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Abstract: Carbonaceous aerosols (CAs), including elemental carbon (EC) and organic carbon (OC),
have become the dominant component in PM2.5 in many Chinese cities, and it is imperative to
address their spatiotemporal variations and sources in order to continually improve air quality.
In this study, the mass concentrations and light absorption properties of EC and OC in PM2.5

were investigated at diverse sites in Guangzhou, in the winter of 2020 and the autumn of 2021,
using the DRI Model 2015 thermal–optical carbon analyzer. The results showed that total EC and
organic matter (OM = OC × 1.8) could account for nearly 30% of the PM2.5 mass concentrations.
Secondary production was the most important source for OC, with secondary OC (SOC) percentages
in the OC as high as 72.8 ± 7.0% in autumn and 68.4 ± 13.1% in winter. Compared to those
in 2015, OC and EC concentrations were reduced by 25.4% and 73.4% in 2021, highlighting the
effectiveness of control measures in recent years. The absorption coefficient of brown carbon at
405 nm (babs,BrC,405) decreased by over 40%, and the mass absorption coefficient (MAC) at 405 nm
of total carbon (TC) decreased by over 30%. EC and OC concentrations and the light absorption
of black carbon (babs,BC,405) showed no significant diurnal differences in both autumn and winter
mainly because the reduction in anthropogenic emissions at night was compensated by the lowering
of the boundary layer. Differentially, babs,BrC,405 was significantly lower during daytime than at night
in autumn, probably due to the daytime photobleaching effect. The sources of EC, OC, BC, and BrC
were preliminarily diagnosed by their correlation with typical source markers. In autumn, babs,BrC,405

might be related to biomass burning and coal combustion, while babs,BC,405 were largely related to
vehicle emissions and coal combustion. In winter, babs,BrC,405 was closely related to coal combustion.

Keywords: elemental carbon; organic carbon; light absorption; diurnal variation; source

1. Introduction

Air pollution increases morbidity and mortality in humans. Fine particulate matter
(PM2.5) was among the top global risk factors for death burden in 2015, causing 4.2 million
deaths, up from 3.5 million in 1990 [1]. Carbonaceous aerosols (CAs), including elemental
carbon (EC) and organic carbon (OC), are important components of PM2.5, accounting
for 20–70% of PM2.5 mass concentrations, and have significant impacts on human health
and global climate change [2–8]. EC, with a large specific surface area, is easy to adsorb
harmful substances (such as transition metals), and exposure to it brings about various
respiratory and cardiovascular diseases [9,10]. Some chemical components in OC, such as
polycyclic aromatic hydrocarbons (PAHs) and dioxins, are well-known carcinogens that
pose high health risks [11–14]. Meanwhile, if optically measured, CAs can be divided into
black carbon (BC) and brown carbon (BrC). BC is an EC-containing component that is
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strongly light-absorbing throughout the solar spectrum and is a major absorption aerosol
that warms the atmosphere and presents a positive radiative forcing [15]. BrC is a part
of OC that can also absorb light effectively in the near-UV–Vis region (300–500 nm) [16].
BrC is complex in molecular composition, with PAHs and nitrogen-containing organic
compounds (such as nitrogen heterocycles and nitroaromatic hydrocarbons) as important
components [17,18]. The light absorption capacity of BrC can be comparable to that of
BC in the UV band. It is estimated that the global radiative forcing of BrC ranges from
0.1 to 0.25 W m−2, which is approximately 1/4 of that of black carbon [19] and even
exceeds 0.25 W m−2 in regions with high-intensity biomass burning activities, such as
East Asia, South Asia, South America, and Africa [19]. The light absorption properties
of BC and BrC, including light absorption coefficient (babs), mass absorption coefficient
(MAC), and Ångström absorption exponent (AAE) [16], are key elements in assessing
the radiative effects of CAs [20]. Nevertheless, the lack of knowledge of the spatial and
temporal variations in BC/BrC and their light-absorbing properties limits the accuracy of
climate model predictions [21].

Many studies have revealed significant spatial and temporal variations in the dis-
tribution of OC and EC concentrations [7], especially in megacities, such as the Beijing–
Tianjin–Hebei region [22], the Yangtze River Delta region [23], and the Pearl River Delta
region [24] in China. However, most studies involve seasonal or monthly changes in OC
and EC [25–27], and fewer studies focus on diurnal changes, especially in light absorption
properties. Since emissions and environmental conditions differ between daytime and
nighttime, mass concentrations and optical properties of OC and EC would change accord-
ingly. For example, one study showed that the MAC of water-insoluble OC at 365 nm was
twice as high during the day as at night [28].

EC or BC is mainly derived from the incomplete combustion of fossil fuel and
biomass [29,30]. Studies have noted that fossil fuel combustion was the main source
of BC in urban areas, while biomass burning could substantially contribute to BC in rural
areas [31]. OC includes the directly emitted primary organic carbon (POC) and secondary
organic carbon (SOC), which is secondarily formed through the oxidation of volatile organic
compounds (VOCs). POC is mainly derived from fossil fuel or biomass combustion and
biological emissions (e.g., plant debris) [32], while precursors of SOC include biogenic
and anthropogenic VOCs [33,34]. Many studies have revealed biomass burning as a major
source of BrC [35,36]. It is worth noting that sources of CA may change significantly with
the implementation of control measures. For example, Zhang et al. (2015) reported that
biomass burning was the main source of OC in Guangzhou [37], while coal combustion
and traffic emissions became the main sources of OC in 2020 [38]. Therefore, the timely
reanalysis of the sources of CA and their compositional and light-absorbing properties is
also necessary.

