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ionization detector (GCMS/FID). The results indicated that the observed concentration of
total VOCs (TVOCs) was 30.4 ± 17.0 ppbv, and it was dominated by alkanes (44.3%), fol-
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lowed by oxygenated VOCs (OVOCs) (17.4%), halocarbons (12.7%), aromatics (9.5%), alkenes
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(8.2%), acetylene (5.3%) and carbon disulfide (2.5%). The average mixing ratio of VOCs showed
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obvious diurnal variation (high at night, low during daytime). We conducted a source ap-

Beijing

portionment study based on 32 major VOCs using positive matrix factorization (PMF), and

Spring
Northwest transport

coal + biomass burning (25.2%), diesel exhaust (16.0%), gasoline exhaust + evaporation
(17.4%), secondary + long-lived species (16.7%), biogenic sources (4.3%), industrial emissions
(9.3%) and solvent use (11.2%) were identified as major sources of VOCs. In addition to local emissions, most of the atmospheric VOCs were derived from long-distance air masses
(65.7%), and the average mixing ratio of VOCs in the northwest direction was 29.4 ppbv.
Combined with the results of the potential source contribution function (PSCF) indicate that
research should focus on the local emissions of combustion, transportation sources and solvents usage to control atmospheric VOCs. Additionally, transmission of the northwest air
mass is an important component that cannot be ignored during spring in Beijing.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction

1.

Methodology

In recent decades, with the gradual improvement of strict control policies, decreases in mineral dust, organic carbon and
sulfate have led to a reduction in PM2.5 (particulate matter
with an aerodynamic diameter less than 2.5 μm) from 2013
to 2017 (Wang et al., 2020; Zhang et al., 2019), however ozone
(O3 ) appears to be increasing (Lu et al., 2018). General regional
increases of O3 occur in China, especially in the Yangtze River
delta (2.3 ppbv/a), Beijing-Tianjin-Hebei (3.1 ppbv/a), and Pearl
River Delta (0.6 ppbv/a) regions (Li et al., 2019b). Li et al. (2019)
found that the decrease in PM2.5 over North China Plain (NCP)
slowed down the reactive uptake of HO2 radicals by aerosol
particles and thus stimulated O3 production. However, a sharp
decrease of O3 occurred in winter while a dramatic increase
of O3 occurred in spring in Beijing. This phenomenon suggests that the decrease of particulate matter concentration
may not be the main reason for the increased O3 concentration in spring.
Tropospheric O3 is formed through a series of complex
reactions between oxides of nitrogen (NOx = NO2 +NO) and
volatile organic compounds (VOCs). Thus, local emissions and
regional transport of NOx and VOCs are of great significance
for studying O3 pollution and developing the control strategy (Qu et al., 2014; Tang et al., 2021). According to the multiresolution emission inventory for China inventory, emissions
of NOx decreased by 21% but VOCs emission increased by 2%
due to the implementation of effective emission control measures over 2013–2017 (Zheng et al., 2018); thus, high concentrations of VOCs continue to be a major concern.
In urban Beijing, O3 formation is more sensitive to VOCs,
and VOCs control is conducive to the reduction of O3 (Li et al.,
2015; Shao et al., 2009; Tang et al., 2017). Therefore, the evolution of VOCs that leads to the increased O3 phenomenon in
spring is worthy of attention. As key precursors of PM2.5 and
O3 , VOCs have become the focus of many researchers. Studies on the characteristics and emission sources of VOCs in
Beijing have been performed during summertime and wintertime, but few reports have provided information about spring
precursor VOCs.
Beijing is located in the temperate monsoon climate zone,
which is affected more by the northwest wind in spring, however, the influence of the northwest background area on VOCs
is still unknown. In this study, continuous observations of 101
VOCs (28 alkanes, 12 alkenes, 16 aromatics, 11 oxygenated
VOCs (OVOCs), 32 halocarbons, acetylene and carbon disulfide) from April 16, 2019, to May 21, 2019, were performed. The
main objectives of this study were to (1) understand the characteristics of VOCs in spring; (2) determine the source categories of VOCs and estimate their contributions according to
the positive matrix factorization (PMF) model; and (3) analyze
the transport pathway of air mass and potential source areas of VOCs by using the backward trajectory and potential
source contribution function (PSCF) models during the observation period. This study is of great significance in terms of
strengthening our understanding of VOCs in spring and providing scientific references for atmospheric control strategies
in Beijing.

1.1.

Sampling site

Continuous ambient VOCs were collected at the Institute of
Atmospheric Physics (IAP) near a 325 m meteorological tower
(39o 58’N, 116o 22’E), which lies in northwestern Beijing between the 3rd and 4th ring roads. It is surrounded by residential areas and a park. Direct industrial sources are not located
within 1 km of the IAP, and local VOC emission sources mainly
consist of vehicular emissions. Detailed information on the
samples was provided in our previous study (Sun et al., 2016b).

