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ABSTRACT 
 

To understand the concentrations, secondary organic aerosols (SOA) formation and source characteristics of carbonaceous 
aerosols in the regional environment of North China, a total of 48 fine particulate matter (PM2.5) samples were collected at 
the top of Mount Tai in the summer of 2015. Organic carbon (OC) and element carbon (EC) were analyzed and resolved 
into eight carbonaceous species using an Organic/Elemental Carbon Analyzer following the IMPROVE thermal-optical 
reflectance (TOR) protocol. OC and EC mass concentrations were 4.42 ± 3.04 and 1.58 ± 0.92 µg m–3, respectively, which 
were much higher than that of other domestic or abroad observation sites. Carbonaceous aerosols showed weekday-high 
trend during sampling period, which can be partly explained by anthropogenic effects. Higher concentrations of secondary 
organic carbon (SOC) were estimated by EC-tracer method during cloud/fog processing, indicating the fact that aqueous-
phase reaction in droplets was an important pathway for SOC formation. Two source analysis approaches, consisting of 
Potential Source Contribution Function (PSCF) and Positive Matrix Factorization (PMF) were adopted to identify the 
regional sources and emission sources of carbonaceous species, and the apportion contributed by these sources. PSCF 
result demonstrated that the potential regional sources in the northwest, southwest and east coastal areas of Mount Tai 
contributed significantly to carbonaceous species loading in PM2.5. Additionally, three main emission sources were 
identified according to PMF result: diesel vehicle exhaust, biomass burning and mixed sources of gasoline vehicle exhaust 
and coal combustion, and each of sources had an average contribution of 26.4%, 19.0% and 54.5% to carbonaceous 
aerosols, respectively. 
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INTRODUCTION 
 

Carbonaceous aerosol is a common component and 
account for 10% to 70% of fine particulate matter (PM2.5) 
(Turpin et al., 2000). In general, carbonaceous aerosol 
consists of three main fractions: namely elemental carbon 
(EC, also called black carbon, BC), organic carbon (OC)  
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and carbonate carbon (CC) (Martinsson et al., 2017). EC is 
primarily generated from incomplete combustion processes 
of anthropogenic sources including fossil fuel combustion 
and biomass burning. OC is either directly emitted from 
combustion processes to ambient atmosphere or formed 
during gas to particle conversion process by photochemical 
reaction of organic volatile precursors. Therefore OC is a 
complicated organic mixture of multiple substances, which 
can be classified into primary organic carbon (POC) and 
secondary organic carbon (SOC). CC, typically found in 
coarse particle fractions of demolition or building dust and 
natural mineral dust, was always ignored in many studies 
on fine particles (Thuy et al., 2018). 

Carbonaceous aerosol has many adverse effects on both 
environmental safety and human health, such as reducing 
visibility, affecting global climate and causing a variety of 
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human diseases, making it a hot topic in modern atmospheric 
environment research (Xu et al., 2018). OC, together with 
EC, can scatter lights and have impacts on cloud optical 
properties, resulting in the imbalance of the global radiation, 
which in turn affects the global and regional climates via 
direct or indirect radiative forcing (Zhao et al., 2013). Once 
the positive radiation from polluted air is forced to dominate, 
the global average surface temperature will rise. OC, EC 
and their mixture with inorganic compositions can also 
lead to the deterioration of air and reduced visibility (Ji et 
al., 2017). Meanwhile, because of the existence of polar 
functional groups such as carboxyl, numerous organic 
substances in carbonaceous aerosols can dissolve in water, 
and subsequently help the particles form cloud condensation 
nuclei (CCN), giving rise to increased cloud optical thickness 
and higher reflectance of cloud, as well as stronger monsoon 
and rainfall patterns (Ji et al., 2018; Panicker et al., 2018). 
In addition, some epidemiological studies have shown that 
the deterioration of cardiovascular disease is closely 
related to human exposure to these atmospheric pollutants 
by comparing the trend of OC and EC levels with 
cardiovascular diseases’ morbidity and mortality (Chow et 
al., 2006; Mauderly and Chow, 2008). 