In the past decade, China has made great efforts to combat PM2.5 air pollution. PM2.5
concentrations have dropped drastically in many cities, such as Guangzhou, where annual
mean PM2.5 concentrations have decreased to below 25 µg/m3 after 2019 [39]. However, in
consideration of the newly established WHO air quality guidelines (annual mean PM2.5
concentration < 5 µg/m3) [40], even in Guangzhou, there is a need to continually improve
air quality in the long run. Since CA has become the dominant component in PM2.5 in many
cities, including Guangzhou, it is imperative to address their spatiotemporal variations
and the sources in order to formulate more precise and effective control measures for
further alleviating PM pollution. In this study, we observed daytime and nighttime OC
and EC mass concentrations, as well as their absorption properties, at different stations in
Guangzhou city during autumn and winter, when PM2.5 levels were comparatively higher,
and diagnosed the sources of EC, OC, BC, and BrC based on their correlation with typical
tracers. Our objectives were to investigate the spatial and temporal distributions of EC and
OC and their absorption properties in Guangzhou, particularly their diurnal variations,
and to explore their differences in primary emissions and secondary formation.
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2. Materials and Methods
2.1. Sample Collection

The Pearl River Delta (PRD) region is a cluster of coastal cities in southern China’s
Guangdong Province in the subtropical/tropical region, with an average air temperature
of 24.2 ◦C, annual sunshine of over 2500 h, annual precipitation of 1544 mm in 2021 [41].
In this study, five typical stations in Guangzhou, the largest city in the PRD region, were
selected (Figure 1), comprising one urban station (SZ) and four suburban stations (XH, JL,
HG, and HKUST). They are all among the local governmental environmental monitoring
stations. In addition, HG and HKUST were regional background sites [42].
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Figure 1. Locations of the six sampling sites in Guangzhou.

SZ (23.13◦ N, 113.26◦ E) is located in the center of Guangzhou, surrounded by business
and residential neighborhoods. JL (23.31◦ N, 113.56◦ E) is a residential area surrounded by
woodlands and farms [42]. XH (23.39◦ N, 113.21◦ E) is situated by residential neighborhoods
and wood. HG (22.82◦ N, 113.49◦ E) and HKUST (22.75◦ N, 113.61◦ E) are close to each
other (13 km apart) and are located in the southernmost part of Guangzhou, encircled
by Shenzhen, Foshan, Zhongshan, and Dongguan, and facing the Lingding Ocean to the
south. HG, HKUST, and WQS are all regional background monitoring stations in the local
governmental air quality monitoring network. There are few industrial activities, vehicle
emissions, and residential housing in the surrounding areas. These three sites in the Nansha
district of Guangzhou are geographically near each other, with quite similar meteorological
conditions and atmospheric compositions; thus, we considered them to be equivalent in
this study.

PM2.5 sampling was conducted in both winter (19–30 December 2020) and autumn
(25–30 September 2021). Sampling was conducted at three sites (SZ, XH, and HKUST) in
winter 2020 and at three locations (SZ, XH, and HG) in autumn 2021. The daily sampling
time was divided into two periods, i.e., daytime (8:00–19:30) and nighttime (20:00–7:30 the
next day), each period of continuous sampling lasting 11.5 h. Samples were collected using
a high-volume sampler (Tisch Environmental Inc., Cleves, OH, USA) with a constant flow
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rate of 1.13 m3/min [43]. Quartz fiber filters (20.32 cm × 25.40 cm, Whatman, Mainstone,
UK) were prebaked for 6 h at 450 ◦C before being used to collect PM2.5. The filters were
weighted before and after sampling using a microbalance (±0.1 µg; Sartorius, Goettingen,
Germany) and placed in a constant temperature and humidity chamber at 20 ◦C and 30%
relative humidity for 24 h to gravimetrically retrieve PM2.5 concentrations. There were
101 valid samples in the study.

2.2. Determination of Carbonaceous Fractions

OC and EC in PM2.5 were quantified using a DRI Model 2015 multi-wavelength
thermal/optical carbon analyzer (Desert Research Institute, Reno, NV, USA) with the
IMPROVE_A protocol [44,45]. More details on the analysis process can be found else-
where [43].

The concentration of SOC and its contribution to OC was estimated using the EC tracer
method proposed by Turpin and Huntzicker (1995) [46–48], with the following equation:

SOC = OC − (OC/EC)min × EC (1)

The (OC/EC)min ratio chosen for this paper is the value observed by Wu et al. (2019)
in this study region in 2012 and fitted using the MRS method, which is 1.83 in September
and 1.86 in December [49].

2.3. Examination of Organic Components, Water-Soluble Ions, and Gaseous Pollutants

Organic components were extracted using organic solvents such as hexane and de-
tected via gas chromatography–mass spectrometry (GC-MS, Agilent 7890 GC/7000 MS,
Agilent Technologies, Santa Clara, CA, USA). Water-soluble inorganic ions were extracted
using ultrapure water (resistivity of 18.2 MΩ·cm) and detected via ion chromatography
(883 Basic IC plus Metrohm, Switzerland). Details of the analysis have been described pre-
viously [50,51]. Gaseous pollutant concentrations were determined from the China General
Environmental Monitoring Station (https://air.cnemc.cn:18007/, accessed on 1 June 2022).

