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four different seasons from 2013 to 2014 in Jinan, China. The seasonal average concentra-
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tions of PM2.5 were 120.9 (autumn), 156.6 (winter), 102.5 (spring), and 111.8 μg/m3 (summer).
The reconstructed PM2.5 chemical composition showed that sulfate, nitrate, chlorine salt, or-
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ganic matter (OM), mineral dust, elemental carbon (EC) and others accounted for 25%, 14%,

PM2.5

2%, 24%, 22%, 3% and 10%, respectively. The relationship between the chemical composition

Jinan

of PM2.5 and visibility was reconstructed by the IMPROVE method, and ammonium sulfate,

Source apportionment

ammonium nitrate, OM and EC dominated the visibility. Seven main sources were resolved

Extinction

for PM2.5 , including secondary particles, coal combustion, biomass burning, industry, motor
vehicle exhaust, soil dust and cooking, which accounted for 37%, 21%, 13%, 13%, 12%, 3% and
1%, respectively. The contributions of different sources to visibility were similar to those to
PM2.5 . With increasing severity of air pollution, the contributions of secondary particles and
coal combustion increased, while the contribution of motor vehicle exhaust decreased. The
results showed that coal combustion and biomass burning were still the main sources of air
pollution in Jinan.
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Introduction
Driven by booming economic growth over the past decade,
China has propelled itself to among the world’s top countries, but this growth has been accompanied by a sharp deterioration in air quality. In the last decade in particular,
heavy pollution incidents have frequently occurred across the
country, especially in January 2013, when one such incident
swept across the central and eastern parts of China (Ji et al.,
2014; Wang et al., 2014; Wang et al., 2014; Zhang et al., 2019;
Zhao et al., 2013). Due to these frequent air pollution events,
people are focusing more on the atmospheric environment.
However, it is far from sufficient to merely understand the
causes, development or prevention and control of pollution.
There are many studies on the interannual and seasonal variations in particulate matter mass concentration
and chemical composition in major cities and other areas
of China. Among them, Beijing, Chengdu, Xi’an, Shanghai,
and Guangzhou, representative cities of North China, Southwest China, Central China, the Yangtze River Delta and the
Pearl River Delta have an average PM2.5 (particles with diameters less than 2.5 μm) concentration of 123, 119, 166, 44,
and 47 μg/m3 , respectively (Lai et al., 2016; Tao et al., 2014a;
Wang et al., 2016, 2015; Zhang et al., 2013). All of these values
fail to meet the Chinese first-class environmental air quality
standards (GB3095–2012) of < 35 μg/m3 , and the annual averages of Beijing, Chengdu, and Xi’an are 3.5, 3.4, and 4.7 times
the national first-class standard, respectively.
The high annual average PM2.5 values suggest that air pollution is normalizing, so further study on source apportionment is strongly needed. The results of source apportionment
show that secondary aerosols and industry emissions are the
major emission sources in China (Fu et al., 2013; Geng et al.,
2013; Xu et al., 2015), and the contribution of fossil fuel combustion to pollution in northern areas is apparent (Yang et al.,
2016). It is noteworthy that in recent years, the contributions
of motor vehicle exhaust and biomass combustion have become increasingly negligible (Hua et al., 2015; Kuang et al.,
2015; Li et al., 2014;Zhao et al., 2013). Visibility is the most intuitive pollution index that directly affects the public’s perception of air pollution. Therefore, establishing the relationship
between visibility and the chemical composition of particles
is particularly important, and the extinction coefficient acts
as the parameter that connects these factors. The Interagency
Monitoring of Protected Visual Environments (IMPROVE) protocol established by the United States Environmental Protection Agency (EPA) can refine this relationship and provide a
scientific method to establish the relationship between these
factors.
Jinan, the capital city of Shandong Province, is one of the
15 subprovincial cities in China. Jinan is located in an important geographical position, connecting the capital economic
circle in the north, the Yangtze River Delta economic circle in
the south, the Shandong Peninsula in the east, and Central
China in the west. This area is an important intersection of
the Bohai-Bay-Rim economic zone and the Beijing-Shanghai
economic axis; furthermore, Jinan is the central city of the
Bohai-Bay-Rim area and the middle and lower reaches of the
Yellow River. Due to its important position, the study of the

