autumn, and summer. Low rainfall frequency and intensity were likely responsible
for the high concentration of inorganic ions in rainfall events in winter [4]. Previous
research has indicated that biological emissions are important sources of organic acids in
rainfall events [73-75]. Plant growth mainly occurs in spring, when emissions of biogenic
volatile organic compounds and primary biological aerosol particles are expected to be
large. In particular, the yellow pollen grains can be directly observed in the rainwater in
spring [76,77]. Therefore, these considerations might explain the high concentrations of
organic acids in rainfall events in spring.

280 JJ Sering [ ]25%-~75% (b) 4o I Sring [ 125%-75%
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Figure 4. Seasonal variations of (a) water-soluble inorganic ions and (b) organic acids in
rainfall events.

The seasonal variations of organic acids and inorganic ions in cloud water and early
sequences of rainfall events are shown in Figure S6. We found that the temporal trends of
organic acids in cloud water and early sequences of rainfall events were similar to that of
the rainfall events mentioned above. However, the concentrations of organic acids in cloud
water were the lowest in summer. Great rainfall might increase the scouring efficiency of
atmospheric organic acids in summer [65,78]. The study conducted on Mount Lu showed
that the concentrations of organic acids in rainwater and cloud water were similar in
spring and summer. Moreover, acetic acid was the most abundant species in Mount Lu
cloud water [15]. However, formic acid was found to be predominant in Shanghai cloud
water. Because Mount Lu is lush with trees, the concentrations of organic acids in summer
rainwater were high in Mount Lu [4,79]. In addition, we found that the ratios of the
concentrations of organic acids in cloud water to that in early sequences of rainfall events
were lowest in spring (formic acid: 1.35; acetic acid: 1.1; oxalic acid: 1.65). It was further
confirmed that organic acids in rainwater mainly came from cloud water [18,61,80,81].
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3.3. Sources of Organic Acids in Rainfall Events, Early Sequences of Rainfall Events and
Cloud Water

The backward trajectory was analyzed with the concentration proportions of water-
soluble ions (Figure 5). In spring, the concentrations of organic acids in rainfall events
were highest, corresponding to a large influence from local air masses (32.5%). High
organic acid concentrations measured in rainfall events in Shanghai during spring could
be associated with generous precursors (terpene and isoprene) discharged by plants in
spring, as suggested by many previous studies [15,59,69]. In summer, the proportions of
formic acid and acetic acid in rainfall events were highest. As we know, photo-oxidation
of terpenes and isoprene might be a significant source of formic acid [18,82]. Summer
and autumn had a high incidence of photochemical reactions in Shanghai due to high
temperatures [83]. Therefore, secondary sources might also be significant sources of formic
acid in Shanghai’s rainfall events. However, the proportion of formic acid in rainfall events
in summer was about twice the proportion of that in autumn rainfall events. The reason
might be related to the direction of air masses and the intensity of plant emission [59]. The
air masses arriving at the sampling site in autumn mostly came from the ocean (50.9%),
while the back trajectory showed that the southern winds prevailed in summer (91.8%).
Therefore, marine sources might contribute less to the organic acids in rainfall events in
Shanghai [18].

The F/ A ratio was applied to evaluate the contributions of primary and secondary
sources to organic acids in rainfall events in Shanghai (Figure 6). The black curve repre-
sented “[F/A] = 1”. The data points under the curve represented “[F/A] < 1”, indicating
that organic acids in these rainfall events mainly came from primary emission sources. The
rainfall events occurred on the curve ([F/A] > 1), suggested that secondary emission sources
were dominant contributors to organic acids in rainfall events. The cases of “F/A > 1" were
greater than that of “F/A <1” in each season, indicating that organic acids in rainfall events
in Shanghai were mainly attributable to secondary production processes [84], which also
supported our consideration.

