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Keywords: Volatile organic compounds (VOCs) are largely affected by ambient temperature. However, responses of source-
Volatile organic compounds specific VOCs to ambient temperature are poorly understood. Based on one-year (2016.4-2017.3) observations
Temperature for 57 VOC species (average: 33.4 + 26 ppbv), and on the use of a k-means cluster technique and positive
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matrix factorization model, temperature dependence of VOCs and their potential sources were studied. The VOC
reactivity was dominated by alkenes, though alkanes contributed the most to the VOCs both by volume and by
carbon atoms. The cluster analysis suggested that real-world VOCs were influenced directly and indirectly by
temperature. The responses of the VOCs in terms of volume and carbon atoms to temperature exhibited V-shape
patterns, and the inflection points occurred when temperatures were around 15~ 25°C. Nevertheless, the VOC
reactivity generally increased with increasing temperature, suggesting that temperature could be used as a proxy
for VOC reactivity. The source apportionment study revealed that vehicle emissions (44.8%) contributed the
most to ambient VOCs, and followed by natural gas (NG)/liquefied petroleum gas (LPG)/Combustion (24.9%),
petrochemical industry (9.6%), other industrial process (8.4%), solvent use (7.4%), and biogenic emission
(4.9%). Solvent use and biogenic emissions were the greatest contributors to VOC reactivity. Unexpectedly high
propane/ethylene ratios were observed at low temperatures. This might be associated with domestic heating-
related emissions from NG/LPG sources because their contributions generally increased with the decreasing
temperature. By comparison with ~ 25 °C, the VOC concentrations and ozone formation potentials contributed
by vehicles were respectively 7- and 2.6- times greater at ~0 °C (cold engine starts dominance), and were 50.4%
and 57.5% greater at ~ 35 °C (gasoline evaporation dominance). Local emission controls for VOCs were bene-
ficial for alleviating atmospheric secondary pollution because the potential source-areas of VOCs were mostly
distributed in the geographically flat North China Plain. However, alkanes-dominated VOC sources (e.g., vehicle
emission, NG/LPG) could experience long-distance air transport bacause of their relatively long atmospheric
lifetime. The results highlight that the temperature dependences of VOCs depend on the emission sources, and
this is of great value in understanding the linkage between meteorology and air quality.
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1. Introduction

In recent years, the North China Plain (NCP) has been frequently
experienced both photochemical pollution (Ma et al., 2016) and haze-
fog episodes (Guo et al., 2014; Sun et al., 2014) due to high emission of
precursors and the presence of geographically flat plains (Zhao et al.,
2009). Volatile organic compounds (VOCs), precursors contributing to
formation of secondary organic aerosol (SOA) and tropospheric ozone
(03), have been given a large amount of attentions in China. Determi-
nation of VOC emissions from various sources (biogenic and anthro-
pogenic) is essential to further our understanding of their impacts on
urban air quality and public health. In urban areas, VOC emissions are
generally dominated by anthropogenic sources, including industry,
solvent use, residential, transportation, and power sector (Li et al.,
2017). The VOC emissions are largely driven by ambient temperature
because of their vapor pressures, human activities, and photochemical
reactions. Compared to the temperature dependence of organic re-
activities (Arrhenius in form) (Pusede et al., 2015, 2014), the tem-
perature dependence of VOCs (primarily driven by emissions) is gen-
erally missed in emission inventories in the regional and global
chemical transport models, which leads to important uncertainties in
accurate reproduction of air quality by modelling. Ambient tempera-
ture is reported to be associated with NO, from soil (Romer et al., 2018)
and power plants (Abel et al., 2017) emissions, and associated with
VOCs from biogenic emissions (Fu et al., 2015; Steiner et al., 2010),
evaporative emissions (Rubin et al., 2006), tailpipe emissions (George
et al., 2017, 2015), and fugitive emissions from petroleum operations
(Gentner et al., 2014). These studies reveal that both the biogenic
emissions and anthropogenic emissions are directly and indirectly re-
lated to the ambient temperature.

However, it would not have been possible to directly measure the
responses of source-specific VOC emissions to the ambient temperature
because the responses could be largely affected by temperature-driven
human activities in addition to the laws of nature. Pusede et al. (2014)
categorized the VOC reactivity as either temperature independent or
temperature dependent, and reported the responses of daily average
VOC reactivity of species by source category to daily maximum tem-
perature. However, the ambient VOCs are well mixed from multiple
sources, and the linkage between temperature and anthropogenic VOC
sources is still not well understood. Receptor models can be utilized to
quantify responses of source-specific VOCs to temperature because the
receptor can detect signatures of changes in emission sources. Although
multiple studies on source apportionment of ambient VOCs have been
performed in major cities on the NCP (Gao et al., 2018; Wang et al.,
2016; Liu et al., 2016; Han et al., 2015; Song et al., 2007), few studies
have investigated the linkage between temperature and emission
sources of VOCs. Furthermore, the air quality in Langfang can be pro-
foundly influenced by megacities such as Beijing and Tianjin. However,
few studies reported source apportionments and geographic origins of
VOCs in medium cities in the most polluted part of the NCP. Langfang
city has a large number of emission sources of VOCs, including motor
vehicles, machinery and electronics, food industry, new building ma-
terials, light industrial textiles and bio-pharmaceutical industries. Ac-
cording to the ‘Bulletin of the Chinese Ecological Environment’ in 2014,
2015, and 2016, the air quality in Langfang ranked third, ninth, and
twelfth, respectively, from the bottom among the 74 leading cities of
China. Study on the characteristics and potential sources of ambient
VOCs in Langfang, one of the most polluted cities on the NCP, is helpful
for development of effective abatement strategies for ambient VOCs in
median cities in the region.

In the present study, one year of continuous measurement of VOCs
was carried out to analyze the temperature dependence and source
apportionment of VOCs in urban Langfang. Cluster analysis was con-
ducted to classify the responses of VOC concentrations to temperature.
The positive matrix factorization (PMF) model, a widely used receptor
model, was employed to identify and apportion the possible sources of
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ambient VOCs. Base on the results of the source apportionment, the
responses of source-specific VOCs to temperature were further studied.
The potential source-areas of source-specific VOCs were also in-
vestigated to reveal implications of an emission control strategy.
Results from this study provided direct observations of the temperature
dependence of VOCs and their potential sources, and enhanced our
understanding of source-specific VOC emissions for more reliable
emission inventory, air quality modelling, secondary pollution, emis-
sion control strategies, and health effect studies.

2. Materials and methods
2.1. Site and measurements

From April 2016 to March 2017, continuous measurement of VOCs
using online instruments was carried out at the atmospheric monitoring
site (116°45'42"", 39°34’18""), located on the rooftop of a nine-story
building in the northeast of Langfang city. As shown in Fig. 1, Langfang
city is a medium-size city located between the two largest megacities in
China: Beijing and Tianjin. With few local pollutant sources within
2-3 km surroundings of the site, it can be considered as an urban site in
the most polluted part of the NCP.

The VOCs were continuously monitored at 1h sampling intervals
using a GC955 series 611/811 VOC analyzer, from Syntech Spectras
Inc., Holland. The 57 VOC species (including alkanes, alkenes, alkyne,
and aromatics) designated as photochemical precursors by the United
States Environmental Protection Agency (US EPA) were used for the
equipment calibration before monitoring, were then analyzed. The
analyses were done using a photo ionization detector (PID) and a flame
ionization detector (FID), which ensured high sensitivity and good
identification. The GC955 series 611 and 811 are two separate sample
systems and column systems, which measure low boiling point VOCs
species (C2—C5 VOCs) and high boiling point VOCs species (C6—C12
VOCGs), respectively. For the GC955 series 611 analyzer, hydrocarbons
are preconcentrated on Carbosieves S111 at 5°C, desorbed thermally
and separated on a combination of two columns: a capillary film
column and a capillary PLOT column. In this way, the low boiling hy-
drocarbons can be separated. For the GC955 series 811 analyzer, hy-
drocarbons are preconcentrated on Tenax GR, desorbed thermally, and
then separated on the EPA624 equivalent column, to achieve optimal
separation from interfering hydrocarbons. Zero and span gas checks
were conducted monthly using the 5-point method, and the correlation
coefficient usually varied from 0.995 to 0.999. The method detection
limits (MDLs) and detectors for each VOC species are listed in Table S1.
The temperature data were simultaneously measured using a VAISALA
WXT520 (Helsinki, Finland) automatic weather station.

