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ABSTRACT

The vertical observation of volatile organic compounds (VOCs) is an important means to clarify the mechanisms of
ozone formation. To explore the vertical evolution of VOCs in summer, a field campaign using a tethered balloon during
summer photochemical pollution was conducted in Shijiazhuang from 8 June to 3 July 2019. A total of 192 samples were
collected,  23  vertical  profiles  were  obtained,  and  the  concentrations  of  87  VOCs  were  measured.  The  range  of  the  total
VOC concentration was 41–48 ppbv below 600 m. It then slightly increased above 600 m, and rose to 58 ± 52 ppbv at 1000 m.
The  proportion  of  alkanes  increased  with  height,  while  the  proportions  of  alkenes,  halohydrocarbons  and  acetylene
decreased.  The  proportion  of  aromatics  remained  almost  unchanged.  A  comparison  with  the  results  of  a  winter  field
campaign  during  8–16  January  2019  showed  that  the  concentrations  of  all  VOCs  in  winter  except  for  halohydrocarbons
were  more  than  twice  those  in  summer.  Alkanes  accounted  for  the  same  proportion  in  winter  and  summer.  Alkenes,
aromatics,  and  acetylene  accounted  for  higher  proportions  in  winter,  while  halohydrocarbons  accounted  for  a  higher
proportion  in  summer.  There  were  five  VOC  sources  in  the  vertical  direction.  The  proportions  of  gasoline  vehicular
emissions + industrial  sources and coal burning were higher in winter.  The proportions of biogenic sources + long-range
transport, solvent usage, and diesel vehicular emissions were higher in summer. From the surface to 1000 m, the proportion
of gasoline vehicular emissions + industrial sources gradually increased.
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Article Highlights:

•  The VOC concentration slightly increased with height in the boundary layer in summer.
•  The VOC concentration in summer was significantly lower than that in winter.
•  The source contribution of gasoline vehicular emissions + industrial sources increased with height.

 

 
  

1.    Introduction

Volatile organic compounds (VOCs) are important atmo-
spheric pollutants that can react with nitrogen oxides (NOx)
as precursors under ultraviolet radiation to generate second-
ary pollutants such as ozone (O3).  O3 is  the main compon-

ent  of  photochemical  smog and one  of  the  main  indicators
to  measure  its  intensity  (Tang  et  al.,  2009; Seinfeld  and
Pandis, 2016). O3 has a nonnegligible effect on global warm-
ing as an important greenhouse gas (Akimoto, 2003). In addi-
tion,  near-ground  O3 can  irritate  human  eyes  and  respirat-
ory systems, cause air quality deterioration, and harm plant
growth (Yue et  al.,  2017).  Since the implementation of the
“Action Plan for Prevention and Control of Air Pollution”,
the concentrations of PM2.5,  sulfur dioxide (SO2),  and NOx
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in most areas of China have decreased compared with those
in previous years, but the O3 concentrations in many areas,
including  the  North  China  Plain,  have  increased  year  by
year (Zhang et al.,  2014, 2019; Ma et al.,  2016; Gao et al.,
2017; Tang et al., 2021). Photochemical pollution is a seri-
ous problem, but the mechanisms are not fully understood.

