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Black carbon (BC), also termed elemental carbon (EC), is a strong light-absorbing
substance. It can disturb the radiation balance between the earth and atmosphere
resulting in changing regional and global climate conditions. This study conducted a
thorough analysis of EC in Hebei during different seasons and provided comprehensive EC
emission data in the Beijing–Tianjin–Hebei (BTH) region for future policy making connected
with air pollution mitigation and control. The results showed that the concentration of EC
during the sampling period varied from 0.01 to 18.4 μg/m3 with a mean value of 2.6 ±
2.8 μg/m3. The EC source apportionment exercise identified four regular emission sources
for all seasons, including traffic-related emissions, coal combustion, biomass burning, and
mineral dust. Annually, traffic-related emissions were the primary EC contributor with an
annual average contribution of 38%, followed by biomass burning (30%) and coal
combustion (25%). In addition, the EC mass concentration at Shijiazhuang was also
influenced by diverse pollutants from upwind regions. This study shows that traffic
emissions are a major contributor to EC mass concentration in Shangjiazhuang and
highlights that regional joint control of air pollution is important to local air quality.
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1 INTRODUCTION

Black carbon (BC), also termed elemental carbon (EC), is a strong light-absorbing substance, and
based on the thermal detection method, it also embraces elemental carbon (EC) (Bond et al., 2013).
BC can disturb the radiation balance between the earth and atmosphere resulting in changes to
regional and global climate conditions (IPCC, 2021). BC can go through an aging process in the
atmosphere, by mixing with other substances and through chemical reactions. It alters optical
properties such as the light-absorbing ability (Bond et al., 2013). At different heights in the
atmosphere, BC exerts different climatic effects. BC heats the atmosphere, while by contrast, it
cools the earth’s surface. This could also impact the planetary boundary height and could, therefore,
worsen regional pollution levels (Wang et al., 2018). Furthermore, BC also could exert adverse
impacts on human health (Geng et al., 2013; Ji et al., 2019a).

The sources of BC can be classified into natural and anthropogenic sources. Natural sources
include natural phenomena such as volcanic eruptions and forest fires, but compared with
anthropogenic sources, natural sources have little effect on the long-term changes in the
concentration of black carbon aerosols due to their low occurrence since the industrial
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revolution. Fossil fuels such as coal and petroleum are the major
fossil fuel sources. Biomass burning in rural regions also plays an
important role in the global BC inventory (Bond et al., 2013).

Two methods are widely used for identifying the emission
sources of BC. One is an offline method, namely, collecting
samples in the field and using laboratory analysis such as the
14C method, to identify the sources (Li et al., 2016). The 14C
method can provide a good level of accuracy in the results, but
limitations, such as high cost and a minimum sample loading
required for analysis, hinder its promotion. Another method uses
mathematical models such as the Aethalometer (AE) model and a
receptor model to apportion BC into its various sources based on
its optical features and chemical composition (Rajesh and
Ramachandran, 2017; Wang et al., 2020; Liu et al., 2021).
Compared with the 14C method, mathematical models are not
restricted by sample loadings because online data are also
applicable. However, regarding the Aethalometer model, the
resultant accuracy heavily depends on the optical parameters
used in the model (Zotter et al., 2017). Most studies’ optical
parameters (Healy et al., 2017; Zhu et al., 2017; Helin et al., 2018)
such as the absorption Ångström exponent (AAE) are based on
the literature. However, optical parameters are highly variable
depending on combustion conditions and the characteristics of
the sources (Tian et al., 2019). Thus, there may be uncertainty in
using the AE model if the specific parameters are unknown.

A quarter of BC emissions in the world was reported from
China (Streets et al., 2001). Previous studies have shown that BC
emissions in the BTH region were high (Zhang et al., 2009). Ji
et al. (2019a) noted that even though a number of policies on
pollution control were active in the BTH region, EC mass
concentrations remained high in 2017. A recent study showed
that the maximum daily PM2.5 in BTH can reach 150 μg/m3

(Zhang et al., 2022), which exceeds the threshold of PM2.5 high
pollution level. BC contribution to PM2.5 pollution was not
negligible (Ji et al., 2017; Ji et al., 2019b). A further analysis of
EC and organic carbon (OC) showed that they were highly
correlated, indicating they were from the same source (Zhang
et al., 2022).