2.2. Chemical reactivity of VOCs

To understand the effects of VOCs on Oz formation potentials
(OFPs), the kinetic reactivity and mechanism reactivity of the VOCs
were determined (Liu et al., 2016; Zou et al., 2015; Chameides et al.,
1992). The kinetic reactivity of the VOCs was estimated by their pro-
pylene-equivalent (Propy-Equiv) concentrations.

k:

C = C w _SOH

-j, Propy—Equiv j,ppbC (1)
where j is a VOC species, Cj,c represents the carbon atom con-
centration (ppbC) of the species, and kj oy and kpypy,0n represent the
chemical reaction rate constants in the free radical reaction of species j
and propylene with OH, respectively. k; oy was obtained from Atkinson
and Arey (2003).

The mechanism reactivity of the VOCs was estimated by their
maximum-incremental-reactivity (MIR) weighted concentrations (the
maximum concentration of O3 generated by the species in terms of

kPropy, OH
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Fig. 1. Geographical information of the monitoring site (denoted as a star between Beijing and Tianjin), which is located on the rooftop of a nine-story building in the
northeast of Langfang city, between the megacities of Beijing and Tianjin on the North China Plain.

estimated MIR).

Cimir = MIR; X Gj pppy X % o)
where Cj ppy Tepresents the actual concentration by volume (ppbv) for
species j, m; and M represents the molecular mass of species j and Os,
respectively. The MIR; was estimated by selecting the specific MIR
value for each VOC species from published studies (Carter, 1994;
Dodge, 1984).

2.3. Cluster analysis

To investigate the relationship between VOCs and ambient tempera-
ture, cluster analysis was used to classify patterns of responses of VOCs to
temperature into several groups with comparable values and similar
variation trends within groups. The k-means clustering algorithm
(package) available in R software (version 3.4.2) was used in this study.
The k-means clustering technique divided the multi-dimensional data into
a predefined number of subgroups, which were as different as possible
from each other, but as coincident as possible within themselves. This was
done by iteratively minimizing the sum of squared Euclidean distances
from each member to its cluster centroid (Zhao et al., 2019, 2016).

Since the average concentrations varied greatly among different
VOC species, the concentrations of each compound under different
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temperature sections (cut by 19 quantiles, from 0.05 to 0.95 for every
0.05 quantile) were preprocessed using min-max normalization:
x; — min {x;}
1<j<n
=y
max {x;} — min {x;}
1<j<n 1<j<n

3

where x and y were the absolute and standardized concentrations, re-
spectively. The subscript i and j denoted temperature sections. n was the
number of temperature sections (i.e., 19 in this study).

Then standardized concentrations were clustered by k-means. The
determination of the most appropriate number of clusters, a very
complicated and important problem, was conducted by the R package
NbClust (Charrad et al., 2014) in the present study based on multiple
statistical rules (e.g., Elbow method, Silhouette method, and Gap sta-
tistic method, see the supplementary file). Further detailed information
regarding the optimal number of k-means clusters is given in the sup-
plementary file (Figs. S1-S2).

2.4. PMF analysis

EPA PMF 5.0 was used to identify and apportion the possible
sources of ambient VOCs. PMF is an advanced receptor model that
decomposes a matrix of sample data (X) into two matrices, the source
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contribution matrix (G) and the source matrix (F), based on observa-
tions at the sampling site. The PMF model can be expressed as follows
(Paatero and Tapper, 1994; Paatero, 1997):

X =

M-

8ufiy t ey
Y @

k

where, Xj; is the jth compound concentration of the ith sample, g, is the
contribution of the kth source to the ith sample, is the source profile of
the jth compound in the kth source, ¢; is the residual matrix for the jth
compound in the ith sample, and p is the total number of independent
sources.

The parameters (g; and ) are constrained to nonnegative values.
The task of PMF is to calculate the minimum value Q, as follows:

n o m )\
By =Y (ﬁ]
i=1 k=1 \ i

where, gj is the uncertainty in the jth compound for the ith sample.
The uncertainties of the input datasets were calculated using

Equations (6) and (7). If the VOC concentration (Conc.) is less than

MDL, Equation (6) is adopted. Otherwise, Equation (7) is adopted.

(5)

5
Unc = — X MDL
6 (6)

Unc = \/(ErrorFraction X Conc. )*> + (0.5 x MDL)? )

where MDL represents the detection limit, and the Error Fraction can be
set to 5%-20% depending on the concentration (Hui et al., 2018; Song
et al., 2007). The Error Fraction in this study was set to 10% by ex-
perience (Liu et al., 2017).

The appropriate species for the PMF model were determined fol-
lowing some basic criteria: (1) species for which the data loss is more
than 25% or for which concentrations below MDL are more than 35%,
are excluded; (2) species that are highly reactive should be excluded
because they rapidly react away in the atmosphere; and (3) species that
are source identification species are retained. Finally, 21 VOC species
were selected to include in the PMF analysis (Fig. 4), because they were
either the most abundant species or were source identification species
(Zheng et al., 2018; Liu et al., 2016). The six-factor solution was de-
termined to be the optimal solution in the PMF analysis based on: (1)
principal component analysis of the VOC data; (2) field survey-based
VOC emission inventory of the study area; and (3) Qiue /Qexcepr for
different factor numbers in the PMF (see the supplementary file, Figs.
S3-S4 and Tables S2-S3).

2.5. Backward trajectory and PSCF model

In this study, the 24-h air mass backward trajectory arriving at the
monitoring site was calculated at 1-h intervals from April 2016 to
March 2017 using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model developed by the National Oceanic and
Atmospheric Administration (NOAA). The arrival height was set at
100 m above the ground level (Liu et al., 2018, 2016). The final global
analysis data produced by the National Center for Environmental Pre-
diction's Global Data Assimilation System (GDAS) wind field reanalysis
were introduced into the trajectory calculation. A total of 8736 back-
ward trajectories were generated and then grouped into four clusters
according to their geographic sources and histories (see Fig. S5).

The potential source contribution function (PSCF) values were cal-
culated to identify the potential geographic origins of VOCs using the
source contributions apportioned from the PMF model and the back-
ward trajectory (Zheng et al., 2018). The study region (covered by over
95% of the backward trajectories (i.e., 31-58°N, 85-126°E) was divided
into x X y small, equal grid cells, with a resolution of 0.5° x 0.5". The
PSCF value is defined with Equation (8):
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mi,

PSCF; =
(8)
where i and j are the latitude and longitude, n;; is the total number of
endpoints that fall in the i, j th cell, and m;; is defined as the number of
endpoints in the same cell that exceed the threshold criterion. The 75th
percentile of each identified source contribution was used as the cri-
terion value. When n;; was smaller than 3-times the grid average
number of the trajectory endpoint (in this case, n,, = 50), the un-
certainty of the cell was reduced by multiplying a weight function (W)
into the PSCF value. The weight function can be calculated using the
equations below:

ij

m,-J-

WPSCF = x W (n)
i j ©)]
1.00, 3ngpe < n;;

W (n,) 0.70, 1.5n4, < nij < 3Ngy

n;j) =
W 042, Ngye < Nij < 1.5N4y,

0.20, nij < Nape (]0)

The trajectory clustering and PSCF analysis were conducted using
the GIS-based software TrajStat (Wang et al., 2009).