In this study, we used characteristic markers to identify emission sources. Previous
studies have shown that coal combustion emits large amounts of higher-molecular-weight
PAHs (HMW-PAHs, five-ringed PAHs and above) [52]; thus, HMW-PAHs are used as
tracers of coal combustion sources [50]. Ca2+ is the third most abundant metal element in
the soil and is used as the tracer of dust [53]. Motor vehicles emit large amounts of hopanes
and steranes, and hopanes and steranes are used to trace motor vehicle emissions [54].
Notably, 2,3-dihydroxy-4-oxopentanoic acid (DHOPA) is widely derived from the oxidation
of toluene and is the tracer of anthropogenic secondary organic aerosols (ASOAs) [55].
Isoprene, monoterpene, and sesquiterpene are major VOCs of plant emissions [56]. The
biogenic secondary organic aerosols (BSOAs) in this article included 11 kinds of compounds
from the oxidation of isoprene, monoterpene, and sesquiterpene. Thus, the BSOA is the
tracer referring to SOAs formed through the oxidation of biogenic VOCs (BVOCs). Sterols
and fatty acids are the tracers of cooking [57]. Levoglucosan (LG) is produced as a result of
the thermal degradation of plant cellulose and is high in aerosols emitted from biomass
burning, and therefore used to indicate the source of biomass burning [58,59]. Table S1 lists
the species included in the markers for each source.

2.4. Meteorological Parameters and Boundary Layer Height

Meteorological data, including pressure, relative humidity (RH), ambient temperature,
wind speed, and wind direction, were obtained from the China National Meteorological
Science Data Center (https://data.cma.cn/, accessed on 5 June 2022), and the temporal
resolution was 1 h. Boundary layer height (BLH) data were obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF, https://cds.climate.copernicus.eu/,
accessed on 10 June 2022). The spatial resolution of BLH data was 0.25◦ × 0.25◦, and the
temporal resolution was 1 h. We chose the nearest observation point as the BLH for each

https://air.cnemc.cn:18007/
https://data.cma.cn/
https://cds.climate.copernicus.eu/
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station. Detailed information about the nearest points for each station can be found in
Table S2.

2.5. Separation of Light Absorption of BC and BrC

CAs are the most important light-absorbing substances in atmospheric aerosols [60].
BC has strong absorption in the whole visible spectrum, and its absorption capacity is
inversely proportional to the wavelength, i.e., AAE = 1, while BrC has stronger absorption
of sunlight at wavelengths of 200–550 nm, with stronger wavelength dependence and AAE
is greater than 1 [61]. In this study, the light attenuation of filter samples before and after
analysis was measured with the 7-wavelength laser of DRI Model 2015. The respective
absorption contributions of BC and BrC were quantified based on the different AAE values
of BC and BrC.

Previous studies have shown that the absorption optical depth (τa,λ) of BC or BrC has
the following relationship with the wavelength (λ) of light [62]:

τa,λ,BC = KBC × λAAEBrC (2)

τa,λ,BrC = KBC × λAAEBC (3)

where KBC and KBrC are the fitting coefficients of BC and BrC, respectively. AAEBC and
AAEBrC are the AAE of BC and BrC, respectively.

Optical attenuation (ATN) is calculated using the following formula:

ATNλ = −ln

(
FTλ,I

FTλ, f

)
(4)

where FTλ,i indicates the light transmittance value of the filter sample before the thermo-
chemical analysis; FTλ,f indicates the light transmittance value of the filter after the analysis
(i.e., the light transmittance value of the blank filter).

Chen et al. (2015) [62] investigated the samples from diesel vehicle exhaust, biomass
burning, and ambient air, concluding that the τa,λ of particle samples at specific wave-
lengths is related to ATN as follows:

τa,λ = Aλ × ATNλ
2 + Bλ × ATNλ (5)

where Aλ and Bλ are fitted coefficients with different values at different wavelengths.
Since the contribution of dust to PM2.5 is small [63], it is assumed that only BC and

BrC absorb light from PM2.5. Therefore, the τa,λ of PM2.5 can be described as follows:

τa,λ = KBC × λAAEBC + KBrC × λAAEBrC (6)

The total τa,λ of particles at each of the seven wavelengths (405, 445, 532, 635, 780, 808,
and 980 nm) was calculated using ATN. AAEBC is equal to 1 [30], and AAEBrC is greater
than 1 [64]; thus, the most suitable value of AAEBrC was chosen between 2 and 8, obtained
using the best fit of Equation (6) through the least squares method.

The absorption coefficient of BC or BrC is calculated as follows:

babs

(
Mm−1

)
= τa,λ × A

V
× 100 (7)

where A is the effective area of the filter samples (cm2), and V is the sampling volume (m3).
The MAC for BC is determined by dividing the absorption coefficient for BC by the

mass concentration of EC. Likewise, the MAC for BrC is determined by dividing the
absorption coefficient for BrC by the mass concentration of OC, while the MAC for total
carbon (TC) is determined by dividing the absorption coefficient for CA by the mass
concentration of TC.
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It should be noted that the filter-based method for the characterization of the light
absorption of BC and BrC in this study has its artifacts due to biased light attenuation and
loading effects of the filter [65]. Additionally, due to being affected by particle size and
type of mixture, the AAE of BC is not precisely equal to 1.0 [66].