Studies have shown that most O3 is not generated near
the ground and that vertical transport from the upper bound-
ary layer is the main source of O3 near the ground (Tang et
al., 2017; Chen et al., 2018; Yang et al., 2020). Nitrogen diox-
ide is transported by convection at noon to the upper bound-
ary layer, where photolysis is performed to form O3. Simultan-
eously,  the  O3 formed in  the  upper  boundary  layer  will  be
quickly  transported  to  near  the  ground  to  react  with  nitric
oxide  and  compensate  for  the  loss  caused  by  the  reaction
(Tang  et  al.,  2017, 2021).  This  vertical  exchange  mechan-
ism has led to a higher O3 concentration in the upper bound-
ary layer  (Zheng et  al.,  2005; Chen et  al.,  2013; Ma et  al.,
2013; Zhao et al., 2019). Therefore, not only should O3 pre-
vention  strategies  be  based  on  near-ground  observation
data, but the generation sensitivity of O3 in the upper atmo-
sphere  should  be  considered.  Numerical  simulation  results
have shown that  the  concentration of  NOx in  the  boundary
layer decreases more rapidly than that of VOCs, and this phe-
nomenon  causes  VOCs/NOx to  gradually  increase  with
height. O3 generation is sensitive to VOCs near the ground
and  tends  to  be  sensitive  to  NOx as  the  height  increases
(Spirig et al., 2002; Chen et al., 2013). However, the above
results lack the verification of observation data to recognize
the  vertical  evolution  of  the  precursors  of  O3.  Therefore,
there  is  an  urgent  need  to  carry  out  vertical  observation
research to clarify the evolution mechanisms of O3 and its pre-
cursors in the atmosphere.

According  to  previous  studies,  the  concentration  of
VOCs  decreases  with  height  (Bonsang  et  al.,  1991;
Wöhrnschimmel et al., 2006; Mao et al., 2008; Schnitzhofer
et  al.,  2009; Sun  et  al.,  2018; Zhang  et  al.,  2018).  By  ver-
tical  mixing  and  photochemical  loss  in  the  mixing  layer
(ML),  the  concentration  can  decrease  by  74%–95%  (San-
giorgi et al.,  2011). A vertical exponential pattern was also
observed  (Koβmann et  al.,  1996).  The  results  of Wu et  al.
(2020) in  Shijiazhuang  in  January  2019  showed  that  the
VOC  concentration  decreased  below  1000  m,  decreasing
faster  from  the  surface  to  400  m  than  that  from  400  m  to
1000  m.  Alkanes  accounted  for  the  largest  proportion,
which increased from 60.2% to 79.0% with height. The pro-
portions  of  alkenes,  halohydrocarbons,  and  acetylene
decreased  with  height.  The  proportion  of  aromatics
remained at approximately 11%. At night, the VOC concentra-
tion and secondary organic aerosol formation potential were
lower in the residual layer (RL).

In this study, Shijiazhuang, the city with the most seri-
ous  photochemical  pollution  on  the  North  China  Plain
(Tang et al., 2012), was taken as an example. The concentra-
tion of VOCs below 1000 m was observed vertically using
miniaturized  instruments  carried  by  a  tethered  balloon.
Tethered  balloon  observation  has  certain  advantages  over
other  observational  methods,  such  as  tower,  aircraft,  or

unmanned aerial vehicle observation. Tethered balloon obser-
vation can explore the vertical evolution of VOCs in the plan-
etary  boundary  layer  (PBL)  effectively  (Sun  et  al.,  2018;
Zhang et al.,  2018; Wu et al., 2020). In this study, the ver-
tical evolution characteristics of VOC concentration and react-
ivity  in  the  PBL  above  Shijiazhuang  in  summer  are
described, the differences in winter and summer compared,
and vertical source apportionment in the PBL performed. 

2.    Data and methods
 

2.1.    Experimental site and period

To  avoid  heavy  precipitation  in  July  and  August,  the
experimental  period  was  scheduled  from  8  June  to  3  July
2019. The Yuanshi National Meteorological Observing Sta-
tion (37°48′N, 114°30′E) in Yuanshi County, Shijiazhuang,
was selected to conduct the field campaign. A description of
this site has been provided in Wu et al. (2020). Two observa-
tional  experiments  were  conducted  each  day  on  fair  days
with  low  wind  speeds,  before  sunrise  (0400  LST  to  0500
LST) and in the afternoon (1400 LST to 1600 LST). 