characteristics of atmospheric particulate matter in Jinan is
conducive to further understanding the transition of pollution
from north to south in central and eastern China and the intersection of pollution from coastal areas and inland areas.
In previous studies, the mass concentration of PM2.5 in Jinan,
seasonal changes in chemical composition, source apportionment and light extinction, and the chemical characteristics of
particulate matter during important pollution periods have all
been addressed to some extent (Cheng et al., 2011; Gao et al.,
2011; Gu et al., 2014; Yang et al., 2007, 2014; Yang et al., 2012a,b).
However, very few studies have focused on integrated research
combining the relationship between the chemical composition of PM2.5 and visibility, the source apportionment of PM2.5
and visibility, and the analysis of dynamic changes in pollution sources under different degrees of pollution.
To complement the above study on atmospheric particulate matter in Jinan, a one-year membrane sampling campaign was conducted in Jinan using a sampler (Wuhan Tianhong, China). Forty PM2.5 chemical components were analyzed, and the relationship between the chemical composition of PM2.5 and visibility was reconstructed using the IMPROVE method. Afterwards, the main sources of PM2.5 and visibility were apportioned using the probability mass function
(PMF) with the aid of organic matter (OM) speciation. Finally,
the source contributions corresponding to different pollution
levels were analyzed in detail to provide technical support for
heavy pollution emergencies.

1.

Method

1.1.

Site and instruments

The sampling site of this experiment is located at 117.055°E,
36.663°N, in the courtyard of the Jinan Environmental Protection Monitoring Center Station. Four months were selected for
sampling in each season. For autumn, the sampling period
was from October 15 to November 16, 2013 (30 sets of samples);
for winter, the period was from December 24, 2013 to January
26, 2014 (30 sets of samples); for spring, the period was from
April 21 to May 20, 2014 (29 sets of samples); and for summer,
the period was from June 21 to July 20, 2014 (27 sets of samples).
A TH-150C atmospheric PM2.5 membrane sampler produced by Wuhan Tianhong Company was used in this experiment, with a sampling flow rate of 100 L/min. The sampling
duration was 24 hr, from 8:00 a.m. to 8:00 a.m. on the following day. The sampling period was one month for each season. To eliminate organic interference, each quartz membrane
was placed in a muffle furnace at 550°C for 2 hr before sampling. The quartz membrane was weighed twice before and
after sampling. And before each weighing, the quartz membrane was placed in a desiccator (25°C, 10% relative humidity (RH))for 72 h; the difference between two weighing by a
microbalance was calculated to obtain the particle mass. The
atmospheric mass concentration of the particles was calculated according to the sampling flow and sampling duration.
After weighing, the membrane was cut into 4 equal pieces to
measure inorganic ions, elemental carbon (EC), organic carbon
(OC), metal elements and OM speciation.
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1.2.