3. Results and Discussion
3.1. Spatial and Temporal Distribution of OC and EC Mass Concentrations

Table 1 shows the percentage of TC and CA in PM2.5 and the radio of OC/EC and
SOC/OC in autumn and winter. The mass concentration percentage (mean ± standard
deviation) of total carbon (TC) to PM2.5 (TC/PM2.5) in our study area was 15.1 ± 3.7% and
17.5 ± 7.2% in autumn and winter, respectively. Studies in the literature have revealed
that organic matter to organic carbon (OM/OC) in the PRD region ranges from 1.6 to
2.0 [67,68], and the compromise of 1.8 in this paper, resulting in CA/PM2.5 of 25.8 ± 6.5%
and 29.5 ± 11.9% in autumn and winter, respectively, indicates that CA is an important
component of PM2.5. There was a small gap in CA/PM2.5 between autumn and winter,
which indicated that CA had a comparatively stable proportion in autumn and winter.
The mean concentrations of OC and EC in autumn were 5.9 ± 2.2 and 0.8 ± 0.3 µg/m3,
respectively, and the ratio of OC to EC (OC/EC) was 7.5 ± 2.1. The mean concentrations
of OC and EC in winter were 6.9 ± 4.4 and 1.1 ± 0.8 µg/m3, respectively, and the ratio of
OC/EC was 6.6 ± 2.0. Previous studies have pointed out that OC and EC are used as a
characteristic ratio to assess the source contribution of OC in the atmosphere, and a larger
ratio of OC/EC represents a higher proportion of secondary production contribution [69].
In our study, the greater OC/EC ratios in both autumn and winter indicated substantial
contributions of OC from secondary production. Based on the least-ratio method of
Equation (1), the percentage of SOC in OC was as high as 73.7 ± 7.3% in autumn and
68.4 ± 13.1% in winter. These values were much higher than the SOC/OC of 25–56% in
Nanjing in 2013 [70] or 26 ± 19% in Beijing in 2017 [71], largely due to enhanced SOA
formation in this tropical/subtropical region, with less coal burning but more abundant
industrial and biogenic VOC emissions [72].

Table 1. Summary of the percentage of TC and CA in PM2.5 and the radio of OC/EC and SOC/OC in
autumn and winter.

Season TC/PM2.5 (%) CA/PM2.5 (%) OC/EC SOC/OC (%)

autumn 15.1 ± 3.7 25.8 ± 6.5 7.5 ± 2.1 73.7 ± 7.3
winter 17.5 ± 7.2 29.6 ± 11.9 6.6 ± 2.0 68.4 ± 13.1

Figure 2 shows the variations in daytime and nighttime OC and EC in autumn and
winter. As shown in Figure 2a, only XH showed significant differences in EC concentration
during day and night (p < 0.05, Figure S1), i.e., EC concentration was significantly higher
at night than during the day. Like EC as a primary combustion emission marker, other
primary source markers, namely LG (biomass burning), HMW-PAHs (coal combustion),
and hopanes (vehicle emissions), as well as BLH, showed larger day–night differences
(Table 2) at the XH site. The Pearson correlation analysis of BLH with EC, CO, LG, HMW
PAHs, and hopanes (Figure S6a) revealed highly significant negative correlations (p < 0.01),
indicating that diurnal differences in EC and other primary source markers might be mainly
influenced by the cumulative effect of lower BLH at nighttime. The distribution that day–
night variations in EC concentrations due to changing BLH were also observed in the PRD
region and the Beijing–Tianjin–Hebei region [22,24,49]. The insignificant diurnal variation
in EC concentrations at other sites was probably because of the decrease in anthropogenic
emissions at night coinciding with the enrichment of pollutants due to the decrease in BLH
at night.
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Regarding OC, as shown in Figure 2b, only HG showed significantly (p < 0.05,
Figures S1 and S5) higher daytime than nighttime OC concentrations in autumn. As shown
in Figure S6, OC showed a weak correlation with BLH, but highly positive correlations
with DHOPA, BSOA, hopanes, and LG, and all of these compounds decreased at night
(Table 2), probably due to a significant decrease in photochemical SOA formation and vehi-
cle emissions and biomass burning at night around the regional site HG. It is worth noting
that concentrations of PM2.5, OC, EC, and tracers at HG were the lowest among the sites
(Tables S3 and 2), and thus secondary or transported OC might have a greater contribution.

Figure 3 shows the variations in SOC concentrations. In autumn, a significant diurnal
variation (p < 0.05, Figure S1) in SOC concentration was only observed at HG. Temperature
can reflect the intensity of daytime solar radiation to some extent [73], and Table S3 shows
that the average daytime temperatures at the three sites in autumn were all around 32 ◦C
with negligible differences in the intensity of solar radiation within the region. As revealed
in Table 2, except for HMW-PAHs, other source tracers at the HG site decreased during
nighttime, which was different from that at other sites in the autumn. Additionally, SOC
was weakly correlated with BLH and strongly correlated with DHOPA (R = 0.84) and BSOA
(R = 0.73). Studies have shown that there are large amounts of anthropogenic VOCs and
isoprene emitted as SOC precursors in the PRD region [24,74,75]. Therefore, the significant
decrease in anthropogenic and biogenic precursor VOCs and the absence of photochemical
reactions resulted in a significant decrease in SOC generated at the HG site during the night.
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Table 2. Daytime and nighttime boundary layer heights (BLHs) and concentrations of source trac-
ers, namely levoglucosan (LG), hopanes, higher-molecular-weight polycyclic aromatic hydrocar-
bons (HMW-PAHs), sterols, biogenic secondary organic aerosols (BSOAs), and 2,3-dihydroxy-4-
oxopentanoic acid (DHOPA), in autumn and winter. * Daytime/nighttime; ** nighttime concentration
subtracted by daytime concentration; *** nighttime concentration/daytime concentration.