Significant correlations were found between organic acids and some dominant inor-
ganic ions (NH4*, NO3; ™) (r = 0.46-0.59, p < 0.01) (Table S1), suggesting that organic acids
and some inorganic ions in rainfall events might have similar sources. In order to make
clear their source contributions, correlation analysis and the PMF analysis between organic
acids and inorganic ions in rainfall events were investigated (Figure 7). Formic acid, acetic
acid, and oxalic acid showed significant correlations with NO3~ (r = 0.55, 0.53, and 0.536, re-
spectively, p < 0.01) (Table S1), indicating similar sources of organic acids and NO3 ™~ [85,86].
The origins of NO3; ™ in urban rainwater mainly include vehicle exhaust and secondary
emission sources [87]. Therefore, these sources could be the sources of organic acids in
Shanghai’s rainfall events, contributing 85.6% to formic acid, 22.3% to acetic acid, 18.4% to
oxalic acid, and 40.5% to organic acids (Text S1). Oxalic acid was well correlated with K*
(r=0.48, p < 0.01), which was often used as a tracer for biomass combustion [88]. Biomass
combustion was reported previously to release organic acids [89,90]. Therefore, organic
acids abundance in rainfall events in Shanghai might be affected by biomass combustion.
The contributions of biomass combustion to acetic acid, oxalic acid, and organic acids
were 6.5%, 57.1%, and 18.6% (Figure 7). Additionally, biological emissions could be the
other sources of organic acids in rainfall events in Shanghai, suggested by the conspicuous
correlation of formic acid and acetic acid (r = 0.76, p < 0.01) [91,92]. Biological emissions con-
tributed 73.1% to acetic acid, 7.8% to formic acid, and 37.3% to organic acids in Shanghai’s
rainfall events (Figure 7). It has been suggested that DMS, the precursor of MSA, mainly
originated from phytoplankton in the sea [91]. Marine sources could explain 3.6% of organic
acids in Shanghai’s rainfall events (Figure 7). In summary, organic acids in rainfall events in
Shanghai could be primarily derived from vehicle exhaust and secondary emission sources
(40.5%), biological emission sources (37.3%), biomass combustion sources (18.6%), and
marine sources (3.6%). Meanwhile, significant correlations were found between NH4* with
S0,4%~ and NO3~ (r = 0.74, 0.64, p < 0.01) (Table S1), suggesting that the sources of NH,*
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might be related to the formation processes of 5042~ and NO;~. Moreover, the results of
PMEF analysis further showed that NH4* in rainfall events in Shanghai could be primarily
derived from secondary sulfate sources (61.3%), vehicle exhaust and secondary emission
sources (27.3%) and biomass combustion sources (10.4%).
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Figure 5. Backward trajectory of the major air mass clusters arriving at the sampling site and pie
chart of ion concentrations in rainfalls in (a,b) spring, (¢,d) summer, (e f) autumn, and (g,h) winter.
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Figure 7. The percentages and concentrations of species in rainfall events in the six factors identified
by PMF are illustrated. Total organic acids are represented by TOA, total ion concentrations are
represented by TIC. The bar graphs corresponded to the left ordinate (percentage of component),
and the grey points corresponded to the right ordinate (concentration of component). Six factors
at this site were identified: (a) marine sources, (b) vehicle exhaust and secondary emission sources,
(c) secondary sulfate sources, (d) biological emission sources, (e) biomass combustion sources, and
(f) dust sources.
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The seasonal variations in the contributions of each source to organic acids in rainfall
events are shown in Figure 8. Vehicle exhaust and secondary emission sources, biological
emission sources, and biomass combustion sources were the three major sources, both
in the spring (41.1%, 32.7%, and 23.3%, respectively) and in winter (32.8%, 34.9%, and
26.7%, respectively), while only vehicle exhaust and secondary emission sources and
biological emission sources were the main contribution sources in summer (57.4% and
30.7%) and autumn (62.7% and 28.3%). In summer, organic acids were quickly produced
with the photolysis of the precursor of vehicle exhaust emissions by solar radiation in the
atmosphere [93-95]. Biomass combustion was a significant contribution source in winter
(26.7%), as suggested by the prevailing winds that were northwesterly in Shanghai, and
there was also large-scale biomass combustion in northern China in winter (Figure 5) [96].