Up till now, most of the studies focusing on investigating 
the pollution regulation of carbonaceous aerosols have be 
carried out in urban, suburban or more developed industrial 
areas. For example, in China, a considerable amount of 
researches have been done in the Pearl River Delta Region 
(PRDR) (Fan et al., 2017), Yangtze River Delta Region 
(YRDR) (Chang et al., 2017), Beijing-Tianjin-Hebei (BTH) 
region (Zhao et al., 2013), and so on. Relatively few works 
have been done on the source apportionment and long-
range transport of carbonaceous aerosols in the regional 
environment such as remote areas and high-altitude 
mountains. In addition, the partitioning of OC in atmosphere 
to POC and SOC has been problematic. A modeling study 
using a series of semi-continuous measured data obtained 
at the summit of Mount Tai showed that the contribution of 
SOC to total organic carbon (TOC) estimated by multiple 
regression model were 57.3% and 71.2% in spring and 
summer, respectively (Wang et al., 2012). In contrast, 
another study at Mount Tai reported a lower SOC/TOC 
value of 52.4%, reflecting a certain deviation of SOC 
levels between multiple studies (Boreddy et al., 2017). 
This SOC uncertainty between above two studies revealed 
that there will be some missing emission sources or formation 
processes (e.g., atmospheric aqueous-phase production) of 
SOC in the troposphere (Youn et al., 2013). Thus, 
continuously investigating the aerosol sources and SOC 
formation mechanisms in high-altitude mountain areas is 
very necessary. 

To address the issues mentioned above, the PM2.5 samples 
were collected from June to August, 2015 at the top of 
Mount Tai. Mount Tai is located in the North China Plain. 
This region is one of the most developed areas of China, 
with the highest anthropogenic carbonaceous aerosols 
emissions (Zhang et al., 2009). Mount Tai, the highest 
mountain here, can provide a unique place to reflect the 
atmospheric processes, diffusion and long-range transport 

pattern of air pollutants in the North China Plain. Moreover, 
given that weather conditions in mountain areas are more 
complicated than those in urban and industrial areas, the 
atmospheric processes about secondary organic aerosols 
(SOA) formation during cloud/fog event and precipitation 
scavenging during rain period can be analyzed to study 
meteorological effects. 

In this study, we conducted a field measurement of 
carbonaceous species at Mount Tai. The purposes of this 
study are (1) to investigate the concentrations of OC and 
EC at the regional background site, (2) to evaluate the 
formation of SOC during sampling period, and (3) to 
understand the source distribution and long-range transport 
of targeted pollutants at Mount Tai. 
 
MATERIALS AND METHODS 
 
Sampling Campaign 

From June 15 to August 11, 2015, sampling campaign of 
PM2.5 was conducted at Taishan meteorological station built 
at the top of Mount Tai (117.10°E, 36.25°N, 1532.7 m a.s.l.), 
an ideal background site with small population and less 
pollutant emission located in central Shandong province 
(Fig. 1). A total of 48 samples were collected after 
excluding invalid sampling days due to loss of samples or 
sampling records during the observation period. The details 
of sampling followed a published method in previous 
study (Liu et al., 2017). Briefly, a high-volume air sampler 
(HI-Q 7386, HI-Q Environmental Products Company, Inc. 
San Diego, CA, USA) operating at the sampling flow rate 
of 1000 L min–1 was used to collect PM2.5 samples. The 
particle phase samples were collected using quartz fiber 
filters (QFF, 203 × 254 mm, Munktell, Sweden), which 
was pre-baked at 450°C for 6 hours to remove organic 
residues. To correct the artifacts, field blanks were also set 
during sampling campaign. Prior to sampling, all quartz 
filters were equilibrated for 24 hours under constant 
temperature and relative humidity (25°C, 55%) conditions, 
and then weighed and stored in a 4°C refrigerator for 
further use. After sampling, the samples were weighed once 
again to obtain the dust weigh, wrapped in aluminum foil, 
sealed in plastic zip lock bags, and then stored in a freezer 
at –20°C for instrumental analysis.  
 
