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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Online sampling of carbonaceous aero-
sols (CAs) was firstly assessed in 
Yanzhou. 

• The weight of SOC in OC was highest in 
summer (60%) and lowest in winter 
(26%). 

• HPBL, AT, RH, and AP are the driving 
factors for different CAs. 

• Increased eBC caused relatively high 
health risk to children.  
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A B S T R A C T   

This study examined the variability and source of carbonaceous aerosols, encompassing total carbon (TC), 
organic carbon (OC), and secondary organic carbon (SOC) for the years 2019–2020, as well as equivalent black 
carbon (eBC) and equivalent ultraviolet BC (eUVBC) data spanning 2019–2022, in the context of a typical 
northern Chinese city: Yanzhou. Averaged concentrations of TC, OC, SOC, eBC, eUVBC, and the ratio (OC/ 
elemental carbon (EC)) reached 11.1 ± 6.7, 8.9 ± 5.1, 3.9 ± 2.0, 3.1 ± 1.3, and 4.3 ± 2.4 μg/m3, and 5.0 ± 2.2, 
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respectively. The concentrations of TC, OC, eBC, and eUVBC were higher in winter, followed by spring and 
autumn, and summer, while SOC presented the opposite seasonal patterns. The diurnal variations of TC, OC, eBC, 
and eUVBC exhibited a bimodal pattern with peaks in the early morning (08:00–09:00 LT) and late evening 
(00:00–01:00 LT) and a trough in the afternoon (14:00–16:00 LT), pointing to vehicular emission and meteo-
rological dispersion as major drivers of the hourly variability. The results obtained from the EC tracer method 
and minimum R squared (MRS) revealed that r(SOC/OC) were highest in summer (60%) and lowest in winter 
(26%), showing a fast summer photochemical oxidation of volatile organic compounds (VOCs) that generate 
SOC. In this study, the influence of meteorological conditions on the weighting of diverse carbonaceous aerosols 
was quantified using a machine learning method. Results showed that the main drivers of carbonaceous aerosols 
were height of the planetary boundary layer (HPBL), ambient temperature (AT), relative humidity (RH), and 
atmospheric pressure (AP) in all seasons. Additionally, the potential health risks of eBC based on the equivalent 
passive smoking of cigarettes (PSC) suggested that there was a certain level of human health risk in this city. The 
obtained results will provide more in-depth and comprehensive understanding of carbonaceous aerosol pollution 
and management strategies.   

1. Introduction 

The atmospheric aerosol is made of a complex mixture of solid and 
liquid particles suspended in the air, which can be classified into six 
categories: sulfate, nitrate, ammonium, carbonaceous components, dust, 
sea-salt, and mine (Chen et al., 2020; Colbeck and Lazaridis, 2010; 
Pöschl, 2005). Of these, carbonaceous aerosols make up a significant 
portion of the overall concentration of fine-mode particulate matter 
(PM) in the atmosphere, up to 50% in urban areas of China (H. Zhang 
et al., 2019), and even higher proportions in Europe and US (Jimenez 
et al., 2009; In’T Veld et al., 2021). These might affect human health 
environmental quality, global climate, and atmospheric visibility, thus 
causing worldwide concerns (Bond et al., 2013; Li et al., 2021; Liu et al., 
2022). These aerosols have an airborne lifespan of up to few weeks, 
which accounts for their frequent atmospheric long-range transport, 
potentially impacting global air quality and further influencing the 
global climate (Dumka et al., 2019). 

The carbonaceous aerosols in the atmosphere comprise carbonate 
(mineral) carbon (CC), organic carbon (OC) and elemental carbon (EC), 
and the later class is also known as black carbon (BC) (Chen et al., 2023) 
or equivalent BC (eBC, (Petzold et al., 2013). OC typically encompasses 
primary and secondary organic compounds, such as hydrocarbons and 
carboxylic acids (Alves et al., 2012; Duan et al., 2005), which belong to 
hazardous species (Wu and Yu, 2016; Xu et al., 2015). Fine aerosol mode 
constitutes a substantial mass portion of carbonaceous aerosols (Gilar-
doni et al., 2011). In addition, OC compounds have a strong absorption 
capacity for Ultraviolet (UV) and Infrared (IR) radiation (Laskin et al., 
2015). This may be operationally defined as UV absorbing BC (UVBC), 
brown carbon (BrC), or absorbing OC (Esposito, 2012). In general, 
measurement of UV absorbing BC at 370 nm is defined as equivalent 
UVBC (eUVBC) and measurement of BC at 880 nm is defined as equiv-
alent BC (eBC) (Peng et al., 2018). 