3. Results and discussion
3.1. General characteristics of VOCs

Table 1 shows the average values (mean * standard deviation) of
the VOC concentrations (Conc.) based on different scales, and the an-
nual average concentrations of the total VOCs were 33.4 = 26 ppbv for
the concentration by volume, 126.4 *+ 88.4 ppbC for the concentration
by carbon atoms, 85 + 50 ppbv for the MIR-weighted concentration,
and 44.5 + 32 ppbC for the Propy-Equiv concentration. Table 2 pre-
sents a comparison of VOC compositions between this study and pre-
vious studies in China and other countries (Zhu et al., 2018; Hui et al.,
2018; Liu et al., 2016; Jia et al., 2016; Li et al., 2015; Garzn et al., 2015;
An et al., 2014; Wang et al., 2013; Leuchner and Rappenglck, 2010; Na
and Kim, 2001). The annual average concentration of the VOCs in
Langfang was higher than that in Beijing (23.4 ppbv), Shanghai (27.7
ppv), Wuhan (25.7 ppbv), Gucheng (23.6ppbv), and Quzhou
(15.5 ppbv). It was similar to that in Tianjin (28.7 ppbv), Zhengzhou
(29.2 ppbv), Lanzhou (38.3 ppbv), and Houston (31.2 ppbv), but lower
than that in the Mid-lower Yangtze River (49.9 = 8.9 ppbv), Nanjing
(43.5ppbv), Souel (121.8), and Mexico (84.0 ppbv). Alkanes con-
stituted the largest proportion of the VOCs both by volume
(229 = 19.1ppbv, 66.2 = 12.4%) and by carbon atoms
(87.3 = 69.2 ppbC, 65.5 = 13.0%), which was consistent with a
previous study in Tianjin (Liu et al., 2016). Alkenes accounted for <
15% of the VOCs both by volume and carbon atoms, but contributed
the most to VOC reactivity, and were responsible for 45.6 + 17.9%
and 50.0 = 21.3% of the MIR-weighted and the Propy-Equiv con-
centrations, respectively. Alkenes and aromatics have been also re-
cognized as the most important contributors to OFPs in Chinese
megacities (alkenes: Beijing (Gao et al., 2018), Tianjin (Liu et al.,
2016), Nanjing (Shao et al., 2016), Chongqing (Li et al., 2018), and
Chengdu (Deng et al., 2019); aromatics: Shanghai (Wang et al., 2013),
and Guangzhou (Zou et al., 2015)).

By comparison, the fraction of alkanes in Langfang (67.1%) was
higher than that in other cities (Beijing: 59.1%; Tianjin: 59.1%;
Zhengzhou 56.7%; Wuhan: 61.9%; Nanjing: 45.1%; Gucheng: 56.1%;
Quzhou: 56.8%; Shanghai: 46.2%; Lanzhou: 57.0%; Souel: 45.3%; and
Mexico: 63.0%). Meanwhile, the fraction of alkynes in this study
(14.4%) was also higher than that in other cities (Beijing: 9.4%; Wuhan:
9.3%; Nanjing: 7.3%; Gucheng: 10.2%; Quzhou: 12.6%; Shanghai:
9.4%; Lanzhou: 57.0%; Houston: 4.1%; and Mexico: 6.2%).
Accordingly, the fractions of alkenes (10.9%) and aromatics (7.6%) in
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Table 1

Average values (mean * standard deviation) of the VOC concentrations (Conc.) by volume and carbon atoms, the MIR-weighted concentrations, and the Propy-
Equiv concentrations of the measured species in the ambient air of Langfang (from April 2016 to March 2017). The bold indicates that the average concentration is in
the top 10.

Compound Conc. by volume Conc. by carbon atoms MIR-weigthed Propy-Equiv weighted
(ppbv) (ppbC) (ppbv) (ppbC)
Ethane 6.83+7.5 13.66 + 14.99 1.11 + 1.22 0.14 = 0.15
Propane 7.05 = 6.55 21.14 * 19.64 298 = 2.77 0.92 = 0.86
n-Butane 1.53 = 1.41 6.12 = 5.62 2 + 1.84 0.59 *= 0.54
i-Butane 2.56 *+ 2.62 10.26 = 10.47 3.66 = 3.74 0.91 + 0.93
n-Pentane 0.64 = 0.54 3.21 = 2.7 1.18 = 0.99 0.48 = 0.41
Cyclopentane 2.08 = 6.88 10.39 + 34.41 6.8 + 22.52 2.04 = 6.75
i-Pentane 1.28 + 1.08 6.42 = 5.41 2.62 = 221 0.95 = 0.8
n-Hexane 0.17 = 0.17 1.05 + 1.02 0.36 = 0.35 0.21 = 0.2
2,2-Dimethylbutane 0.19 = 0.44 1.15 £ 2.67 0.38 = 0.89 0.1 £ 0.2
2,3-Dimethylbutane 0.46 = 0.79 2.78 = 4.73 0.75 = 1.27 0.67 = 1.13
2-Methylpentane 1.16 = 0.95 6.98 = 5.68 292 + 2.38 1.49 + 1.21
3-Methylpentane 0.07 = 0.06 0.4 = 0.35 0.2 = 0.18 0.09 = 0.08
Methylcyclopentane 0.31 = 0.54 1.89 * 3.25 1.13 * 1.95 0.37 = 0.63
Cyclohexane 0.08 = 0.09 0.47 = 0.52 0.16 = 0.17 0.13 = 0.15
n-Heptane 0.1 = 0.09 0.7 £ 0.6 0.2 £ 0.17 0.19 = 0.16
2,3-Dimethylpentane 0.04 = 0.04 0.25 = 0.3 0.09 = 0.11 0.05 = 0.06
2,4-Dimethylpentane 0.03 = 0.04 0.22 = 0.26 0.09 = 0.11 0.05 = 0.06
2-Methylhexane 0.06 = 0.07 0.4 = 0.46 0.13 = 0.15 0.1 £ 0.12
3-Methylhexane 0.08 = 0.08 0.53 = 0.56 0.24 = 0.25 0.1 + 0.11
Methylcyclohexane 0.01 = 0.02 0.08 = 0.12 0.03 = 0.05 0.03 = 0.05
n-Octane 0.06 = 0.05 0.49 = 0.41 0.12 = 0.1 0.16 = 0.14
2-Methylheptane 0.01 = 0.01 0.06 = 0.08 0.02 = 0.02 0.02 = 0.03
3-Methylheptane 0.01 = 0.02 0.11 = 0.19 0.04 = 0.06 0.04 = 0.06
2,2,4-Trimethylpentane 0.05 = 0.07 0.42 = 0.54 0.15 = 0.19 0.06 = 0.08
2,3,4-Trimethylpentane 0.05 = 0.05 0.38 = 0.43 0.11 = 0.12 0.09 = 0.11
n-Nonane 0.06 = 0.05 0.55 *= 0.47 0.11 = 0.09 0.21 = 0.18
n-Decane 0.05 = 0.03 0.46 = 0.31 0.08 = 0.05 0.2 + 0.14
n-Undecane 0.04 = 0.05 0.39 = 0.53 0.06 = 0.08 0.2 £ 0.27
n-Dodecane 0.04 = 0.05 0.39 = 0.53 0.06 = 0.08 0.2 = 0.27
Acetylene 491 + 5.7 9.82 + 11.41 2.53 = 2.94 1.61 + 1.87
Ethylene 1.25 + 0.92 2.49 + 1.85 6.47 + 4.8 0.81 = 0.6
Propylene 0.68 = 0.45 2.04 = 1.34 6.88 = 4.54 2.04 = 1.34
1-Butene 0.72 = 0.76 2.89 = 3.05 8.09 = 8.54 3.46 = 3.65
cis -2-Butene 0.23 = 0.44 0.93 = 1.74 3.86 = 7.25 1.99 + 3.73
trans -2-Butene 0.21 = 0.38 0.86 = 1.53 3.82 = 6.81 2.09 = 3.73
1,3-Butadiene 0.58 = 1.88 231 = 7.52 5.92 = 19.25 5.85 = 19.04
1-Pentene 0.1 = 0.08 0.52 = 0.39 1.08 = 0.81 0.62 *= 0.47
cis -2-Pentene 0.04 = 0.09 0.22 = 0.44 0.67 = 1.32 0.55 = 1.09
trans -2-Pentene 0.04 = 0.04 0.18 = 0.18 0.54 = 0.55 0.45 = 0.46
Isoprene 0.69 = 0.74 3.44 = 3.69 10.22 + 10.98 13.2 + 14.18
1-Hexene 0.02 = 0.05 0.15 = 0.28 0.23 = 0.44 0.21 = 0.4
Benzene 0.86 = 0.63 5.14 = 3.79 0.96 = 0.71 0.24 = 0.18
Toluene 0.84 = 0.63 5.91 + 4.42 6.37 + 4.77 1.34 £ 1
Styrene 0.05 *= 0.06 0.38 = 0.45 0.17 = 0.2 0.84 = 0.99
Ethylbenzene 0.35 = 0.31 2.77 = 2.45 227 = 2 0.73 = 0.65
m, p -Xylene 0.34 = 0.33 2.76 = 2.66 7.42 = 7.17 2.15 = 2.08
o-Xylene 0.28 = 0.28 2.26 = 2.27 4.73 = 4.76 1.17 £ 1.17
i-Propylbenzene 0 = 0.01 0.04 = 0.06 0.03 = 0.04 0.01 = 0.02
n-Propylbenzene 0.01 = 0.01 0.09 = 0.13 0.05 = 0.07 0.02 = 0.03
1,2,3-Trimethylbenzene 0.02 = 0.01 0.2 = 0.09 0.66 = 0.31 0.25 = 0.12
1,2,4-Trimethylbenzene 0.04 = 0.03 0.38 = 0.31 0.95 = 0.76 0.48 = 0.38
1,3,5-Trimethylbenzene 0.02 + 0.01 0.2 = 0.11 0.64 = 0.37 0.42 + 0.24
m-Ethyltoluene 0.02 = 0.02 0.17 = 0.22 0.34 = 0.46 0.12 = 0.16
p-Ethyltoluene 0.01 = 0.01 0.09 = 0.13 0.11 = 0.16 0.04 = 0.06
o-Ethyltoluene 0.01 = 0.01 0.13 = 0.13 0.2 = 0.2 0.06 = 0.06
m-Diethylbenzene 0.01 = 0.01 0.08 = 0.13 0.16 = 0.25 0.04 = 0.07
p-Diethylbenzene 0.01 = 0.01 0.06 = 0.13 0.07 = 0.16 0.02 = 0.05
Alkanes 2293 + 19.15 87.25 + 69.22 24.09 = 24.18 13.67 = 17.12
Alkenes 3.7 £ 2.72 12.67 = 9.87 38.35 = 27.98 23.3 = 23.26
Alkyne 491 = 5.7 9.82 = 11.41 2.53 = 2.94 1.61 + 1.87
Aromatics 2.56 = 1.85 18.09 = 13.31 20.37 = 17.54 6.2 £ 5.41
VOCs 33.38 = 26.03 126.4 = 88.38 84.97 + 49.99 44.53 + 32.02
Langfang were lower than those in other cities. As shown in Table 2, demand for fuel combustion in the Beijing-Tianjin-Hebei region.
alkanes were likely to be the most abundant species among VOCs in The top ten most abundant species (see Table 1) measured in this