Instrumental Analysis 

Concentrations of OC, EC and corresponding components 
were analyzed using an Organic/Elemental Carbon Analyzer 
(DRI model 2001, Atmoslytic Inc. USA) based on the 
IMPROVE thermal-optical reflectance (TOR) protocol for 
pyrolysis correction. A 0.526 cm2 punch of each filter was 
analyzed under different temperatures to separate different 
carbonaceous species (i.e., OC1 (140°C), OC2 (280°C), 
OC3 (480°C) and OC4 (580°C) in the absence of non-
oxidizing helium, and EC1 (580°C), EC2 (740°C) and EC3 
(840°C) under the oxidizing gas of helium with 2% oxygen). 
Some OC could pyrolyze to EC when it was filled with the 
inert helium during heating process, which was named as 
optically pyrolyzed carbon (OPC) (Zhang et al., 2018). 
Therefore, OC was represented as the sum of OC1, OC2,  
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Fig. 1. Location of the sampling site on the top of Mount Tai. 

 

OC3, OC4 and OPC, and EC was expressed as the sum of 
EC1, EC2 and EC3 minus OPC following TOR protocol. 
 
Positive Matrix Factorization (PMF) Model 

PMF receptor model proposed by Paatero and Tapper 
(1993) can be adopted to identify main emission sources of 
pollutants and evaluate their contributions to different 
species. In recent years, PMF model was widely used in 
the source apportionment study of air and soil pollutants, 
showing good applicability in the field of environment 
science (Xu et al., 2016; Li et al., 2018). The analytical 
procedure of PMF is to decompose a sample data matrix 
(X) into two related matrices: source profile (f) and source 
contribution (g) and the principle of model can be briefly 
described as following expression (Liu et al., 2018): 
 

p

ij ik kj ij
k 1

X g f e


   (1) 

 
where p is the number of emission sources, gik is the 
contribution of emission source k to sample i and fkj is the 
source profile of species j from source k. Xij and eij 

represent the concentration and residual error of species j 
measured in sample i, respectively. 

PMF model provides a solution for the purpose to 
minimize the objective function Q (Eq. (2)), based on an 
uncertainty (u) for each measurement (Manousakas et al., 
2017). 
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where Q is a defined objective function for obtaining 
optimal matrices f and g, m and n are the quantity of target 
pollutant species and samples, respectively, and uij 
represents the uncertainty of species j in sample i, which 
can be calculated based on sampling errors, invalid data 
and outliers, as well as method detection limit (MDL). 

In this study, source apportionment software EPA PMF 
(Version 5.0.14) was applied for our analysis and operating 
details can be found in EPA PMF 5.0 User Guide (U.S. 
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EPA, 2014). The input data files consist of two parts of 
concentration data and uncertainty data for carbonaceous 
species, which has been arranged before analysis. Two-six 
factors were examined to obtain a reasonable number of 
emission sources. The fitting result with minimal Q value was 
selected as optimization solution for explaining the source 
profiles and contributions to eight carbonaceous species. 
 
Potential Source Contribution Function (PSCF) Analysis 

PSCF model was often employed to determine potential 
regional sources of target pollutants. PSCF value for each 
grid cell represents the probability that the air mass arriving 
at observation site has a contributed concentration exceeding 
an arbitrarily set criterion. The PSCF values for grid cells 
are calculated by following equation (Li et al., 2017): 
 
PSCFij = Wij × (mij/nij) (3) 
 
where i, j represents the determination parameter of grid 
cell azimuth, nij are the total number of concentration 
points loading in the grid cell (i, j), mij is the number of 
concentration points exceeding pre-defined threshold value 
in this grid cell, and Wij is an arbitrary weight function 
aiming to reduce the uncertainties of PSCF results.  