1.2.

Analytical methods

In this study, continuous measurements of VOCs were performed using an online VOC monitoring system (TH-300B,
Tianhong, China) and gas chromatography mass spectrometer/flame ionization detector (GCMS/FID, SE2010, Shimadzu,
Japan),which was a custom built two-channel system. Most
C2 –C5 hydrocarbons were analyzed by the FID channel with a
PLOT column (15 m × 0.32 mm ID × 3 μm, J&W Scientific, USA)
and the other compounds were measured by the MS channel
using a DB-624 column (60 × 0.25 mm ID × 1.4 μm, J&W Scientific, USA). The atmospheric sampling rate of a single sample
in the FID and MS channels was 30 mL/min, and the sampling
time was 10 min. The concentration of internal standard gas
was 5.0 ppbv, each 60 mL aliquot from a canister was drawn
into the cryogenic trap in the MS channel, and the sampling
rate was 15 mL/min (with 10 °C heating). Before the observations, the instrument was calibrated with a mixture of TO-15,
PAMS, aldehydes and ketones. The concentration gradient was
set to 0.2, 0.5, 1.0, 2.0, and 4.0 ppbv. The monitoring process
and various details have been provided in previous studies
(Wu et al., 2020; Yang et al., 2019a), and the measured compounds quality control data are listed in Table S1. The sampling period was from April 16, 2019, to May 21, 2019, and 101
kinds of VOCs were monitored with a temporal resolution of
1 h.

1.3.

Other data

The hourly O3 , PM2.5 , NO2 , and CO data during the observation period were derived from the National Urban Air Quality
Real-time publishing platform (http://106.37.208.233:20035/)
located near the sampling sites belonging to the Ministry of
Environmental Protection in China. Meteorological parameters including the wind direction (WD), wind speed (WS), temperature (T), and relative humidity (RH) in the atmosphere
were continuously recorded by an automatic meteorological
observation instrument (Milos520, Vaisala, Finland) located
near the VOC sampling site. The atmospheric boundary layer
heights (BLH) were measured by a ceilometer (CL51, Vaisala,
Finland) located at the IAP site (Tang et al., 2016, 2015).

1.4.

PMF model

In this study, the US EPA PMF5.0 model was used to analyze
the major VOC emission sources. The PMF model is a mul-
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tivariate method used to determine the decomposition of a
matrix of specified samples into factor contributions (Gs) and
factor profiles (Fs), and a detailed description of the method
is provided in previous studies (Sun et al., 2016b; Tang et al.,
2019; Wu et al., 2016). PMF uses both the concentration and
user-provided uncertainty associated with the data to weight
individual points. The sample data uncertainty (Unc) is calculated by the following equations.

for the PMF and statistics for the different types of VOCs and
base run of VOCs selected for the PMF and statistics for the different types of VOCs are provided in Tables S3 and S4. Table
S5 indicates that the median BS value was within ±5% of the
base run value for each factor and the source contributions
were truly different. In summary, the analysis of uncertainty
revealed that the identified source profiles were reasonable in
this study.

5
× MDL
6

Unc = (error fraction × concentration )2 +(0.5 × MDL )2

1.5.

Backward trajectory and PSCF models

1.5.1.

Backward trajectory

Unc =

(1)
(2)

To minimize the errors in the PMF analysis, data values below the minimum detection limit (MDL) were replaced with
half of the MDL and missing data values were substituted with
median concentrations. If the concentration was less than or
equal to the MDL provided, the uncertainty was calculated using Eq. (1); if the concentration was greater than the MDL provided, the uncertainty was calculated using Eq. (2). The number of factors in the PMF model was initially chosen based on
the results of a principal component analysis/absolute principal component scores (PCA/APCS) model.
Due to complex chemical reactions, not all 101 measured
VOCs were suitable for introduction into the PMF model, and
three principles were utilized to select the correct species for
the PMF model: (1) samples with a missing value or with a
value below the MDL shall not exceed 35% (Liu et al., 2017);
(2) samples that are widely used as important tracers of VOC
sources should be retained (Shao et al., 2016) and (3) species
that are highly reactive are excluded (Zhang et al., 2014). Moreover, the quality of the selected species in PMF can be classified into strong, weak and bad according to the signal-to-noise
ratio (S/N), and the details (Paatero and Hopke 2003) are as follows:

The principal purpose of backward trajectory clustering was
to group trajectories with similar geographic origins and histories, and it was used for trajectory clustering based on the
GIS-based software TrajStat. This study calculated 48 h back
trajectories arriving at the monitoring site (39°54’N, 116°23’E)
at 1 h intervals with a trajectory height of 500 m during the
monitoring period. The FNL global analysis data were generated from the National Center for Environmental Prediction’s
Global Data Assimilation System (GDAS) wind field reanalysis
data (http://www.arl.noaa.gov/pub/archives/gdas1). The backward trajectory model was run 24 times per hour per day.