(a) sources of organic acids in rainfall events of spring (b) sources of organic acids in rainfall events of summer

[ Marine source
] Biomass combustion source

| Dust source
[ Mobile sources and secondary nitric acid sources

Biological emission source

(d) sources of organic acids in rainfall events of winter

Figure 8. Illustrations of the percentage of factor contributions to organic acids in (a) spring,
(b) summer, (¢) autumn, and (d) winter.

This study analyzed the sources of organic acids in early sequences of rainfall events
and cloud water, with the results calculated by the PMF (Figure 9). The contribution ratio
of each contributing factor to organic acids in early sequences of rainfall events and cloud
water was different. The contributions of vehicle exhaust and secondary emission sources
to organic acids in cloud water and early sequences of rainfall events were 39.0% and
54.6%, respectively. Many studies have suggested that the potential sources of coarse
particle composition mainly include crustal materials and vehicle emissions [97-99]. The
proportions of coarse particles in early sequences of rainfall events were higher than
that in cloud water [17]. Therefore, the contribution ratios of vehicle exhaust to organic
acids in early sequences of rainfall events were more than that of organic acids in cloud
water. Nevertheless, the contribution ratios of biological emissions to organic acids in early
sequences of rainfall events (28.1%) were less than that of organic acids in cloud water
(38.3%). Previous studies have shown that 70-80% of organic acids in cloud water collected
near Atlanta originated from biological emissions [100]; the majority of organic acids
observed in the cloud water corresponded to photochemical oxidation of monoterpenes and
isoprene caused by the significant biological emissions from a local forest in Alabama [101].
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Biological emissions contributed 61.8% to organic acids in cloud water in Mount Lu [15].
In addition, biological combustion contributed 20.3% to organic acids in cloud water and
13.8% to that in rainfall events. The distributions of biological combustion sources in cloud
water and rainfall events were similar to biological emission sources. Therefore, organic
acids from biological emission sources and biological combustion sources might mainly
exist in cloud water in Shanghai.

Marine source

Dust source

[ Mobile sources and secondary nitric acid sources

Biological emission source

(a) Sources of organic acids in cloud water

Biomass combustion source

(b) Sources of organic acids in early sequences
of rainfall events

Figure 9. Illustrations of the percentage of factor contributions to organic acids in (a) cloud water
and (b) early sequences of rainfall events.

3.4. Atmospheric Environmental Implications

Shanghai is located at the mouth of the Yangtze River. Although the overall atmo-
spheric environment has improved with the implementation of a series of energy conserva-
tion and emission reduction policies, the frequency of acid rain still exceeded 40% [87]. In
this study, the range of pH values of rainfall events was from 3.95 to 7.52 (VWM = 5.31). The
pH values in cloud water varied between 3.95 and 7.40 (VWM = 5.14). The contributions
of organic acids to the acidity of rainfall events were 17.8 & 10.2% (Table 1). In addition
to some inorganic acids, such as sulfuric acid and nitric acid, it has been confirmed that
organic acids have a significant effect on the acidity of rainwater [14,102]. It was found that
the contributions of organic acids to the acidity of rainfall events in Lin ‘an (17.7%), Anshun
(58.1%), Mount Lu (12.3%), Mount Heng (16.8%), and Mount Mangdang (18.4%) with
lush plants were higher, compared to the contributions in urban sites, such as Xiamen and
Shenzhen (less than 2%) (Table 1) [4,12,27,45,59,103]. Organic acids in the United States,
Brazil, and South America contributed more than 25% to the free acidity of rainwater
(Table 1) [25,31,66,68]. Therefore, the contributions of organic acids to the acidity of rainfall
events in Shanghai might be greater than that of most cities in China [15,104]. Moreover,
the contributions of organic acids to the acidity of cloud water were 18.1 & 10.2%, similar
to rainfall events, indicating that the contributions of organic acids to the acidity of rainfall
events were greatly affected by cloud water. The study might provide a referential data set
for the scientific control of acid rain in the future.