In this study, the PSCF analysis was simulated by air mass 
trajectory statistics software TrajStat (Version 1.2.2.6). The 
grid cell size was customized by the software. Meanwhile, 
the 75th percentile concentrations for each species were 
selected to define the threshold values mentioned above 
(Bressi et al., 2014). Wij was assigned as: 
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RESULTS AND DISCUSSION 
 
OC and EC Concentrations 

The measured levels of carbonaceous components at 
Mount Tai during sampling campaign were presented in 

Table 1. The daily concentrations of OC and EC varied 
from 1.06 to 14.8 µg m–3 and 0.31 to 3.83 µg m–3 with the 
average of 4.42 ± 3.04 and 1.58 ± 0.92 µg m–3, respectively. 
The OC and EC concentrations loading in PM2.5 in our 
study were higher than the seasonal-average concentrations 
observed at Mount Abu in western India (2.2 and 0.2 µg m–3) 
and the background concentrations measured at Mount 
Jiuxian in Southeast China (2.03 and 0.07 µg m–3) (Ram et 
al., 2008; Niu et al., 2013). A field study conducted at rural 
sites of New York has also reported lower OC and EC 
concentrations (2.24 and 0.31 µg m–3 for Potsdam and 2.79 
and 0.36 µg m–3 for Stockton) than that of our study (Sunder 
Raman et al., 2008). Considering limited carbonaceous 
aerosol emissions in background sites, higher concentrations 
at Mount Tai may reflect the important role of long-range 
transport of pollutants from surrounding regions. 

OC and EC averagely accounted for 11.1% and 4.0% of 
total measured PM2.5 concentration, respectively, and total 
carbon (TC; the sum of OC and EC) accounted for 15.1% 
of PM2.5. Compared to a recent study reported that the 
percentage of TC loading in PM2.5 was 22.7% in Beijing, 
TC/PM2.5 ratio was lower in the present study, showing 
relatively less carbonaceous aerosol pollution in background 
environment than in urban areas (Ji et al., 2018). The mean 
contribution of OC to TC was found to be 72.9 ± 7.4% 
during observation period, suggesting that OC is the more 
predominant contributor of carbonaceous aerosols than EC, 
which was consistent with the results in previous studies 
(Yao et al., 2016; Liang et al., 2017; Li et al., 2018). 

 
Weekday-weekend Pattern 

Several researches have proposed the viewpoint that 
weekly variation of carbonaceous aerosols could reflect the 
effects from anthropogenic activities, such as traffic and 
cooking emissions. For example, a short-term study reported 
significant differences in OC and EC levels between 
weekdays and corresponding weekends (Stone et al., 2008). 
Yu et al. (2009) found that the loadings of OC and EC 
mass concentrations between weekdays and weekends could 
be affected by different traffic patterns. Xu et al. (2018) 
presented that more residential cooking on weekends could 
contribute to the organic precursors, resulting in SOC 
formation. 

 

Table 1. Statistical information of the daily concentrations of PM2.5, OC, EC and relative ratios during June 15 to August 
11, 2015 at the top of Mount Tai. 

 Na min max median mean SDb 
PM2.5 (µg m–3) 54 2.98 126 34.9 44.5 30.5 
OC (µg m–3) 48 1.06 14.8 3.49 4.42 3.04 
EC (µg m–3) 48 0.31 3.83 1.39 1.58 0.92 
TC (µg m–3)  1.46 17.6 4.87 5.91 3.80 
OC/EC  0.96 7.53 2.76 2.98 1.21 
OC/TC (%)  48.9 88.3 73.4 72.9 7.4 
OC/PM2.5 (%)  2.5 65.8 8.0 11.1 10.5 
EC/PM2.5 (%)  1.0 19.2 2.7 4.0 3.6 
TC/PM2.5 (%)  3.5 85.0 11.8 15.1 13.5 

a Valid samples number. 
b Standard deviation. 
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In the present study, concentration comparisons of OC, 
EC and TC between weekdays, weekends and the whole 
weeks were obtained and displayed in Fig. 2. Generally, 
weekly variations of carbonaceous aerosols showed weekday-
high trend during sampling period, which was in agreement 
with a field study recorded high levels of OC and EC on 
weekdays in central Athens (Grivas et al., 2012). According 
to a report on weekday-weekend patterns, we assumed that 
the reduction of anthropogenic activities on weekends was 
the primary cause influencing OC and EC emissions 
(Pongpiachan et al., 2015). Though anthropogenic emissions 
at Mount Tai were limited, the long-range transport of 
pollutants appeared to be one of the most important 
contributors on weekdays (Zhang et al., 2014). The overall 
concentration decline for OC (37.2%) on weekends was 
more pronounced than for EC (20.8%), which was 
consistent with the significant decrease in total travel time 
of domestic gasoline vehicles on weekends (Villalobos et 
al., 2015). 