Strong → S/N > 2

where i represents the latitude, j is the corresponding longitude, nij and mij refer to the number of all trajectories through
the cell grid and pollution trajectories through the grid, respectively (Ashbaugh et al., 1985); and Wij is an arbitrary
weight function used to reduce the uncertainty caused by nij
values that is too small. The Wij function used in this study is
defined as follows:
⎧
⎪
⎨0.7 3 nave > nij > 1.5 nave
Wij = 0.4 1.5 nave > nij > nave
⎪
⎩
0.2 nave > nij

Weak → 0.2 < S/N < 2
Bad → S/N < 0.2
Finally, a total of 32 species (including 13 alkanes, 3 alkenes,
7 aromatics, 3 OVOCs, 4 halocarbons, acetylene and carbon
disulfide) were selected for use with the PMF receptor model,
and they accounted for more than 70% of the total concentration of all measured VOCs; Thirty species were characterized as strong, and two species (1,2,4-trimethylbenzene and
acrolein) were categorized as weak. The final dataset comprised 761 samples. Modeling was performed for 4–10 factors,
and the 7-factor solution was deemed to be the most representative. The modeled VOCs presented a good fit with the
measured total VOCs with the correlation coefficient (R2 ) of
0.98, suggesting that the observed VOCs concentrations were
well represented by the PMF model-resolved source factors at
Beijing. Bootstrapping (BS) mapping of PMF factor solutions
are shown in Table S2, indicating the results were more stable
with all factors mapped in BS via more than 97%, and there
are no unmapped BS factors and no swaps with displacement
(DISP). To further determine whether the source contributions
truly differed, concentration characteristics of VOCs selected

1.5.2.

PSCF model

The PSCF model is a conditional probability function that uses
a grid with higher PSCF values to locate potential source regions. The track time is set to an interval of 1 h according to
Beijing local time (UTC + 8). Meteorological parameters are
from the National Oceanic and Atmospheric Administration.
The grid resolution is 0.25 × 0.25, and the PSCF is defined as
follows:
mij
PSCFij =
W
nij ij

2.

Results and discussion

2.1.

Overview of VOC evolution

During the observation period, the average mixing ratio of
the TVOCs was 30.4 ± 17.0 ppbv, and the range of 6.74 to
136.27 ppbv, as shown in Fig. 1. The ambient mixing ratios and
chemical compositions of the measured VOCs are summarized in Table S1, and each VOC species exhibited slightly different concentrations. Alkanes (13.4±10.1 ppbv) were clearly
the most abundant species, followed by OVOCs (5.3±4.0 ppbv),
halocarbon (3.9±2.6 ppbv), aromatics (2.9±2.0 ppbv), alkenes
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Fig. 1. – Time series of hourly contributions of VOCs from April 16 to May 21, 2019.

(2.5±1.8 ppbv), acetylene (2.5±1.8 ppbv) and carbon disulfide (0.8±0.7 ppbv). The top ten concentration species mainly
consisted of C2 –C5 NMHCs with acontribution of 43.8%. In
addition, acetone, toluene, n-butanal and dichloromethane
accounted 7.4%, 3.9%, 3.8% and 3.8%, respectively. Among
VOCs, ethene and propene are usually regarded as major components of vehicle exhaust and biomass burning products
(Akagi et al., 2011). C3 –C5 alkanes are associated with liquefied petroleum gas (LPG) and gasoline exhaust (Guo et al.,
2011). Acetylene is mainly primarily associated with incomplete combustion and dichloromethane and represents a key
medium of the pharmaceutical industry (Sun et al., 2016). Atmospheric OVOCs were another important species with complex sources, and the concentration of OVOCs easily changed
by photochemical reaction processes, biological emissions
and anthropogenic emission sources (Hui et al., 2019). A high
load of inert OVOCs, such as acetone (atmospheric lifetime
more than 10 days) generally indicated that the concentrations of background and long-lived species in Beijing were
high (Singh et al., 2004). Furthermore, higher level of MVK and
methacrolein (MACR) as oxidation products of isoprene suggested strong secondary transformation in photochemical reactions.
Table 1 illustrates the results observed in Beijing and other
areas. Alkanes were the most abundant VOCs group, which
was mainly because alkanes are the main components of automobile emissions and account for a large part of the TVOCs
in urban atmospheres. The average mixing ratios of aromatics in Guangzhou (11.1 ppbv) was much higher than that in the
BTH area (1.9–2.6 ppbv), which might due to automotive and
industrial emissions representing the main emission sources
in Guangzhou but vehicle-related emissions representing the
main source in BTH (Li et al., 2015). In this study, the concentration of alkanes and alkenes were lower than those in
Wuhan in spring of 2017. The mixing ratio of various com-