A previous study has evaluated the time series data from more than 500 remote
streams and lakes in Northern Europe and North America, showing that the increase in
the concentrations of organic acids was proportional to the decline rate of sea salt and
anthropogenic sulfur deposited in the atmosphere [105]. The change in organic acidity
partially buffered the acid deposition in these ecosystems, and the increase in organic acids
was a necessary condition for recovery from acidification [105-107]. In recent years, the
concentrations of sulfate and sea salt ions in rainfall events in shanghai have decreased [104],
while the concentrations of organic acids and their contributions to rainwater acidity
showed the opposite trend [54]. It should be noted that the concentrations of organic
acids in the atmosphere might continue to increase, which would have unpredictable
consequences for the global carbon cycle [105]. Source differences in organic acids in cloud
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water and early sequences of rainfall events analyzed in this study could improve current
understanding of in-cloud and below-cloud origins and the transformation mechanism of
organic acids.

4. Conclusions

In this study, an automatic volume-based sequential rain sampler was designed to
collect rainwater samples from August 2020 to May 2021, with 616 samples. Firstly, we
found that the ion concentrations in the sequential volume-based rainwater samples did not
change significantly after the cumulative rainfall reached 1.0~1.6 mm (1.2 mm, on average).
This could be the standard to distinguish cloud water from rainfall events. Secondly, we
compared the VWM concentration of organic acids in cloud water and early sequences of
rainfall events. It could be concluded that organic acids in rainfall events might mainly exist
in fine particles. Finally, the PMF was introduced to analyze the sources of organic acids in
Shanghai’s rainfall events. The contributions of vehicle exhaust and secondary emission
sources, biological emission sources, biomass combustion sources, and marine sources to
organic acids in rainfall events were 40.5%, 37.3%, 18.6%, and 3.6%. Vehicle exhaust and
secondary emission sources accounted for more than half of the contributions of organic
acids in early sequences of rainfall events. The contributions of biological emission sources
to organic acids in cloud water were 10% more than that of organic acids in early sequences
of rainfall events. Meanwhile, the contributions of organic acids to the acidity of rainfall
events were 17.8 & 10.2% in Shanghai.

The analysis results of chemical characteristics and source analysis of organic acids in
rainfall events could provide suggestions for controlling rainwater acidity and the control of
global carbon emissions. In the following research, we will improve the sampler by adding
automatically timing elements and collecting PM samples in the same period to further
study the sources and transformation mechanism of organic acids in cloud water and
rainfall events. Meanwhile, there are possibilities of Synoptic weather patterns influencing
the variability of organic acids. Therefore, it is necessary to consider the influence of
Synoptic weather patterns on the formation and content of organic acids in future research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/atmos13091502/s1, Figure S1. Map showing the location of the sampling site and its sur-
rounding; Figure S2. Automatic volume-based sequential rain sampler; Figure S3. Ion balance
between total cations (TZ*) and total anions (TZ™); Figure S4. The proportions of ion concentration
in rainfall events change with rainfall. The cumulative rainfall is taken as the abscissa and the
total ion concentration as the ordinate. Each pie chart represents the concentration proportions
of the corresponding cumulative rainfall; Figure S5. Concentration comparisons of inorganic ions
and organic acids in early sequences of rainfall events and cloud water. (a) Concentration com-
parisons of inorganic ions in early sequences of rainfall events and cloud water. (b) Concentration
comparisons of organic acids in early sequences of rainfall events and cloud water. The upper
half-circle represents cloud water. The lower circle represents early sequences of rainfall events;
Figure S6. Seasonal concentration variations of organic acids and inorganic ions in early sequences
of rainfall events and cloud water. (a) Seasonal concentration variations of organic acids in cloud
water. (b) Seasonal concentration variations of organic acids in early sequences of rainfall events.
(c) Seasonal concentration variations of inorganic ions in cloud water. (d) Seasonal concentration
variations of inorganic ions in early sequences of rainfall events. Table S1. The rainfall events with
corresponding ranges and mean of pH values; Table S2. Correlation analysis of organic acids and
inorganic ions. References [85,89,91,92,108-112] are cited in the supplementary materials.
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