eBC is a primary and important component of atmospheric aerosols 
and derived from the incomplete combustion of fossil fuels, biomass, 
wastes, and forest fires (Hopkins et al., 2007; Long et al., 2013). There is 
a body of evidence indicating the adverse health effects of eBC, although 
it seems that it is not eBC, per se, which might cause these effects, but 
specific organic pollutants enriched in high eBC particles (Janssen et al., 
2012; Verma et al., 2022). Therefore, eBC may act as a carrier of a wide 
range of chemicals with different toxicities into the lungs. Since early 
2012, the International Agency for Research on Cancer (IARC) classified 
diesel soot, which was usually used synonymously with eBC (but the first 
term also includes the organic species co-emitted with eBC), as carci-
nogenic to humans (Group 1) (IARC, 2012). eBC can be measured by 
using light absorption procedures (Petzold et al., 2013). The absorption 
units are converted into atmospheric concentrations by using a mass 
absorption cross-section (MAC) that has been obtained by comparing the 
absorption measurements with the analysis of EC. That’s why the term 
eBC is usually applied. 

In previous studies, carbonaceous aerosols were typically monitored 

using offline methods (Glasius et al., 2018; Xie et al., 2019; Zhao et al., 
2013). However, offline sampling, may fail to achieve high resolution 
data, therefore causing a significant priority gap in the observed data 
and hindering the accurate reproduction of the pollution characteristics 
of carbonaceous aerosols in the real atmosphere (Srivastava and Naja, 
2021). Recently, an increasing number of studies (Liu et al., 2022; Rigler 
et al., 2020; Savadkoohi et al., 2023; Srivastava et al., 2019; Yao et al., 
2020; Yus-Díez et al., 2022) selected online sampling due to the gen-
eration of extensive data sets with fine granularity even during short 
periods of pollution. This approach offers two significant advantages. 
Firstly, the enhanced temporal resolution allows for a more thorough 
analysis and comprehension of the temporal patterns exhibited by 
distinct carbonaceous aerosols, thereby providing a more detailed ex-
amination and comparison of their pollution attributes and potential 
sources (Savadkoohi et al., 2023; Trechera et al., 2023). Secondly, the 
increased volume of data presents an opportunity for machine learning, 
enabling the quantitative elucidation of the non-linear relationship be-
tween different types of carbonaceous fractions and their influencing 
factors (Dai et al., 2023). 

Given the substantial seasonal variations of carbonaceous aerosol 
concentrations, it is crucial to delve deeper into understanding the re-
lationships between OC and BC aerosols across different seasons, and to 
identify the primary atmospheric drivers. Therefore, continuous online 
monitoring of diverse carbonaceous components is essential, allowing 
for the constant surveillance of environmental parameters. This imme-
diate feedback is crucial for identifying short-term fluctuations and 
rapid changes in pollutant levels. Yanzhou is located in the north of 
China and situated in Shandong Province, inland from the coast 
(Fig. S1). The city has a population close to 0.54 million. The study area 
has a temperate monsoon climate with low wind speed and high hu-
midity, which is typical of cities in the northern region of China. 
Although there have been investigations into the levels of near-surface 
carbonaceous aerosols in northern Chinese cities (Cao et al., 2007; 
Dong et al., 2022; Q. Liu et al., 2018), no associated information is 
available for Yanzhou and there also remains a notable gap in systematic 
studies concerning online carbonaceous aerosols about temporal varia-
tions, main drivers, and health risks. 

This study, for the first time, studied the diverse carbonaceous par-
ticles in Yanzhou, including the concurrent high-time-resolution mea-
surements of total carbon (TC) and OC during 2019–2020 and eUVBC 
and eBC during 2019–2022. The main objectives of this study are to 
investigate of the variability of carbonaceous aerosols and their forma-
tion drivers in Yanzhou, briefly, (1) determining ambient TC, OC, SOC, 
eUVBC, and eBC concentrations and comparing Yanzhou with other 
cities worldwide; (2) assessing their seasonal and diurnal variations and 
identifying their major sources; (3) assessing the carbonaceous aerosols 
phenomenology and their major drivers by machine learning analysis, 
and (4) estimating potential health risks of eBC exposure. 
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2. Material and methods 

2.1. Measurements 

Measurements of hourly carbonaceous aerosols (TC, OC, eUVBC, and 
eBC) and the corresponding auxiliary data, including meteorological 
data (atmospheric stability (AS), atmospheric pressure (AP), ambient 
temperature (AT), relative humidity (RH), wind direction (WD), wind 
speed (WS), precipitation (PP), height of the planetary boundary layer 
(HPBL),aerosol optical depth (AOD), and visibility (VS), were carried 
out at the Automatic Air Quality Monitoring Superstation in Yanzhou 
(35.43◦ N, 116.6◦ E) from August 1, 2019 to December 31, 2022. The 
sampling height of ~20 m above ground levels accurately reflects the air 
quality of Yanzhou city. The instruments were checked and maintained 
each week, and calibrated every two weeks. All data used in this study 
were recorded in Beijing Time (China Standard Time, UTC+8). 