pounds was far lower than that observed in Mexico in spring
of 2012. Compared with the results provided by Liu et al. (2016),
the concentrations of alkenes and acetylene decreased by
16.7% and 5.9% in response to the governmentś Clean Air Action Plan, however the concentration of alkanes, halocarbons,
aromatics increased by 12.2%, 21.2% and 31.8%, respectively.
Table S6 lists the top ten abundant hydrocarbons and their
average concentrations measured in different cities in Beijing
and other areas. The top ten species in Beijing were much
lower than those observed in Mexico in spring, which is similar to the results in Table 1. Compared with the whole year
in 2016, the mixing ratios obviously increased except for nbutane, toluene and n-pentane, which indicated that transportation was the main emission source in spring in Beijing.
With the increase in light intensity in spring, the content of
OVOCs, isoprene and other substances increased significantly
(Fig. S4b). Alkanes, alkenes, aromatics, OVOCs, hydrocarbons,
acetylene and PM2.5 all showed high consistency (Fig. 1). Meteorological factors have an important influence on the accumulation and diffusion of pollutants (Chen et al., 2019). During
the observation period, the T varied from 0 °C to 36 °C, the RH
varied from 4% to 92%, and the dominant WD was southeast.
When the WS was low (0–1.5 m/sec) and the RH was 30%–70%,
pollutants accumulated gradually until eruption (Fig. S5). Correlation analysis were applied to determine the relevance of
the six pollutants and meteorological factors, as shown in Table S7, which clear shows that the correlations of TVOCs with
PM2.5 and O3 were relatively strong, with correlation coefficients of 0.61 and 0.54, respectively. The change in VOCs was
closely related to WS and BLH with correlation coefficients
equal to −0.28 and −0.42, respectively, and the pollutant diffusion capacity was greatly reduced while the VOCs concentration presented a slow accumulation phenomenon with low
BLH and WS. However, the T showed strong correlations with
O3 , OVOCs, halocarbons and aromatics but weak correlations

173

journal of environmental sciences 104 (2021) 169–181

Table 1. – Concentrations of VOCs and major VOC groups in Beijing and other cities from this study and previous studies
(in ppbv).
Sampling
period
Sampling site
Number of
species
TVOCs
Alkanes
Alkenes
Acetylene
Aromatics
Halocarbons
OVOCs
Reference

2019.04–
2019.05
Beijing
101
31.0 ± 19.0
13.8 ± 10.1 (44.1)
2.5 ± 1.8 (8.2)
1.6 ± 1.1 (5.1)
2.9 ± 2.0 (9.4)
4.0 ± 2.6 (12.8)
5.5 ± 4.0 (17.6)
This study

2016.04
Beijing
99

2014.04–
2014.05
Tianjin
58

2017.04–
2017.05
Wuhan
100

2012.04–
2012.05
Guangzhou
58

28.2 ± 17.3
12.3 ± 8.0 (43.6)
3.0 ± 2.8 (10.6)
1.7 ± 1.1 (6.0)
2.2 ± 1.9 (7.8)
3.3 ± 1.6 (11.7)
5.5 ± 2.8 (19.5)
(Liu et al., 2020)

25.5
13.5
3.4
/
1.6
/
/
(Liu et al., 2016)

30.5
16.0
5.1
/
2.6
3.5
3.4
(Yang et al.,
2019b)

30.2
23.3
5.7
/
11.1
/
/
(Zou et al., 2015)

2012-spring
Monterrey
29
33.8
23.0
4.3
1.6
4.9
/
/
(Menchaca-Torre et al.,
2015)

Note. The contents in brackets represents the percentage of each species that contributed to the TVOC; “/ ” means no measurement.

Fig. 2. – Diurnal variations in alkanes, alkenes, aromatics, OVOCs, halocarbon, carbon disulfide, acetylene, TVOCs and BLH.

with alkenes, acetylene, alkanes and CO, indicating that environmental conditions favor the formation of OVOCs and halocarbons (Villanueva et al., 2014).

2.2.

