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a b s t r a c t

Low-molecular-weight dicarboxylic acids, which are important components of secondary organic
aerosols, have been extensively studied in recent years. Many studies have focused on ground-level
observations and literature reports on the vertical distribution of the organic aerosols within the ur-
ban boundary layer are limited. In this study, the vertical profiles of dicarboxylic acids and related organic
compounds (DCRCs) in PM2.5 were investigated at altitudinal levels (ground level and 488 m above the
ground level) at the Canton Tower in Guangzhou, southern China, to elucidate their primary sources and
secondary formation processes. The concentrations of DCRCs at ground level were generally higher than
those at 488 m. Oxalic acid (C2) was the most abundant species, followed by succinic acid (C4) and
malonic acid (C3) at both heights. The higher ratio of DCRCs-bound carbon to organic carbon (i.e., DCRCs-
C/OC) at 488 m (4.8 ± 1.2%) relative to that at ground level (2.7 ± 0.5%) indicated a higher degree of
aerosol aging at 488 m. The abundance of C2 was increased and the conversion of C4 to C3 was enhanced
due to the photochemical oxidation of its homologues during long-range transport periods. The increase
in C2 was associated with in-cloud processes during pollution periods. Principal component analysis
showed that DCRCs were mainly derived from atmospheric secondary processing and biomass burning
was also an important source of long-chain carboxylic acids during autumn in Guangzhou. Our results
illustrate that secondary processing and biomass burning play prominent roles in controlling the
abundance of DCRCs. Furthermore, DCRCs are affected by air masses from regional areas, oxidation of
their precursors via vertical transport and in-cloud processes.

© 2021 Elsevier Ltd. All rights reserved.
e by Admir C. Targino.
iences and Guangdong Prov-
Disaster Studies, Sun Yat-sen

hou).
1. Introduction

Air quality in China has significantly deteriorated because of the
rapid increase in population and industrial development, as well as
the consequent rapid acceleration of urbanization (Zeng et al.,
2019). Haze pollution, which is defined as a phenomenon that
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leads to low atmospheric visibility, mainly caused by fine particu-
late matter (particulate matter with an aerodynamic diameter less
than 2.5 mm) (Aunan et al., 2017), has frequently occurred in some
of the Chinese cities. Particulate organics, a major component of
aerosol particles, account for approximately 10e70% of the total
aerosol mass (Turpin et al., 2000; Kanakidou et al., 2005; Guo et al.,
2020). Most organic matter is water-soluble and this fraction ac-
counts for approximately 20e70% of the total carbon of organic
aerosols (Mader et al., 2004; Kriv�acsy et al., 2001). Low-molecular
dicarboxylic acids and related compounds (DCRCs) comprise a
large portion of water-soluble organic aerosols. Total diacids
contribute to approximately 4%e14% of the water-soluble organic
carbon (WSOC) in urban areas (Ho et al., 2007), and more than 10%
of that in the marine atmosphere (Semp�er�e and Kawamura, 2003;
Pavuluri et al., 2010).

Owing to the existence of two carboxyl functional groups,
dicarboxylic acids show strong polarity, high water solubility, and
low vapor pressure (Rozaini and Brimblecombe, 2008). They can
assist the aerosol nucleation process by binding to sulfuric acid,
ammonia, amines and water (Miao et al., 2015; Peng et al., 2015).
Short-chain acids such as oxalic acid (C2) can change the hygro-
scopicity of particulate matter to form cloud condensation nuclei
(CCN) and ice nuclei (IN), which affect cloud formation (Sun and
Ariya, 2006). Therefore, dicarboxylic acids and related WSOC play
an important role in Earth's radiation budget (Andreae and
Rosenfeld, 2008).

The primary sources of DCRCs include fossil fuel combustion (Li
et al., 2015), biomass burning (Deshmukh et al., 2018; Kundu et al.,
2010a, 2010b), refuse burning (Li et al., 2015), meat cooking emis-
sions (Rogge et al., 1991), plant and microbial metabolic activities
(Ho et al., 2006). Additionally, dicarboxylic acids in the atmosphere
aremainly formed by the oxidation of various volatile organic gases
and are important components of secondary organic aerosols
(SOAs) (Kawamura and Ikushima,1993; Kundu et al., 2010a, 2010b).
These organic acids are widely present in aerosols of urban atmo-
sphere (Zhao et al., 2018; Ho et al., 2011; Deshmukh et al., 2018;
Pavuluri et al., 2010; Kawamura and Yasui, 2005), mountains
(Hegde and Kawamura, 2012), ocean (Fu et al., 2013; Yang et al.,
2020), and polar regions (Kawamura et al., 2005).

Studies on DCRCs in urban regions have mostly focused on
ground level measurements, which are heavily affected by local
emission sources such as vehicle exhaust and cooking. Vertical
measurements of atmospheric aerosols within the boundary layer
are more regionally representative than those at a single-ground
level site. Understanding the vertical distribution of organic com-
ponents, such as DCRCs, in aerosols is of great significance for
elucidating the oxidation mechanism of aerosols and their in-
teractions with the lower boundary layer during urban haze events.
Several techniques have been used to measure the vertical distri-
bution of the chemical components of aerosols, including aircrafts
(Fu et al., 2014), tethered balloons (Zhang et al., 2017), and un-
manned aerial vehicles (Li et al., 2020). However, the aforemen-
tioned methods have several limitations and are sometimes
impossible to conduct in urban areas due to the restriction of
flights, cruising abilities, and safety considerations. Measurements
made on high towers, such as meteorological and TV towers, are
useful for determining altitudinal variations in meteorological
factors and air pollutants in the lower atmosphere. The vertical
distribution of aerosols has been investigated at tower-based
observation platforms, including the 304-m Zotino Tall Tower in
Siberia (Mikhailov et al., 2017), the 213-m meteorological tower in
Tsukuba, Japan (Kunugi et al., 1987), the 300-m tower at the
Boulder Atmospheric Observatory of Colorado (Brown et al., 2013),
the Amazon Tall Tower Observatory in the middle of the Amazon
2

rainforest in northern Brazil (Saturno et al., 2018), and meteoro-
logical towers in Beijing (Zhao et al., 2020), Tianjin (Wu et al., 2015),
and Shenzhen (Sun et al., 2020), China. Despite the numerous
studies conducted in recent years, data on the vertical distributions
of organic aerosols and their molecular markers within the urban
network in megacities are still limited, thereby hindering our un-
derstanding on the sources and formation mechanisms of organic
aerosols.