Laboratory analysis

The concentrations of inorganic ions were analyzed by ion
chromatography with an ICS-90 (Thermo Fisher Scientific,
USA). The ions measured included the cations Na+ , NH4 + , K+ ,
Mg2+ , and Ca2+ and the anions Cl− , NO3 − , and SO4 2− . Before
analysis, a 1/4 membrane was placed in a PET bottle, and ultrapure water (25 ml) was added. The sample was extracted
by ultrasonication at constant temperature for 30 min. After filtration with a 0.45 μm membrane, the sample was subjected to ion chromatography. The cationic leachate was a
22 mmol/L methanesulfonic acid solution, and the anionic
leachate was a mixed solution of 3.5 mmol/L Na2 CO3 and
1 mmol/L NaHCO3 . The external calibration method was used
for quantification, and the detection limit of each ion was
lower than 0.015 mg/L. A detailed description of the method
was given by Wang et al. (2020).
EC/OC analysis was carried out by a DRI Model 2001A
thermo-optical carbon analyzer developed by the Desert Research Institute, and IMPROVE_A was adopted as the analysis method. All instruments were calibrated with standard
methane gas at the beginning and end of the experiment.
The relative error in the OC and EC experiments was lower
than 10%. A detailed description of the method was given by
Wang et al. (2020).
Elemental analysis was accomplished as follows. The microwave digestion method was used to pretreat the samples:
the membrane was placed in a digestion tank; 6 mL of HNO3 ,
2 mL of HCI and 0.2 mL of HF were added; the digestion
tank was placed in the microwave digestion instrument (CEMMARS); and microwave digestion was performed with increasing temperature. After this procedure, the samples were subjected to elemental analysis with inductively coupled plasmamass spectrometry (ICP-MS) (Agilent, 7500a) and were quantified through an internal standard. The measured elements
included Al, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, and Pb. A detailed
description of the method was given by Wang et al. (2020).
OC speciation was analyzed by the gas chromatographymass
spectrometry
(GC–MS)
method
with
30 m × 0.25 mm × 0.25 m HP-5 MS quartz capillary columns.
The chromatographic conditions included high-purity helium
as the carrier gas (purity ≥ 99.999%); constant current mode of
1.0 mL/min; a constant temperature of 250°C for the injection
port and transmission line; and an injection volume of 1 μL
with no shunt. The mass spectrometry conditions included
electrospray ionization (EI) mode; an ionization energy of
70 eV; an ion source temperature of 230°C; a quadrupole
rod temperature of 150°C; and full scan mode from 50 to
550 amu. The detected species included C14˜C29, palmitic
acid (C16:0), stearic acid (C18:0), phenanthrene and levoglucosan. A detailed description of the method was given by
Li et al. (2009).
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formed under insufficient NH4 + conditions; and NH4 NO3 and
NH4 Cl are formed when excess NH4 + remains.
OM was estimated from the OC mass concentration. The
coefficients of OM and OC studied in China are in the range
of 1.2–1.6, but no relevant research was done in the Jinan
area, so in this paper, the median value of 1.4 was selected
as the estimated coefficient: [OM] = 1.4 × [OC]. Mineral dust
was estimated from the element Al, which accounts for 7% of
the Earth’s crust on average. Therefore, an estimation coefficient of 0.07 was selected based on this the equation: [Mineral]
= Al/0.07.
In general, a large amount of Cl− is released from fossil fuel
combustion in northern China, and the soil is rich with Na+
due to its high retention of sea salt; thus, estimations of Cl−
and Na+ are not discussed in this paper. Moreover, the proportion of total metal elements (TMEs) was too small (usually < 0.5%) to be considered in this experiment.

1.3.2.

Visibility reconstruction method

Given the real conditions in Jinan, we used the multiple linear
regression method (Chan et al., 1999) to develop the equation
to be fitted through IMPROVE, shown here as Eq. (1):
bsp =b1 × f[RH] × [(NH4 )2 SO4 ]+b2 × f[RH] × [NH4 HSO4 ]
+ b3 × f[RH] × [NH4 NO3 ] + b4 × f[RH] × [NH4 Cl] + b5 × [OM]
+ b6 + 10 × [EC]+0.33 × [NO2 ]
(1)
f(RH) was obtained from Chen et al. (2014), and the multiple
linear regression method was implemented by the regression
function in MATLAB (2010a).

1.3.3.

Source apportionment

The software EPA PMF3.0 requires no source list and does not
limit the number of sources. With these strengths, it has been
widely applied in source apportionment analyses. In this experiment, a total of forty chemical components were analytically input into PMF, including Cl− , NO3 − , SO4 2− , Na+ , NH4 + ,
K+ , Mg2+ , Ca2+ , Al, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd, Pb, C14–C29,
palmitic acid (C16:0), stearic acid (C18:0), phenanthrene, and
levoglucosan.

1.4.

Other data sources

The data for gaseous precursors were obtained from a Thermo
Fisher Scientific automatic online instrument. The method of
pulsed fluorescence was adopted in an SO2 analyzer (TE43i)
with a minimum detection limit of 1 ppb. The method of
chemiluminescence/molybdenum conversion was applied in
a NO-NO2 -NOX analyzer (TE42i) with a minimum detection
limit of 0.40 ppb. Meteorological data, including temperature,
RH, wind speed, and visibility, were derived from the website http://english.wunderground.com/history, site Jinan, No.
54,823.

1.3.

Data analysis

2.

Results and discussions

1.3.1.

Reconstruction of chemical mass concentration

2.1.