Nevertheless, many studies showed that there seemed to 
be no uniform pattern of weekday-weekend effects on 
carbonaceous aerosols. It was found that OC and EC 
concentrations exhibited different weekly patterns in four 
seasons of the year (Xu et al., 2018), and additionally, an 
observation conducted in a big city of Shanghai revealed 
that local emission sources of carbonaceous aerosols didn’t 
differ dramatically between weekdays and weekends due 
to the heavy traffic on weekends as well (Chang et al., 
2017). For the purpose of understanding the mechanism 
influencing carbonaceous aerosol levels on weekdays and 
weekends, more works should be conducted in the future. 
 
SOA Formation 
Estimation of SOC Level 

As reported previously, EC is a primary substance. OC 
can be derived from both primary emission together with 

EC and secondary formation such as photochemical reaction, 
aqueous-phase production and heterogeneous reaction of 
organic precursors. Thus OC/EC ratios can identify the 
relative contribution of primary and secondary sources of 
carbonaceous aerosols. Briefly, atmospheric aerosols 
dominated by SOA are characterized by higher OC/EC 
ratios (OC/EC > 2.0) (Peng et al., 2018). In our study, 
OC/EC ratios during sampling campaign were in the range 
of 0.96–7.53 with overall average value of 2.98 ± 1.21 at 
Mount Tai, and the ratio of more than 83% of the days 
exceeded 2.0, demonstrating a dominance of SOA to 
atmospheric aerosols. 

Numerous methods have been developed to estimate 
SOC concentrations, such as SOC formation model (Pandis 
et al., 1992), emission and dispersion model (Harley and 
Cass, 1995) and EC-tracer method (Turpin and Huntzicker, 
1991). Given that EC is mainly emitted from incomplete 
combustion processes and shows weak ability for chemical 
transformation in the air, it is an ideal tracer of primary 
emissions. In this study, EC-tracer method was chosen to 
distinguish POC and SOC, and their concentrations can be 
calculated using the following equations (Grivas et al., 
2012): 

 
OC = POC + SOC (5) 
 
POC = EC × (OC/EC)pri (6) 
 
SOC = OC – POC = OC – EC × (OC/EC)pri (7) 
 
where OC is the total organic carbon measured at Mount 
Tai, (OC/EC)pri is an estimated OC/EC ratio representing 
primary emissions. 

The primary OC/EC ratio may vary temporally due to 
the differences of meteorology and source conditions 
(Plaza et al., 2011). Initially, the emission inventories was  

 

 
Fig. 2. Weekly concentrations of OC, EC and TC on weekdays, weekends and the whole weeks. The error bars represent 
standard deviation. 
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employed to estimate this ratio. Later researches reported the 
approach that minimum OC/EC ratio could be representative 
of (OC/EC)pri value and the possibility of extracting 
(OC/EC)pri using OC-EC dataset according to a regression 
method (Castro et al., 1999; Turpin and Huntzicker, 1991). 
Considering the application limitations of these methods 
(Grivas et al., 2012), in our study, the SOC concentrations 
were obtained from the regression equation built by Turpin 
and Huntzicker (1991): 
 
SOC = OC – POC = OC – (a × EC + b) (8) 
 
where a is the slope representing primary combustion ratio, 
b is intercept representing the sum of all non-combustion 
POC, and they can be determined by least square 
regression using the data with OC/EC ratios in the lowest 
5–20% (Cao et al., 2007). The sample data with the lowest 
10% ratios and without remarkable impacts of fog and 
cloud were selected to calculate primary OC/EC ratio. In 
this way, the values of a and b were selected, and the fitted 
least square regression line of the data mentioned above 
suggested that the (OC/EC)pri values were 1.58, 1.65 times 
the result of minimum OC/EC ratio method, indicating the 
uncertainty of different calculation methods of (OC/EC)pri. 