The Pearl River Delta (PRD) region is one of the most developed
and densely populated urbanized regions in China. Air quality in
this region is affected by the rapid urbanization and population
inflow and has worsened, especially during dry seasons (autumn
and winter), during which episodes of high levels of PM2.5 and
ozone often occur (Chan and Yao, 2008; Zhuang et al., 2017). Ver-
tical measurements of atmospheric aerosols within the urban
boundary layer, rather than just at ground level, can provide
additional and unique information about their pollution features,
sources, formation mechanisms, and dynamic transport. Few
studies on aerosols have been conducted from vertical observation
platforms in the PRD region. Deng et al. (2015) reported that the
concentration distributions of PM10 (particulate matter with an
aerodynamic diameter less than 10 mm), PM2.5, and PM1 (particu-
late matter with an aerodynamic diameter less than 1 mm) decrease
with height; the vertical distribution of fine particles is more uni-
form compared to coarse particles, and PM2.5 concentrations dur-
ing the pollution season do not fully comply with the new air
quality standards, even at the height of 454m. Li et al. (2020) found
that photochemical reactions play an important role in controlling
the distribution of PM2.5 at higher altitudes. However, night-time
chemistry and a lower mixing layer height may be the main rea-
sons for the air level variations in PM2.5 observed at relatively low
altitudes. Furthermore, the concentration of PM2.5 increases with
height during days with extreme pollution, which is partly related
to the vertical distribution of volatile organic compounds (VOCs).
Zhou et al. (2020) studied the vertical distribution of size-
segregated particles and found that the atmospheric aqueous-
phase reaction plays an important role on the formation of sul-
fate (SO4

2�) and nitrate (NO3
�) in particles. However, research on

molecular level vertical variability of organic aerosols such as car-
boxylic acids within the urban boundary layer is lacking. The study
of particulate organic acids at different heights is beneficial for
understanding their photochemical and aqueous-phase heteroge-
neous reaction mechanisms, which will help to understand how
haze pollution forms in the urban areas.

In this study, we concurrently collected PM2.5 samples from the
Canton Tower (at ground level and 488 m) in Guangzhou, which is
located in the central region of the PRD. In addition to dicarboxylic
acids and related polar organic compounds, other chemical com-
ponents of PM2.5, including organic carbon (OC), elemental carbon
(EC), WSOC, inorganic ions (SO4

2�, NO3
�, NH4

þ, Kþ, and Ca2þ), heavy
metals (Fe, V, Ni, Cd, Zn, and Pb), and carbohydrates (levoglucosan),
were also measured. We first compared the air level variations of
DCRCs at the ground level and 488 m in detail. The effects of long-
range transport of air masses and cloud processes on the charac-
teristics of DCRCs were then discussed to further understand their
formation processes. Additionally, we applied principal component
analysis (PCA) to identify potential sources of DCRCs at this urban
site.

2. Experimental methods

2.1. Sample collection

PM2.5 samples were collected at the Canton Tower (23�6031.400N,
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113�1904.100E), which is located in the downtown area of Guangz-
hou, South China (Fig. 1). The heights of the main tower and the
antenna mast are 454 and 150 m, respectively. There are four
gradient air quality monitoring stations located at ground level,
118 m, 168 m, and 488 m, respectively. Online measurements of six
air pollutants and meteorological factors were conducted on this
four-layer observation platform, and the detailed information is
provided in our previous work (Zhou et al., 2020).

Forty-eight-hour PM2.5 samples were concurrently collected at
ground level and 488m during autumn 2018 (from 18 October to 19
November). High-volume air samplers (TE-6070 V, Tisch Environ-
mental Inc., USA; flow rate: 1000 L min�1) equipped with prebaked
(450 �C, 6 h) quartz fiber filters (Pall Corp., USA)were used to collect
PM2.5. We did not take measures to avoid positive and/or negative
sampling artifacts, which have been reported to be less important
for dicarboxylic acids at high concentrations of particulate matter
(Ray and McDow, 2005). In total, 18 and 14 samples were collected
at ground level and 488 m, respectively, including two blank
samples at each altitude. After collection, each samplewas sealed in
a prebaked (450 �C, 6 h) aluminum foil bag, kept in an ice box
during transportation to the laboratory to prevent the volatilization
of organic components, and stored in a refrigerator at �20 �C prior
to analysis.

2.2. Organic acid analysis

Details of the analytical method for dicarboxylic acids can be
found elsewhere (Kawamura, 1993; Zhao et al., 2018). Here, only
the procedures relevant to this study are presented. First, an area of
Fig. 1. Map of the Canton Tower sampling site in Guangdong Province, China. The fire
observation-data/near-real-time/firms). The 48-h air mass back-trajectories were performe
the meteorological data were obtained from the NOAA ARL website (http://ready.arl.noaa.
during the sampling period.
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approximately 3.14 cm2 was punched from each sampled quartz
filter and dissolved and sonicated in 10 mL ultrapure water
(resistivity > 18.2 MU) for 10 min to extract organic acids. This step
was repeated three times. The resultant solution was adjusted to
obtain a pH value of 8.5e9.0 by titrating a 0.01 M KOH solution,
which can improve the recovery rate of short-chain carboxylic acids
such as C2 (Hegde and Kawamura, 2012). The aerosol extracts were
then concentrated using a rotary evaporator and reacted with 14%
BF3 in n-butanol at 100 �C for 1 h. Finally, the derivative products
were dissolved in n-hexane and analyzed by a gas
chromatographeflame ionization detector (Model 6980, Agilent
Technologies, USA) equipped with a split/splitless injector and a
capillary column (HP-5, 0.2 mm � 25 m, 0.50 mm film thickness).
The field blank filters were processed according to the same
analytical protocol. We confirmed the presence of organic com-
pounds from GC-FID using a GC-MS (Kawamura, 1993). The
authentic standard butylester of succinic (C4) and its peak areas
were obtained on the day of analysis and used to quantify the
organic compounds, because the FID responses are dependent on
the number of carbons present in the given organics. The detection
limit for this method is approximately 0.1 ng m�3, as reported in
previous studies (Narukawa et al., 2003; Pavuluri et al., 2021). The
mean recoveries of authentic standards of oxalic (C2), malonic (C3),
maleic (M), succinic (C4), fumaric (F), adipic (C6), and phthalic (Ph)
acids spiked with a prebaked quartz fiber membrane filter were
89.0% ± 5%, 97.7% ± 1%, 88.7% ± 3%, 99.8% ± 2%, 81.5% ± 1%,
106.8% ± 5%, and 81.7% ± 5%, respectively. We also analyzed blank
samples following the same experimental procedure, and found
very low concentrations of C2, C3, C4, and Ph in blank filters, less
spots were downloaded from the MODIS website (https://earthdata.nasa.gov/earth-
d using the HYSPLIT4 model with an arrival height of 500 m above ground level and
gov/archives.php). The numbers on the map represent the percentages of air masses



Fig. 2. Temporal variations in the selected organic acids in PM2.5 collected at ground
level (GND) and 488 m.
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than 5% of those in the PM2.5 samples. We routinely checked the
GC-FID reproducibility each time when we analyzed the sample
and the analytical error in duplicate analysis of the standard filter
samples was within 5%. The concentrations of the organic species
reported here were corrected for their field blanks but not for
recovery.