PM2.5 mass concentration and chemical composition

The inorganic ions were paired according to the actual pairing
priority order in the atmosphere. Stable (NH4 )2 SO4 is formed
preferentially under sufficient NH4 + conditions; NH4 HSO4 is

During the observation period, the annual average PM2.5 in Jinan was 123.0 μg/m3 , which was 3.5 times higher than the

210

Relative
humidity
(%)

Wind
speed
(m/sec)

Visibility
(km)

11.4
1.9
19.5
27.2

37
31
33
55

2.3
2.5
3.3
2.4

19
15
22
16

annual average of 35 μg/m3 provided by the World Health Organization as the first-class control standard. Compared with
the annual mean PM2.5 mass concentrations in other major
cities, Jinan is at the same level as Beijing; Xi’an is ranked the
highest; and Guangzhou and Shanghai have lower average annual concentrations (Cao et al., 2012; Guo et al., 2014; Tao et al.,
2014b; Zhang et al., 2013). The concentration of PM2.5 in Jinan
decreased by 25 μg/m3 (17%) compared with that reported in
2006–2007 (Yang et al., 2012a,b). Overall, the pollution situation
in Jinan was similar to that in northern China, where pollution
is centered over Beijing. The annual mean concentrations of
PM2.5 chemical components in Jinan were ranked as follows:
SO4 2- > OC > NO3 − > NH4 + > EC > Al > Fe (only the components
with mass concentrations over 1 μg/m3 were considered), with
annual mean mass concentrations of 22.7, 21.4, 16.2, 14.2, 3.3,
1.9 and 1.1 μg/m3 , respectively.
The average meteorological conditions for each season are
shown in Table 1. The average RH was the highest in summer (55%) and the lowest in winter (31%). The maximum average wind speed occurred in spring (3.3 m/sec), and there was
a slight difference in wind speed in the other three seasons.
The maximum average visibility occurred in spring (22 km),
while the visibility was lower in winter and summer (15 km
and 16 km, respectively). The RH in Jinan from 2004 to 2005
was 45%, 47%, 40% and 58% in autumn, winter, spring and
summer, respectively (Yang et al., 2007). Compared with the
humidity values of 37%, 31%, 33% and 55% in this study, the
RH in Jinan decreased overall in the past ten years, especially
in autumn and winter. From 2004 to 2005, the visibility in Jinan was 16 km, 16 km, 20 km and 14 km, in autumn, winter,
spring and summer, respectively (Yang et al., 2007). On the basis of comparison with the visibility values of 19 km, 15 km,
22 km and 16 km in this study, the visibility in Jinan has increased slightly over the last decade.
The seasonal variations in the mass of PM2.5 and major chemical component mass concentrations are shown in
Fig. S1. The average PM2.5 concentrations in autumn, winter,
spring and summer were 120.9, 156.6, 102.5 and 111.8 μg/m3 ,
respectively. The particulate mass concentration was the
highest in winter and the lowest in spring. This result was
mainly because Jinan is located in the heating-supply zone,
and in winter, heating combustion leads to the highest concentration of particulate matter in winter, while the high wind
speed in Jinan in spring greatly affects the elimination of local
pollution, which results in the lowest concentration of particulate matter in spring.

NO R

Autumn
Winter
Spring
Summer

Temperature
(°C)

EC/OC

Table 1 – Seasonal mean meteorological conditions and
visibility during the sampling period.

SOR
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0.5
0.4
0.3
0.2
0.1
0.0
0.5
0.4
0.3
0.2
0.1
0.0
0.5
0.4
0.3
0.2
0.1
0.0

autunm

winter

spring

summer

Fig. 1 – Seasonal distributions of SOR, NOR and EC/OC.