In this study, AS, AP, AT, RH, WD, WS, PP, and HPBL are used as the 
drivers of carbonaceous aerosols for their direct or indirect influences on 
the concentration data, while AOD and VS are used as tracers due to the 
feedbacks they received from the carbonaceous aerosol loadings. 

2.2. Set-up and instrumentation 

Ambient concentrations of TC, OC, and EC were determined by 
means of an online thermo-optical-transmission (TOT) analyzer (Sunset 
Model 4/OCEC (RT-4), USA), with a PM2.5 impactor inlet. TC was 
determined as OC + EC. In emissions inventories and climate science, EC 
is usually synonymous of eBC (Cheng et al., 2011). In this study, EC is 
used for the TOT data (Hopke et al., 2006), while eBC was used to 
describe and interpret data from optical measurements. 

Concentrations of BC were measured by an Aethalometer (Magee 
Scientific, Model AE33, Slovenia). This instrument measures and records 
the light attenuation by PM (continuously deposited on a Teflon-coated 
glass fiber filter tape) at seven wavelengths (370 nm, 470 nm, 520 nm, 
660 nm, 880 nm, and 950 nm), ranging from UV to IR, with a temporal 
resolution of 1 min and a sampling flow rate of 5.0 l/min. The measured 
attenuation at 880 nm is interpreted as BC, which is the primary 
absorber of visible light. It is generated through the incomplete com-
bustion of materials containing carbon (Olson et al., 2015). The mea-
surement at 370 nm, interpreted as equivalent UVBC (eUVBC), signifies 
light-absorbing particulate matter emitted from smoldering organic 
materials (Sandradewi et al., 2008). 

The BC concentrations were converted into eBC ones by using a MAC 
obtained locally with the co-located EC TOT measurements and the 
absorption measurements, the MAC supplied by the aethalometer’s 
manufacturers might differ considerably from the ones obtained with 
collocated EC measurements. Therefore, since eBC and EC represent the 
same carbonaceous aerosol, the eBC concentrations was used for the 
random forest regression of the eBC time-series and meteorological 
factors or atmospheric parameters. 

Furthermore, AS, AP, AT, RH, WD, WS, and PP data were recorded, 
with 1 min integration time, by the weather station system WMR300 
(Oregon Scientific, USA). AOD, HPBL and VS were monitored using 
aerosol lidar (SM-200, Zhongke Guangbo Quantum Technology Co., 
LTD). 

2.3. Estimation of secondary organic carbon 

A fraction of OC that originated from VOC precursors by photo- 
oxidation and aqueous-phase reaction processes is defined SOC. Its 
concentration at Yanzhou was estimated here based on an EC-tracer 
method (Castro et al., 1999; Q. Zhang et al., 2019). 

SOC=OC − [OC/EC]pri × EC (Eq.1) 

The Minimum R squared (MRS) method was used to select (OC/ 

EC)pri following (Wu and Yu, 2016). In this study, the MRS of spring, 
summer, autumn, and winter is 3.04, 2.08, 1.94, and 2.88, respectively 
(Fig. S2). 

2.4. Assessment of the health risk of eBC exposure 

In this study, the health risks of passive smoking, environmental 
tobacco smoke (ETS), were estimated to be equal to the health risk of 
eBC due to their similar characteristics (Ali et al., 2021; Pani et al., 2020; 
van der Zee et al., 2016). For example, (i) both have similar health ef-
fects, (ii) both are mostly unavoidable and involuntary, and (iii) both 
have similar exposure routes, i.e., inhalation (van der Zee et al., 2016). 
Therefore, this approach has been applied to assess the health risks of 
eBC using the equivalent numbers of passively smoked cigarettes (NPSC) 
(van der Zee et al., 2016) to establish health risk estimates. Briefly, four 
health endpoints, including low birth weight (LBW) implying a birth 
weight <2.5 kg after 37-week gestation, percentage lung function 
decrement of school aged children (PLFD), lung cancer (LC), and car-
diovascular mortality (CM) for adults, were selected to evaluate the 
health risks (van der Zee et al., 2016). The equivalent NPSC can be 
calculated as follows: 

Npsc =
βeBC

βcigartte
×ΔC=

ln (RReBC)
Δconcentration

ln (RREST )
Na

× ΔC (Eq.2)  

where: 

βeBC =
ln (RReBC)

Δconcentration
(Eq.3)  

is the regression coefficient per 1 μg/m3 for eBC; 

βcigartte =
ln (RREST)

Na
(Eq.4)  

is the regression coefficient per cigarette; Δconcentration = 1 μg/m3 for 
eBC; 

where, ΔC refers to the difference between the monitored and 
background concentrations of eBC (the background eBC level was 
determined at the urban background site of was chosen as 0.272 μg/m3 

(data from Waliguan Observatory based on (Ma et al., 2003). RReBC is 
the relative risk for the association between eBC and the health 
endpoint; RRETS is the relative risk for ETS exposure; and Na represents 
the assumed number of cigarettes, which is 9 for children exposed to 
parental smoking in relation to the risk of PLFD and 7 for adults in 
relation to the risk of LBW for infants of non-smoking mothers, CM, and 
LC (van der Zee et al., 2016). 