Mao et al. (2020) used a combined method to calculate
different source contributions to BC in the atmosphere from
2013 to 2017. The results showed that most pollution happened
during winter and the most severe cases were found in the heating
season due to residential heating, followed by vehicle emissions.
However, due to the clean energy policies introduced and
replacing coal combustion with clean energy, both OC and EC
have declined since 2017. One study reported that compared with
2017, the mass concentration of EC in the BTH region during
2019 declined from 4.7 μg/m3 to 3 μg/m3, mainly due to banning
coal combustion (Ji et al., 2022). Regarding regional emission
loads in BTH, Liu et al. (2018) found that Hebei was the most
important emission source for BC, which contributed 55% and
49% of the EC mass concentration in Beijing and Tianjin cities,
respectively. Xiao et al. (2021) conducted a BC source
apportionment in Beijing, which revealed that coal
combustion, liquid fuel combustion, and biomass burning
were the top three BC sources. Combustion of coal and liquid
fuel contributed about 82%, with coal combustion making a

higher contribution during winter and spring, while liquid fuel
had a higher contribution during summer and autumn.

Althoughmuch research has been conducted in BTH, few studies
have focused on annual source apportionment in Hebei which has
been found to be a major source of pollution in other cities like
Beijing and Tianjing as noted above. Thus, this study aims to present
a thorough analysis of BC in Hebei during different seasons and
provide comprehensive BC emission data in the BTH region for
future policy-making on air pollution mitigation and control.

2 MATERIALS AND METHODS

2.1 Sampling Site and Data Collection
Hebei Province has 11 cities in total but the urbanization level is
not high compared with other mega cities in BHT, reaching 60%
in 2020, and the rural area infrastructure is not well-developed.
According to the China Energy Statistics Yearbook of 2018,
energy consumption in Hebei was about 67% of the total
energy consumption of the BTH region, indicating a
significant level of pollution in the province. Shijiazhuang City
is the provincial capital city of Hebei which has 18 districts and
counties. The sampling site was at Hebei University of Economics
and Business (114°30′7″, 38°8′23″, Figure 1). River passes by the
sampling site (~1.5 km away) at the Northeast. Major highways
surround the sampling site and the city center is located south of
the city. A total of 2951 data points were collected with an hourly
resolution during 2020, in January, April, July, and October. The
online data include EC, OC, K+, Mg2+, Ca2+, Cl−, and the
elements (Si, K, Ca, Ti, Mn, Fe, As, Se, Br, Ba, Pb, and Zn).

2.2 Online Measurement
2.2.1 Online OCEC Analyzing
OC and EC were analyzed by using a discontinuous thermal-
optical transmittance (TOT) based OC/EC analyzer (RT-4,
Sunset Laboratory Inc., Tigard, Oregon, United States). The
samples were placed on quartz filters and heated step by step
in a non-oxidizing environment of helium (He), where OC is
volatilized. In the process, a portion of OC is carbonized into
pyrolyzed carbon (OP). The EC is oxidized and decomposes into
gaseous oxides under an oxygen mixture (He/O2) environment
where the temperature will be increased gradually. Quantitative
inspection was carried out using the ion flame method (FID) and
the non-infrared dispersion method (NDIR). During this process,
a laser beam was irradiated on the quartz film, so that the
intensity of the transmitted light of the laser gradually
weakens when OC is carbonized. The transmitted light of the
laser will gradually increase when PC and EC decompose in the
He/O2 environment. When the intensity of the transmitted light
returns to the initial value, this moment is defined as the OC/EC
split point, which means that the amount of carbon detected
before this moment is defined as the initial OC and the amount of
carbon detected thereafter corresponds to the starting EC. The
detection ranges of OC and EC are between 5 and 400 µg/cm2 and
1 and 15 μg/cm2. Theminimum detection limit is 0.2 μg/cm2. The
maintenance and calibration were strictly performed according to
a Standard Operating Procedure issued by China National
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Environmental Monitoring Center (http://www.cnemc.cn/jcgf/
dqhj/202112/t20211223_965048.shtml, in Chinese).

2.2.2 Online Ion Analyzing
An ion chromatography analyzer (URG9000D, ThermoFisher
Scientific (China), Shanghai, China) was used to measure the
ions levels in PM2.5 at a sampling flow of 16.67 L/min. The URG
gas sampling device utilizes a wet parallel plate diffusion dissolver
and adopts a gas-selective permeability membrane technology.
Gaseous pollutants in the air can pass through the membrane
into the absorption liquid channel and react with hydrogen
peroxide. The kinetic principle of the process is a redox reaction,
which ensures the complete absorption of gaseous pollutants. Wet
parallel plate diffusion dissolvers can effectively absorb gaseous
pollutants in the atmosphere. Absorption efficiency was tested
using a permeation tube to generate 1 ppmv of SO2, and 5mM
H2O2 was used as the absorption solution in the dissolver. The
maintenance and calibration were strictly performed according to a
Standard Operating Procedure issued by China National
Environmental Monitoring Center (http://www.cnemc.cn/jcgf/
dqhj/202112/t20211223_965048.shtml, in Chinese).