Diurnal variation in VOCs

Fig. 2 shows the diurnal variation of nonmethane hydrocarbons (NMHCs), OVOCs, halocarbons, carbon disulfide, TVOCs

and BLH. Worse atmospheric dispersion, low BLH and weaker
photochemical consumption at 06:00 caused the maximum
TVOCs concentration to be as high as 37.9±22.8 ppbv. In addition, the contents of TVOCs tend to change smoothly from
08:00 to 10:00 during the heavy traffic period. Alkanes, alkenes,
and aromatics showed similar daily variations, and the maximum concentrations appeared at approximately 6:00 (up to
18.0±12.1, 3.2±2.3, and 4.1±4.1 ppbv, respectively). Addition-
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ally, better atmospheric dispersion, higher BLH, enhanced
convection effects and stronger photochemical consumption
at 14:00–15:00 might decrease the NMHCs, especially alkanes, alkenes and aromatics, with minimum concentrations
of 8.6±4.6, 1.6±0.8, and 1.9±0.9 ppbv, respectively. After 15:00,
the lower T and weaker radiation led to a decrease in photochemical consumption and convection of aromatics, and
the NMHCs emitted by vehicles and other sources during the
nighttime had difficulty spreading, resulting in slow accumulation and an increase in their concentrations. NMHCs have
a peak value during the heavy traffic period, which indicates
that vehicle emissions play an important role in VOCs emissions in spring. Meanwhile, the relative levels of NMHCs in
the daytime and nighttime indicated that the increased emissions of NMHCs during the daytime were counteracted by
the increase in the mixing ratio ascribed to the lower BLH
at night. In general, OVOCs can be emitted by both anthropogenic sources and biogenic sources (Huang et al., 2019),
and the diurnal variation in OVOCs presented a different
rule with NMHCs as a result of intense daylight and suitable
T with the maximum concentration of OVOCs occurring at
17:00 (5.9±4.7 ppbv). The average concentrations of halocarbons showed no significant difference throughout the day and
night because of particularly limited chemical activity and low
conversion capacity. The mixing ratio did not change significantly from 01:00 to 10:00, although the concentration decreased mildly after 10:00 due to the change in BLH, and a
low value appeared at 15:00 (3.2±1.5 ppbv). Additionally, carbon disulfide had a different daily variation from other VOCs.
The mixing ratio of carbon disulfide gradually decreased from
00:00 to 09:00, increased rapidly from 09:00 to 11:00, and then
maintained relatively stable fluctuations in concentration,
which were mainly attributed to industrial sources (Han et al.,
2020).

2.3.

Source apportionment

2.3.1.

Source identification

The altered contributions from emission sources lead to
great changes in the mixing ratios of VOCs and the ratios between pairs of ambient NMHCs species are better
indicators that can be used to trace the changing source
contributions. According to previous studies, the ratio of
the ambient concentration of two hydrocarbons with similar chemical reactivity can be replaced by their relative
emission rates from sources (Islam et al., 2020; Mo et al.,
2017). In this section, the selected pairs of hydrocarbons are
toluene vs benzene, benzene vs acetylene, ethylene vs acetylene, benzene vs ethylbenzene, benzene vs ethylene, toluene
vs acetylene, ethylbenzene vs toluene, o-xylene vs m,pxylene, propane vs toluene, propane vs acetylene, propane
vs i-butane, propane vs n-butane, propane vs i-pentane,
and significant of pairs of VOCs with a probability greater
than 99%.
Fig. 3 shows the ratios and linear correlation coefficients
between paired VOCs in this study. Generally, the ratio of oxylene to m-xylene is often used as an indicator of gasoline
vehicle exhaust emissions (Li et al., 2015; Mo et al., 2017).
As shown in Table 2, the ratio of o-xylene to m-xylene was
obviously higher than that in other studies, which implied