BLH or
Tracers

Season Autumn (Mean ± 95% C.I.) Winter (Mean ± 95% C.I.)
Sample Site XH JL SZ HG XH SZ HKUST

BLH
(m)

daytime 616 ± 20 612 ± 25 644 ± 24 647 ± 32 644 ± 98 633 ± 104 541 ± 77
nighttime 81 ± 39 110 ± 57 109 ± 43 182 ± 78 373 ± 173 372 ± 154 271 ± 142

Ratio * 7.6 5.6 5.9 3.6 1.7 1.7 2.0

LG
(ng/m3)

daytime 15.2 ± 5.5 63.0 ± 94.6 17.8 ± 5.5 17.0 ± 11.5 31.0 ± 11.2 37.7 ± 9.9 23.0 ± 9.3
nighttime 43.2 ± 15.3 164 ± 174 31.4 ± 13.2 16.2 ± 11.0 43.9 ± 21.5 50.0 ± 20.6 31.4 ± 12.8

∆LG ** 27.9 101 13.6 −0.8 12.9 12.3 8.3
Ratio *** 2.8 2.6 1.8 1.0 1.4 1.3 1.4

Hopanes
(ng/m3)

daytime 0.4 ± 0.1 0.7 ± 0.2 0.8 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.6 ± 0.1 0.6 ± 0.2
nighttime 0.6 ± 0.1 0.8 ± 0.2 0.9 ± 0.2 0.5 ± 0.2 0.6 ± 0.2 0.8 ± 0.3 1.1 ± 0.6

∆hopanes ** 0.2 0.1 0.1 −0.1 0.2 0.2 0.5
Ratio * 1.6 1.1 1.2 0.8 1.4 1.3 1.8

HMW-
PAHs

(ng/m3)

daytime 0.3 ± 0.1 0.6 ± 0.5 0.4 ± 0.2 0.3 ± 0.1 0.8 ± 0.3 1.0 ± 0.2 0.8 ± 0.4
nighttime 0.7 ± 0.3 1.6 ± 1.1 0.5 ± 0.2 0.5 ± 0.4 1.6 ± 1.3 1.5 ± 0.6 1.3 ± 0.6

∆HMWPAHs ** 0.4 0.9 0.1 0.2 0.8 0.5 0.5
Ratio * 2.7 2.5 1.3 1.6 2.0 1.5 1.6

Sterols
(ng/m3)

daytime 4.6 ± 1.9 12.0 ± 17.4 6.3 ± 6.0 2.8 ± 2.4 3.1 ± 1.4 2.5 ± 0.8 1.1 ± 0.4
nighttime 10.5 ± 16.1 15.1 ± 18.0 9.8 ± 10.2 1.7 ± 1.0 6.2 ± 5.9 10.1 ± 8.0 2.8 ± 2.3
∆sterols ** 5.9 3.1 3.5 −1.1 3.1 7.7 1.7

Ratio * 2.3 1.3 1.6 0.6 2.0 4.1 2.5

BSOA
(ng/m3)

daytime 122 ± 78 245 ± 98 149 ± 92 101 ± 93 12.0 ± 4.7 18.3 ± 6.0 13.8 ± 6.0
nighttime 135 ± 80 216 ± 145 137 ± 85 88 ± 84 12.8 ± 5.9 15.8 ± 5.3 13.7 ± 4.4
∆BSOA ** 13.1 −29.4 −12.2 −13.4 0.7 −2.5 −0.1

Ratio * 1.1 0.9 0.9 0.9 1.1 0.9 1.0

DHOPA
(ng/m3)

daytime 4.9 ± 3.5 10.7 ± 9.2 7.0 ± 4.5 5.9 ± 4.9 0.3 ± 0.4 1.1 ± 1.0 0.2 ± 0.1
nighttime 2.0 ± 1.3 5.3 ± 3.0 3.1 ± 2.4 2.2 ± 1.9 0.2 ± 0.1 0.6 ± 0.8 0.2 ± 0.1

∆DHOPA ** −2.9 −5.4 −3.9 −3.7 −0.2 −0.5 0.0
Ratio * 0.4 0.5 0.4 0.4 0.5 0.6 1.0
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In winter, diurnal variations in EC, OC, and SOC concentrations between daytime
and nighttime were not significant (p > 0.1, Figure S2). The weaker solar radiation and
the smaller diurnal differences in BLH in winter than in autumn might be among the
main reasons.

To explore the changes in CA concentration in Guangzhou in recent years, we used
data from 2015 for comparison [43]. Table 3 shows the average values of CA concentration
and their difference for the three sites JL, SZ, and HG (or WQS) in the autumn of 2015 and
2021 when PM2.5 pollution levels were close. Both HG and WQS are regional background
sites located ~13 km away from each other on the southern coast of Guangzhou (Figure 1);
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thus, we considered these two sites equivalently. The average PM2.5 concentration during
the field campaign in 2015 was almost identical to that in 2021 (Table 3), while the average
concentrations of TC, OC (or OA), and EC decreased by 39.5%, 25.4%, and 73.4%, respec-
tively, indicating that EC concentration was reduced more rapidly than TC or OC, or that
primarily emitted CA was reduced much more than the secondarily produced CA, with the
average OC/EC ratio increasing by ~180%. The concentration of SOC, however, was almost
unchanged, and thereby the SOC/OC ratio increased from 48.1% to 72.9%. TC/PM2.5
decreased from 25.9% in 2015 to 15.4% in 2021, and CA/PM2.5 decreased from 40.3% to
29.6%, possibly due to the control of emission sources such as biomass burning and vehicle
emissions [76,77]. The strict mobility control of transportation and industrial activities in
Guangzhou during the COVID-19 pandemic might also contribute substantially to the
reduced EC emissions [78,79].