2.2.    Data
 

2.2.1.    VOC concentrations

The  experimental  system  and  methods  for  collecting
VOC samples  in  this  study  were  the  same  as  employed  in
Wu et al. (2020). Ultimately, a total of 192 samples were col-
lected,  and  23  vertical  profiles  (14  before  sunrise  and  9  in
the afternoon) were obtained in the field campaign. Measure-
ment  of  all  samples  was  conducted  in  a  laboratory  in
Beijing. Preconcentration was conducted with a TH-300B sys-
tem  (Wuhan  Tianhong  Environmental  Protection  Industry
Co., Ltd., China); C2–C5 hydrocarbons were measured with
a flame ionization detector; and C6–C11 hydrocarbons, aromat-
ics  and halohydrocarbons  were  measured by mass  spectro-
metry.  All  measured  compounds  (87  in  total)  and  their
method  detection  limits  (MDLs)  are  listed  in  Table  S1  [in
the electronic supplementary material (ESM)]. 

2.2.2.    Other data

Vertical meteorological variables were measured using
a  meteorological  sensor  (XLS-II,  Institute  of  Atmospheric
Physics,  Chinese Academy of Sciences,  China) (Sun et  al.,
2018; Zhao  et  al.,  2019; Wu  et  al.,  2020).  The  determina-
tion of the heights of different layers in the PBL paralleled
that of Wu et al. (2020). Measurement was also assisted by
the  observations  of  a  ceilometer  (CL51,  Vaisala,  Finland)
(Tang et al., 2015). 

2.3.    Data analysis methods
 

2.3.1.    SAPRC mechanisms

The Statewide Air Pollution Research Center (SAPRC)
mechanisms  are  widely  used  in  current  models.  Different
organic molecules are classified according to their reactivit-
ies  with  hydroxy  groups  (OH)  (Carter,  2010; Carter  and
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Heo,  2013).  Alkanes,  alkenes,  and  aromatics  are  classified
into 12 categories in total  (including 5,  4 and 3 categories,
respectively).  The  compounds  within  each  category  are
shown in Table S2. 

2.3.2.    Calculation of the OH and NO3 loss rates

LNO3

The loss rates of OH and nitrate (NO3) radicals were cal-
culated and used to analyze the reactivities of VOCs during
the day and night. The OH loss rate (LOH) and NO3 loss rate
( ) of VOCi are calculated as follows: 

LOH =
∑

[VOC]i×Ki,OH , (1a)
 

Ki,OH = A1iT n1ie−B1iT , (1b)
 

LNO3 =
∑

[VOC]i×Ki,NO3 , (2a)
 

Ki,NO3 = A2iT n2ie−B2iT , (2b)

Ki,OH Ki,NO3

where  [VOC]i denotes  the  concentration  of  VOCi. A1i, B1i,
n1i, A2i, B2i and n2i are the corresponding parameters of spe-
cies VOCi.  and  are reaction rate constants that
change with temperature (Atkinson and Arey, 2003). 

2.3.3.    Positive matrix factorization

A  positive  matrix  factorization  (PMF)  model  is  an

advanced multivariate factor analysis method that has been
widely used to identify the main sources of atmospheric pol-
lutants and quantify their contributions (Paatero and Tapper,
1994; Paatero, 1997). In this study, PMF 5.0 was used to ana-
lyze the sources of VOCs during the observation period. To
run  the  PMF  model,  concentration  and  uncertainty  data
need  to  be  input.  If  a  concentration  is  below  its  MDL,  it
should  be  determined  by  MDL/2  instead  (Richard  et  al.,
2011). The uncertainty data can be calculated based on the
MDL and error fraction (the error fraction of species i was cal-
culated as EFi = σi / Ci,  where Ci is the average concentra-
tion of the gas standard that was repeatedly measured seven
times and σi is the standard deviation of concentration) as fol-
lows:  if  a  concentration  value  is  less  than  or  equal  to  its
MDL, the uncertainty will be 5/6 MDL; for a concentration
value higher than its MDL, the uncertainty should be calcu-
lated by the following equation (PMF 5.0 User Guide): 

Unc =

√
(EF×C)2+ (0.5×MDL)2 . (3)

 

3.    Results and discussion
 

3.1.    Vertical evolution of the VOC concentration

A  total  of  23  vertical  profiles  were  obtained  below
1000  m,  and  the  average  concentrations  and  proportions
were  calculated  (Fig.  1).  The  range  of  the  total  volatile