2.3. Measurement of inorganic ions, WSOC, OC, EC, and
levoglucosan

An aliquot of the PM2.5 sample was extracted twice using 20 mL
of ultrapure water (Milli-Q System, Millipore, USA) under sonicat-
ion for 20 min. The extract was filtered with a 0.22 mm nominal
pore size filter (PVDF, Merck Millipore Ltd., USA) and then
measured using an ion chromatograph (Dionex ICS-5000, Thermo
Fisher Scientific Inc., USA). Cations (Naþ, NH4

þ, Kþ, Mg2þ, and Ca2þ)
were separated using a CS12A analytical column (4 mm� 250 mm)
and eluted with a methanesulfonic acid solution at a flow rate of
1 mL min�1. The anions (F�, Cl�, NO3

�, and SO4
2�) were separated

using an AS23 column (4 mm � 250 mm) and eluted with a KOH
solution at a flow rate of 1 mL min�1. The regression equation was
calculated using the external standard method. In the range of the
measured concentration, the analyzed ions showed a strong linear
relationship (R2 > 0.999) with the peak area. For the WSOC mea-
surement, excess extract after ion analysis was determined using a
total carbon analyzer (TOC-LCPH, Shimadzu, Japan) (Banoo et al.,
2020). OC and EC were determined on a punch (1.0 cm � 1.5 cm)
from each filter using a Sunset Lab carbon analyzer (Model 5 L,
Sunset Laboratory Inc., USA) following the European Supersites for
Atmospheric Aerosol Research (EUSAAR2) method (Keuken et al.,
2013). One standard solution (sucrose; 1 mg C ml�1) for every 10
samples was also analyzed in the carbon analyzer to check the
response of the instrument; the relative standard deviation was
within ±5%. We also extracted a 1.17 cm2 quartz filter with 3 mL of
ultrapure water, and then analyzed for levoglucosan using high-
performance anion-exchange chromatography with pulsed
amperometric detection (Dionex ICS-3000, Thermo Fisher Scien-
tific Inc., USA). Details of the analytical approach can be found in a
previous study (Zhang et al., 2010b). To determine the particle-
bound heavy metals, a 4.54 cm2 punch of the quartz filter was
loaded into a Teflon vessel (100 mL, 100 bar) and digested with a
mixture of nitric acid and hydrochloric acid (15 mL, 1:3) in a mi-
crowave oven (Milestone, ETHOS UP, Italy) with a temperature
gradient of 200 �C for 45 min. Trace metals were determined using
an inductively coupled plasma mass spectrometer (ICP-MS; model
7800, Agilent, USA).

2.4. Data analysis

Forty-eight-hour air mass back-trajectories were analyzed with
arrival heights of 500 m above ground level and were started at
13:00, 19:00, 01:00, and 07:00 (local time) using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT4) model. All of
the backward trajectories analyzed during PM2.5 collection were
separated into different clusters using the HYSPLIT clustering al-
gorithm. To quantify the biomass burning during the sampling
period, fire point data were downloaded from the MODIS website
(https://earthdata.nasa.gov/earth-observation-data/near-real-
time/firms). To analyze the formation of chemicals in the aerosols,
cloud height data were downloaded from ERA-Interim (http://
www.ecmwf.int/). Surface wind direction and speed data were
obtained from the Guangzhou National Basic Weather Station.
Other meteorological parameters (i.e., pressure, temperature,
relative humidity (RH), and rainfall) and air pollutants (SO2, CO, NO,
NO2, and O3) measured at different heights during the observation
4

period were obtained from the air quality automatic monitoring
station of Canton Tower. The PM2.5 concentrations were obtained
by weighing the filter membrane before and after sampling.
3. Results and discussion

3.1. Characteristics of DCRCs during the observation

The temporal variations in the DCRCs at the two heights are
shown in Fig. 2. C2 was the most abundant organic species at both
altitudes, followed by succinic acid (C4) and malonic acid (C3). The
organic acids with the fourth-highest and fifth-highest concentra-
tions were azelaic acid (C9) and phthalic acid (Ph) at ground level
and Ph and C9 at 488 m. The concentration order of the major
carboxylic acid at ground level (C2 > C4 > C3 > C9 > Ph > uC2) was
slightly different from that at 488 m (C2 > C4 > C3 > Ph > C9 > uC2),
which may suggest different sources and formation pathways
(Kawamura and Bikkina, 2016; Yang et al., 2020). The concentra-
tions of these organic species peaked during two pollution episodes
(from 24 October to 26 October and from 9 November to 11
November) when the PM2.5 concentration exceeded 75 mg m�3 at
ground level.

The vertical distributions of diacids (C2eC10), oxocarboxylic
acids (uC2euC9, and Pyr), and a-dicarbonyls (Gly and MeGly) are
shown in Fig. 3. Generally, the abundance of DCRCs at ground level
was higher than that at 488m. The concentrations of DCRCs and the
ratios of the ground level to 488 m concentrations are summarised
in Table 1. The C2 concentrations ranged from 201.5 ng m�3 to
776.3 ng m�3 at ground level and 160.0 ng m�3 to 807.3 ng m�3 at
488 m. The mean concentration of C2 at ground level was 1.2 times
higher than that at 488 m. The mean concentration of C2 was
comparable to that previously reported for PM2.5 in 14 Chinese
megalopolises (summer: mean of 513.0 ng m�3 and winter:
558.0 ng m�3) (Ho et al., 2007), Huangshi (whole year: mean of