Table 3. Average concentrations of PM2.5 and carbonaceous aerosols and average MAC of TC, OC,
and EC during the field campaign in autumn 2021 in comparison to those during the field campaign
in autumn 2015. Values are reported as average (Ave) ± standard deviation (Std). CA = EC + OM =
EC + 1.8 × OC.

Ave ± Std Decrease in
Percentage (%)2015 (25–30 September) 2021 (11–31 November)

PM2.5 (µg/m3) 47.9 ± 21.0 47.4 ± 14.8 1.0
TC (µg/m3) 12.2 ± 5.5 7.4 ± 2.9 39.5
OC (µg/m3) 8.6 ± 4.0 6.4 ± 2.6 25.4
EC (µg/m3) 3.6 ± 1.7 1.0 ± 0.4 73.4

SOC (µg/m3) 4.3 ± 2.3 4.7 ± 2.0 −8.0
OC/EC 2.4 ± 0.6 6.8 ± 1.6 −179.7

CA (µg/m3) 19.1 ± 8.7 14.2 ± 5.6 25.4
MACBrC,405 (m2/g) 1.3 0.6 55.4
MACBC,405 (m2/g) 13.4 14.7 −9.7
MACTC,405 (m2/g) 5.0 3.4 31.3

3.2. Light Absorption Properties of OC and EC

BrC is the light absorption component of OC, while EC can alternatively be expressed
as BC. We used the absorption coefficients at 405 nm to characterize the absorption prop-
erties of BrC (babs,BrC,405) and BC (babs,BC,405) in this study. The mean values of babs,BrC,405
and babs,BC,405 in the study area were 3.1 ± 1.9 and 10.2 ± 5.6 Mm−1 in autumn, and
7.7 ± 5.1 and 16.4 ± 16.5 Mm−1 in winter, respectively. This is similar to the seasonal
distribution in Chinese cities such as Tianjin and Xi’an, where babs,BrC,365 was reported
to be 4–8 times higher in winter than in summer [28,80]. The AAE values of CA were
1.3 ± 0.1 and 1.6 ± 0.3 in autumn and winter, respectively. The contribution of BrC at
405 nm to CA light absorption in this study was 22.1 ± 7.7% in autumn and reached
37.0 ± 13.0% in winter, which was higher than that of 19.0 ± 5.0% and 17.8 ± 3.7% reported
in the southwestern Chinese cities of Chongqing and Chengdu in winter, respectively [81].
The mean mass absorption coefficient at 405 nm of BrC (MACBrC,405) in this study was
0.54 ± 0.24 in autumn, much lower than that in winter (1.18 ± 0.43 m2/g). Lower values
have been reported in winter in China’s Three Gorges Reservoir region (0.8 ± 0.4 m2/g) [82],
and much higher values were previously reported in autumn in the Indo-Gangetic Plain
(2.9 ± 0.5 m2/g) [83].

Figure 4 shows the variations in babs,BrC,405 and babs,BC,405. In winter, there were no
significant diurnal variations (p > 0.1, Figure S2) for both babs,BrC,405 and babs,BC,405, and
the same was true for MACBrC,405 and the mass absorption coefficient of BC at 635 nm
(MACBC,635). In autumn, as shown in Figure 4a, only babs,BC,405 at the XH site showed
significant diurnal differences among the sites (p < 0.05, Figure S1). The good negative
correlation between babs,BC,405 or primary source markers (such as EC and LG) with BLH
(Figure S6a) suggested that the diurnal differences in babs,BC,405 were mainly controlled by
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the BLH. In addition, both babs,BC,405 and MACBC,635 at the JL site exhibited a daytime low-
nighttime high distribution, but only MACBC,635 showed a significant diurnal difference
(p < 0.05, Figure S5). The highest LG concentrations occurred at the JL site, especially at
night (Table 2), indicating changes in biomass burning emissions might be a reason for the
diurnal variation of babs,BC,405 and MACBC,635.
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In autumn, the babs,BrC,405 values at XH and JL were lower during the daytime and
higher at night. This diurnal variation was consistent with that in previous studies. For
example, light absorption coefficients of methanol-extracted BrC at 365 nm (babs,BrC,365)
during nighttime in winter Beijing were twice as high as that during daytime, while
MACBrC,365 was slightly higher at night than during daytime [84]. The babs,BrC,365 and
MACBrC,365 in Xi’an in summer were also higher at night than during daytime for the
methanol-extracted BrC but were similar for the water-soluble BrC [28]. In the diurnal
variability of the spectral characteristics of water-soluble BrC in winter in Delhi, India, the
babs,BrC was higher from 8:00 p.m. to 5:00 a.m. and became the lowest in the afternoon; the
MACBrC,365 was also slightly higher at night than during daytime [85]. However, water-
soluble BrC in Tianjin showed no significant daytime/nighttime differences in babs,BrC
or MACBrC at 365 nm in both summer and winter [80]. As shown in Figure 5b, at XH
and JL sites, MACBrC,405 values were also significantly lower during daytime than during
nighttime (p < 0.05, Figure S1), indicating that a significant enhancement of BrC light
absorption capacity occurred at night. Previous studies have demonstrated that more
contribution of weakly light-absorbing SOAs during the day, photobleaching effects, and
NO3 chemistry at night all resulted in the greater light absorption of BrC at night [80,86,87].
In autumn, babs,BrC,405 was strongly correlated with LG, hopanes, and HMW-PAHs at
the sites (Figure S6a), indicating that BrC is probably related to biomass burning, vehicle
emissions, and coal combustion. If the effect of the boundary layer was excluded, no
significant day–night differences were observed for LG, hopanes, and HMW-PAHs, except
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for LG and HMW-PAHs at the JL site (Table 2). BrC emitted from primary sources such as
biomass burning could undergo photobleaching during daytime [88], causing babs,BrC,405
and MACBrC,405 to be lower during daytime than during nighttime at XH and JL in autumn.
Although both babs,BrC,405 and MACBrC,405 were also slightly higher at night than during
daytime at SZ in autumn, the differences were not significant, indicating that the chemical
composition of BrC was similar during daytime and nighttime. Differentially, babs,BrC,405 in
HG was higher during daytime than during nighttime, and the MACBrC,405 during daytime
was almost the same as that at night, indicating that the light absorption capacity of BrC did
not change significantly, while the intensity of BrC emission was stronger during the day. As
shown in Figure S6, the babs,BrC,405 value at the HG site was strongly correlated with DHOPA
and LG, and all other emission source markers were reduced at night. This suggested that
the higher daytime babs,BrC,405 at HG was mainly influenced by the significant decrease in
biomass burning emissions and SOA formation from anthropogenic precursors at night.
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Figure 5. MAC of BC (a) and BrC (b) observed at the sampling sites.