 

 

Fig. 1. Vertical profiles and proportions of the average concentrations of VOCs.
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organic  compound (TVOC) concentration was 41–48 ppbv
below  600  m.  It  then  slightly  increased  above  600  m,  and
rose to 58 ± 52 ppbv at 1000 m. From the surface to 1000 m,
the average rate of increase was 1.1 ppbv hm−1, with a rate
of increase of 2.8 ppbv hm−1 from 600 m to 1000 m. Sim-
ilar  to  that  of  the  TVOC  concentration,  the  range  of  the
alkane concentration was 30–35 ppbv below 600 m. It then
slightly increased above 600 m and rose to 43 ± 44 ppbv at
1000 m. Changing very little at different heights, the concen-
tration  ranges  of  alkenes,  aromatics  and  halohydrocarbons
were  2–3 ppbv,  4–7 ppbv and 3–6 ppbv,  respectively.  The
concentration  of  acetylene  was  approximately  1  ppbv  at
each height. Alkanes accounted for the largest proportion at
each height; their proportion gradually increased from the sur-
face  (69.1%)  to  600  m  (74.5%)  and  remained  almost
unchanged from 600 m to 1000 m. Alkenes,  halohydrocar-
bons and acetylene accounted for the highest proportions at
100 m, 6.4%, 11.4% and 2.7%, respectively, and gradually
decreased to 4.4%, 8.1% and 1.4%, respectively, at 1000 m.
The proportion of aromatics changed very little (approxim-
ately 11%). The concentration of isopentane was the highest
among those of all compounds at each height. The average
concentrations  of  measured  VOCs  at  different  heights  are
shown in Table S3 in the ESM. The average concentrations
of some alkenes such as 1,3-butadiene and trans-2-pentene,
some aromatics such as p-ethyltoluene and m-ethyltoluene,
and some halohydrocarbons such as bromoform and 1,2-dibro-
moethane, were below their MDLs at different heights. 

3.2.    Vertical evolution of the VOC reactivity

LNO3

According to the SAPRC mechanisms, the vertical pro-
files and proportions of the average concentrations (Fig. 2a),
LOH (Fig.  2b),  and  (Fig.  2c)  of  the  12  categories  of
VOCs  were  obtained  (Wu  et  al.,  2020).  The  concentration
of  ALK4  was  the  highest  at  each  height,  with  a  range  of
21–27 ppbv below 600 m. This  concentration then slightly
increased above 600 m, and rose to 35 ppbv at 1000 m. The

LNO3

LNO3

LNO3

proportion increased from 56.9% to 66.6% with height. The
concentrations  of  other  VOCs  were  below  4  ppbv  at  each
height.  The LOH of  ALK4  and  ARO2  was  approximately
2 s−1 below 600 m and slightly increased above that, rising
to 2.8 s−1 and 3.6 s−1 at 1000 m, respectively. ALK4 accoun-
ted  for  a  proportion  of  approximately  30%  at  each  height,
and  the  proportion  of  ARO2  increased  from  27.1%  to
39.5%  with  height.  The  proportion  of LOH of  OLE2
decreased from 17.1% to 10.5% with height. Since NO3 radic-
als  play  an  important  role  at  night,  the  samples  collected
before sunrise were chosen to analyze . ARO2 accoun-
ted for 89.2% of  at the surface, increasing to 96.5% at
1000 m, of which styrene accounted for more than 99.9%. Iso-
prene accounted for 7.8% at the surface, decreasing to 2.5%
at 1000 m. Other VOCs accounted for less than 3% of 
at each height. 