2.2.3 Online Elemental Analyzing
The elements were measured by using an online analyzer for
atmospheric heavy metals (XHAM-2000A, Hebei Sailhero
Environmental Protection High-tech Co., Ltd., Shijiazhuang,
Hebei, China), which was used to measure the element levels in
PM2.5 at a sampling flow of 16.67 L/min. The monitor collects
samples through reel-to-reel (RTR) filter paper strips and
performs non-destructive analysis of particles deposited on the
filter paper strips by X-ray fluorescence spectroscopy (XRF). The
ambient air is sampled by the particle size cutter and drawn onto the
filter paper belt. The collected samples are automatically transported
to the detection position and the selected metal elements are
analyzed using XRF technology. The next sample is taken when
the previous sample is being analyzed. Sampling and analysis are
performed synchronously and continuously, except during filter tape
transport (approximately 20 s). During the study period, daily

automatic quality checks are carried out on a regular basis. The
maintenance and calibration were strictly performed according to a
Standard Operating Procedure issued by China National
Environmental Monitoring Center (http://www.cnemc.cn/jcgf/
dqhj/202112/t20211223_965048.shtml, in Chinese).

2.2.4 Source Apportionment
EC source apportionment in this study was conducted by using the
positive matrix factorization (PMF) model. PMF was developed by
Paatero and Tapper (1994). This method has non-negative
constraints and optimizes the error estimation of the input data.
The input data matrix is divided into a factor profile matrix (F) and
factor contribution (G) matrix through the following equation:

Xij � ∑p

k�1gikfkj + eij, (1)
where Xij is the input data matrix, i represents the ith sample, j
represents jth species, and k represents the kth factor number; gik

represents the source contribution of the kth factor to the ith

sample; fkj is the factor profile of the j
th species in the kth factor;

and eij is the residual between the real value and estimated value.
PMF solves F and G by finding the global minimum Q value

with the following equation:

Q � ∑n

i�1∑n

j�0[eijuij]
2

, (2)

whereQ is the sum of the squares of the normalized residuals, eij
represents the residual values, and uij represents the
uncertainties of the input data. The United States
Environmental Protection Administration (EPA) PMF
version 5.0 was employed for the EC source apportionment
in this study. The concentrations of chemical species were
inputted into PMF as an input matrix.

2.2.5 Trajectory Cluster Analysis
Trajectories over 72 h and 50 m above the ground over 4 months
were calculated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory model (HYSPLIT). The HYSPLIT model

FIGURE 1 | The sampling site of this study.
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is a widely used air-mass trajectory model (Draxler and Hess,
1998). To understand the regional transport impacts on the study
site, cluster analysis was applied to the 72 h air mass trajectories.
The cluster method used an angle-based distance calculation
method, the calculation equations being as follows (Wang
et al., 2018):

d12 � 1
n
∑n

i�1cos
−1(0.5 ×

Ai + Bi − Ci����
AiBi

√ ), (3)

Ai � (X1(i) −Xo)2 + (Y1(i) − Yo)2, (4)
Bi � (X2(i) −Xo)2 + (Y2(i) − Yo)2, (5)

Ci � (X2(i) −X1(i))2 + (Y2(i) − Y1(i))2, (6)
where d12 represents the averaged angle which varies between 0 and
π between two trajectories; n denotes the total endpoints, X and Y
represent the location of the study site, X1 (Y1) denotes the first
trajectory, and X2 (Y2) denotes the second trajectory. The calculation
software used is TrajStat developed by Wang et al. (2009). The data
used for the calculations were from the Global Data Assimilation
System (GDAS, https://www.ready.noaa.gov/gdas1.php). The
trajectories associated with EC mass concentration over the 75th
percentile were taken as polluted trajectories. The trajectories were
drawn on a grid with a resolution of 0.5°.