The sum concentrations of sulfate, nitrate and ammonium (SNA) and Cl− in autumn, winter, spring and summer
were 39.0, 94.0, 40.1 and 57.8 μg/m3 , respectively. Winter had
the highest concentration, followed by summer, autumn and
spring. The reason for the high concentration of inorganic salt
in winter was the massive emission of gaseous precursors.
Fig. 1 shows the apparent conversion rates of sulfate and nitrate. The peak in the apparent conversion of sulfate occurred
in summer, while the peak for nitrate appeared in winter.
The variation trends of carbonaceous aerosols (OC and EC)
were similar in the four seasons, and the sum of their concentrations was 32.8, 42.3, 12.1 and 9.5 μg/m3 in autumn, winter,
spring and summer, respectively. High values of carbonaceous
aerosols appeared mostly in autumn and winter, which was
mainly related to biomass burning in autumn and fossil fuel
burning in winter. In autumn, winter, spring and summer, the
concentration of K+ , an indicator of biomass combustion, was
2.1, 1.6, 1.8 and 1.3 μg/m3 , respectively. It can be concluded
that the concentration of K+ in the biomass burning season
in autumn was higher than that in nonburning seasons. The
value of EC/OC was used to indicate the secondary generation
of local aerosols. When EC/OC is less than 0.5, local secondary
organic aerosols are formed (Turpin et al., 1990). In this study,
the EC/OC values in autumn, winter, spring and summer were
0.09, 0.19, 0.27 and 0.29, respectively. Secondary aerosols were
dominant throughout the year in Jinan but still diverse from
season to season. The lowest EC/OC appeared in autumn, followed by winter. This finding was related to biomass burning
in autumn and coal heating in winter. The combustion process is actually an oxidation process. Both biomass combustion and coal combustion promote the formation of secondary
aerosols.
The sum of metal elements in autumn, winter, spring and
summer was 1.2, 7.0, 4.0 and 2.6 μg/m3 , respectively. High values appeared in winter and spring. The high concentration of
metal elements in winter was related to the emission of heavy
metals from coal burning, and the high concentration of metal
elements in spring may be related to metal elements carried
by the sand and dust. In summary, most of the serious pollution in Jinan appeared in winter, and secondary inorganic
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Fig. 2 – Distribution of chemical components in reconstructed PM2.5 mass concentration.

salts and organic compounds were the major chemical components of particle pollution.

tion of Cl− in autumn and winter represents biomass combustion and coal heating.

2.2.

2.3.
Relationship between chemical composition and
visibility

Chemical mass reconstruction

Fig. 2 shows the final reconstruction results for the PM2.5 mass
concentration in Jinan based on the experimental PM2.5 mass
measurements and the total mass concentrations of different chemical components. The best correlation for the reconstruction was in winter, accounting for 98% of the PM2.5 mass
concentration, followed by 84% in autumn, 78% in spring and
73% in summer. Over the whole year, OM was the largest component, accounting for 22%. The second largest component
was mineral dust, with an annual proportion of 19% and a high
value in spring. SO4 2− was third at 18%, and its highest proportion (29%) was in the summer. NO3 − accounted for 14% for the
whole year, with the highest proportion in the autumn. NH4 +
accounted for 6% for the whole year, and it was relatively stable during all four seasons (5%−7%). The proportions of Cl− in
autumn and winter (3% and 4%, respectively) were higher than
that in spring and summer (1%). EC accounted for a maximum
of 4% in winter and a minimum of 2% in summer.
The proportion of secondary inorganic salts was 47% in
summer and 31% in spring. Secondary inorganic salt formation is greatly affected by meteorological factors and is sensitive to RH in particular. High humidity in summer leads to a
large increase in the inorganic salt conversion rate, while the
dry weather caused by high wind speed in spring directly affects the formation of secondary inorganic salts. Cl− indicates
combustion activities in noncoastal areas, and a high propor-

Based on the introduction in 1.3.2, we reconstructed the IMPROVE equation in this study to yield Eq. (2).
bext = 2.72 × f[RH] × [(NH4 )2 SO4 ] + 2.05 × f[RH] × [NH4 HSO4 ]
+ 3.42 × f[RH] × [NH4 NO3 ] + 2.25 × f[RH] × [NH4 Cl] + 1.13
× [OM] + 10 × [EC] + 0.33 × [NO2 ] + 59.93
(2)
The extinction contribution of each chemical component
was calculated according to Eq. (2), as shown in Fig. 3. For PM2.5
in Jinan, extinction by inorganic salt aerosols accounted for
65%, extinction of carbon aerosols accounted for 30%, and the
remaining 5% came from NO2 . Among inorganic salts, sulfate
accounted for 36%, nitrate contributed 27%, and chloride contributed 2%. OM accounted for 15%, and EC accounted for 15%.
Ten years ago, the extinction contributions of chemical components in Jinan included 41% sulfate, 20% nitrate, 22% OM
and 18% black carbon (Yang et al., 2007).
Since extinction by chlorine salts and NO2 was not addressed in previous research (Yang et al., 2007), for convenience of comparison, extinction by chlorine salts and NO2
is eliminated here. The contribution of sulfate was 39%, nitrate was 29%, and those of both OM and EC were 16%. In comparison to the previous results, the contribution of sulfate decreased by 2%, the contribution of nitrate increased by 9%, the
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Fig. 3 – Contribution of chemical components of PM2.5 to
extinction.

contribution of OM decreased by 6%, and the contribution of
black carbon decreased by 2%.