3.3.    Vertical evolution of the ratios of typical species

The ratios  of  some typical  VOCs were  also  calculated
(Fig.  3).  The ratio of the average concentrations of toluene
to  benzene  (T/B)  gradually  increased  with  height  (ranging
from 4.1 to 7.9). When T/B is > 2, according to previous stud-
ies  (Han  et  al.,  2020),  VOCs  are  affected  by  industrial
sources in addition to vehicle exhaust emissions. The increas-
ing trend of this ratio indicated the important role of indus-
trial sources at high altitudes. The ratio of the average concen-
trations  of  m/p-xylene  to  ethylbenzene  (X/E)  gradually
decreased  with  height  (ranging  from  0.38  to  0.62).  This
ratio is often used as an indicator of the degree of air mass
aging  because  m/p-xylene  has  a  higher  reaction  rate  with
OH radicals (Sun et al., 2018; Han et al., 2020). The decreas-
ing trend of this ratio indicated a higher degree of air mass
aging at high altitudes. Moreover, when X/E is substantially
<  3  (Yurdakul  et  al.,  2018),  VOCs  are  affected  by  long-
range transport. Source apportionment results are presented
in section 3.4.2. 

 

 

LNO3Fig.  2.  Vertical  profiles  and  proportions  of  the  average  (a)  concentration,  (b) LOH,  and  (c)  of  alkanes,  alkenes,  and
aromatics with different reactivities.
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3.4.    Comparison  of  VOC  vertical  evolution
characteristics  and  source  apportionment  in  winter
and summer

The  winter  field  campaign  for  VOC  vertical  observa-
tion was carried out in Yuanshi County, Shijiazhuang, in Janu-
ary 2019 (Wu et al., 2020). In this section, the vertical evolu-
tion characteristics of VOCs in winter and summer are com-
pared, and their vertical source apportionment presented. 

3.4.1.    Comparison  of  the  vertical  evolution  of  VOC
concentrations  and  proportions  in  winter  and
summer

The vertical evolution characteristics of VOC concentra-
tions  in  winter  and  summer  exhibited  significant  differ-
ences.  Except  for  that  of  halohydrocarbons,  the  concentra-
tions of other VOCs in winter were more than twice those in
summer (Fig.  4),  and the ratios between the concentrations
in winter and summer were the highest at the surface, decreas-
ing  with  height.  The  ratios  of  alkanes  and  aromatics  were
4.4 and 5.7 at 100 m, respectively, and decreased to 2.4 and
2.3  at  1000  m.  The  difference  in  the  concentration  of
alkanes between winter and summer was 105.5 ppbv at 200 m
and 60.9 ppbv at  1000 m. The difference in the concentra-
tion of aromatics was 20.5 ppbv at the surface and 8.8 ppbv
at 1000 m. The ratios of alkenes and acetylene were 9.5 and
8.7 at the surface, respectively, and decreased to 2.3 and 3.0

at  1000  m.  The  difference  in  the  concentration  of  alkenes
between  winter  and  summer  was  24.2  ppbv  at  the  surface
and  3.4  ppbv  at  1000  m.  The  difference  in  the  concentra-
tion of acetylene was 8.5 ppbv at the surface and 1.6 ppbv
at 1000 m. The ratio of halohydrocarbons at the surface was
5.4, with a concentration difference of 22.9 ppbv. This ratio
decreased to 0.9 and 0.8 at 800 m and 1000 m, respectively,
indicating that the concentration in summer was higher than
that  in  winter.  The  ratio  of  TVOCs  decreased  from  4.8  at
the  surface  to  2.3  at  1000  m,  and  the  concentration  differ-
ence decreased from 180.7 ppbv to 73.6 ppbv.

The  average  proportions  of  VOCs  in  winter  and  sum-
mer also differed (Fig. 5). The proportions of alkenes, aromat-
ics and acetylene were 7% ± 2%, 12% ± 1% and 3% ± 1%,
respectively, in winter, which were higher than the propor-
tions of 5% ± 1%, 11% ± 1% and 2% ± 0.4%, respectively,
in summer. The proportion of halohydrocarbons in summer
was 9% ± 1%, which was higher than the proportion of 5% ±
3%  in  winter.  The  proportion  of  alkanes  was  the  same  in
winter (73% ± 6%) and summer (73% ± 2%).