2.5. Statistical analysis 

Due to the missing data of OC and EC during 2021 and 2022, the data 
obtained between 2019 and 2020 were used to analyze the temporal 
variations of OC, SOC, TC, and OC/EC, while the whole dataset were 
used for the discussion on eBC and eUVBC. The data here are reported in 
the form of averaged concentration ± standard deviation. The correla-
tions between hourly meteorological and atmospheric factors were 
analyzed by evaluating the ‘R’ of Pearson correlation coefficient, for 
each season. The analysis of significant differences of carbonaceous 
aerosols, meteorological factors, and health risks posed by eBC aerosol 
was carried out by one-way Analysis of Variance (ANOVA) employing 
Duncan’s Multiple Range Test at p < 0.05 and p < 0.01, using SPSS 
Software (IBM SPSS Statistics 25, Chicago, IL, USA). In addition, it is 
worth noting that, some meteorological indicators, serving as drivers, 
might be significantly correlated with carbonaceous aerosols via non- 
linear relationships. Random forest can solve this nonlinear relation-
ship well (Brokamp et al., 2017). Hence, the multivariate relationships 
between carbonaceous aerosols and the meteorological drivers (AS, AP, 
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AT, RH, WD, WS, PP, and HPBL) were examined by Random Forest 
Regression Analyses using a package Scikit-Learn (python 3.6). Briefly, 
for a given season, 70% of the monitoring data was selected as the 
training data, and the 5-fold CV method was used to estimate the ac-
curacy of the method, where the data set is randomly separated to 5 
partitions with equal-sized folds. The algorithm is trained using fourfold 
and repeated 5 times. The graphs in this study were processed using 
OriginPro 2021b (OriginLab Corporation, Northampton, MA, USA.) 

3. Results and discussion 

3.1. Carbonaceous aerosols levels 

The mean concentrations of TC, OC, SOC, eBC, and eUVBC in 
Yanzhou reached 11.1 ± 6.7, 8.9 ± 5.1, 3.9 ± 2.0, 3.1 ± 1.3, and 4.3 ±
2.4 μg/m3, respectively (Table 1), accounting for 26.8% ± 24.5%, 
22.1% ± 23.5%, 12.6% ± 16.6%, 6.6% ± 1.3%, and 8.7% ± 1.0% of the 
PM2.5 mass during the sampling period. The concentrations of TC, OC, 
and eBC in Yanzhou were similar to those reported for Guangzhou 
(Huang et al., 2022) and much lower than those for 
Beijing-Tianjin-Shijiazhuang region (Ji et al., 2019), but were higher 
than those in Lanzhou of northwest China (Chen et al., 2023) and 

Table 1 
Average and standard deviation (μg/m3) concentrations of TC, OC, SOC, eBC, and eUVBC measured in Yanzhou with other cities worldwide (TC, OC, and SOC 
monitored during 2019–2020, and eBC and eUVBC monitored during 2019–2022).  

Time Site TC OC SOC eBC eUVBC Reference 

Annual Yanzhou 11.1 ± 6.7 8.9 ± 5.1 3.9 ± 2.0 3.1 ± 1.3 4.3 ± 2.2 This study 
Spring Yanzhou 8.6 ± 3.3 6.8 ± 2.5 3.1 ± 1.4 2.2 ± 0.4 2.9 ± 0.5 
Summer Yanzhou 8.0 ± 2.9 6.7 ± 2.5 4.5 ± 2.2 2.0 ± 0.3 2.3 ± 0.4 
Autumn Yanzhou 10.9 ± 4.7 8.8 ± 3.6 3.5 ± 1.9 3.5 ± 0.8 4.6 ± 1.1 
Winter Yanzhou 19.5 ± 9.4 15.1 ± 7.0 4.2 ± 2.3 4.8 ± 1.1 7.4 ± 1.7 

Annual (2018–2019) Lanzhou  6.4 ± 4.5 2.5 ± 1.8 2.0 ± 1.3  Chen et al. (2023) 
Spring (2018–2019) Lanzhou  4.5 ± 1.9 2.1 ± 1.2 1.4 ± 0.6  
Summer (2018–2019) Lanzhou  3.5 ± 1.0 1.3 ± 0.6 1.6 ± 0.6  
Autumn (2018–2019) Lanzhou  7.1 ± 4.3 3.6 ± 2.5 2.6 ± 1.5  
Winter (2018–2019) Lanzhou  10.0 ± 5.1 3.0 ± 1.3 2.4 ± 1.5  

Annual (2016–2017) Beijing  11.0 ± 10.7  3.4 ± 3.3  Ji et al. (2019) 
Annual (2016–2017) Tianjing  12.0 ± 9.8  3.1 ± 3.6  
Annual (2016–2017) Shijiazhuang  22.8 ± 30.6  5.4 ± 6.5  
Annual (2016–2017) Tangshan  12.1 ± 9.6  3.5 ± 3.6  