2.4.

Source apportionment of PM2.5 and visibility

To understand the specific sources of PM2.5 in Jinan, PMF was
used to analyze the forty selected chemical components in
PM2.5 . Seven pollution sources, including soil dust, industrial
emissions, vehicle emissions, cooking emissions, secondary
generation, coal burning and biomass combustion, were analyzed, as shown in Fig. S2. The above sources account for 3%,
13%, 12%, 1%, 37%, 21% and 13%, respectively.
Comparing the results of chemical reconstruction and
source apportionment revealed that the proportions of secondary generation in the two analyses were basically the
same, and secondary generation accounted for the largest
proportion in both analyses. Secondary pollution is the main
source of pollution in Jinan. However, the results of source apportionment and reconstruction were not identical, and the
main difference lies in the identification of mineral dust. Al
is used as the standard material for dust estimation. However,
the source apportionment process indicated that Al in Jinan is
mainly from industry. As can be seen from Table 1, the concentration of Al in this study was not only much higher than those
in other cities but also twice as high as the previous research
findings in Jinan. This result means that the concentration of
Al in industrial emissions in Jinan has been extremely high in
recent years.
The results of the PMF model in Fig. S2 show that Ca2+
and Mg2+ had large contributions to soil dust, and the first
source had a certain amount of EC. This result means that in Jinan, there is a significant proportion of primary carbonaceous
aerosols in soil dust. This presence of primary carbonaceous
aerosols means that there is a considerable proportion of anthropogenic dust in the soil dust, which is reasonably speculated to be road dust from motor vehicles.
The second source is industry. The substances include
heavy metal elements and high carbon chain organics. This
result shows that Jinan’s industrial composition is very complex, as metal smelting, manufacturing and coating production activities are involved.
Motor vehicle emissions are the third source. Notably, in
addition to there being high concentrations of V, phenan-

threne and OM in motor vehicle exhaust, the proportion of
inorganic metal ions is also high. These ions come mainly
from road dust. This result is consistent with the speculation
that the first source is soil dust which includes vehicle road
dust.
Cooking is the fourth source, which is characterized by
palmitic acid (C16:0) and stearic acid (C18:0). Compared with
the previous results of source apportionment (Yang et al.,
2013), cooking sources appear to be a new source in this study.
Secondary generation is the fifth source. In addition to
there being high proportion of secondary inorganic salts, there
are considerable proportions of V and EC. The presence of V
and EC in secondary generation implies that secondary pollutants are mixed with burning material. It can be speculated
that the secondary pollution in Jinan in winter mainly comes
from the conversion of gaseous precursors emitted by heating
and combustion.
The sixth source includes not only Cl− , OC and EC, which
are released by coal burning, but also arsenic and NO3 − additional tracers of coal burning sources. However, the proportion
of SO4 2− is not high. This result may be due to coal desulfurization during winter heating in Jinan.
The tracer of the seventh source, biomass combustion, is
levoglucosan. This source also has a high OC/EC ratio because
OC is an important products of biomass burning (Tao et al.,
2014a).
The results of previous source apportionment of chemical
component in Jinan are as follows: 55% secondary generation,
21% coal burning, 9% soil dust, 6% motor vehicle emissions, 5%
biomass combustion, and 3% industrial emissions (Yang et al.,
2013). The types of pollution sources in Jinan remained basically the same, but the contribution ratios changed greatly,
among which the contribution of secondary generation decreased by 18%, that of industrial emissions increased by 10%,
that of biomass combustion increased by 8%, that of motor
vehicle emissions increased by 6%, that of soil dust decreased
by 6%, and that of coal burning remained the same. The decrease in the secondary generation ratio does not mean a decrease in secondary pollution, which may be because more
chemical components were introduced in this study to further decompose secondary generation into other determined
sources. The decrease in the proportion of natural sources represented by soil dust indicates that human-made pollution
has become more severe in Jinan and local dust control has
progressed in recent years.
Combined with the source apportionment results and reconstruction via the IMPROVE equation, the extinction by
chemical components can be redistributed to each source, as
shown in Fig. 4. Due to the complexity of NO2 sources, no
further distribution of NO2 was made. The greatest contribution to extinction was still secondary generation, followed by
coal burning, biomass combustion, industry, motor vehicles,
soil dust and cooking. Compared with the analytical results
for chemical composition, the chemical contribution of secondary generation (37%) was slightly lower than its extinction contribution (42%), while the chemical contribution of
coal burning and motor vehicles (21% and 12%) were slightly
higher than their extinction contributions (19% and 9%). Other
sources contributed the same relative amounts to chemical
components and light extinction.
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Fig. 4 – Source contributions to chemical components and extinction of PM2.5 .