Chinese major cities during the last few years. The high-content alkanes study were propane (7 ppbv), ethane (6.8 ppbv), acetylene (4.9 ppbv), i-
and alkynes in the VOCs in Langfang might be associated with high butane (2.6 ppbv), cyclopentane (2.1 ppbv), n-butane (1.5 ppbv), i-
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Table 2
Comparisons of VOC levels and their compositions in Langfang and other cities in China and other countries.
(Conc./ppbv, Percentage in VOCs) VOCs*/ppbv
Alkanes Alkenes Alkyne Aromatics
Langfang (2016.4-2017.3)" (22.9 * 19.1, 67.1%) (3.7 £ 2.7, 10.9%) (4.9 = 5.7, 14.4%) (2.6 = 1.8, 7.6%) 33.4 = 26
Beijing (2013-2014)° (13.5, 59.1%) (3.8, 15.9%) (2.2, 9.4%) (3.9, 15.5) 23.4
Tianjin (2014.11-2015.10)° (18.3, 62.5%) (5.2, 17.7%) N.A. (5.9, 20.1%) 28.7
Zhengzhou (2017.5-2017.9)¢ (16.6, 56.7%) (4.7, 16.2%) (3.8, 12.9%) (4.1, 14.1%) 29.2
Wuhan (2016.9-2017.8)° (15.9, 61.9%) (4.2, 16.3%) (2.4, 9.3%) (3.2, 12.5%) 25.7
Mid-lower Yangtze River (2015) (26.4 = 7.2, 40.3%) (11.3 * 3.6, 17.2%) (5.9 = 2.7,9.1%) (6.3 = 2.6, 9.5%) 49.9 = 89
Nanjing (2011.3-2012.2)% (19.6, 45.1%) (11.1, 25.3%) (3.2, 7.3%) (9.7, 22.3%) 43.5
Gucheng (2013-2014)" (13.3, 56.1%) (4.8, 19.8%) (1.9, 10.2%) (3.6, 13.9%) 23.6
Quzhou (2013-2014) (8.8, 56.8%) (3.0, 19.2%) (1.9, 12.6%) (1.8, 11.4%) 15.5
Shanghai (2009.1-2010.12Y (12.8, 46.2%) (3.6, 13.0%) (2.6, 9.4%) (8.7, 31.4%) 27.7
Lanzhou (2013.6-2013.8) (21.9, 57.0%) (7.7, 20.2%) N.A. (8.7, 22.8%) 38.3
Souel (1998.8-1999.7)" (55.2, 45.3%) (8.3, 6.8%) N.A. (58.3, 47.9%) 121.8
Houston (2006.8-2006.9)™ (24.2, 74.4%) (4.2, 12.8%) (1.3, 4.1%) (2.8, 8.7%) 31.2
Mexico (2011-2012)" (52.9, 63.0%) (12.4, 14.8%) (5.2, 6.2%) (13.4, 15.9%) 84.0

Superscript: a: Langfang, this study; b: Beijing (Li et al., 2015); ¢: Tianjin (Liu et al., 2016); d: Zhengzhou (Li et al., 2019); e: Wuhan (Hui et al., 2018); f: Mid-lower
Yangtze River (Zhu et al., 2018); g: Nanjing (An et al., 2014); h: Gucheng (Li et al., 2015); i: Quzhou (Li et al., 2015); j: Shanghai (Wang et al., 2013); k: Lanzhou (Jia
et al., 2016); I: Souel (Na and Kim, 2001); m: Houston (Leuchner and Rappenglck, 2010); n: Mexico (Garzn et al., 2015).

N.A.: data not available.

*: VOCs denote the sum of PAMS (photochemical assessment monitoring stations) species.

pentane (1.3 ppbv), 3-methylpentane (1.2 ppbv), ethylene (1.2 ppbv),
and benzene (0.9 ppbv). The high fractions of propane and ethane could
be attributed to both the associated anthropogenic emissions and to
their relatively long atmospheric lifetimes (47 days for ethane and 10.5
days for propane) (Jobson et al., 1998). Isoprene, accounting for about
half of the total BVOCs, contributed the most to both the MIR-weighted
(11 = 10.9%) and the Propy-Equiv (22.7 = 19%) concentrations,
which suggested that biogenic emissions need to be considered because
of their high OFP and OH reactivities, aside from the anthropogenic
VOC emissions. Zong et al. (2018) also demonstrated the significant
mixed effects of both anthropogenic pollution from urban zones and
biogenic emissions in rural areas on the regional O3 pollution in the
NCP region.

3.2. Temperature dependence of VOCs

The observed VOCs can be broadly categorized as either tempera-
ture independent or temperature dependent. Pusede et al. (2014) re-
ported that the daily average VOC reactivity of certain anthropogenic
VOCs is independent of temperature. The known BVOCs and a subset of
alkanes increase exponentially with increase of the temperature.
Moreover, the observed temperature dependence is driven primarily by
temperature effects on VOC concentrations (presumably emissions)
rather than by acceleration of the OH reaction rates. In this study, the k-
means clustering technique was used to classify the responses of VOC
species to ambient temperature, and three clusters (Cluster 1, Cluster 2,
and Cluster 3) were determined (Fig. 2a). The VOC species that ap-
peared in each cluster are given in Fig. 2b.