The overall SOC concentrations were 0.16–10.4 µg m–3 
with the average of 2.06 µg m–3. SOC/OC ratios varied 
from 2.9% to 79.0% with average contribution of 43.2%. 
SOC concentrations at daytime and nighttime during this 
period were 2.21 and 1.32 µg m–3, accounting for 46.7% 
and 39.7% of total OC respectively, demonstrating that the 
photochemical reaction of organic precursors during daytime 
contributed more to the formation of SOC. Additionally, 
SOC/OC ratio was 48.7% in June, while relatively low 
ratios were observed in July and August for 40.6% and 
41.2%, respectively. The average temperatures of these 
months were 14.9, 17.8 and 18.2°C, respectively, and low 
temperature during June was conducive to the condensation 
of semi-volatile matters onto aerosol particles. Such a 
relationship between SOC proportions and temperatures could 
be partially explained by the partitioning and accumulation 
of semi-volatile organic compounds (SVOC) to particle 
phase under low-temperature conditions, which accelerated 
the reaction of precursors to form SOC (Ji et al., 2018). 
 
Impacts of Cloud/fog Processing on SOA Formation 

Though clouds and fogs are favorable to remove 
atmospheric particulate matters and hence give rise to a 
decrease in aerosol concentrations, it has been reported 
that atmospheric aqueous-phase reaction of SVOC during 
cloud/fog events could be an effective formation pathway 
for SOA (De Haan et al., 2011). 

Several field studies were conducted to investigate the 
influences of cloud and fog on SOA formation processing 
in the last few decades. Above all, the non-volatile organic 
compounds (NVOC) concentrations decreased significantly 
due to the efficient removal effect of cloud/fog, resulting 
in a large proportion of organic particles converted into 
CCN in droplets (Wang et al., 2011). In contrast to the 
fluctuation of NVOC, SVOC displayed an increasing 

tendency, which can be ascribed to the partitioning of 
organic gases and subsequent gas-phase oxidation products 
into droplets under the influence of large amounts of 
NVOC (Herckes et al., 2013). Such an absorption process 
could facilitate the aqueous-phase reaction of organic 
precursors in cloud/fog droplets, resulting in higher SOC 
concentrations during cloud/fog events. 

Taking advantage of frequent clouds and fogs covering 
the summit of Mount Tai during sampling period, samples 
during a heavy cloud/fog event lasting about 24 hours from 
June 16 to 17 were selected to analyze the relationship 
between cloud/fog event and SOA formation. Fig. 3 presented 
the temporal variation of OC and SOC concentrations, 
SOC/OC ratios and related species concentrations during 
this event. It could be observed that a 24-hour cloud and fog 
pollution broke out during the period between June 16 and 
June 17, followed by a rain scavenging for several hours. 
SOC concentrations maintained a significant increasing 
trend as cloudy and foggy weather continued, and then the 
peak value was appeared at midday of June 17. Furthermore, 
the maximum SOC concentration observed at 12:00 on 
June 17 was 3.51 µg m–3, accounting for 50.3% of total 
OC mass concentration, which was much higher than the 
initial level (average of 1.94 µg m–3 with proportion of 
40.4%) before cloud/fog event, directly demonstrating the 
important role of aqueous-phase reaction in SOA formation 
and the accumulative effect of SOA during cloud/fog 
processing. However, this rising trend under cloud/fog 
effect in our study was lower than the result determined by 
the same method at a high-altitude mountain area located 
in Southern China and another observation conducted at 
Mount Tai in the summer of 2007 (Wang et al., 2012; Zhou 
et al., 2012;), indicating the differences in concentrations 
and formation characteristics of SOC during cloud/fog 
events in different geographic locations and years. 