Winter 2019–2022 Guangzhou 10.9 ± 6.1 8.6 ± 4.7 2.8 ± 1.9 4.7 ± 3.2  Huang et al. (2022) 
Winters (2015–2017) Shanghai  7.3 ± 4.5  3.8 ± 2.4  Yao et al. (2020) 
Annual (2018–2020) Los Angeles Basin 3.7 ± 1.2   0.9 ± 0.4  Ivančič et al. (2022) 
Annual (2018–2019) Augsburg    1.1 ± 1.0  Liu et al. (2022) 
Annual (2015–2018) Elche  5.9 ± 2.2  1.2 ± 0.5  Galindo et al. (2019)  

Fig. 1. Diels of various carbonaceous aerosols in Yanzhou, plotted as season averages (TC, OC, and SOC monitored during 2019–2020, and eBC and eUVBC 
monitored during 2019–2022). 
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Shanghai of the Yangtze River Delta region in recent years (Yao et al., 
2020). This indicates that Yanzhou, as a northern Chinese city, has an 
intermediate concentration of carbonaceous aerosols in urban China. 
Nonetheless, concentrations in this region tend to exceed those observed 
in Western cities like Los Angeles, USA (Ivančič et al., 2022); Augsburg, 
Germany (Liu et al., 2021); and Elche, Spain (Galindo et al., 2019). 
Hence, it remains imperative to implement more precise control 

measures to ameliorate air quality and safeguard environmental health. 
The OC/EC might change according the origin and source contri-

bution of these two components, and affects absorption by aerosols. 
Thus, OC/EC is used as an important diagnostic index for reflecting the 
type and source contribution of carbonaceous aerosols, with higher OC/ 
EC ratios typically indicating greater contributions from biomass 
burning sources and secondary organic aerosols (SOA), and lower ones 

Fig. 2. Cross correlation plots among components of the carbonaceous aerosol during daytime (06:00–17:00 LT: a-f) and nighttime (18:00–05:00 LT: g-l) (TC, OC, 
and SOC monitored during 2019–2020, and eBC and eUVBC monitored during 2019–2022). 
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indicating greater contributions from fossil fuel combustion sources 
(Turpin and Lim, 2001). In general, biomass burning has a higher OC/EC 
ratio than fossil fuel combustion, and therefore urban areas usually have 
lower OC/EC ratios (1.0–4.0) than rural or remote regions (Kunwar and 
Kawamura, 2014). Furthermore, high contributions of SOA will increase 
SOA and OC, because EC is not supplied in this case. In this study, the 
OC/EC ratios varied from 1.7 to 14.8, with an average of 5.0 ± 2.2. 
Meanwhile, the OC/EC ratio showed high levels in all seasons, indi-
cating the significant contribution of SOA. The seasonal mean OC/EC 
was highest in summer (6.1 ± 0.8), followed by spring (5.5 ± 0.7), 
autumn (4.2 ± 0.7) and winter (4.0 ± 0.3). The annual mean OC/EC 
(5.0 ± 1.1) was similar to those derived in several urban areas in China, 
such as Lanzhou (Chen et al., 2023), Beijing (Ji et al., 2019), Zhengzhou 
(Wang et al., 2017), Shanghai (Xu et al., 2018), which are significantly 
affected by biomass burning emission and SOA formation (Zhang et al., 
2007). 

3.2. Temporal variations 

Fig. 1 shows the diurnal variations of OC, SOC, eUVBC, eBC, and TC, 
and OC/EC under four seasons. The results show that carbonaceous 
aerosol concentrations were higher during nighttime (18:00–05:00 LT) 
when compared with daytime (6:00–17:00 LT) in all seasons, pointing to 
the HPBL as a major driver. The low nocturnal HPBL and stable atmo-
spheric conditions reduced the vertical and horizontal dispersion of 
pollutants, thus leading to the accumulation of pollutants in the inver-
sion layer (Liu et al., 2022). 

For OC, eUVBC, eBC, and TC, distinct morning peaks can be observed 
during autumn and winter, while the weaker morning peaks occur in 
spring and summer (Fig. 1). These peaks were typically observed ~ 1–2 
h after sunrise (08:00–09:00 LT). The presence of increased vehicular 
emissions throughout the year, as well as the cold starts specifically 

during autumn and winter, were both likely contributing factors to these 
patterns. However, as the HPBL increases, as wind speed does, in 
midday, the concentrations of these aerosols were diluted. In the after-
noon (16:00–17:00 LT), the lowest levels of OC, eUVBC, eBC, and TC 
were observed due to the increased atmospheric ventilation and still 
relatively high HPBL. Subsequently, a night peak regularly occurred 
between 22:00 and 00:00 LT, as linked to various factors such as evening 
traffic rush-hours, the increase of household heating, coal and natural 
gas burning (especially in winter), and the unfavorable meteorological 
conditions. From midnight to early morning (01:00 to 07:00 LT), there 
was a slight decreasing trend, which can be attributed to the reduction in 
anthropogenic emissions and some dry deposition of near-surface PM 
occurring at low wind speeds. 