The VOC concentrations for Cluster 1 and Cluster 2 (see Fig. 2a)
monotonically decrease and increase with temperature, respectively.
Meanwhile, the VOC concentrations for Cluster 3 increase and decrease
with temperature when temperatures was lower and higher, respec-
tively, than ~25°C. For ethane, propane, acetylene, isopentane, i-bu-
tane, and n-butane, the key markers for natural gas (NG)/liquefied
petroleum gas (LPG)/combustion, and tailpipe emission from motor
vehicles, were categorized in Cluster 1. Laboratory studies (George
et al., 2017, 2015) also found that the cold start driving phase and cold
ambient temperature increased VOC emissions up to several orders of
magnitude, compared to emissions during other vehicle operation
phases and warmer temperature testing, respectively. The 2,2-di-
methylbutane, 2-methypentane, 3-methypentane, methylcyclopentane,
and isoprene, were categorized in Cluster 2. Chang et al. (2006) noted

that 2,2-dimethylbutane, 2-methypentane, 3-methypentane, and me-
thylcyclopentane showed good correlations with methyl tert -butyl
ether (MTBE, a maker specific to gasoline-related sources, can be pre-
sent in both evaporative and tailpipe emissions from gasoline-powered
vehicles) (Zhang et al., 2013b; Poulopoulos and Philippopoulos, 2000)
in traffic environments. Thus, the gasoline-related VOC species in
Cluster 2 might be associated with evaporative emissions from gasoline
vehicles. As expected, isoprene, which was transported to the mon-
itoring site from emissions of different plant species in surrounding
areas, exhibited very high temperature dependence (Steiner et al.,
2010; Piero et al., 2004). Therefore, Cluster 2 was associated with both
the evaporative emissions from motor vehicles and with biogenic
emissions. For ethylene, propylene, and TEX (toluene, ethylbenzene,
m, p -xylene, and o-xylene), key markers for emissions from anthro-
pogenic sources (e.g., solvent use, industrial process, and petrochemical
industry), were categorized into Cluster 3. However, the concentrations
of VOC species in Cluster 3 showed a signal peak tendency with the
maximum appearing when temperatures were in the most comfortable
temperature range (i.e., 18 ~25°C) for the human body. The results
implied that some anthropogenic activities varied with temperature,
and that people were most active at the most comfortable temperatures
(i.e., neither too hot nor too cold). Thus, real-world VOCs are influ-
enced directly and indirectly by temperature, since some anthropogenic
activities are also largely influenced by temperature.

Fig. 2c shows the relationships between the VOCs by different cri-
teria (the concentrations by volume and carbon atoms, the MIR-
weighted concentrations, and the Propy-Equiv concentrations) and
ambient temperature. The responses of the VOCs by volume and carbon
atoms to temperature exhibited V-shape patterns, and the inflection
points occurred when temperatures were around 15~ 25°C. However,
the MIR-weighted and Propy-Equiv VOC concentrations generally in-
creased with increase of the temperature. Thus, the VOCs by volume
and by carbon atoms were mostly Cluster 1 and Cluster 2 when tem-
peratures were lower and higher than 15~25°C, respectively. Ad-
ditionally, the VOC reactivity was generally dominated by the cluster 2
since the pattern of temperature dependence of VOC reactivity (Fig. 2a)
was similar to that of Cluster 2 (Fig. 2c), which might be associated
with both the evaporative emissions from motor vehicles and from
biogenic emissions. The results implied that temperature can be used as
a proxy for VOC reactivity, which is consistent with Pusede and Cohen
(2012). Furthermore, O3 episodes frequently occurred during hot days
on the NCP and are likely associated with the high temperature
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Fig. 2. The cluster analysis of (a) responses of the VOC species to temperature, (b) the VOC species that appeared in each cluster, and (c) the relationships between
VOC concentrations by different criteria (the concentrations by volume and carbon atoms, the MIR-weighted concentrations, and the Propy-Equiv concentrations)
and ambient temperature. The scatters are fitted by locally weighted polynomial regression (LOWESS).

dependence of VOC reactivity.

The ambient ratio of two VOC species is often used either to explore
the characteristics of VOC compositions in emission sources (Ait-Helal
et al., 2015; Steinbacher et al., 2005; Hedberg et al., 2002) or as a
chemical clock for the determination of the photochemical age of air
masses (Du et al., 2018; Nelson and Quigley, 1983). Among the VOC
species, toluene and benzene, ethylbenzene and m, p -xylene, and i-
butane and n-butane; are often found to be well correlated in ambient
measurements (Zheng et al., 2018; Liu et al., 2008; Khoder, 2007). In
addition, the ratio of propane to ethylene can be applied to distinguish
natural gas sources from vehicle emissions (Gilman et al., 2013). In our
case, the significant positive correlations (Fig. S7) between the mixing
ratios of toluene and benzene (R?> = 0.56,p < 0.01), ethylbenzene and
m, p -xylene (R* = 0.91, p < 0.01), i-butane and n-butane (R* = 0.94,
p < 0.01), and propane and ethylene (R? = 0.38,p < 0.01); were also
observed at the site.

Fig. 3 illustrates the relationships between the diagnostic ratios and
temperatures. The average toluene/benzene, ethylbenzene/ m, p -xy-
lene, i-butane/n-butane, and propane/ethylene ratios were 1.3 (95%CI:
0.4, 3.4), 1.2 (95%CL: 0.6, 3.3), 1.9 (95%CI: 0.2, 3.1), and 9.9 (95%CI:
0.9, 30.9), respectively. According to the source profiles in China
(Zhang et al., 2016; Liu et al.,, 2008), the toluene/benzene ratios
were < 1 for biomass/biofuel/coal burning, 1-10 for vehicle emissions,
and > 1 for industrial processes and solvent use. In our case, the
average ratio of toluene/benzene was 1.3 (95%CI: 0.4, 3.4), around
one, which made it difficult to distinguish different emission sources
because the value of toluene/benzene overlapped those of other sources
(Zhang et al., 2016). The ratio of (ethylbenzene/ m, p -xylene and i-
butane/n-butane) was more than (twice and three times) the value of
that from primary vehicle emissions (0.43 + 0.16 for ethylbenzene/
m, p -xylene, 0.63 + 0.28 for i-butane/n-butane) in China (Song et al.,
2018). This suggested that the ethylbenzene/ m, p -xylene and i-bu-
tane/n-butane ratios were the combined results of emissions from both
vehicular and non-vehicular sources.

The toluene/benzene, ethylbenzene/ m, p -xylene, and i-butane/n-
butane ratios were generally at low levels at low temperatures.
However, the propane/ethylene ratio at low temperatures exhibited
unexpectedly high values. The highest propane/ethylene ratio
(T = 7.5~12.0 °C, as shown in Fig. S7 and Table S4) was 20.8 (95%CI:
12.7, 49.3) (p < 0.01), which is more than twice the value derived
from overall regression (8.60 (95%CI: 8.31, 8.90), p < 0.01). This
might be attributed to domestic heating-related emissions from NG/
LPG sources at low temperatures. Zheng et al. (2018) reported that the
propane/ethylene ratio was approximately 16:1 at an oil and natural
gas station in northwest China, which is much higher than that in urban
areas, such as 8.6:1 in Langfang in 2016 (this study), 1.5:1 in
Guangzhou in 2011 (Zou et al., 2015), and 1:1 in Tianjin in 2015 (Liu
et al., 2016). Elevated propane/ethylene in Langfang in 2016 was ob-
served as compared to that in Tianjin in 2015 (Liu et al., 2016) because
of the full implementation of the ‘coal-to-natural gas’ project in key
cities in NCP in 2016.

3.3. Source apportionment of VOCs

For a meticulous understanding of the temperature dependence of
VOCs, qualitative research is not enough via the concentrations and
characteristic ratios. Source apportionment of ambient VOCs was car-
ried out to quantitatively analyze the temperature dependence of
source-specific VOCs. Six factors were resolved through application of
the PMF model. Fig. 4 presents the source profiles of VOCs as modeled
by PMF, and the corresponding hourly concentrations for each identi-
fied source.