Fig. 3. Mean molecular distributions of dicarboxylic acids and related compounds in
PM2.5 collected at ground level (GND) and 488 m.
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416.0 ng m�3) (Liu et al., 2018) and Beijing (autumn: mean of
472.0 ng m�3) (Zhao et al., 2018). C2 can be generated from fossil
fuel combustion (Li et al., 2015), biomass burning (Kundu et al.,
2010a, 2010b), cooking (Rogge et al., 1991), and atmospheric
oxidation of organic precursors (Kawamura et al., 2005; Kawamura
and Yasui, 2005). The high C2 concentration at ground level may be
strongly impacted by anthropogenic emissions. C3 and C4 showed
similar daily variations to that of C2 at both altitudes (Fig. 2), which
indicated that these short-chain diacids may share common
emission sources or formation processes. However, the mean
Table 1
Concentrations and ground-level-to-488-m ratios of dicarboxylic acids and related comp

Species Ground

Range Mean ± SD

Dicarboxylic acids (ng m�3)
Oxalic, C2 201e776 475 ± 187
Malonic, C3 14.6e88.6 47.0 ± 19.5
Succinic, C4 18.0e106.3 55.0 ± 24.4
Glutaric, C5 5.5e32.1 16.3 ± 6.7
Adipic, C6 5.5e28.6 14.2 ± 5.5
Pimelic, C7 n.d.e4.3 2.2 ± 1.5
Azelaic, C9 17.6e92.3 43.0 ± 21.7
Decanedioic, C10 1.70e9.05 4.49 ± 1.80
Methylmalonic, iC4 n.d.e3.00 1.68 ± 0.70
Methylsuccinic, iC5 2.2e12.2 6.6 ± 2.7
2-Methylglutaric, iC6 0.60e3.78 1.76 ± 0.81
Maleic, M 3.6e13.8 8.4 ± 3.1
Fumaric, F 1.2e6.4 4.1 ± 1.5
Methylmaleic, mM 1.20e15.70 6.50 ± 4.10
Phthalic, Ph 11.5e64.2 36.1 ± 13.4
Isophthalic, iPh n.d.e2.6 1.1 ± 0.9
Terephthalic, tPh 0.96e11.50 3.90 ± 2.60
Malic, hC4 2.1e15.7 7.7 ± 4.2
Oxomalonic, kC3 n.d.e17.1 6.8 ± 5.1
4-Oxopimelic, kC7 1.4e11.7 7.1 ± 3.4
Total diacids 321e1243 749 ± 281
Oxocarboxylic acids (ng m�3)
Pyruvic, Pyr 1.27e9.79 4.42 ± 2.41
Glyoxylic, uC2 8.0e64.9 28.9 ± 15.3
3-Oxopropanoic, uC3 0.45e5.70 2.30 ± 1.50
4-Oxobutanoic, uC4 n.d.e5.40 0.64 ± 1.50
7-Oxoheptanoic, uC7 1.90e11.90 6.60 ± 2.60
9-Oxononanoic, uC9 2.00e7.70 4.20 ± 1.40
Total ketoacids 19.2e89.4 48.9 ± 20.4
a-Dicarbonyls (ng m�3)
Glyoxal, Gly 0.36e4.92 1.99 ± 1.18
Methylglyoxal, MeGly n.d.e29.6 11.8 ± 7.9
Total dicarbonyls 0.36e33.20 14.69 ± 8.01

SD, standard deviation; n.d., not detectable.
* Significant difference at the 0.01 level by the Mann-Whitney U test.
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concentration of C4 (55.0 ng m�3) at ground level was lower than
that at 488 m (64.3 ng m�3). hC4, the photochemical product of C4,
also displayed the same concentration distribution trend as that of
C4. We speculated that there might be other sources for these
species at higher altitudes, as discussed in Section 3.3.

The C9 concentrations ranged from17.6 ngm�3 to 92.3 ngm�3 at
ground level and from 8.3 ng m�3 to 52.2 ng m�3 at 488 m. The
mean C9 concentration at ground level was 1.8 times higher than
that at 488 m. C9 is an oxidation product of unsaturated fatty acids
such as oleic acid (C18:1) and linoleic acid (C18:2) derived from
biogenic emissions such as terrestrial higher plants and microor-
ganisms (Rogge et al., 1993b) or anthropogenic sources such as
cooking (Rogge et al., 1991) and tyre debris (Rogge et al., 1993a). A
possible explanation for the significant difference between the two
levels was that C9 was mainly derived from anthropogenic and
biological activities on the ground and was easily oxidized during
upward transport to a high level. Moreover, the concentration of
another long-chain diacid (decanedioic acid, C10) at 488 m was
much lower than that at ground level, indicating that long-chain
acids are easily decomposed during upward transport.

The mean concentrations of phthalic acid (Ph) at ground level
were higher than those at 488 m. Ph can be produced by the at-
mospheric photochemical oxidation of naphthalene or other
polycyclic aromatic hydrocarbons (PAHs) in urban regions (Ho
et al., 2006). The mean concentrations of Ph were similar to those
measured in Beijing (winter: 37.9 ng m�3) (Zhao et al., 2018) and
Zhaoqin (summer:37.2 ng m�3 and winter: 36 ng m�3) (Ho et al.,
2011), but were clearly lower than those in 14 Chinese cities
ounds in PM2.5 collected at the Canton Tower in autumn.

488 m Ratio of ground to 488 m

Range Mean ± SD Mean

160e807 416 ± 191 1.14
13.2e56.8 35.4 ± 13.6 1.33
19.2e128.9 64.3 ± 33.2 0.86
4.8e33.6 16.1 ± 9.0 1.01
4.2e24.7 11.7 ± 5.9 1.21
n.d.e5.4 2.3 ± 1.9 1.01
8.3e52.2 24.2 ± 11.0 1.77*
1.00e3.50 1.90 ± 0.72 2.34*
n.d.e3.10 1.60 ± 0.81 1.03
2.3e14.6 6.9 ± 3.4 0.95
0.67e3.00 1.60 ± 0.71 1.12
2.6e12.6 7.0 ± 2.8 1.21
n.d.e8.5 3.6 ± 2.4 1.16
0.48e15.10 4.90 ± 4.10 1.34
12.8e51.2 27.3 ± 12.3 1.32
n.d.e2.4 1.1 ± 0.9 0.99
0.85e8.20 2.60 ± 2.10 1.40
2.9e15.4 8.6 ± 4.3 0.89
n.d.e9.5 4.8 ± 2.9 1.42
1.9e21.8 6.6 ± 5.3 1.08
259e1259 649 ± 289 1.15

1.34e9.94 4.07 ± 2.40 1.09
6.0e63.8 22.9 ± 16.5 1.26
n.d.e6.40 2.70 ± 1.90 0.85
n.d.e2.40 0.64 ± 0.94 1.00
0.34e9.00 4.70 ± 2.60 1.41
0.80e2.80 1.60 ± 0.58 2.70*
13.2e92.4 38.6 ± 22.0 1.27

0.50e7.11 2.72 ± 2.09 0.73
0.5e36.1 16.2 ± 10.9 0.78
0.99e41.23 18.87 ± 12.61 0.78
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(summer: 102.0 ng m�3 and winter: 78.2 ng m�3) (Ho et al., 2007).
The Ph concentrations in our study were much lower than those
reported from a previous study in Guangzhou (summer:
215.0 ng m�3 and winter: 91.8 ng m�3) (Ho et al., 2011), which
indicated that anthropogenic PAHs have continuously decreased in
recent years in Guangzhou (Yu et al., 2016; Yan et al., 2019).