2.2.6 Potential Source Contribution
To estimate the potential contribution from regional transport,
the potential source contribution function (PSCF) was applied to
detect the possible contribution regions to EC in Shijiazhuang.
High PSCF values indicate that high EC emissions were
transported to the study site. The PSCF value of every grid
was calculated using the following equation:

PSCFij � mij

nij
, (7)

where mij denotes endpoints associated with EC concentration
which is higher than the criterion set in the model and nij is the
total endpoints of the grid cell. The 75th percentiles of EC from
different sources were set as the threshold value of pollution.

To reduce uncertainties caused by a low nij value, arbitrary
weighting factors (wij) were used during the calculation of PSCF.
The values and criteria were taken from the work of Polissar et al.
(2001):

Wij �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1 80< nij
0.7 20< nij ≤ 80
0.42 10< nij ≤ 20
0.05 nij ≤ 10

. (8)

3 RESULTS AND DISCUSSION

3.1 Observed Concentrations of EC
Figure 2 illustrates the concentrations of EC and OC as well as
the ratio of OC/EC in four different months, January, April,
July, and October. The concentration of EC during the
sampling period varied from 0.01 to 18.4 μg/m3 with a

mean value of 2.6 ± 2.8 μg/m3 (Table 1). It was much
lower than the average annual EC concentration in
Shijiazhuang, from December 2016 to November 2017
(5.4 ± 6.5 μg/m3, Ji et al., 2019a). It could be due to a
positive effect of air pollution control actions launched in
the BTJ region. The concentration is close to the EC
concentration measured in Beijing (3.4 ± 2.3 μg/m3) from
September 2017 to August 2018. Similar to EC, OC in
Shijiazhuang was significantly lower compared with the
value reported from December 2016 to November 2017.
The concentration of OC during the sampling period varied
from 0.04 to 50.7 μg/m3 with a mean concentration of 9.5 ±
9.4 μg/m3, which was about 58% lower than the OC measured
in December 2016—November 2017 (22.8 ± 30.6 μg/m3, Ji
et al., 2019a) and also was lower than that established in the 4-
month average. The ratio of OC/EC was 4.7 ± 2.4 from 2016 to
2017. The reduced ratio of OC/EC (4.2 ± 3.0) indicates that
from 2017 to 2020, OC in Shijiazhuang has decreased slightly
faster than EC. This could be caused by the changed
contribution ratios of different emission sources.

Focusing on the variation among different seasons, the
concentrations of OC and EC were 22.5 ± 8.7 μg/m3 and 5.8 ±
3.4 μg/m3 in January; 3.1 ± 2.9 μg/m3 and 0.9 ± 0.8 μg/m3 in
April; 4.2 ± 1.9 μg/m3 and 1.1 ± 0.8 μg/m3 in July; and 7.4 ±
4.6 μg/m3 and 2.3 ± 1.5 μg/m3 in October. The data showed that
OC and EC in January were much higher compared with those
measured in other seasons. The mass concentration of OC and
EC displayed a similar variation pattern over the 4-month period,
in the order January >October > July >April, representing higher
concentrations in winter and autumn, while lower concentrations
occurred in spring and summer. This is consistent with the
pattern reported in a previous study (Ji et al., 2019a). Even
though the concentrations in winter in 2020 were still the
highest of all seasons, the concentration of both OC and EC
has been declining significantly, by 52% and 49%, respectively
(Table 1), compared with winter in 2016–2017. Immediately after
the concentration decrease in winter, the decrease in OC and EC
in spring was the second largest among the four seasons with a
reduction of 7.1 μg/m3 and 1.8 μg/m3, respectively. This was
followed by decreases in summer and autumn, the
concentrations of OC and EC declining by varying degrees,
suggesting that the Three-Year Action Plan to Fight Air
Pollution since 2018 has worked well in terms of improving
air quality.

The diurnal variations over the four seasons demonstrate
different patterns. As shown in Figure 3A, during winter, the
diurnal variation in OC presented high values in the morning and
night and low values in the afternoon. EC showed a similar
diurnal pattern to OC during winter and a good correlation
between OC and EC (R2 = 0.54, p < 0.1) during winter. This
indicates that the majority of OC and EC emissions were likely
from the same sources during the winter. However, although the
patterns were similar, the hourly mass concentration changes in
OC and EC were not in proportion, therefore the ratio of OC/EC
varied greatly on a daily basis. The ratio was high in the afternoon
and much lower at night. This phenomenon was possibly
influenced by meteorological conditions, and less secondary
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OC was generated at night due to the weak solar radiation and
temperature.