High loadings of aromatic species (toluene, ethylbenzene, 1,2,4-
Trimethylbenzene, o-xylene, and m, p -xylene) were found in Factor 1
(Fig. 4), and the average fractions of toluene, ethylbenzene, 1,2,4-Tri-
methylbenzene, o-xylene, and m, p -xylene were 33.6%, 76.1%, 85.1%,
93.9%, and 90.2%, respectively. This factor was considered to be re-
lated to solvent use because of TEXs (including toluene, ethylbenzene,



C. Song, et al.

Mean: 1.3; Median: 1.0,
(95%Cl: 0.4, 3.4)

N

(c)

(a)

41

w
I

N

Toluene/Benzene
=

Mean: 1.9; Median: 1.7,
(95%CI: 0.2, 3.1)

n
w
o

i-Butane/n-Butane

0.5

T
LDHNNINMN T LN OLNMLACONOIN
Qo cNoMoY.oc e o™ o®Rsd
o o o o o o

7= 0.05: (-1.0, 2.2]°C; 0.1: (2.2, 4.0I°C; 0
0.3: (9.0, 11.5]°C; 0.35: (11.5, 135]C
0.55: (21.5, 23.5]°C; 0.6: (23.5, 25.5]°C
0.8: (30.0, 31.0]°C; 0.85: (31.0, 32.0]°C

Atmospheric Environment 207 (2019) 167-181

24

9  (b) Mean: 1.2; Median: 0.9,
2 (95%Cl: 0.6, 3.3)
& 37

g

D 2

C

(0]

c

Q

>

Eo

30 ,

(d) Mean: 9.9; Median: 6.6,
2 254 (95%Cl: 0.9, 30.9)
[J]
> 20
<
SEEE
(J)
C
© 10 |
o
e
a O]

P - A
m-—imNmmmvmmmwmr\moomcnm
SoSNcMeY o NS OSSN GRSD
o O O ©o o o o O O

Fig. 3. Relationships between the diagnostic ratios (a: toluene/benzene, b: ethylbenzene/ m, p -Xylene, c: i-butane/n-butane, and d: propane/ethylene) and tem-
peratures. Temperature sections (z, cut by 19 quantiles, from 0.05 to 0.95 for every 0.05 quantile) are denoted below the figure.

o-xylene, and m, p -xylene) are major constituents of solvents (Yuan
et al., 2010, 2009; Seila et al., 2001). Solvent use is generally associated
with paint application, printing processes, dry cleaning, solvent eva-
poration from household products, and other industrial process. Yuan
et al. (2010) noted that toluene and C8 aromatics were the most
abundant species emitted from solvent use. It was estimated that VOC
emissions from solvent use in China were about 2.7 Tg in 2000 (Klimont
et al., 2002), and 4.3 Tg in 2013 (Wu and Xie, 2017); thus accounting
for 17.4% and 14.4% of anthropogenic VOC emissions, respectively.
According to the emission inventory for VOCs (Table S5), the annual
amount of VOC emissions from solvent use was about 6854 t, including
industrial painting (207 t), automobile service (941t), pesticide use
(1456 t), architectural coatings (1371 t), other non-industrial solvent
use (2879 1).

Factor 2 was identified as petrochemical industry because of the
high fractions of ethylene (97.0%), propene (45.1%), and n-hexane
(44.2%). Moreover, high fractions of benzene (25.8%), ethylbenzene
(12.4%), and toluene (37.4%) were also found in Factor 2. Jobson et al.
(2005) reported that ethylene, propene, and n-hexane were source
signatures of petrochemical industry emissions. The propene, n-hexane,
benzene, and toluene were also abundant in chemical profiles measured
in a petroleum refinery in Beijing (Wei et al., 2014). In Langfang, the
ambient VOCs from petrochemical industry emissions might have ori-
ginated from the chemical industrial district in Tianjin (Liu et al., 2016;
Han et al., 2015), one of the largest industrial cities in the NCP. Thus,
Factor 2 was identified as petrochemical industry.

Factor 3 shows the predominance of n-pentane (50.1%) and n-
hexane (49.2%) in the source profile. The pentanes are some of the
primary blowing agents used in the production of polystyrene foam and
other foams, whereas n-hexane is an ingredient of special glues that are
used in the roofing, shoe, and leather industries. It (n-hexane) is also
used in binding books, working leather, shaping pills and tablets, can-
ning, manufacturing tires, and making baseballs. Meanwhile, Factor 3
shows a linear relationship (Pearson'sr = 0.6, p < 0.01) with ambient
temperature. Based on the VOC emission inventory for VOCs (Table
S5), the industrial process sources were mainly metal manufacturing,

petrochemical industry, coking industry, cements, plate glass, and
others. However, TEXs (source signals for solvent use), and ethylene
and propene (source signals for petrochemical industry), were not
abundant in Factor 3. Thus, Factor 3 was identified as other industry
processes, excluding solvent use and the petrochemical industry.

Factor 4 is distinguished by a significant amount of i-butane
(96.8%), n-butane (87.3%), i-pentane (98.4%), n-pentane (49.9%), 3-
methylpentane (99.9%), propane (44.5%), and benzene (34.3%), which
are typical tracers of vehicle emissions. Factor 4 also shows a linear
relationship (Pearson's r = 0.6, p < 0.01) with ambient NO,, mainly
originated from vehicle emissions in urban areas. In general, i-pentane,
toluene, ethylene, i-butane, and n-butane are the species frequently
observed as most abundant in vehicle emissions (including tailpipe and
evaporative emissions) from tunnel studies (Cui et al., 2018; Zhang
et al., 2018a, b; Ho et al., 2009). The i-pentane, n-pentane, and toluene
are primary indicators of gasoline evaporation (Yue et al., 2017; Liu
et al., 2008; Tsai et al., 2006; Hwa et al., 2002). Therefore, Factor 4 was
identified as vehicle emission, including both tailpipe and evaporative
emissions. According to the emission inventory for VOCs (Table S5), the
annual amount of VOC emissions from vehicles is about 19,770, in-
cluding gasoline vehicles (11,740t), diesel vehicles (5239t), alter-
native-fuel vehicles (913 t), and non-road vehicles (1878 t).

Factor 5 is rich in acetylene (99.9%), ethane (72.3%), propane
(43.7%), and benzene (27.0%) in the source profile. Acetylene is a key
marker for combustion sources (Zheng et al., 2018; Wang et al., 2014,
2010; Watson et al., 2001), while ethane and propane are the most
abundant species in NG/LPG (Zheng et al., 2018; An et al., 2014;
McCarthy et al., 2013; Ling et al., 2011). The VOC concentrations at-
tributed to Factor 5 were larger at wintertime because more fuel was
burned for domestic heating in the NCP. Factor 5 also correlated well
(Pearson's r = 0.6, p < 0.01) with CO, a key tracer for incomplete
combustion processes, further indicating that Factor 5 is associated
with heating-related sources. The full implementation of changing fuel
from coal to natural gas in key cities on the NCP (Song et al., 2017b; Liu
et al., 2016) made NG/LPG became a key contributor to ambient VOCs
during heating periods. Thus, Factor 5 was identified as NG/LPG/
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Fig. 4. Source profiles (% of species) of six factors resolved with PMF model including (a) solvent use, (b) petrochemical industry, (c) other industrial process, (d)
vehicle emission, (e) NG/LPG/Combustion, and (f) biogenic and their corresponding hourly source concentrations.

Combustion in this study.

Factor 6 is distinguished by a significant presence of isoprene, the
most abundant compound from biogenic emissions, especially from
broad-leafed trees (Yuan et al., 2009; Kesselmeier and Staudt, 1999).
Isoprene emissions account for about half of the total BVOC emissions,
which play a critical role in biosphere-atmosphere interactions and are
key factors of the physical and chemical properties of the atmosphere
and climate. Isoprene also forms a higher quantity of OFP because of its
higher reactivity, compared to other BVOCs. The VOC concentrations
attributed to Factor 6 were higher in summer because of higher tem-
perature and solar radiation, compared to other seasons.

Overall, these resolved factors were identified as Factor 1: solvent
use, Factor 2: petrochemical industry, Factor 3: other industry pro-
cesses, Factor 4: vehicle emission, Factor 5: NG/LPG/Combustion, and
Factor 6: biogenic emission. The resolved source profiles (% of species)
and hourly contributions (ppbv) for each factor are shown in Fig. 4.
Approximately 94% of the ambient VOCs in Langfang were explained
using the PMF (Fig. S8h). Moreover, for the individual VOCs species,
the PMF model also reproduced the predicted values well (Figs. S8a-g).
Therefore, we considered that the ambient VOCs concentrations mea-
sured at the monitoring site could be adequately resolved using these
six factors in the PMF model.