Glyoxylic acid (uC2) was the dominant ketoacid species with
concentrations of 28.9 ng m�3 and 22.9 ng m�3 at ground level and
at 488 m, respectively. uC2 is an important precursor of C2 in
aqueous-phase reactions (Ervens, 2004). We observed similar
temporal variations between C2 and uC2 at both levels (Fig. 2). The
concentration of 9-oxononanoic (uC9) at ground level was 2.7 times
higher than that at 488 m. uC9 is an intermediate in the photo-
oxidation of unsaturated fatty acids to C9 and is very unstable
(Tedetti et al., 2007), which results in the large difference between
the two altitudes.

The mean concentrations of a-dicarbonyls, including methyl-
glyoxal (MeGly) and glyoxal (Gly), at ground level were lower than
that those at 488 m. Most carbonyls are present in the gas phase in
the atmosphere (Kawamura et al., 2013). The higher concentrations
of particle-bound a-dicarbonyls at 488 m might have been due to
the lower temperature at the high altitude (the mean temperature
difference is 4.5 �C, see Figure S1), which allowed more carbonyl
partitioning into the aerosol phase (J.J. Meng et al., 2018a, 2018b).
MeGly and Gly can be derived from the oxidation of isoprene and
monoterpenes (Carlton et al., 2009), as well as anthropogenic ar-
omatic hydrocarbons and acetylene (Kawamura and Ikushima,
1993; Fisseha et al., 2004). The concentration of MeGly was
higher than that of Gly at both altitudes because MeGly has more
sources than Gly, and the reaction of MeGly with hydroxyl radicals
($OH) in the aqueous phase is much slower than that with Gly
(Cheng et al., 2013).

C2 is considered the terminal oxidation product of organic
compounds (Kawamura and Ikushima, 1993). Therefore, the ratios
of C2eC/OC or C2eC/WSOC reflect the degree of aerosol aging to
some extent. On average, C2eC accounted for 1.2% (2.9%) and 2.2%
(3.8%) of the OC (WSOC) at ground level and 488 m (Fig. 4),
respectively, indicating that the degree of organic aerosol aging was
relatively higher at 488 m. Furthermore, the mean ratio of diacid-C/
OC at 488 m (4.4%) was greater than that at ground level (2.4%) and
greater than ratios from other cities reported in previous studies
Fig. 4. Box charts of the ratios of total dicarboxylic acid carbon, total ketoacid carbon,
and a-dicarbonyl carbon to organic carbon (OC) and water-soluble organic carbon
(WSOC).
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(Table S1). Moreover, the mean ratios of ketoacid-C/OC were higher
at 488 m (0.29%) than at ground level (0.19%), and a-dicarbonyl-C/
OC was also higher at 488 m (0.19%) than at ground level (0.07%)
(Fig. 4). The higher ratio of DCRCs-C to carbonaceous components
suggested a higher abundance of organic aerosols at 488 m. This
result indicates that DCRCs are more important components of
organic aerosols in urban areas at high altitudes than at ground
level (Zhao et al., 2020).

3.2. Possible formation pathways of DCRCs

Long-chain carboxylic acids are mainly derived from the
oxidation of unsaturated fatty acids (Kunwar and Kawamura, 2014),
whereas short-chain carboxylic acids primarily originate from the
oxidation of anthropogenic VOCs (such as cyclohexene) (Kalberer
et al., 2000) or from chain-breaking of long-chain carboxylic acids
(Kawamura and Ikushima, 1993). The compositional differences in
DCRCs at different heights could be indicative of their formation
mechanisms. The correlation coefficients of the selected species at
different altitudes were calculated and are listed in Table S2. Strong
correlations (r ¼ 0.87e0.99, p < 0.01) were observed for C2, C4,
glutaric acid (C5), adipic acid (C6), methylsuccinic acid (iC5), and 2-
methylglutaric acid (iC6) at both altitudes, suggesting that these
carboxylic acids could originate from the same formation process,
such as oxidative chain scission of cyclic hydrocarbons (Hamilton
et al., 2006), or from common emission sources. In addition,
therewas a strong correlation (r¼ 0.90, p< 0.01) between C2 and C9
at 488 m but a moderate correlation (r ¼ 0.58, p < 0.05) at ground
level. C9 was further oxidized into its lower homologues during
vertical upward transport and was finally oxidized to form oxalic
acid (C2) (Kawamura et al., 2013; Zhao et al., 2020). Therefore,
stronger correlations between C2 and C9 were observed at higher
altitudes. The concentration of C10 was much lower than that of C9
(Table 1). Although C10 can also be oxidized to C2, the decomposi-
tion of C10 had little impact on the C2 concentrations at high levels.
Therefore, the correlations between C10 and C2 were similar at both
altitudes (GND: 0.80, 488m: 0.86). To further elucidate the possible
formation mechanisms of short straight-chain diacids from their
higher homologues, the correlations between the C4 (%) and C4/C9,
C5 (%) and C5/C9, C6 (%) and C6/C9, C4 (%) and C4/C10, C5 (%) and C5
(C6)/C10, C6 (%) and C6/C10 were analyzed (Fig. 5). We found that
there were no correlations between C6/C9 and C6 (%) at the two
heights (Fig. 5a and b), suggesting that the formation of C6 did not
originate from the photochemical degradation of C9. Laboratory
photo-oxidation experiments have shown that the photochemical
degradation of C9 canmainly produce the lower homologues C4 and
C5 (Yang et al., 2008). Weak correlations were found between C4 (%)
and C4/C9 (R2 ¼ 0.37; p < 0.05) and moderate correlations between
C5 (%) and C5/C9 (R2 ¼ 0.54; p < 0.01) at 488 m, but no correlations
were found for the measurement at ground level. Short-chain acids
are mainly affected by the oxidation of anthropogenic cyclohexene
at ground level. However, chain-breaking of C9 during vertical
upward transport mainly forms C4 and C5 acids, which would result
in higher C4 and C5 at 488 m than those at ground level (Fig. 5a and
b). The concentration of uC9 at 488 mwas much lower than that at
ground level (p < 0.01). uC9 can be easily oxidized by OH radicals to
produce C9, but it slowly reacts with O3 (Tedetti et al., 2007). In
addition, we observed highermean values of the nitrogen oxidation
ratio (NOR, NOR ¼ n-NO3