Unlike the variation patterns in winter, a clear OC rise was
found in spring from 7 to 10 am (Figure 3B) which could be
caused by traffic emissions. Another rise was found from 18:
00 h to 23:00 h which was likely caused by the evening traffic peak
and nocturnal planetary boundary layer height (PBLH). With
residential heating demand declining in spring, the mass
concentration of EC was low at night which is opposite to that
in the winter season. The fluctuation of the OC/EC ratio was
more frequent than in winter, particularly during daytime, which
could be caused by a combination of more varied meteorological
conditions and more diverse emission sources. In addition, OC
and EC were found weakly correlated (R2 = 0.25, p < 0.1) in
spring.

In summer, as presented in Figure 3C, OC decreased from
midnight to 6:00 h then rose dramatically to 9:00 h and
remained stable to 15:00 h. From 16:00 h to 20:00 h, OC
decreased again and then rose to 23:00 h. By contrast, the
diurnal variation in EC only fluctuated slightly except from
10:00 h to 14:00 h. This indicates that large quantities of OC and
EC emissions may not be from the same source, which can also
be confirmed by the weak correlation between OC and EC (R2 =
0.14, p < 0.1).

Similar to winter, the correlation between OC and EC was
relatively higher (R2 = 0.57, p < 0.1) in the autumn season,
indicating that the majority of OC and EC were from the same
source. The diurnal variations in OC and EC were almost
identical (Figure 3D), showing a continuous decrease from
midnight to 17:00 h with a small peak at 9:00 h, which was
likely formed by the morning traffic peak. From 18:00 h to 23:
00 h, the concentration of OC and EC kept rising. This could be
caused by the pollution accumulation due to the poor dispersion
conditions at night and the evening traffic peak around 19:00 h.

3.2 Source Apportionment of EC in Different
Seasons
Five sources of EC were identified by PMF during wintertime
shown in Figure 4. The first factor was characterized by high
loadings of Ca2+ (86%), Si (48%), and Ti (43%), widely recognized
as associated with mineral dust (Tao et al., 2017; Liu et al., 2021).
This factor barely contributed to EC during winter. The second
factor showed relatively high loadings of K+ (32%) and Br (51%).
K+ is a widely recognized marker of biomass burning (Zhao et al.,
2021) and a considerable amount of Br is found in biomass
burning due to the CH3Br generated in the combustion process
(Manö and Andreae, 1994; Artaxo et al., 1998). Thus, this factor

FIGURE 2 | Time series over 4 months for EC, OC, and the OC/EC ratio.

TABLE 1 | Concentrations of OC, EC, and the ratio of OC/EC.

OCa

(μg/m3)
ECa

(μg/m3)
Ratioa OCb

(μg/m3)
ECb

(μg/m3)
Ratiob OCc

difference
ECc

difference

Spring 3.1 ± 2.9 0.9 ± 0.8 3.4 10.2 2.7 3.8 7.1 1.8
Summer 4.2 ± 1.9 1.1 ± 0.8 3.8 8.5 2.0 4.3 4.3 0.9
Autumn 7.4 ± 4.6 2.3 ± 1.5 3.2 10.7 3.3 3.2 3.3 1.0
Winter 22.5 ± 8.7 5.8 ± 3.4 3.9 53.3 11.6 4.6 30.8 5.8
Annual 9.5 ± 9.4 2.6 ± 2.8 3.7 22.8 ± 30.6 5.4 ± 6.5 4.2 13.3 2.8

aNote: This study
bJi et al., 2019a
cDifference between data in 2020 and 2017.
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was considered to be biomass burning which contributed 19% of
EC during winter. The third factor presented a large amount of
Mn (81%), Fe (49%), and Zn (43%). Mn is often used as a smoke
suppression agent and an additive in vehicles to protect the
engine (Lewis et al., 2003). Zn and Fe are widely found in
braking and lubricating oil (Alander et al., 2005; Thorpe and
Harrison, 2008). In addition, as shown, this factor contributed a
noticeable amount of EC (36%), which is consistent with previous
studies (Cao et al., 2013). In addition, the diel variation in EC
from this factor showed two peaks in morning and evening in
traffic busy hours (Supplementary Figure S1). Thus, this factor
was identified as traffic-related emissions. The fourth factor
showed high loadings of K+ (53%), Mg2+(72%), Ti (50%), and
Ba (64%). K+, Mg, and Ba are abundant in fireworks (Li et al.,
2013; Yadav et al., 2019). Furthermore, EC contributed by this
factor was only found to be significant from 24 January 2020 to
29 January 2020, which happened to be the Chinese New Year.
Thus, this factor was likely to be the result of firework displays.
The last factor was characterized by high loadings of As (43%)
and Pb (30%). According to previous studies, high loadings of As
and Pb are found in coal combustion (Tan et al., 2017; Liu et al.,
2021). Thus, this factor was recognized as resulting from coal
combustion which contributed 35% of EC.