To  explore  the  differences  in  the  concentrations  of
VOCs in the stable boundary layer (SBL) and RL at night,
and in the ML during the day,  in  summer,  14 vertical  pro-
files observed before sunrise and 9 profiles observed in the
afternoon were used to calculate the VOC concentrations in
the three layers (Table 1). The sample sizes were 45, 59 and
76,  respectively.  The  concentrations  and  proportions  of
VOCs in the SBL and RL at night exhibited little difference,
and alkanes accounted for more than 70%. The TVOC con-
centration  in  the  ML  in  the  daytime  was  50  ±  41  ppbv,
which  was  approximately  5  ppbv  higher  than  those  in  the
SBL and RL at night, while the proportions of VOCs exhib-
ited little difference. The relatively uniform pattern in differ-
ent  layers  may  be  caused  by  strong  convection  and  high
PBL  heights  in  summer.  Compared  with  those  in  winter
(Wu et al., 2020), the concentrations of VOCs in the three lay-
ers  in  summer  decreased  significantly,  constituting  19%,
25% and 32% in the SBL and RL at night and the ML in the
daytime, respectively, of those in winter. 

3.4.2.    Vertical source apportionment of VOCs

A  large  number  of  previous  studies  have  focused  on
VOC sources near the ground, lacking an understanding of
the  sources  in  the  vertical  direction.  However,  it  is  condu-
cive to the understanding and regulation of VOCs to explore
the  sources  in  the  vertical  direction  and  clarify  the  differ-
ences  in  different  layers  of  the  PBL.  Based  on  the  275
samples  collected in  the  field  campaigns (83 in  winter  and
192 in summer), 34 VOCs were selected as sample species
for the PMF operation (Fig. S1 in the ESM), accounting for
94%  of  the  TVOC  concentration.  The  sample  species
included 12 alkanes, 5 alkenes, 10 aromatics, 5 halohydrocar-
bons,  and acetylene.  In  addition,  acetone was also selected
as  a  tracer  of  solvent  usage  (some  oxygenated  volatile
organic  compounds  were  also  measured  in  the
experiments). The chosen species had relatively high concen-
trations  and  they  are  typical  tracers  for  specific  sources.

 

Fig.  3.  Vertical  evolution  of  the  ratios  of  the  average
concentrations of  toluene to benzene (T/B)  and m/p-xylene to
ethylbenzene (X/E).
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Finally,  through  the  identification  of  chemical  tracers,  five
pollution sources were identified, including gasoline vehicu-
lar  emissions  +  industrial  sources,  diesel  vehicular  emis-
sions,  coal  burning,  solvent  usage,  and  biogenic  sources  +
long-range transport.

Factor  1  was gasoline  vehicular  emissions  + industrial
sources. N-pentane (87.2%), isopentane (86.3%), isobutane
(81.5%), and n-butane (40.9%) are tracers of gasoline vehicu-
lar  emissions (Cai  et  al.,  2010; Sun et  al.,  2016; Liu et  al.,
2017).  Styrene  (84.3%),  1-pentene  (82.7%),  toluene
(66.3%), and ethylbenzene (43.5%) are tracers of industrial

sources  (Chen  et  al.,  2014; Liu  et  al.,  2017; Yang  et  al.,
2019).  Factor  2  was  diesel  vehicular  emissions.  Among
them,  undecane  (77.3%),  n-nonane  (72.5%),  n-octane
(39.0%), and n-decane (33.0%) are important tracers for this
factor (Liu et al., 2008; Sun et al., 2016). The proportions of
m-diethylbenzene (32.7%), 1,2,3-trimethylbenzene (27.9%),
1,2,4-trimethylbenzene  (14.8%),  and  1,3,5-trimethylben-
zene (12.3%) also indicated that factor 2 was related to com-
bustion (Liu et al., 2008). Factor 3 was coal burning. Ethene
(80.1%),  propene  (73.3%),  acetylene  (70.1%),  benzene
(67.4%),  1,2-dichloroethane  (66.0%),  chloromethane

 

 