In the autumn of 2015, the average values of babs,BrC,405 were 9.9, 8.8, and 8.8 Mm−1

at JL, SZ, and WQS (replaced by HG in 2021) in autumn 2015 [43], respectively; and they
were 5.9, 3.4 and 2.4 Mm−1 in the autumn of 2021 at JL, SZ, and HG, with a decrease of
40.4%, 61.5%, and 72.7%, respectively. The light absorption contribution percentages of
BrC in CA were 18.1%, 20.8%, and 19.0% at JL, SZ, and HG in autumn 2021, respectively,
and were approximately 19.0%, 15.0%, and 19.0%, respectively, in autumn 2015 [43]. The
mean MACBrC,405 and MACBC,405 values were 0.58 m2/g and 14.7 m2/g in autumn 2021,
respectively, with a 55.3% decrease in MACBrC,405 and comparable in MACBC,405 when
compared to those of 1.3 m2/g and 13.4 m2/g, respectively, in autumn 2015. babs,BrC,405
was highly correlated with LG in the autumn of both years, suggesting the substantial
contribution of BrC from biomass burning in autumn. It is possible that photobleaching
was stronger in September than in November, making MACBrC,405 lower in 2021. The slope
of babs,405 versus TC was 3.40 m2/g in autumn 2021, which was 31.3% lower than that
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of 4.95 m2/g in autumn 2015. As the proportion of EC in TC decreased, the MAC of CA
also decreased.

3.3. Sources of OC/EC and Light-Absorbing BC/BrC

Figure 6 demonstrates the correlation of OC, EC, babs,BrC,405, and babs,BC,405 with the
typical source markers, with obviously different correlation patterns in autumn (Figure 6a)
and winter (Figure 6b). Both in autumn and winter, Ca2+ had weak correlations with OC,
EC, babs,BrC,405, and babs,BC,405, suggesting that their contributions by dust were insignificant
since dust contributes more to coarse particles [89]. As shown in Figure 6a, EC correlated
well with hopanes and HMW-PAHs in autumn, suggesting that EC may mainly originate
from vehicle emissions and coal combustion. This was similar to the findings of Huang
et al. (2022) in Guangzhou, where traffic emission was the largest source of EC, and
coal combustion was the second [38]. Similarly, babs,BC,405 correlated well with HMW-
PAHs and hopanes. OC correlated well with BSOA and DHOPA, indicating that OC
was mainly contributed by SOAs generated from the oxidation of VOCs from biogenic
and anthropogenic sources. This was consistent with higher percentages of estimated
SOC in OC. Among the emission source markers, OC more strongly correlated with
LG, hopanes, and HMW-PAHs than others, indicating a preference for biomass burning,
vehicle emissions, and coal combustion emissions among all primary sources. Unlike OC,
babs,BrC,405 correlated poorly with BSOA and DHOPA but had stronger correlations with
LG and HMW-PAHs, with R of 0.83 and 0.81, respectively, suggesting that BrC was likely
to be mainly from biomass burning and coal combustion. This implied that, although
SOC highly contributed to OC, SOA contributed less to BrC in autumn due to their weak
light-absorbing properties [20].
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As shown in Figure 6b, EC was strongly correlated with fatty acids (R = 0.88), LG
(R = 0.75), steranes (R = 0.74), hopanes (R = 0.72), and HMW-PAHs, indicating that EC
might have contributions from cooking emissions, vehicle emissions, biomass burning,
and coal combustion. Similarly, babs,BC,405 correlated very well with fatty acids (R = 0.88),
hopanes (R = 0.81), steranes (R = 0.81), LG (R = 0.77), and HMW-PAHs (R = 0.73). OC
correlated well with EC (R = 0.91) and BSOA (R = 0.78), indicating that OC mainly resulted
from primary combustion emissions and BSOA. Among the emission source markers, OC
was strongly correlated with fatty acids (R = 0.85), LG (R = 0.77), hopanes, steranes, and
HMW-PAHs, indicating that OC may mainly originate from cooking, biomass burning,
vehicle emissions, and coal combustion. To exclude the influence of the boundary layer,
two correlation thermograms were drawn using daytime and nighttime data in winter
(Figure S7), respectively. As shown in Figure S7b, babs,BrC,405 correlated weakly with
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all markers at night, indicating that there were fewer BrC emissions at night. Instead,
babs,BrC,405 showed a high correlation with HMW-PAHs, fatty acids, BSOA, and LG during
the daytime, indicating that light-absorbing BrC might be related to coal combustion,
cooking, BSOA, and biomass burning in winter. BSOA might be light-absorbing since
studies revealed that the SOA generated through the oxidation of α-pinene under high NOx
conditions could absorb light [90]. As shown in Table S3, the average NOx concentration
was twice as high in winter, while emissions of biogenic VOCs were reduced in winter [72].
Therefore, the BVOC/NOx ratio was lower in winter and the generated BSOA might have
a higher light absorption capacity.