- /(n-NO3
- þ n-NO2

- )) (Wang et al., 2005) at
488 m (0.12) than that at ground level (0.08), and O3 concentration
at 488 m (60.4 mg m�3) was also significantly higher than that at
ground level (21.1 mg m�3) (p < 0.01). Therefore, much higher
oxidation capacities, such as high concentrations of $OH, are
possible at 488 m. Studies have reported that heterogeneous re-
actions of diacids occur at the gaseliquid interface by gas-phase



Fig. 5. (a) Correlations between the abundances (%) of succinic acid (C4) and C4/azelaic acid (C9), (b) correlations between the abundances (%) of glutaric acid (C5) or adipic acid (C6)
and C5/C9 or C6/C9, (c) correlations between the abundances (%) of C4 and C4/C10, and (d) correlations between the abundances (%) of C5(C6) and C5(C6)/C10.
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$OH (Enami et al., 2015) and $OH radicals are also themain oxidants
that degrade ambient C9 (Nepotchatykh and Ariya, 2002). There-
fore, the chain-breaking of C9 at 488 m was partially attributed to
the strong oxidizing environment. Furthermore, a higher RH of 488
facilitates the heterogeneous and aqueous chemical reactions of
organic acids (Enami et al., 2015; Yu et al., 2005).

Therewas a good correlation between C4 (%) and C4/C10 at 488m
(R2 ¼ 0.69; p < 0.01), as well as between C5 (C6) (%) and C5 (C6)/C10
(Fig. 5c and d). These results indicate that chain-breaking of C10 also
has the potential to increase the abundance of short-chain diacids
at 488 m (Kawamura and Bikkina, 2016). Regardless of changes in
the abundance of short-chain diacids, the C4/C10 and C5 (C6)/C10
ratios remained relatively stable. Short-chain diacids produced by
C10 chain-breaking at ground level are negligible compared with
those derived from other sources, such as the oxidation of
anthropogenic cyclic hydrocarbons (Kalberer et al., 2000; Ervens,
2004). In addition, the slope and p-value of the fitted curve of C5
(%) versus C10 were higher than those of C6 (%) versus C10 (Fig. 5d). A
higher slope indicates a faster formation of C5 fromC10 relative to C6
from C10. This difference may have occurred because of the pref-
erential cleavage of the center CeC bond in C10 and because one
molecule of C10 can break down into two molecules of C5 (Yang
et al., 2008; Serpone et al., 2005; Kawamura and Bikkina, 2016).
Generally, the results suggested that the abundance of these short-
chain diacids was clearly influenced by the oxidation of anthro-
pogenic emissions at ground level (e.g., cyclic hydrocarbons).
Moreover, breaking of long-chain diacids during vertical transport
increased the abundance of short-chain diacids at high altitudes.
Therefore, the abundance of long-chain diacids at 488 mwas much
lower than that at ground level.

MeGly is an oxidation product of biogenic emissions (e.g.,
isoprene and terpene) (Carlton et al., 2009) or anthropogenic
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emissions (e.g., aromatics, acetylene, and ethene) (Kawamura and
Ikushima, 1993; Fisseha et al., 2004), which can be oxidized to
pyruvic acid (Pyr) and uC2, and can be further oxidized to C2 in
clouds through aqueous reactions (Ervens, 2004; Charbouillot et al.,
2012). SO4

2� is also mainly formed through in-cloud reactions
(Ervens, 2004). The correlations between C2, Pyr, MeGly, and uC2
and SO4

2� combined with meteorological factors such as the cloud
top height and RH are shown in Figure S1 and S2. C2 and uC2 were
moderately correlated with SO4

2� at ground level (R2 ¼ 0.43,
p < 0.05) and showed strong correlations at 488 m (R2 ¼ 0.87,
p < 0.01), except for on the days (26 October e 3 November) when
no clouds were observed at low altitudes (<1000 m) and the RH
value was lower. We also observed strong correlations between
MeGly, Pyr, and SO4

2� at 488 m. These results showed that C2 was
largely formed from the oxidation of its precursors (e.g., Pyr, MeGly,
and uC2) through liquid-phase reaction in low-altitude clouds. We
also found that the C2 concentration at 488 m was much higher
than that at ground level during the pollution periods, and the
concentrations of Pyr, MeGly, uC2, and SO4

2� at 488 m increased
faster during the pollution periods than during the non-pollution
periods, suggesting intensive oxidation of carboxylic acids (e.g.,
C2) via in-cloud processes during pollution days.

3.3. Concentration ratios of selected carboxylic acids

Different emission sources and aging degrees of aerosols have
important influences on the distribution of carboxylic acids (Cheng
et al., 2013; Kawamura and Bikkina, 2016). Therefore, the concen-
tration ratios of particular organic acids can reflect their diverse
origins and formation processes. Fig. 6 shows the mass concen-
tration ratios of the selected organic acids. Ph is produced mainly
by the atmospheric oxidation of anthropogenic aromatic



Fig. 6. Diagnostic mean mass ratios of measured diacids and related compounds in
PM2.5 collected at ground level (GND) and 488 m.