Different from the January results, four factors were identified
in spring (Figure 5). The first one is associated with high loadings
of Si (49%), Ca (66%), Ti (55%), and Fe (58%). Thus, this factor
stemmed from mineral dust. The second factor showed high
loadings of Cl− (64%), Br (87%), and K (43%). Previous research

has reported that Cl− is also considered a marker of biomass
burning (Urban et al., 2012; Zhao et al., 2021). At the same time,
levels of OC and EC were also high in this factor with
contributions of 38% and 48%, respectively. Thus, this factor
was identified as stemming from biomass burning. The third
factor is characterized by high loadings of Mn (48%), Zn (90%),
and Pb (59%). As explained before, Mn and Zn are commonly
found in traffic-related emissions. Although China phased out
Pb-containing petroleum, research still finds an alarming amount
of Pb associated with vehicular emissions (Xu et al., 2016), and
the diel variation showed two peaks in morning and evening in
traffic busy hours (Supplementary Figure S1). Therefore, this
factor is deemed to be caused by traffic-related emissions, the
factor contributing 16% of total EC. The last factor contained
relatively higher amount of As (41%), Ti (39%), and EC (35%). As
mentioned above, As is widely considered as a marker of coal
combustion. Previous studies (e.g., Ji et al., 2019a) showed that
coal combustion contributed a considerable amount of EC in
Shijiazhuang City. In addition to the abundant amount of Ti
found in mineral dust, in urban areas, Ti is also found in
manufacturing industries. This factor is likely to be coal
combustion for industrial activities, the factor contributing
35% of EC.

Source apportionment for EC during summer also showed
four major contributors (Figure 6). The first source showed high
loadings of Cl− (62%), K+ (67%), and Br (59%). Meanwhile, this
factor contains moderate loadings of OC (39%) and EC (41%),
which are commonly found in the emissions from biomass

FIGURE 3 | Diurnal variations in OC, EC, and the OC/EC ratios in the four seasons of the year.
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burning (Cao et al., 2013). Thus, this factor was identified as
biomass burning. The second factor demonstrated a considerable
amount of As (66%) and Se (45%). According to Tan et al. (2017),
high loadings of Se are also found in coal combustion. As a result,
this factor was identified as coal combustion, contributing 10% of
EC. The third factor is characterized by a high loading of Mn
(78%) and Zn (54%) with a moderate loading of Fe (38%).
Furthermore, moderate amounts of OC and EC were found in
this factor and the loading of EC was higher than that for OC,
which fits the feature of vehicle emissions (Cao et al., 2013), so
does the EC diel variation in this factor (Supplementary Figure
S2). Thus, this factor was recognized as traffic-related emissions
with 35% contributed as EC. The last factor showed high loadings
of Ca2+ (71%), Si (46%), and Ti (50%), thus, this factor was
interpreted as mineral dust. Some 14% of EC was found in this
factor which could be due to the resuspension of the deposited EC
from other perturbations such as vehicle driving and wind.

Similar to the source apportionment results in summer, source
apportionment of EC during autumn showed four major
contributing factors (Figure 7). The first factor profile showed
high loadings of Mg2+ (80%), Ca2+ (93%), and Si (67%), which
indicate mineral dust for this factor. This factor only contributed 6%
of EC. The second factor presented a high amount of As (44%), Se
(59%), and Pb (59%). As mentioned earlier, these are widely used
markers of coal combustion. Thus, this factor is coal combustion,
which contributed 19% of EC. The third factor is characterized by

high loadings of OC (71%), EC (65%), Mn (48%), Fe (39%), and Zn
(56%). These are typical elements reflecting vehicular emissions
which can be verified by the EC diel variation (Supplementary Figure
S2). The last factor contained high loadings of Cl− (64%) and K+

(71%) and a moderate amount of Br (41%), and is recognized as
biomass burning with a 10% contribution to EC.