Fig. 5 (the data are listed in Table S6) shows the variation in
monthly and seasonally averaged contributions of the six identified

175

VOC sources. Each resolved source exhibited obvious temporal varia-
tion because of anthropogenic emission patterns, meteorological con-
ditions, and photochemical reactions. Vehicle emissions made the lar-
gest contribution to the ambient VOCs throughout the year, with an
average value of 44.8% over the entire year and ranging from 42.2% in
the summer to 47.6% in the winter. Based on the emission inventory in
Langfang (Table S5), gasoline vehicles, diesel vehicles, alternative-fuel
vehicles, and non-road vehicles contributed (respectively) 59.4%,
26.5%, 4.6%, and 9.5% to VOC emissions from vehicles. Thus, the
annual contributions of gasoline vehicles, diesel vehicles, alternative-
fuel vehicles, and non-road vehicles to the ambient VOCs were esti-
mated to be 26.6%, 11.9%, 2.1%, and 4.2%, respectively.

Previous studies revealed that vehicle emissions contributed the
most to ambient VOCs in the cities neighboring Langfang, such as
Beijing (contribution of 38.5-62%) (Gao et al., 2018; Wang et al., 2016;
Yuan et al., 2009), and Tianjin (contribution of 37.2-60%) (Liu et al.,
2016; Han et al., 2015). By the end of 2017, vehicle populations in
Beijing and Tianjin ranked 1st (5.6 million) and 8th (2.9 million)
among Chinese cities, respectively. Vehicle emissions, including tail-
pipe and evaporative emissions, appear to be major sources of ambient
VOCs in urban areas on the NCP. The NG/LPG/Combustion sources
were the second highest contributors (a contribution of 24.9%) to
ambient VOCs in Langfang because of full implementation of the ‘coal-
to-natural gas’ project in key cities of the NCP (Song et al., 2017b). The
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contribution of NG/LPG/Combustion sources exhibited temporal var-
iations, being highest in winter (35.1%) and lowest in summer (15%),
further verifying that these sources are associated with domestic
heating. Thus, vehicle emission (gasoline vehicles: 26.6%, diesel ve-
hicles: 11.9%, alternative-fuel vehicles: 2.1%, and non-road vehicles:
4.2%) and NG/LPG/Combustion (24.9%) were the major sources,
contributing a total of 69.7% (ranging from 57.2% in summer to 82.7%
in winter) of ambient VOCs in Langfang. This was followed by the
petrochemical industry (9.6%), other industrial process (8.4%), solvent
use (7.4%), and biogenic emission (4.9%). It is likely that gasoline
vehicles are the primary sources of VOC emissions in Langfang during
the study period.

3.4. Temperature dependence of source-specific VOCs

The temporal variations of contributions of the identified sources to
ambient VOCs could be mainly attributed to temperature-dependent
VOC emissions. Here, we present the temperature-dependent VOC
concentrations and contributions (including non-weighted, MIR-
weighted, and Propy-Equiv weighted concentrations) of each identified
source in Fig. 6. The V-shaped pattern of the temperature-dependent
VOCs from vehicle emissions was observed, which might be attribu-
table to comprehensive effects of cold engine starts (tailpipe emission)
and gasoline evaporation. By comparison with 25 °C, the VOC emissions
from vehicles were approximately seven times greater at zero "C (i.e.,
0~25 °C: 28% °C™ 1), and 50.4% greater at 35 °C (i.e., 25~35 °C: 5%
°C™1). Laboratory study also suggested that the cold start driving phase
and cold ambient temperature increased VOC emissions up to several
orders of magnitude compared to emissions during other vehicle op-
eration phases and warm ambient temperature testing (George et al.,
2015). In addition, a similar pattern was also observed for NO, emis-
sions. Singh and Sloan (2006) noted that by comparison with 20 °C,
emission rates were higher by approximately 42% at —10 °C (i.e.,
—10~20°C: ~1.5% “C™ ") because of the cold engine starts and 16% at
35 °C (i.e., 20~35 °C: ~1% °C~!) because of air-conditioning and the
cold engine starts. A previous tunnel study (Song et al., 2018) reported
that vehicular NO, and VOCs could be co-emitted with a proper emis-
sion ratio, further indicating the V-shape pattern of temperature-de-
pendent VOCs and NO,, from vehicle emissions. Besides, by comparison
with 25 °C, the VOC emissions from NG/LPG/Combustion were
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approximately 3.8 times greater at zero °C (i.e., 0~25 °C: 15.3% °C™ 1),
and were unchanged when ambient temperature was higher than 25 °C.
The temperature-dependent VOC emissions from NG/LPG/Combustion
were fairly reasonable because this factor was associated with domestic
heating in the NCP. The VOCs emitted from other sources generally
showed linear relationships with ambient temperature. By comparison
with 0 °C, the VOCs from solvent use, other industrial process, and
biogenic emissions increased by approximately ~1.0% “C~*' (the linear
regression: y = 0.02x + 1.7, R? = 0.2), ~14.5% °C~! (the linear re-
gression: y = 0.1x + 0.7, R? = 0.8), ~2.6% °C~! (the linear regression:
y = 0.02x + 0.9, R? = 0.4), respectively. Since vehicle emissions were
the predominant portion of ambient VOCs throughout the entire range
of temperatures (r = 0.05~0.95), the patterns of temperature-depen-
dent VOC emissions were likely to be similar with those from vehicle
emissions (i.e., the V-shaped pattern). By comparison with 25 °C, the
total VOC emissions are higher by approximately 96% at 0 °C (i.e.,
0~25°C: ~3.8% °C~ 1) and 31.3% at 31.3 °C (i.e., 20~35 °C: ~3.1%
°C™1). In summary, the major sources of ambient non-weighted VOCs at
low temperatures (r = 0.05~0.5, i.e., —1~21.5 °C) were as follows:
vehicle emission (42.2 + 6.5%), NG/LPG/Combustion
(31.6 = 4.3%), petrochemical industry (10.6 * 3.3%), solvent use
(6.1 = 2.3%), other industrial process (5.9 = 4.8%), and biogenic
emission (3.6 = 1.7%). The source that contributed the most to am-
bient non-weighted VOCs at high temperatures (r = 0.5~0.95, i.e.,
21.5~36.0 °C) was vehicle emission (38.1 + 4.7%), followed by NG/
LPG/Combustion (17.3 = 2.4%), other industrial  process
(14.4 = 3.0%), petrochemical industry (14.1 * 3.7%), solvent use
(9.5 £ 1.6%), and biogenic emission (6.6 *+ 1.2%).

The temperature-dependent VOC concentrations, as weighted by the
MIR (Fig. 6¢ and d) and Propy-Equiv (Fig. 6e and f), were also char-
acterized. Vehicle emission and solvent use basically dominated the
MIR-weighted VOC concentrations when the ambient temperature was
below 15°C. At high ambient temperature (T > 25°C), the dominant
sources of MIR-weighted concentrations were solvent use
(31.8 = 1.8%) and biogenic emissions (21.8 *+ 5.1%). The MIR-
weighted and Propy-Equiv weighted VOC concentrations for biogenic
emissions increased rapidly with the ambient temperature, suggesting
that, especially at high temperatures, biogenic emissions also need to be
considered with respect to the control of Os. Although solvent use and
biogenic emissions contributed only 7.4% and 4.9% to the VOCs by
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Fig. 6. Temperature-dependent VOC concentrations (left panel, a: non-weighted, c: maximum-incremental-reactivity (MIR) weighted, e: propylene-equivalent
(Propy-Equiv) weighted) and contributions (right panel, b: non-weighted, d: MIR-weighted, f: Propy-Equiv weighted) of each identified source (solvent use, pet-
rochemical industry, other industrial process, vehicle emission, NG/LPG/Combustion, and biogenic). The scatters in the left panel of the figure are fitted by locally
weighted polynomial regression (LOWESS). The temperature sections (z, cut by 19 quantiles, from 0.05 to 0.95 for every 0.05 quantile) are denoted below the figure.

volume, they ranked first (31.2 * 4.3%) and third (19.0 *= 4.8%),
respectively, in terms of maximum-incremental reactivity; and ranked
second (20.7 = 3.6%) and first (42.8 + 8.9%), respectively, in terms
of OH reactivity. On the other hand, vehicle emissions, which ac-
counted for almost half (44.8%) of the VOCs by volume, contributed
only 18.4 = 7.2% (ranked forth) to the MIR-weighted VOCs and
11.9 * 5.6% (ranked forth) to the Propy-Equiv weighted VOCs. This
may be a result of alkanes with low reactivity dominating vehicle
emissions (Song et al., 2018; Cui et al., 2018; Zhang et al., 2018b). By
comparison with 25 °C, the MIR-weighted VOCs from vehicles were
approximately 2.6 times greater at 0 °C (i.e., 0~25°C: 10.4% "C™~ 1, and
57.5% greater at 35 °C (i.e., 25~35 °C: 5.8% °C™!). Laboratory study
also suggested that the estimated OFPs were 7-21 times greater for the
cold starts during cold temperature tests than during comparable warm
temperature tests (George et al., 2015).