 
Source Apportionment by PMF Model 

To better identify the emission sources and quantify 
their contributions, the PMF model was applied in this 
study. A total of eight carbonaceous species including 
OC1, OC2, OC3, OC4, EC1, EC2, EC3 and OPC were 
detected from samples and used as input data to PMF 
source apportionment model. Three to six factors were tested 
and a three-factor solution with good explained variation 
and explicable source profiles was selected as the most 
optimal result. Based on the source apportionment results 
of carbonaceous aerosols reported previously, four main 
emission sources including diesel vehicle exhaust, gasoline 
vehicle exhaust, biomass burning and coal combustion were 
identified in our study (Wang et al., 2017). The explained 
variation of these sources and the contributions of three 
factors to total carbon were presented in Figs. 4 and 5. 

The chemical composition profile of factor 1 was 
dominated by EC2 and EC3, which were mainly generated 
from diesel vehicle exhaust emission (Cao et al., 2005), 
thus factor 1 was interpreted as diesel vehicle exhaust. 
Factor 2 was characterized by the high loading of OC1, 
which was suggested to be typical biomass marker (Shen 
et al., 2014). Additionally, Singh et al. (2015) also reported 
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Fig. 3. Concentration time series of carbonaceous aerosols, and the proportion of SOC to OC during a heavy cloud/fog 
event from June 16 to 17 at Mount Tai. 

 

that biomass burning was the major source of OC1, 
suggesting factor 2 could be inferred as biomass burning. 
Factor 3 showed the significant loadings of EC1, OC2 and 
OC4, followed by OPC and OC3. These species were 
mainly emitted from gasoline vehicle exhaust, and meanwhile 
OC2 and OPC were closely correlated to coal combustion 
(Li et al., 2012). Therefore, factor 3 was determined as the 
mixed source of gasoline vehicle exhaust and coal 
combustion. 

Among these factors, factor 1 contributed significantly 
to carbonaceous aerosols, accounting for about 26.4%. The 
contribution of factor 2 was 19.0%, which was apparently 
higher than the result observed in non-harvest seasons 
(Cao et al., 2005). It was reported by the first national 
pollution source survey that Shandong was one of the 
biggest agricultural province in China, hence the elevated 
proportion of factor 2 was probably ascribed to the increase 
of open biomass burning (e.g., wheat straws burning) after 
the grain crop harvest during harvest season (from June to 
October in the North China Plain). Factor 3 exhibited the 
highest contribution (54.5%) to total carbon in PM2.5, 
reflecting a dominance of this factor in total emissions. 
Moreover, the emission of fossil fuel combustion was 
defined as a combination of coal combustion and vehicle 
exhaust emission (i.e., the sum of factor 1 and factor 3) 
with extremely high contribution of 81.0%, demonstrating 
that fossil fuel combustion was the major emission source 
of carbonaceous aerosols pollution occurred at Mount Tai. 
 
Regional Source Identification 

Regional sources and transport pattern of pollutants had 
considerable effects on air quality (Gong et al., 2018). In 
this present study, PSCF analysis was adopted to investigate 
the potential regional sources of carbonaceous species. 

Fig. 6 provided the PSCF maps of eight carbonaceous 
species achieved by PSCF function module of TrajStat 
software, and different colors represented the contribution 
levels associated with the possibility of grid cells being a 
significant source. 

As shown in maps, weak and low PSCF values were 
observed at sampling site and surrounding areas, suggesting 
that Mount Tai, as a background site, had relatively less 
regional pollution. Significant potential regional sources 
with higher PSCF values for most species (except OC2) 
were mainly distributed in BTH region (northwest of Mount 
Tai), illustrating that carbonaceous aerosols at Mount Tai 
were largely affected by the pollutants transported from 
this region. The BTH region, as one of the largest urban 
agglomerations in China, is a heavily polluted industrial areas 
with a large population, which contributed to the high level of 
industrial and traffic emissions, resulting in a massive 
transport of industrial pollutants and vehicle exhaust-
related pollutants to Mount Tai under the influence of 
northwest wind (Zhang et al., 2017). Meanwhile, considering 
the enhancement of biomass burning during harvest 
season, the long-range transport of pollutants generated 
from crop straw burning in BTH region was also a major 
contributor to carbonaceous aerosols at Mount Tai. 