The contributions of the regular four sources varied in different
seasons possibly due to the change in meteorological conditions
and the variation in emission intensity, although there was a
variation in the contribution of different sources in different
seasons, traffic-related emissions were the primary EC
contributor with an annual averaged contribution of 38%
followed by biomass burning (30%) and coal combustion (25%).
The contribution of the same source varied greatly in different
seasons. As listed in Table 2, a significant amount of EC was
contributed by traffic-related emissions in autumn (65%), but
much less in spring (16%). Biomass burning contributed a
considerable amount of EC in spring (48%) and summer (41%),
but a relatively small amount in autumn (10%) and winter (19%).
This indicates open fires (Supplementary Figure S2) might be the
primary emission source for biomass burning instead of residential
combustion. By contrast, coal combustion was a major contributor
of EC in spring (35%) and winter (35%), which suggests coal
combustion could be the primary energy source for residential
heating. The contribution from mineral dust varied less
dramatically compared with other identified sources, and

FIGURE 4 | Source apportionment of EC in winter.
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FIGURE 5 | Source apportionment of EC in spring.

FIGURE 6 | Source apportionment of EC in summer.
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comparatively speaking, it contributed more in summer. Fireworks
were only found to contribute to EC in winter during the Chinese
New Year.

3.3 Trajectory Cluster Analysis
Air flow on the one hand can disperse pollutants but on the other,
can carry pollutants from upwind regions. Thus, to establish the
influence of air masses from different directions in different
seasons, 72 h back trajectories of air masses were calculated
during the study period on an hourly basis. A cluster analysis
was then conducted based on those calculated trajectories. The
results showed (Figure 8) that air masses were mainly from four
clusters but the trajectory contribution ratios varied across the four
seasons. As shown in Figure 8A, during winter, Cluster No.
3 contains 33% of the total trajectories from a northerly
direction. The origin of the air mass 72 h earlier was near the
boundary of inner Mongolia. Cluster No. 2 contains 27% of the
total trajectories. The origin of Cluster No. 2 was in Shanxi

Province and Cluster No. 4 (25%) originated in Hebei Province,
passing through Tianjin city. Cluster No. 1 (15%) was also from
Hebei Province but the cluster trajectory showed that it was from a
northerly direction and close to that province.

In contrast with winter, most of the trajectories in spring were
from a northerly direction. As shown in Figure8B, 77% of total
trajectories were from the north, and 38% of total trajectories
originated from outside of China (Cluster No. 3). Of the total
trajectories, 39% originated from inner Mongolia (Cluster No.
1 and No. 4). The remaining 23% of trajectories were from
Shandong Province (Cluster No.2), passing through Henan
Province. During summer, the air mass trajectories were mainly
from an easterly direction. As presented in Figure 8C, three of four
clusters originated in Shandong Province, clearly an important
source region. The origin of Cluster No. 1 was very close to the
Huanghai Sea coastline. This cluster contains 13% of the total
trajectories. Cluster No. 4 has 37% of the total trajectories and
Cluster No. 3 has 13%. The remaining cluster (Cluster No. 2) was

FIGURE 7 | Source apportionment of EC in autumn.

TABLE 2 | Source contributions to EC in different seasons.

Traffic-related emissions
(%)

Biomass burning
(%)

Coal combustion
(%)

Mineral dust
(%)

Fireworks (%)

Spring 16 48 35 1
Summer 35 41 10 14
Autumn 65 10 19 6
Winter 36 19 35 6 4
Average 38 30 25 7
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from Jiangsu Province containing 37% of the total trajectories.
Similar to winter, in autumn, the major trajectories were from a
northwest direction, originating outside China (Figure 8D).
Mongolia accounted for 72% of the total trajectories (Cluster
No. 2 and No. 3). Some 25% of the total trajectories originate
from Shandong Province (Cluster No. 4) and 13% of total
trajectories originated from Beijing City (Cluster No. 1).

3.4 Potential Source Region Identification
EC mass concentration is not only influenced by local emissions
but also by regional transport. Given the different air mass
directions in different seasons, the variations in EC
concentration throughout the seasons can be partially ascribed
to regional transport. Thus, potential contribution sources were
analyzed based on the PSCF results shown in Figure 9.

FIGURE 8 | The cluster analysis of the trajectories in (A) winter, (B) spring, (C) summer, and (D) autumn.