that vehicles may not be the only important VOC source in
spring in Beijing. The ratio of ethylene to acetylene in the
troposphere is often used as a tracer of combustion sources
(Liu et al., 2017) and the ratio ranged from 10 to 30, 2 to 5
and 1 to 3 for petrochemical, biomass burning and vehicle exhaust sources, respectively (Islam et al., 2020). In this study,
the ratio of ethylene to acetylene was 0.67, which was similar to the result obtained in summer 2008 in Beijing, thus indicating the larger impact of older or poorly maintained vehicles (Zhang et al., 1995). According to Lai et al., (2009) the
contributions of gasoline vehicles and vehicles fueled with
LPG could be distinguished by the ratios of propane/n-butane
and propane/i-butane (Barletta et al., 2017; Lai et al., 2009;
Sinha et al., 2014). However, the slopes of propane/n-butane
(1.38) and propane/i-butane (2.66) were lower than the winter results but close to the summer results, with all value
falling between that of gasoline vehicles (0.49/0.74) and vehicles fueled with LPG (6.12/9.12), indicating that the two sources
played crucial roles in Beijing during the observation period
(Liu et al., 2017).
The toluene/benzene (T/B) ratio, which is usually used as
an indicator of aromatic sources was 1.22 on average during
the observation period. Benzene mainly originates from automobile exhaust, while toluene is produced by both automobile exhaust and paint solvents. Thus, the ratio of T/B can
be used to distinguish between these two emission source
types. According to previous studies, when the T/B ratio fluctuates in the range of 1–2, vehicle emission can be classified as the main factor, and when the ratio is less than 0.6
or more than 3, emissions can be mostly attributed to combustion sources and industrial sources (Akagi et al., 2011;
Huang et al., 2015; Li et al., 2019a; Zhang et al., 2015). Compared with the result in winter, the contribution of the solvent source was obviously increased and the ratio was consistent with that provided by Yang et al. (2018). The correlation coefficient between toluene and benzene was 0.35 in
this study, which showed that complex emission sources produce the atmospheric VOCs in Beijing. Additionally, the ratio of i-pentane/n-pentane can be used to distinguish potential sources such as natural gas, automobile exhaust and
fuel evaporation. When the ratio of i-pentane/n-pentane is in
the range of 2.2–3.8, the source can be assumed to be vehicle emissions, whereas when the ratio is in the range of 1.8–
4.6, the source can be classified as fuel evaporation (Li et al.,
2019a; Liu et al., 2008). The slope of i-pentane/n-pentane is
2.33 in this study, which indicates that vehicle emissions
were a dominant source in Beijing during the observation
period.
According to the data provided in Table 2, the slope of
the VOC pairs fell between that during wintertime and summertime in Beijing, and the ratios of toluene/benzene, benzene/acetylene, and benzene/ethylene were higher than those
during the winter period. This result might be due to the relatively high concentration of benzene or faster consumption of
toluene, acetylene, and ethylene during the transmission and
photochemical reaction process. In conclusion, vehicle emissions were still the main source of emissions. In addition, the
proportion of solvents use increased, and regional transport
also contributed immensely to the atmospheric VOCs in Beijing in spring.

175

journal of environmental sciences 104 (2021) 169–181

Fig. 3. – Ratios and linear correlation coefficients (R2 ) between toluene/benzene, benzene/acetylene, ethylene/acetylene,
benzene/ethylene, ethylbenzene/toluene, o-xlyene/m,p-xlyene, propane/toluene, propane/acetylene, propane/i-butane,
propane/n-butane, i-pentane/n-pentane and propane/i-pentane.

Table 2. – Emission ratios of NMHC pairs in Beijing from this study and comparisons with other research.

Toluene/benzene
Benzene/acetylene
Ethylene/acetylene
Benzene/ethylbenzene
Benzene/ethylene
Toluene/acetylene
Ethylbenzene/toluene
o-Xylene/m,p-xylene
Propane/toluene
Propane/acetylene
Propane/i-butane
Propane/n-butane
Propane/i-pentane
a
b
c

This study
Slope (R2 )
1.22 (0.35)
0.36 (0.74)
0.67 (0.53)
4.33 (0.65)
0.29 (0.39)
0.53 (0.45)
0.15 (0.66)
0.79 (0.99)
1.76 (0.50)
1.78 (0.80)
2.66 (0.80)
1.38 (0.66)
1.24 (0.48)

Beijing winter
Slope (R2 )a
1.06 (0.96)
0.22 (0.81)
1.08 (0.91)
4.9 (0.91)
0.23 (0.96)
0.22 (0.81)
0.21 (0.97)
0.36 (0.99)
3.91 (0.92)
0.93 (0.82)
5.98 (0.95)
3.12 (0.94)
0.48 (0.85)

Beijing summer
Ratiob
0.43/1.52
0.27/0.34
0.66/1.00
0.93/2.4
0.29/0.47
0.43/0.83
0.31/0.37
0.28/0.60
1.13/3.18
0.65/1.51
1.65/1.94
1.52/1.97
1.29/1.61

Vehicle emissions
Ratio
0.62b

0.24c
0.35c
0.08/0.98c
0.06/1.80c
0.74/3.85c
0.49/1.91c
0.09/0.58c

Results from Beijing in the winter of 2016 (Liu et al., 2017).
Results from Beijing in the summer of 2008 (Wang et al., 2010).
Results from a tunnel conducted in Guangzhou (Liu et al., 2008).

2.3.2.

Quantify the source contribution by PMF

To quantify the contributions of various emission sources
to VOCs, the PMF 5.0 model was used to identify the major pollution sources in Beijing during the observation period (Fig. 4). In this study, 32 species were selected as trac-

ers in the source analysis process due to abundant values or
typical source identification. Through the application of the
PMF model, seven factors were identified in spring in Beijing, including coal and biomass combustion, diesel exhaust,
gasoline exhaust and evaporation, secondary and long-lived
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Fig. 4. – Source profiles (percentage of factor total) resolved from PMF in Beijing.