Except for BTH region, these carbonaceous species 
were also affected by long-range transport of carbonaceous 
aerosols from other regions. It was found in Fig. 6(a) that a 
small part of potential sources for OC1 were located in 
eastern Shandong. For the effects in Shandong province, 
the PMF result indicated that the crop straws burning in 
agricultural districts of Shandong played an important role 
in OC1 accumulations. Moreover, PSCF map of Fig. 6(b) 
suggested two source regions for OC2, northern Henan in 
the west and eastern Shandong in the east, which were  
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Fig. 4. Explained variation of the emission sources for carbonaceous species resolved by PMF during sampling period. 
Blue-filled bars represents the main fractions that can characterize each factor. 

 

 
Fig. 5. Contributions of three emission sources to carbonaceous aerosols derived from PMF. 
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Fig. 6. The PSCF maps of carbonaceous species including (a) OC1, (b) OC2, (c) OC3, (d) OC4, (e) EC1, (f) EC2, (g) EC3 
and (h) OPC at Mount Tai. 
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Fig. 7. The PSCF map of SOC at Mount Tai. 

 

likely related to specific gasoline vehicle exhaust with 
relatively high loading of OC2 according to PMF analysis 
result. As depicted in Figs. 6(f)-6(g), the Bohai Sea and the 
Yellow Sea were found as the potential sources of EC2 and 
EC3, with high PSCF values exceeding 0.9. Considering 
that EC2 and EC3 were mainly emitted from diesel motor 
exhaust (mentioned in PMF section), it can be inferred that 
this PSCF result was attributed to the high emissions of 
diesel-powered ships on the sea. 

It should be noted that the PSCF maps of motor vehicle 
exhaust-related species (OC2, OC4, EC1, EC2 and EC3) 
showed much wider distribution of regional sources than 
other species, covering BTH region, Henan province, 
Shandong province, Bohai Sea, Yellow Sea, as well as 
Jiangsu province in the southeast. Indeed, vehicle exhaust 
emission has become one of the most extensive regional 
sources of atmospheric pollution due to the high ownership 
and dramatic increase of motor vehicles over China, which 
is consistent with our result (Guo et al., 2016). For regional 
contribution of SOC, two high-potential sources were 
observed in BTH region and the Yellow Sea (Fig. 7). The 
traffic emission and ship emission in these regions could 
emit a large amount of volatile organic precursors, and then 
contributed significantly to SOC formation by photochemical 
reaction and/or aqueous-phase reaction. 
 
CONCLUSIONS 
 

In the present study, a field sampling of daily carbonaceous 
aerosols in PM2.5 were carried out at Mount Tai from June 
15 to August 11, 2015, using a high-volume air sampler 
(HI-Q 7386). This paper presented the results about 
concentration variations, SOA formation and source analysis 
of carbonaceous aerosols, based on the values analyzed by 
an Organic/Elemental Carbon Analyzer (DRI model 2001) 
following the TOR protocol. 

Daily concentrations of OC and EC during sampling 
campaign were 4.42 ± 3.04 and 1.58 ± 0.92 µg m–3, with 
the range of 1.06–14.8 and 0.31–3.83 µg m–3, accounting 

for 11.1% and 4.0% of PM2.5 concentration, respectively. 
OC and EC displayed significant weekly fluctuations. 
Higher concentrations were frequently observed under the 
influences of frequent human activities. The estimation of 
SOC was performed by EC-tracer method, and we found 
that SOC concentrations increased remarkably during 
cloud/fog events, confirming the important role of enhanced 
aqueous-phase reaction of precursors in cloud/fog droplets 
in SOC formation. Based on the results determined by 
PSCF analysis, eight carbonaceous species showed high-
potential regional sources with higher PSCF values in the 
northwest, southwest and east coastal areas of Mount Tai. 
This regional source distribution was consistent with the 
distribution characteristics of emission sources for each 
species in PMF analysis, which highlighted three factors 
(diesel vehicle exhaust, biomass burning and mixed sources 
of gasoline vehicle exhaust and coal combustion) as main 
emission sources of carbonaceous species. 
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