Fig. 4. Comparison of the average concentrations of VOCs in winter and summer.
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(54.5%),  and  1-butene  (47.9%)  are  typical  species  emitted
into  the  atmosphere  during  coal  burning  (Cai  et  al.,  2010;
Islam  et  al.,  2020).  Factor  4  was  solvent  usage.  O-xylene
(56.9%), acetone (48.4%), m/p-xylene (42.5%), and ethylben-
zene (35.4%) are common main components in coatings and
paints and are used as additives and adhesives in many indus-
trial  processes,  such  as  in  the  textile  industry  (Chen  et  al.,
2014; Liu  et  al.,  2017).  Factor  5  was  biogenic  sources  +
long-range transport. Isoprene (62.4%) is an important VOC
emitted  by  plants.  Freon-11  (50.8%),  freon-113  (48.6%),
and  carbon  tetrachloride  (42.2%)  are  tracers  transported
over long distances (Yang et al., 2019; Liu et al., 2020).

Based on the PMF operation results, the proportions of
the five sources were calculated (Fig. S2 in the ESM). Gasol-
ine  vehicular  emissions  +  industrial  sources  (60.1%)  were
the  main  sources  of  pollution,  followed  by  coal  burning
(15.8%),  biogenic  sources  +  long-range  transport  (14.7%),
solvent  usage  (7.9%),  and  diesel  vehicular  emissions
(1.5%).  Therefore,  efforts  should be made to  address  these
pollution sources for emissions reduction and regulation of
VOCs  in  Shijiazhuang.  Measures  should  be  taken  to  limit
the exhaust emissions of motor vehicles to reduce VOC pollu-
tion  considering  the  high  concentration  and  proportion  of
alkanes.  Emission  standards  should  be  raised  and  oil  qual-
ity should be improved to control vehicular emissions. Cur-
rently, China has strict emission standards but undeveloped
oil quality, so it is more urgent to improve oil quality (Tang
et al., 2016).

The PMF operation results were classified according to
seasons, and the contributions of VOC pollution sources in
winter and summer were extracted (Fig. 6). Gasoline vehicu-
lar  emissions + industrial  sources accounted for  the largest
proportion  in  both  seasons  and  were  higher  in  winter

(69.7%) than in summer (50.2%). The proportion of coal burn-
ing  in  winter  (21.9%)  was  significantly  higher  than  that  in
summer  (6.2%),  demonstrating  the  considerable  contribu-
tion  of  heating  in  winter.  The  proportion  of  biogenic
sources  +  long-range  transport  was  significantly  higher  in
summer (28.0%) than in winter (4.0%). This may be caused
by lush vegetation in summer, and the average PBL height
in  summer  (996  ±  704  m)  was  three  times  that  in  winter
(332 ± 279 m). A lower PBL height and a larger proportion
of  coal  burning  in  winter  indicated  that  local  sources  were
the main contributors. The proportion of solvent usage in sum-
mer (12.2%) was higher than that in winter (4.2%), and this
result may be caused by the high temperature and increased
evaporation  of  solvents  in  summer.  Diesel  vehicular  emis-
sions  were  the  lowest  emission  source  and  were  higher  in
summer (3.4%) than in winter (0.2%).

The PMF operation results were categorized according
to different heights and layers. The vertical evolution of pollu-
tion source contributions was explored (Fig. 7), and the contri-
butions of VOC pollution sources in different layers of the
PBL  in  both  winter  and  summer  were  extracted  (Fig.  8).
The sample sizes in the SBL, RL and ML in the winter were
25, 32 and 26, respectively; the sample sizes in the SBL, RL
and ML in the summer were 45, 63 and 84, respectively.