Since the SOA formation requires the presence of solar radiation 
(Peng et al., 2021), the daytime OC/EC was higher than that in night-
time, and generally peaks at 14:00–16:00 LT alongside the highest 
irradiance. The average ratios were 5.7 ± 1.7, 6.3 ± 2.8, 4.5 ± 1.7, and 
4.2 ± 1.1 during the daytime, while in the nighttime were 5.3 ± 1.6, 6.0 
± 2.9, 4.0 ± 1.4, and 3.8 ± 1.1 for spring, summer, autumn, and winter, 
respectively. Typical characteristic values for OC/EC ratios have been 
identified for various sources, including gasoline and diesel vehicle 
exhaust with a ratio range of 1.0–4.2 (Schauer et al., 2001, 2002a), 
biomass combustion with a ratio range of 16.8–40.0 (Schauer et al., 
2002b), coal combustion with a ratio range of 2.5–10.6 (Chen et al., 
2006), cooking emissions with characteristic ratio values ranging from 
32.8 to 81.7 (He et al., 2004), ground dust with a ratio value of 13.1 
(Zhang et al., 2007), and household natural gas with a ratio value of 12.7 
(Chow et al., 1996). However, we have to consider that the SOA for-
mation contributes to OC without EC. Therefore, in summer, the higher 
OC/EC values implied that some other sources, such as SOA formation, 
biomass burning and cooking, may contribute to the considerable 
amount of atmospheric carbonaceous aerosols. While in other seasons, 

Fig. 3. Pearson’s correlation coefficients matrix of meteorological drivers and tracers and major components of carbonaceous aerosol (drivers: AS, atmospheric 
stability; AP, air pressure; AT, air temperature; HPBL, height planetary boundary layer; PP, precipitation; RH, relative humidity; WS, wind speed; and WD, wind 
direction; tracers: AOD, aerosol optical depth and VS, visibility. *p < 0.05, **p < 0.01). 
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the carbonaceous aerosols in Yanzhou’s atmosphere could be highly 
associated with coal combustion in all seasons, in line with the abundant 
local coal production (Xiao et al., 2018). 

3.3. Correlations among carbonaceous constituents 

As shown by Fig. 2, the correlations among SOC, eUVBC, eBC, and 
OC were generally higher during daytime than nighttime in all seasons, 
except summers. This suggests that carbonaceous aerosols are more 
influenced by combustion activity during the daytime, in line with the 
fact that traffic emissions are more significant during the daytime. By 
contrast, during summer nights, more significant photochemistry, i.e., 
the increased reactions and accelerated kinetics induced by sunlight 
irradiation, may contribute largely to the secondary carbonaceous 
components (George et al., 2015), together with the increased local 
combustion activities (e.g., open-air barbecue) as another potential 
contributor to both primary and secondary aerosol species. 

Moreover, by examining the correlation between OC and eBC (Fig. 2 
a and g), it is possible to gain insight into the coherence of their origins 
because a significant correlation normally indicates the similar sources 
(Liu et al., 2021). In brief, eBC is primarily emitted from the incomplete 
combustion of fossil and non-fossil fuels, and remain relatively stable, 
while the sources of OC are diverse, including both primary OC emis-
sions and SOC (Bond et al., 2013; Hallquist et al., 2009). Fig. 2 shows 
that during spring and summer, the correlation between OC and eBC was 
low both day and night, whereas during autumn and winter, the cor-
relation between day and night was high (R > 0.7, p < 0.01). This 
suggests that the OC and eBC in the cold seasons were derived mostly 
from consistent primary emissions, whereas the sources in the warm 
seasons of the PM components were different the low concentration 
decreased their relationship. 

The correlations between OC and SOC in spring and summer were 
higher than that in autumn and winter (Fig. 2 c and i), suggesting that 
SOC is the main part of OC in spring and summer. Taking in mind the 
above heterogenous monthly patterns among seasons, SOC made up 
varied proportions of OC: 40.5% in spring, 59.6% in summer, 46.8% in 
autumn, and 25.8% in winter. The lowest winter SOC to OC contribu-
tions was most probably due to the unfavorable conditions for SOC 
formation, such as low temperatures (averaging around 2.5 ◦C–8.6 ◦C) 
and reduced sunlight irradiance (Cao et al., 2007). On the other hand, 
the highest summer SOC contribution was consistent with the most 
favorable conditions for photochemistry and the lower contribution 
from coal combustion (Xie et al., 2019). 