FIGURE 9 | Potential source regions for EC in Shijiazhuang in (A) winter, (B) spring, (C) summer, and (D) autumn. The color bar represents PSCF probability. The
color circles denote the sampling site.
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As shown in Figure 9A, in winter, the highest potential sources
were mainly in the northeast, particular in Beijing and its western
region. Although there were policies launched to mitigate air
pollution in the BTJ region, as indicated by PSCF, the
surrounding regions of Beijing were still potential EC sources.
In addition, near the sampling site, Shanxi province also has
moderate potential to contribute EC in Shijiazhuang. This could
be due to the high consumption and production of coal in Shanxi
province, particularly in winter due to the demand for residential
heating (Zhang et al., 2014). Much further away, Liaoning and
Inner Mongolia could also be potential source areas in winter since
coal-fired power plants in north China are mainly located in Inner
Mongolia, Shanxi, and Shaanxi provinces (Ji et al., 2019a). In
comparison with the surrounding regions, the contribution of EC
from Shijiazhuang, itself, showed a moderate potential in winter.

Different from the distribution of the potential EC sources
identified in winter, the strongest potential contribution of EC to
the sampling site changed to the southern regions, mainly from
Hubei, Hunan, and Guizhou provinces in spring (Figure 9B). In the
north, Shanxi province and InnerMongolia could also contribute EC
to Shijiazhuang when the air mass flow is from a northerly direction.
Zhang et al. (2014) conducted an energy survey in Guizhou
households and found about 60% of the rural households in
Guizhou burned crops on the farmland for fertilizing the land.
Coal and firewood were the primary energy sources for residential
use in Guizhou. In addition, burning on non-cultivated land was
found to be high during spring in north, northeast, and southeast
Hubei (Shen et al., 2021). Thus, the high potential contribution to
Shijiazhuang from the north in spring could be caused by rural
residential energy consumption and open fires (Supplementary
Figure S2). This, to a degree, could also explain the high biomass
burning levels and coal combustion contributions found in source
apportionment in spring, compared with those in other seasons.

In summer, the potential contribution sources changed toHenan,
Anhui, and Jiangsu provinces (Figure 9C). This is likely associated
with the southeast prevailing wind in summer and is consistent with
the increased nitrate concentration in Beijing in August found in
East China (Ying et al., 2014). Based on Yao et al. (2021), this could
be attributed to Henan, since it is one of the largest energy-
consuming provinces in China, where coal combustion and
biomass burning are the major sources of pollution. Additionally,
according to the emission inventory for Jiangsu (Zhou et al., 2017),
on-road and non-road transportation contributed notable amounts
of EC. Similar to the PSCF revealed in summer, Henan and Aihui
were identified as the most likely source of the high contribution to
EC concentrations in Shijiazhuang during autumn (Figure 9D).

4 CONCLUSION

The concentration of EC during the sampling period varied from
0.01 to 18.4 μg/m3 with a mean value of 2.6 ± 2.8 μg/m3. The
concentration of OC during the sampling period varied from 0.04 to
50.7 μg/m3 with a mean concentration of 9.5 ± 9.4 μg/m3. Both EC
and OC were found to be higher in winter and autumn while lower
concentrations occurred in spring and summer. The diurnal

variations in OC/EC in different seasons indicate the varied
contributions from different sources in the four seasons. Winter
and autumn presented high mass concentrations of EC and OC
during the night, likely due to residential heating and nocturnal
PBLH. The EC source apportionment identified four regular
emission sources for all seasons: traffic-related emissions, coal
combustion, biomass burning, and mineral dust. However, due to
the celebration of Chinese New Year Festival, one more emission
source was found in winter, which was fireworks. The contributions
of the regular four sources varied in different seasons possibly due to
changes in meteorological conditions and variations in emission
intensity. Annually, traffic-related emissions were the primary EC
contributor with an annual average contribution of 38% followed by
biomass burning (30%) and coal combustion (25%). The primary
source of EC differed according to the season. A significant amount
of EC was contributed by vehicle emissions in the autumn (65%)
while a considerable amount of EC originated from biomass burning
in spring (49%) and summer (41%). Coal combustion was a major
contributor of EC in the spring (35%) and winter (35%). In addition
to local emission changes, the trajectory cluster analysis and PSCF
results indicated that the ECmass concentration in Shijiazhuang was
also influenced by a variety of pollutants from upwind regions. In
winter, the north China region showed high PSCF values likely due
to the coal-fired power plants located there. In spring, high values of
PSCF were found in the southwest region near to Shijiazhuang
because of extensive firewood burning and open fires
(Supplementary Figure S2) in the rural regions. In summer and
autumn, high PSCF values were found in the south and southeast
area of Shijiazhuang, where transportation contributed notable
amounts of EC. This study shows that in general, traffic-related
emissions are a major contributor to EC mass concentration in
Shangjiazhuang, with emissions in the surrounding cites likely
worsen EC pollution in the receptor site. It thus highlights how
important regional joint control of air pollution is to local air quality.
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