species, biogenic source, industrial emission and solvent use,
and the contribution percentages were 25.2%, 16.0%, 17.4%,
16.7%, 4.3%, 9.3%, and 11.2%, respectively.
In this study, coal and biomass combustion were characterized by high values of acetylene (42.9%), benzene (58.7%),
1,2-dichloroethane (65.4%) and chloromethane (Barletta et al.,
2009; Cai et al., 2010; Zhang et al., 2014). Diesel exhaust
exhibited a strong presence of ethylene (65.4%), propene
(52.9%), styrene (30.1%), and acetylene (30.4%). Gasoline vehicles and evaporation accounted for larger percentages of
methyl tertbutyl ether (MTBE, 67.0%) and C4 –C6 alkane species
(Geng et al., 2009; Pang et al., 2014; Wang et al., 2010). Secondary and long-lived species were characterized by a significant amount of acrolein, acetone, chloromethane and chlorofluorocarbons (CFCs). Biogenic sources were dominated by
the presence of more than 90% isoprene; Industrial emissions
were characterized by carbon disulfide (94.0%), acetone and
halogenated hydrocarbons (Raj et al., 2020; Song et al., 2020).
solvents usage corresponded to a high proportion of aromatics and C6 –C8 alkanes.

Table 3 illustrates the source contribution percentages of
this study and from previous studies. Compared with the results obtained in 2016 and 2017 in spring in Beijing, the proportion of gasoline vehicles and diesel vehicles was maintained at
32.0–34.0%, and the contribution of diesel vehicles was similar
to that in the control period during summertime in 2015. The
contribution of solvent usage maintained a high percentage
of 10.0–12.0%, while that of combustion source was greatly reduced, and the proportion of long-distance transmission and
secondary generation was significantly increased, which indicated that photochemical reactions and long-distance transmission increased. Additionally, large amounts of biomass
and coal burning plus heavy traffic emissions occurred in
Zhengzhou from May to September (Li et al., 2019a), which was
a key potential source area for Beijing.

2.3.3.

Regional and local contributions

To explore the significant influence of regional transportation
and photochemical reactions based on the results provided
in Table 3, the daily variations in m,p-xylenes/ethylbenzene
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Table 3 – Sources contributions (in % VOCs) in this study and comparisons with others research.

Source
Biomass burning + Coal
burning
Gasoline vehicle
Diesel vehicle
Solvent usage
Secondary and
long-lived species
Biogenic source
Industrial emission
a
b
c
d

Beijing
This study
25.2
17.4
16
11.2
16.7

Beijinga
2017
spring
29.8

Beijingb
2016
spring
48.9

Beijingb
2016
summer
43.8

Beijingc
2015-summer
non-control

Beijingc
2015-summer
control

Zhengzhoud
2017.5–
2017.9
30.6

17.1
15.2
11.7

17.2
16.3
10.4
7.2

28.1
14.3
7.6
6.2

24

17

36.8
11.5

14

8

1

1

4.3
9.3

Data from Zhang et al. (2020).
Data from Liu et al. (2020).
Data from Li et al. (2016).
Data from Li et al. (2019a).

Fig. 5. – Diurnal variations of m,p-xylene/ethylbenzene
(X/E).

(X/E) was assessed in this section. X/E can be utilized as indicators of source origination as well as atmospheric photochemical reactivity (Zhang et al., 2016). In the atmosphere,
m,p-xylene has a shorter lifetime because it reacts faster
with OH radicals than does ethylbenzene (Han et al., 2017).
Yurdakul et al. (2018) showed that the emission of X/E in a typical urban area was between 2.5 and 2.9, and a ratio less than 3
indicated long-distance transmission. As shown in Fig. 5, the
ratio of X/E was 1.23±0.19, which was far less than the annual
variation in VOCs in Beijing according to Liu et al. (2020) (2.3
in low O3 and 2.1in high O3 days) but identical to the value in
Guangdong obtained by Song et al., (2019) (the ratio was 1.4).
The results indicated that the photochemical process in Beijing consumed more m,p-xylene and that the aging time of the
air mass was longer in spring (Liu et al., 2020). Moreover, longdistance transmission played an important role in the mixing
ratio of atmospheric VOCs.
A back trajectory analysis was used to compare ambient
VOCs with the change in WD and thus further investigate the