4. Conclusions

In this study, the mass concentrations and light-absorbing properties of EC and OC
were investigated at various sampling sites in Guangzhou in winter 2020 and autumn
2021 using a DRI Model 2015 thermo-optical carbon analyzer. The results revealed that
carbonaceous aerosols were important components of PM2.5, with mass percentage shares of
~30%, and SOC dominated in OC, with shares of ~70%. When compared to those observed
in 2015, OC and EC concentrations were reduced by 25.4% and 73.4%, respectively, while
the CA/PM2.5 ratio decreased by 10.7%, and the SOC/OC ratio increased by 24.8%. These
results suggest that modulating SOAs is of great importance in further lowering the CA as
well as PM2.5 in the region.

When compared to those in 2015, the MAC of TC at 405 nm decreased by ~31%, largely
due to the significant decrease in the percentage of BC in CA and the deceased absorption
of BrC. The weakened light absorption and light absorption capacity of CA are indicative
of the co-benefits of air pollution in reducing climatic pollutants in recent years.

Except for the significantly higher daytime OC and SOC at the regional background site
(HG) in autumn, daytime and nighttime EC and OC concentrations varied insignificantly in
both autumn and winter due to the counter effects of stronger primary emission/secondary
production during daytime and the lower boundary layer height during the nighttime. The
babs,BC,405 showed no significant diurnal variations except for the XH site, while babs,BrC,405,
and MACBrC,405 were significantly lower during daytime in autumn probably due to the
photobleaching during daytime.

In autumn, EC and babs,BC,405 correlated well with hopanes and HMW-PAHs, indi-
cating that EC and BC mainly originated from vehicle emissions and coal combustion.
OC correlated well with BSOA, DHOPA, and LG, indicating that OC mainly resulted
from biomass combustion and SOAs generated through the oxidation of anthropogenic
or biogenic VOCs. The strong correlation of babs,BrC,405 with LG and HMW-PAHs sug-
gested that BrC might be mainly from biomass burning and coal combustion. In winter,
EC, OC, and babs,BC,405 were strongly correlated with fatty acids, LG, hopanes, and HMW
PAHs, suggesting that EC and OC had complex mixing sources from vehicle emissions,
biomass burning, coal combustion, and cooking emissions. babs,BrC,405 correlated well with
HMW-PAHs, fatty acids, BSOA, and LG during the daytime, indicating that babs,BrC,405
were related to coal combustion, cooking, BSOA, and biomass burning. These results also
suggest that controlling SOA precursors will be beneficial in reducing OC and the control
of biomass burning and coal combustion emissions is more important for reducing BrC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14101545/s1. Table S1 The species included in the markers
for each source; Table S2 The nearest observation points for BLH of each station; Table S3 Summary
of meteorological parameters including temperature (T), relatively humidity (RH), wind speed (WS)
and boundary layer height (BLH) and atmospheric pressure (P), and PM2.5 and gaseous pollutants
including SO2, NO2, O3, NO and NOx (NO + NO2); Figure S1 Results of independent samples
t-test for day/night average value comparisons of OC, EC and SOC con-centrations, babs,BrC,405,
babs,BC,405, MACBrC,405 and MACBC,635 at the four sites in autumn; Figure S2 Results of independent
samples t-test for day/night average value comparisons of OC, EC and SOC con-centrations and
babs,BrC,405, babs,BC,405, MACBrC,405 and MACBC,635 at the three sites in winter; Figure S3 Results of
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the independent samples Mann-Whitney U test for diurnal data of the corresponding variables for (a)
HG and (b) JL in autumn; Figure S4 Results of the independent samples Mann-Whitney U test for the
diurnal data of the corresponding vari-ables for XH, SZ and HKUST in winter; Figure S5 Results of
the one-sided independent samples t-test or Mann-Whitney U test for the corresponding varia-bles
of JL and HG in autumn; Figure S6 Pearson correlation coefficients of OC, EC, SOC concentrations,
babs,BrC,405, and babs,BC,405 with source tracers including BSOA, Ca2+, levoglucosan, fatty acids (FA),
hopanes, steranes, HMW-PAHs, sterols and DHOPA, and gaseous pollutants including SO2, NO2,
O3, NO and NOx and meteorological parameters including temperature (T), relatively humidity
(RH), wind speed (WS), atmospheric pressure (P) and boundary layer height (BLH); Figure S7
Pearson correlation coefficients between OC, EC, babs,BrC,405, babs,BC,405 and source marker using (a)
daytime data and (b) nighttime data in winter, respectively; Figure S8. Day-to-day variation of PM2.5
carbonaceous aerosols concentration (µg/m3) and their light-absorbing properties (Mm−1), as well as
meteorological factors during the observing period in autumn. Vector arrows indicate wind velocity
and direction; Figure S9. Day-to-day variation of PM2.5 carbonaceous aerosols concentration (µg/m3)
and their light-absorbing properties (Mm−1), as well as meteorological factors during the observing
period in winter.
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