3.4. Major drivers of the carbonaceous aerosols 

The correlations between different carbonaceous aerosols and the 
drivers (AS, AP, AT, RH, WD, WS, PP, PBL, and VS) or tracers (AOD and 
VS) were evaluated. As shown in Fig. 3, the correlations between 
meteorological factors and carbonaceous aerosols were highly signifi-
cant in four seasons (p < 0.01). As it could be expected from the findings 
described in the prior sections, these correlations varied with seasons 
(Fig. 3). For instance, RH had a significant positive correlation with OC 
concentrations in winter but negative in summer with OC and SOC 
(Fig. 3). 

However, some uncertainties may exist in the correlation analysis. 
For instance, some factors may follow a nonlinear association that 
cannot be accurately characterized by common correlation analysis 
methods. Accordingly, machine learning method, e.g., random forest 
regression analysis, can be used to reveal more potential associations 
among these factors, followed by the outcome of quantitative impor-
tance scores (Fig. 4). As seen from the results, the drivers for each 

Fig. 4. Identification of driving factor of the carbonaceous aerosol components based on the Random Forest analysis in Yanzhou during different seasons (AS, 
atmospheric stability; AP, air pressure; AT, air temperature; HPBL, height planetary boundary layer. PP, precipitation; RH, relative humidity; WS, wind speed; and 
WD, wind direction). 
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carbonaceous aerosol component were evaluated varying with seasons. 
When constructing each decision tree, the Random Forest algorithm 
randomly samples each variable and ranks them based on their impor-
tance. Importance is typically measured by calculating the sum of in-
formation gain or Gini coefficient for each variable throughout the tree- 
building process. These metrics indicate the contribution of each vari-
able to the decision tree’s predictions. 

The main drivers influencing all types of carbonaceous aerosols and 
OC/EC, encompass the variables of HPBL, AT, RH, and AP, and this 
relationship holds true across all seasons (Fig. 4). However, the relative 
impact of these key meteorological drivers on each specific type of 
carbonaceous aerosol exhibits seasonal variation, as outlined in Table 2. 
HPBL exerts a crucial influence on the vertical distribution and diffusion 
of carbonaceous aerosols (Lu et al., 2020). Elevated HPBL facilitates 
aerosol mixing and diffusion, resulting in reduced concentrations. This 
demonstrates a non-linear relationship wherein changes in HPBL may 
not yield proportional changes in aerosol levels. Moreover, AT plays a 
pivotal role in enhancing aerosol volatility and influencing aerosol-gas 
interactions (Paasonen et al., 2013). This dynamic leads to consequen-
tial effects on the chemical reactions and formation processes of 
carbonaceous aerosols. It is important to note that these interactions 
may not always follow a straightforward, linear pattern, further 
underscoring the non-linearity in the relationship. RH introduces 
another layer of complexity, impacting both moisture absorption and 
particle size of carbonaceous aerosols (Hems et al., 2021). In conditions 
of higher RH, carbonaceous aerosols have a propensity to absorb 
moisture and enlarge in size. This subsequently leads to alterations in 
their optical properties and scattering abilities. Additionally, elevated 
RH can foster the formation of SOA, thereby influencing the composition 
and concentration of aerosols in the atmosphere (Li et al., 2017; Y. Liu 
et al., 2018). Furthermore, variations in AP can affect aerosol density 

and concentration distribution (Yang et al., 2022). A higher AP can 
accelerate the deposition rate of carbonaceous aerosols and augment the 
flux of settling particles towards the ground. 

It is essential to recognize that these factors engage in intricate in-
teractions, further influenced by other atmospheric conditions such as 
WS. Consequently, the behavior and distribution of carbonaceous 
aerosols emerge as the outcome of multifaceted interplays among these 
variables. The nuanced composition and abundance of carbonaceous 
aerosols witnessed in distinct seasons underscore the need to consider 
specific meteorological drivers in seasonal analyses. This recognition 
emphasizes the critical importance of accounting for seasonal variations 
when investigating the impact of carbonaceous aerosols on air quality 
and climate. By discerning these seasonal distinctions, scientists and 
policymakers can craft targeted strategies to effectively mitigate and 
manage carbonaceous aerosol pollution. 

In addition, for the tracer factors (AOD and VS), two obvious in-
dicators of air quality (Kumar et al., 2011; Molnar et al., 2020), their 
larger relationship with each carbonaceous aerosol indicates the affec-
tion of carbonaceous aerosols on AOD and VS, which will facilitate the 
application of AOD and VS inversion for carbonaceous aerosols. 

3.5. Assessment of eBC-associated health risk 

Population is exposed to atmospheric eBC primarily through inha-
lation of air in the vicinity of local or regional sources. Because both air 
pollution and ETS are exposed by inhalation and are largely involuntary, 
and exposure to complex mixtures of particles and gases have similar 
health effects, the health risks of exposure to air pollution and equiva-
lent NPSC are considered to be comparable in terms of health risk (Wu 
et al., 2018). As stated above, the health risk assessment model has been 
applied by prior studies to use four health endpoints, including LBW, LC, 
CM, and PLFD for evaluating potential health risks of eBC exposure (van 
der Zee et al., 2016), and expressed into equivalent NPSC, which has 
been adapted in this study. 