J. Liu, S. Zhou, Z. Zhang et al. Environmental Pollution 285 (2021) 117185
hydrocarbons (Ho et al., 2006). C6 is mainly produced by the photo-
oxidation of anthropogenic cyclic hydrocarbons, while C9 is largely
derived from the oxidation of biogenic unsaturated fatty acids
(Kunwar and Kawamura, 2014). The ratios of Ph/C9 and C6/C9 can
somewhat discriminate the contributions of biogenic and anthro-
pogenic sources to diacids. Thus, higher ratios of Ph/C9 and C6/C9
indicate stronger influences of anthropogenic emission sources
(Kawamura and Yasui 2005; Kawamura and Bikkina, 2016). In this
study, the mean values of Ph/C9 (1.0 ± 0.3) and C6/C9 (0.48 ± 0.1)
were higher at 488 m than those at ground level (0.88 ± 0.2 and
0.35 ± 0.1, respectively). C9 is much more unstable than Ph and C6
during vertical transport (Kawamura et al., 2005). Therefore, the
higher value at 488 m could be attributed to faster depletion of C9,
and it could not be directly concluded that anthropogenic sources
were more important at 488 m. The C6/C9 ratio at ground level was
slightly higher than that determined in a previous study in
Guangzhou (Ho et al., 2011), but lower than that measured in other
urban regions (Ho et al., 2006, 2007; Kawamura and Ikushima,
1993) (Table S1). Ho et al. (2011) found a stronger photochemical
reaction of unsaturated fatty acids in the PRD region than in other
regions. The low ratio of C6/C9 in this study may suggests that the
source of diacids is significantly influenced by the photo-oxidation
of unsaturated fatty acids in Guangzhou. Moreover, the Ph/C9 ratio
at ground level (0.88 ± 0.2) was clearly lower than that found in
previous studies in the PRD region (mean: 6.2) (Ho et al., 2006,
2011). The precursor of Ph is naphthalene, which is mainly emitted
from incomplete coal combustion in industrial processes (Ravindra
et al., 2008) and heavy-duty and diesel vehicles (Lin et al., 2019).
According to the Guangdong-Hong Kong-Macao Pearl River Delta
Regional Air Quality Monitoring Network (http://gdee.gd.gov.cn/
kqjc/), the annual mean concentrations of SO2, NO2, and PM10
decreased by 81%, 28%, and 36%, respectively, from 2006 to 2018,
owing to the emission reductionmeasures implemented in the PRD
(e.g., phasing out the higher polluting industrial facilities and
vigorously developing clean energy). The local government has
taken measures to eliminate yellow-labelled vehicles and old ve-
hicles, and updated the emission standards of petrol/diesel in
Guangzhou in recent years (Yan et al., 2019). Thus, emission control
measures of anthropogenic VOCs (such as aromatic hydrocarbons)
could partially explain the reduction in the Ph/C9 ratio compared
with those in previous studies in Chinese cities.

Maleic acid (M) is an oxidation product of aromatic hydrocar-
bons (e.g., benzene and toluene) that can isomerize to fumaric acid
(F) owing to photochemical transformations (Kawamura and
Ikushima 1993; Kawamura and Bikkina, 2016). Ambient tempera-
ture, atmospheric oxidants, and sunlight irradiation greatly affect
the efficiency of the isomerization reaction (Kawamura et al., 2005;
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Fu et al., 2013; Semp�er�e and Kawamura, 2003). In this study, the M/
F ratio showed no significant differences between the ground level
(2.1 ± 0.7) and 488 m (2.4 ± 1.3) and a similar temporal trend
existed between the two latitudes (Figure S3). The ambient tem-
perature at ground level was approximately 5 �C higher than that at
488 m on mean (Figure S1), which enhanced the isomerization
reaction fromM to F. However, higher oxidant concentrations were
estimated at 488 m, which strengthened the photochemical reac-
tion. Therefore, the combined effects of both ambient temperature
and oxidant concentration resulted in similar M/F ratios between
the two latitudes. Furthermore, the M/F ratios in summer are lower
than those in winter in most urban areas (Ho et al., 2006, 2007,
2011; Zhao et al., 2018; Cheng et al., 2013), which further shows
that the higher the temperature, the stronger the isomerization of
M to F (Semp�er�e and Kawamura, 2003).

C4 can be hydroxylated to malic acid (hC4) and then further
oxidized to C3 (Kawamura et al., 1996; Yang et al., 2008). Therefore,
hC4/C4 and C3/C4 ratios are often used to indicate the degree of
photochemical aging of air masses. There was no clear difference
between the hC4/C4 ratios at ground level (0.16 ± 0.1) and 488 m
(0.14 ± 0.1). However, the C3/C4 ratio was lower at 488 m
(0.63 ± 0.3) than that at ground level (0.87 ± 0.2), because extra C4
was produced by the oxidation of long-chain carboxylic acids (e.g.,
C9) during vertical transport. C4 is further oxidized to hC4, which
cannot be efficiently converted to C3 (Kawamura et al., 1996). There
were abnormal increases in the C3/C4 ratio at 488 m from 26
October to 1 November with values much closer to those measured
at ground level (Figure S3). According to the backward trajectory
analysis, the air masses mostly originated from the north on these
days (Figure S4). The results indicated that the conversion of C4 to
C3 was enhanced during this long-range transport period, resulting
in a higher C3/C4 ratio. Our results are consistent with those of
Kundu et al. (2010b), who reported that a significant fraction of
malonic acid (C3) was secondarily produced in the atmosphere by
photochemical degradation of succinic acid (C4) during long-range
transport of air masses from East Asia to Gosan.

The mean C2/C3 ratio at 488 m (12.1 ± 3.6) was higher than that
at ground level (10.5 ± 2.5), implying a slightly stronger photo-
chemical formation of C2 from C3 at upper altitudes. The C2/C3 ra-
tios decreased during long-range transport periods (Figure S3). A
possible reason for this decrease is that much more C3 was pro-
duced from C4 than the production of C2 from C3 during long-range
transport. This phenomenon can also be supported by the rela-
tionship between C3 and C2, as shown in Figure S5. The linear slope
of C3 and C2 during long-range transport (5.4) was significantly
lower than that on the other days (13.4) (Figure S5). In addition, we
observed a rather low RH on days affected by long-range transport
(Figure S1), which is not conducive to heterogeneous and aqueous
chemical reactions. Therefore, gas-phase photochemical reactions
may be the dominant formation pathway for C2 during long-range
transport. The concentration of C2 peaked on 2 November the day
after the long-range transport period (26 October to 1 November,
Figure S4). The concentrations of PM2.5 and pollution gases were
relatively low on 2 November (Figure S6), indicating that the in-
crease in C2 concentration was unlikely to be affected by local
pollution sources. However, we observed that the C3 concentration
was very high on 30 October, and was sharply decreased during
November 1e3 (Fig. 2). We also found that wind speed was
decreased in Guangzhou and air masses were mainly originated
from local areas rather than regional areas on those days
(Figure S1), favoring the accumulation of air pollutants in the lower
atmosphere. Moreover, relatively high mean concentrations of O3
were observed during November 1e3 (Figure S6), which were
beneficial to the formation of carboxylic acids (Liu et al., 2011).
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Therefore, the increase in the C2 concentration was possibly due to
the oxidation of accumulated C3 from the long-range transport of
air masses. In addition, we found that the slope was slightly higher
at 488 m than that at ground level on the other days, which further
verified the oxidation effect of diacids during vertical upward
transport.
3.4. Source identification of organic acids