Despite that the patterns of temperature-dependent VOC emissions
(Fig. 6a), was likely to be the V-shape pattern, the temperature de-
pendence of the MIR-weighted (Fig. 6¢) and Propy-Equiv weighted
(Fig. 6d) VOC concentrations were in exponential or polynomial forms.
Moreover, temperature dependence of the MIR-weighted and Propy-
Equiv weighted VOCs might be more sensitive and underestimated
because of the effects of OH removal. Overall, solvent use was the
greatest contributor (31.2 = 4.3%) to the MIR-weighted VOCs
throughout the entire range of temperatures, and was followed by the
petrochemical  industry (19.6 = 6.9%), biogenic  emission
(19.0 = 4.8%), vehicle emission (18.4 = 7.2%), other industrial
process (7.7 = 3.5%), and NG/LPG/Combustion (4.1 = 1.8%). Bio-
genic emission was the largest contributor (42.8 + 8.9%) to the Propy-
Equiv weighted VOCs for the entire range of temperatures, and was

—_
N

followed by solvent use (20.7 = 3.6%), the petrochemical industry
(12.1 = 5.3%), vehicle emission (11.9 * 5.6%), other industrial
process (7.5 * 3.6%), and NG/LPG/Combustion (5.0 * 2.3%). Con-
sidering the VOC reactivity, control of solvent use could be the best
priority for emission reductions for O3 control in the NCP during hot
days.

3.5. Potential source-areas of VOCs

The local air quality in the NCP is profoundly influenced by regional
sources and transport of air pollutants (Liu et al., 2016; Zhang et al.,
2013a). Backward trajectory analysis was used to reveal the transport
pathways of the air masses. During the study period, the trajectories
were clustered into four groups (Fig. S1) (1), (2), (3), and (4). Trajec-
tory cluster (1), accounting for 33.8% of the total, originated from
Hengshui city, and passed through south of Hebei province before ar-
riving at Langfang. Trajectory cluster (2), accounting for 25.0% of the
total trajectories, originated from Tangshan city, and passed through
Tianjin before arriving at Langfang. Trajectory (1) and (2), together
accounting for 58.8% of the total trajectories, reflected the features of
small-scale, short-distance air mass transport (Fig. S1). Trajectory (3)
and (4), accounted for 24.9% and 16.3% of the total trajectories, re-
spectively, that originated from Mongolia and Inner Mongolia and
passed through Hebei province and Beijing, showed the features of
large-scale, long-distance air mass transport. Annually, the trajectory
clusters were dominated by short-distance air mass transport (i.e., tra-
jectory cluster (1) and (2)).

The PSCF model was used to identify possible geographic origins of
the six identified VOC sources (Fig. 7). As shown in Fig. 7a, the
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emissions for the entire year in Langfang.

geographic origins of solvent use were almost evenly distributed in the
NCP. Solvents, the greatest contributors to MIR-weighted VOCs and
second contributors to Propy-Equiv VOCs, were widely used in urban
areas for paint application, printing processes, dry cleaning, and so on.
Regarding the petrochemical industry (Fig. 7b) and other industry
processes (Fig. 7c), our PSCF results showed that short-distance air
mass originated from the south of Hebei Province and the north of
Shandong Province were the major pathways of transport. The south of
Hebei Province and the north of Shandong Province were the hotspots
of air pollution in China according to data from the air quality mon-
itoring stations (Song et al., 2017a, b). Thus, industrial emissions, in-
cluding the petrochemical industry and other industry process, might
contribute the most to air pollution in these most polluted regions. For
vehicle emissions (Fig. 7d) and NG/LPG/combustion (Fig. 7e), long-
distance air transport originating from Mongolia and Inner Mongolia
also contributed to the VOC concentrations in Langfang, apart from the
short-distance transport from the neighboring megacities (e.g., Beijing
and Tianjin). The results suggested that alkanes-dominated VOC
sources (e.g., vehicle emission, NG/LPG) could experience long-dis-
tance air transport bacause of their relatively long atmospheric lifetime.
Similar potential geographic sources of vehicle emissions (Fig. 7d) and
NG/LPG/combustion (Fig. 7e) were found in the NCP because these
sources are associated with anthropogenic fossil fuel combustion. For
biogenic emissions (Fig. 7f), high local contributions that originated in

cities in the NCP were observed from the PSCF results. The VOCs from
biogenic emission are very unlikely experiencing long-distance air
transport due to their high OH reactivities.

The VOC concentrations in Langfang in the NCP were less influ-
enced by long-distance air masses originating from the southwest di-
rection because of the Taihang Mountains. Overall, the local emissions
in the NCP (south of Yanshan Mountains and east of Taihang
Mountains) were the major sources of ambient VOCs in Langfang. Local
emission controls for VOCs are beneficial for alleviating atmospheric
secondary pollution because the potential source-areas of source-spe-
cific VOCs were mostly distributed within the geographically flat NCP.

4. Conclusions

Based on one year of observations of ambient VOCs in urban
Langfang, the temperature dependence of VOCs and their potential
sources were revealed. The VOC reactivity was mainly due to alkenes,
though alkanes contributed the most to the VOCs both by volume and
by carbon atoms. The patterns of temperature-dependent VOC species
could be categorized into three clusters, indicating that the real-world
VOCs were influenced directly and indirectly by temperature.
Nevertheless, the VOC reactivities generally increased with increase of
the temperature, suggesting that temperature could be used as a proxy
for VOC reactivities.
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On average, vehicle emissions (44.8%) contributed the most to
ambient VOCs in Langfang, and were followed by NG/LPG/Combustion
(24.9%), petrochemical industry (9.6%), other industrial process
(8.4%), solvent use (7.4%), and biogenic emissions (4.9%). Despite that
solvent use and biogenic emissions contributed the least to the VOCs by
volume, they were the greatest contributors to VOC reactivity.
Consequently, control of solvent use could be the best priority for
emission reduction for O3 control in the NCP during hot days.

Unexpectedly high propane/ethylene ratios were observed at low
temperatures, which might be associated with domestic heating-related
emissions from NG/LPG sources because their contributions generally
increased with decrease of the temperature. Since vehicle emissions
dominated ambient VOCs throughout the entire range of temperatures,
the pattern of temperature-dependent VOC emissions was likely to be
similar with that of vehicle emissions (i.e., the V-shaped pattern), which
was mainly associated with comprehensive effects of cold engine starts
and evaporative emissions. Local emission controls for VOCs were
beneficial for alleviating atmospheric secondary pollution because the
potential source-areas of source-specific VOCs were mostly distributed
within the geographically flat NCP. However, alkanes-dominated VOC
sources (e.g., vehicle emission, NG/LPG) could experience long-dis-
tance transport bacause of their relatively long atmospheric lifetime.

The chemical loss of VOCs and its impact on the temperature-de-
pendent VOCs needs to be investigated in the future. These results
highlight that the temperature dependence of VOCs varies with dif-
ferent emission sources, and this is of great value in understanding the
linkage between meteorology and air quality.
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