Using the eBC of Yanzhou during the 3.5 years, the eBC health risks 
expressed by NPSC were obtained. The characteristics of the NPSC for 
the four health points in the different seasons are obviously consistent 
with those of the eBC levels (winter > autumn > spring > summer) 
(Fig. 5) and showed significant seasonal differences (p < 0.01). In 
general, during the observed periods (August 2019 to December 2022), 
the average health risks values of LBW, LC, CM, and PLFD reached 8.6 ±
6.1, 4.1 ± 2.9, 25.8 ± 18.2, and 9.1 ± 6.4 equivalent numbers of PSC, 
respectively. These values were similar with Xining, China (Wu et al., 
2018), lower than that in Beijing, China (Ji et al., 2017), Delhi, India 
(Srivastava et al., 2014), but were still higher than those in European 
and American cities including (e.g., Stockholm, Sweden (Krecl et al., 
2017), Ny-Ålesund, Norway (Markowicz et al., 2017), Augsburg, Ger-
many (Liu et al., 2022) and Los Angeles, USA (Krasowsky et al., 2016)). 
It has been reported that the health risks exposure to 1 μg/m3 of eBC 
were equivalent to 4 PSC per day across the four health outcomes (van 
der Zee et al., 2016), which was lower than the overall estimated health 
risks of eBC in Yanzhou, indicating a high health risk in the area. In 
particular, the effects of eBC exposure on lung function in school-age 
children are higher than the adverse effects on cardiovascular and 
lung disease in adults, making children a vulnerable and 
health-vulnerable group in eBC pollution-exposed environments, 
demonstrating the relatively high health risk loss to children from 
increased eBC and the urgency and need for municipalities to step up 
efforts to combat and mitigate eBC in the environment. 

4. Conclusions 

Exposure to carbonaceous aerosols has remained a significant envi-
ronmental concern in urban areas. This study conducted a comprehen-
sive analysis of multi-year temporal variations of carbonaceous aerosols, 
encompassing OC, SOC, eUVBC, eBC, and TC, in urban Yanzhou. The 

Table 2 
Main drivers (+) for different carbonaceous aerosols and OC/EC in different 
seasons. In this study, factors with weights greater than 0.15 were defined as the 
main drivers.  

Season Drivers OC SOC eUVBC eBC TC OC/EC 

Spring AS       
AP + + + +

AT + + + +

HPBL       
PP       
RH + + + + +

WS       
WD       

Summer AS       
AP + + + +

AT + + + + +

HPBL   + + +

PP       
RH + + + + +

WS  +

WD      +

Autumn AS       
AP + + + + +

AT + + + +

HPBL   + +

PP       
RH + + + + +

WS       
WD  +

Winter AS       
AP + + + + + +

AT + + + +

HPBL + + +

PP       
RH  + + +

WS + + +

WD   +
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diurnal and seasonal variability of these aerosols exhibited noteworthy 
disparities, attributable to alterations in emission rates, atmospheric 
mixing and dispersion conditions, as well as boundary-layer dynamics. 
Notably, the variables of HPBL, AT, RH, and AP emerged as primary 
drivers of carbonaceous aerosols. Therefore, subsequent modeling 
studies should place particular emphasis on analyzing periods with 
significant variations in factors identified as having high importance 
scores, offering deeper insights into carbonaceous pollution dynamics. A 
more comprehensive examination of emission sources necessitates the 
incorporation of additional chemical indicators (e.g., inorganic salt 
ions), which are recommended for future research. Meanwhile, the 
correlational analysis shed light on potential sources of carbonaceous 
aerosols, underscoring the need for additional control measures. Given 
that major sources may vary seasonally, it is imperative to tailor 
response strategies to specific circumstances. Furthermore, the health 
analysis indicated that a certain demographic group, represented by 
school-age children faces the highest health risks. This underscores the 
importance for governmental authorities to implement targeted mea-
sures for this particular demographic, ensuring the safeguarding of 
public health. 

In summary, this research addresses a gap in atmospheric environ-
mental studies for Yanzhou and its surrounding regions, providing 
valuable insights through on-site observations. It calls for future studies 
to employ high spatiotemporal resolution models specific to this area for 
a more comprehensive understanding. The integration of machine 
learning techniques and in-depth analysis of influential factors will 
enhance our grasp of carbonaceous pollution patterns. The identifica-
tion of specific sources through correlational analysis emphasizes the 
need for tailored control strategies. Finally, the health analysis un-
derscores the necessity for targeted interventions, particularly for chil-
dren. These findings collectively contribute to a more thorough and 

comprehension of carbonaceous aerosol pollution and pave the way for 
the development of effective management strategies. 
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