PCA has been widely used for source identification of atmo-
spheric aerosols (Harrison, 1986; Hsieh et al., 2008; Hu et al., 2018).
The concentrations of the selected organic species (C2, C4, C5, C6, C9,
C10, iC5, iC6, Ph, uC2, uC9, and MeGly), OC, EC, inorganic ions (Kþ,
Ca2þ, SO4

2�, NO3
�, and NH4

þ), heavy metals (V, Ni, Cd, Zn, Pb, and Fe),
and carbohydrates (levoglucosan) were used for factor analysis by
the SPSS software (IBM SPSS Statistics 20.0). The PCA results for
PM2.5 samples collected at the Canton Tower are given in Table 2.
We chose a PC factor whose initial eigenvalue was greater than 1,
and the cumulative variance contribution rate was >85%. Only
factor-loading values higher than 0.2 were considered in this study
and values higher than 0.6 are highlighted in bold (Table 2).

Four factors were identified, accounting for 58.05%, 18.51%,
8.12%, and 4.23% of the total variance, respectively (Table 2). The
first factor contained strong loadings of the secondary inorganic
salts NO3

� and NH4
þ. Therefore, this factor can be attributed to sec-

ondary processes. In addition, this factor also had high loadings of
C2, C4, C5, C6, iC5, iC6, Ph, uC2, andMeGly, suggesting that secondary
processes significantly contribute to these organic species. The
second factor had high loadings of OC, EC, Cd, Zn, Pb, Kþ, and lev-
oglucosan. OC and EC largely were emitted from fossil fuel com-
bustion, such as vehicular exhaust (Zhang et al., 2010a). Cd, Zn, and
Pb are often related to anthropogenic activities such as industrial
emissions (Bozlaker et al., 2013; Bi et al., 2019). Kþ and levogluco-
san are often used as tracers for biomass burning (Zhang et al.,
2015). Therefore, this factor was identified as a mixture of
biomass burning and anthropogenic emissions. It is noted that C9,
Table 2
Results from principal component analysis for organic acids and other species.

Compounds Factor 1 Factor 2 Factor 3 Factor 4

C2 0.872 0.231 0.203
C4 0.951
C5 0.942 0.231
C6 0.860 0.434
C9 0.457 0.849
C10 0.376 0.748 0.205 0.451
iC5 0.935 0.234
iC6 0.861 0.368
Ph 0.682 0.491 0.210
uC2 0.829 0.403 0.318
uC9 0.217 0.735 0.245 0.482
MeGly 0.712 0.223
OC 0.294 0.794 0.282 0.420
EC 0.238 0.610 0.474 0.251
SO4

2- 0.406 0.539 0.521
NH4

þ 0.708 0.242 0.393
NO3

¡ 0.741 0.213 0.315
V 0.960
Ni 0.222 0.259 0.918
Cd 0.831 0.323
Zn 0.277 0.818 0.449
Pb 0.717 0.548
Fe 0.405 0.852
Ca2þ 0.415 0.838
Kþ 0.501 0.715 0.327
Levoglucosan 0.262 0.933
Eigenvalue 15.09 4.81 2.11 1.10
Variance (%) 58.05 18.51 8.12 4.23
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C10, and uC9 had high loading in this factor. Long-chain organic
compounds can be derived from biomass burning because biomass
contains their precursors (such as unsaturated fatty acids)
(Kawamura et al., 2013). Previous studies have shown that open
biomass burning activities are relatively strong during the dry
season (autumn and winter) in the PRD region (Zhang et al., 2015;
Zhou et al., 2018). The mean OC/TC ratio (0.83) during our obser-
vation period was similar to that of biomass burning particulate
emissions (0.88) (Sandradewi et al., 2008). These results suggest
that the abundances of C9, C10, and uC9 were significantly influ-
enced by biomass burning during autumn in Guangzhou. V and Ni
were dominant in the third factor, which were mainly derived from
heavy oil combustion related to non-road mobile sources (e.g., ship
emissions), one of the main emission sources in the PRD (Tao et al.,
2017). The low loadings of organic acids in this factor indicated that
ship emissions were not the major source of organic acids at both
heights. The fourth factor contained high loadings of Fe and Ca2þ,
which are typical crustal elements (Bi et al., 2019). Therefore, this
factor can be attributed to soil dust. This factor also had moderate
loadings of C10 and uC9 which were affected by dust suspension
and possibly associated with the metabolic processes of fungi and
plants in the soils (Suutari, 1995; Dutton and Evans, 1996).

4. Conclusions

The chemical and vertical characteristics of low-molecular-
weight DCRCs (dicarboxylic acids and related organic com-
pounds) in PM2.5 during autumn were investigated in the PRD re-
gion based on the gradient measurements at ground level and
488 m at the Canton Tower in Guangzhou, China. The abundances
of major diacids were in slightly different orders at ground level
(C2 > C4 > C3 > C9 > Ph > uC2) than at 488 m
(C2 > C4 > C3 > Ph > C9 > uC2). The ratios of total carboxylic acids to
OC and WSOC, indicators of aerosol aging, were higher at 488 m
than those at ground level, suggesting the presence of more aged
aerosols at high altitudes. In addition, the concentrations of C9 and
C10 at ground level were significantly higher than those at 488 m,
which could be attributed to the oxidation of long-chain acids from
the ground during vertical transport and a more oxidized envi-
ronment at 488 m. The distribution characteristics of short-chain
diacids (C2, C3, and C4) were differed between the air masses
from long-range transport and those from the local air masses.
Based on the ratio of C2 and C3 concentrations, C2 was more likely
generated from the photochemical oxidation of C3 during long-
range transport. Furthermore, in-cloud processes contributed
significantly to the formation of C2 during pollution periods. The
results from PCA showed that atmospheric secondary processing is
an important source of organic acids, and biomass burning signif-
icantly influences the abundance of long-chain carboxylic acids in
the PRD region. Overall, the results illustrate the sources and
possible oxidation reactions of organic acids in a low-altitude at-
mosphere, which improve our understanding of the formation of
SOA. Futureworks on the size distributions and seasonal changes in
individual chemical species in aerosols at different heights are
needed to further understand the particulate sources and forma-
tion processes in urban regions.
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