Fig. 5 – Dynamic source apportionment of PM2.5 for different degrees of pollution.

2.5.
Source contribution in different degrees of air
pollution
According to the firs class standard values in China’s Ambient Air Quality Standard (GB3095–2012), a daily average
PM2.5 value of 75 μg/m3 is used as the dividing line between
cleanliness and pollution, and a daily average PM2.5 value of
150 μg/m3 is used as the dividing line between light pollution
and heavy pollution. According to the above classification criteria, the sampling days in the four seasons were divided into
three parts: PM2.5 < 75 μg/m3 was defined as the cleanest period, 75 μg/m3 < PM2.5 < 150 μg/m3 was the light pollution period and PM2.5 >150 μg/m3 was the heavy pollution period. As
shown in Table 2, clean days were the most common in spring,
accounting for 38% of the sampling days; light-pollution

Table 2 – Classification of particle pollution in different
seasons.

Sampling days
PM2.5 < 75 μg/m3
75 μg/m3 < PM2.5 < 150 μg/m3
PM2.5 > 150 μg/m3

Autumn Winter Spring

Summer

30
7(23%)
17(57%)
6(20%)

27
7(26%)
13(48%)
7(26%)

30
4(14%)
8(27%)
18(60%)

29
11(38%)
13(45%)
5(17%)

days were the most common in autumn, accounting for 57%
of the sampling days; and heavy-pollution days were the
most common in winter, accounting for 60% of the sampling
days.
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According to the classification standard for different pollution conditions, PM2.5 source apportionment was conducted
again. As shown in Fig. 5, in the cleanest period, motor vehicle emissions and industrial emissions were the two pollution
sources with the largest proportion, together accounting for
almost half of all sources. The proportion of secondary generation was only 20% in the cleanest period. The highest contributor to light pollution was secondary generation (38%), followed
by coal burning, biomass burning, motor vehicles and industrial sources. The proportion of secondary generation in heavy
pollution was 41%; the proportion of coal-fired sources was
26%, while the proportion of motor vehicle emissions was just
5%. The different pollution degrees and different source ratios
show that the more serious the pollution was, the higher the
proportion of secondary generation was (from 20% to 41%),
and the contribution of coal sources also increased with increasing severity of pollution (from 15% to 26%), which may
be related to the larger proportion of heavy pollution days in
winter. Motor vehicle emissions, on the other hand, decrease
sharply with increasing pollution (from 25% to 5%), mainly because as this is a relatively stable source (the number of vehicles on the road is stable), its emissions do not vary with
meteorological conditions.

3.

Conclusions

To further understand the chemical characteristics and extinction properties of atmospheric particulate matter in the
city of Jinan, membrane sampling was conducted during all
four seasons in Jinan. Forty chemical components of PM2.5
were analyzed under different pollution levels for each season. The relationship between the chemical composition of
PM2.5 and visibility was derived using the IMPROVE function.
The source contributions to PM2.5 and visibility were calculated using the PMF model. Finally, the contributions of emission sources under different pollution levels were obtained.
There were three main conclusions.
1 The chemical components of particulate matter were
mainly secondary inorganic salts and OC, and secondary
generation was strong in winter and summer. The conversion rate in winter was mainly controlled by precursors
and low temperature, and the conversion rate in summer
was controlled by photochemical reactions.
2 The contribution of secondary source to extinction was
greater than its contribution to the chemical composition. The contributions of motor vehicle emissions and
coal combustion to extinction were less than their contributions to chemical composition. In addition, the heavier
the pollution was, the greater the proportion of secondary
sources. Combustion type-direct emissions were the main
sources of pollution in heavy-pollution events in Jinan.
3 The Jinan municipal government can carry out dynamic
pollution control and management according to the degree
of pollution. The first factor that needs to be controlled on
clean days is motor vehicle emissions. The primary control target for days with moderate to heavy pollution is coal
combustion, and the contribution of biomass burning to increasing pollution severity should be carefully considered.
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