source emission strengths in different regions. During the observation period, the major trajectories could be divided into
six groups in terms of the transport air mass direction and
path clustering (Fig. 6). The concentration of TVOCs decreased
from 37.7 to 16.3 ppbv in 6 clusters because the air mass in
each cluster passed through different regions.
Trajectory 1 showed short-distance transport patterns in
Southwest China that originated from Henan Province, and it
passed through Puyang, Hebi, Anyang, Handan, Xingtai, Shijiazhuang and Baoding and accounting for 34.3% of the total air mass. Additionally, this trajectory was the most important pollution transport route in Beijing in spring. Thus,
more attention should be paid to the transport of highly polluted air masses from this direction. Among these seven emission factors, coal and biomass burning was the largest emission source and accounted for 23.0% of the VOCs, followed by
solvent use and industrial emission, which contributed 15.0%
and 14.8% of the VOCs, respectively. Trajectory 2 came from
Northwest China, accounting for 14.0% of the total air mass,
and it began in Mongolia across Hohhot and Datong. In this
direction, diesel vehicles, gasoline vehicles + evaporation and
solvent use accounted for a large proportion of emissions,
with contributions of 19.2%, 17.2% and 15.7%, respectively. Trajectory 3 demonstrated extremely long transport patterns in
Northwest China and accounting for 11.7% of the total air
mass. Furthermore, gasoline exhaust + evaporation and secondary and long-lived species accounted for 17.7% and 17.4%
of the total concentration in this direction. Trajectory 4 was
another long-distance northwest air mass originating from
Russia and accounting for 21.8% of the total air mass, and the
main emission sources were similar to those of trajectory 3.
Trajectory 5 was a southeast air mass from Qingdao, Weifang,
Dongying, Tianjin and Langfang. Although the proportion of
trajectory 5 transmissions was small (6.7%), the concentration of transmitted VOCs was high. Coal and biomass burning, diesel vehicles + evaporation, industrial emissions and
solvent use accounted for 15.4%, 18.1%, 17.6% and 18.9% of
the total mixing ratio of VOCs in this direction, respectively.
Trajectory 6 included an air mass that originated from the areas of Hohhot and Datong in Mongolia, and it contributed the
lowest concentration of VOCs (16.3 ppbv) but accounted for
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Fig. 6. – Forty-eight-hour backward trajectories from Beijing for cluster analysis throughout the observation period (a), and
concentration and percentage contribution of various emission sources in each air mass direction (b).

Fig. 7. – Probable source regions apportioned by the PSCF in Beijing in spring (April–May 2019) during the sampling period.
(a) Coal and biomass combustion, (b) diesel exhaust, (c) gasoline exhaust and evaporation, (d) secondary generation and
long-lived species, (e) industrial emission, (f) solvent use.

14.0% of the total air mass. In this trajectory, diesel vehicles
and secondary and long-lived species were the main emission
sources, with proportions of 27.1% and 23.2%, respectively. In
clusters 1–6, the average concentrations of VOCs in the six air
masses were 37.7, 35.0, 29.1, 24.3, 22.2 and 16.3 ppbv. No apparent discrepancies appeared in the contributions of different groups of VOCs to the concentrations of VOCs in different
clusters, and the proportion of VOCs was mainly alkane (42.9–
46.6%), followed by OVOCs and halocarbon. The proportion of
alkanes in the west (east) north was greater, and the level of
halocarbons in the (east) south was increased. Secondary and
long-lived species accounted for 13.5%, 13.1%, 17.4%, 20.8%,
13.5%, and 23.2% in different clusters. The northwest air mass

contributed 47.5% to the total air mass, with an average mixing ratio as high as 29.4 ppbv for VOCs. This result indicated
that the influence of northwest air mass transportation on
VOCs could not be ignored in spring in Beijing.
Because some alkanes and halocarbons have longer life
spans, a PSCF analysis was performed for the emission
sources distinguished by PMF, and the results are shown in
Fig. 7 (the standard value used in this study is the 75th
percentile value of the source pollutant concentration). The
comparatively backward air masses in the NCP are relatively
short, move slowly and easily cause serious air pollution. Air
masses over the northwest usually lead to large-scale and
long-distance air transport. Therefore, the small-scale trans-
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mission activities in the southern region had a great impact on
the VOCs in Beijing in spring. According to the source analysis results in different air mass directions, reducing solvent
consumption, industrial, coal and biomass combustion and
automobile emissions around Beijing, especially in the southwest of Beijing, Henan Province, Hebei Province, and Shanxi
Province, had important impacts on the reduction of VOCs in
Beijing in spring. These results have great significance for formulating control strategies for VOCs in spring and guiding the
government of Beijing.

3.

Conclusions

To clarify the rapid growth of O3 in spring, 101 VOCs were
measured by online GCMS/FID from April 16 to May 21, 2019
in Beijing. The main conclusions are as follows. Alkanes
were the main components of VOCs in the atmosphere, followed by OVOCs, halocarbons, aromatics, alkenes, acetylene,
and carbon disulfide in Beijing. TVOCs showed obviously bimodal structure with the high values in rush hours. Seven
emission sources were identified by PMF model. Vehicular
emissions and combustion emissions dominated the ambient VOCs concentration, followed by secondary generation
and long-lived species, solvent use, industrial emission, and
biogenic source. In addition to small-scale transport activities in the southern region, the northwest air mass transport has a significant contribution to VOCs in spring in Beijing. Therefore, under the background of power plants and
industries moving from the eastern to western China, more
attention should be paid on the VOCs control in western
China.
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