In  winter,  the  proportions  of  gasoline  vehicular  emis-
sions  +  industrial  sources  and  solvent  usage  gradually
increased from the surface to 1000 m (Fig. 7a), from 55.7%
and 2.7% at the surface to 80.8% and 6.9% at 1000 m, respect-
ively.  In contrast,  the proportion of coal burning decreased
from 37.9% to 8.9%. The proportions of diesel vehicular emis-
sions and biogenic sources + long-range transport exhibited
little  difference.  In  each  layer  of  the  PBL (Fig.  8a),  gasol-
ine vehicular emissions + industrial  sources and coal burn-
ing were the main pollution sources. Gasoline vehicular emis-
sions + industrial sources accounted for the highest propor-
tion in  the RL (80.4%) and the lowest  in  the ML (52.1%).
Diesel vehicular emissions accounted for a slightly higher pro-
portion  in  the  ML  (0.3%).  Coal  burning  and  biogenic
sources + long-range transport accounted for the highest pro-
portions in the ML (36.8% and 6.9%, respectively) and the
lowest  in  the  RL  (11.0%  and  2.8%,  respectively).  Solvent
usage accounted for the highest proportion in the RL (5.7%)
and the lowest in the SBL (2.9%).

The proportion of gasoline vehicular emissions + indus-

Table  1.   Average  VOC  concentrations  in  the  SBL  and  RL  at
night and the ML during the day in summer.

Concentration (ppbv) SBL (n = 45) RL (n = 59) ML (n = 76)

Alkanes 32 ± 38 34 ± 37 36 ± 35
Alkenes 3 ± 1 2 ± 1 3 ± 1

Aromatics 4 ± 5 5 ± 6 5 ± 5
Halohydrocarbons 4 ± 3 3 ± 1 5 ± 3

Acetylene 1 ± 1 1 ± 0 1 ± 1
TVOCs 44 ± 44 45 ± 44 50 ± 41

 

 

Fig.  5.  Comparison  of  the  proportions  of  the  average  VOC  concentrations  in  winter  and
summer at different heights.
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trial  sources gradually increased in summer (Fig.  7b),  with
the lowest value at 100 m (39.7%) and the highest at 1000
m (65.8%). The proportions of the other four sources gradu-

ally decreased. Biogenic sources + long-range transport and
coal burning accounted for proportions of 34.5% and 9.4%
at  100  m  and  these  proportions  fell  to  20.4%  and  4.5%  at

 

 

Fig. 6. Vertical source contributions of VOCs in Shijiazhuang in (a) winter and (b) summer
derived by PMF.

 

 

Fig.  7.  Vertical  evolution  of  the  VOC  source  contributions  in  the  PBL  above  Shijiazhuang  in  (a)  winter  and  (b)
summer derived by PMF.
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1000 m. Solvent usage and diesel vehicular emissions accoun-
ted  for  proportions  of  15.3% and  5.5% at  the  surface,  and
these  proportions  decreased  to  7.9%  and  1.4%  at  1000  m,
respectively.  In  each  layer  of  the  PBL  (Fig.  8b),  gasoline
vehicular emissions + industrial sources, biogenic sources +
long-range transport, and solvent usage were the main pollu-
tion sources. The proportion of gasoline vehicular emission +
industrial sources was highest in the ML (52.6%) and low-
est in the SBL (42.2%). The proportions of biogenic sources +
long-range  transport  and  coal  burning  were  the  highest  in
the  SBL (30.9% and 9.6%,  respectively)  and  the  lowest  in
the  RL (26.2% and 4.0%, respectively).  Solvent  usage and
diesel vehicular emissions accounted for the highest propor-
tions in the RL (14.2% and 3.8%, respectively) and the low-
est in the ML (10.2% and 3.0%, respectively).

Due  to  the  long  lifetime  and  low  reactivity  of  VOCs
such as isopentane emitted by gasoline vehicles, the concen-
tration decreased slowly with height. Therefore, the propor-
tion of gasoline vehicular emissions + industrial  sources in
winter and summer gradually increased with height and was
higher in the RL than in the SBL. Since gasoline vehicular
emissions were concentrated near the ground, indicating the

important  role  of  industrial  sources  at  high  altitudes,
industry may be the main source of high-altitude VOC reactiv-
ity. High-carbon alkanes also have a long lifetime in the atmo-
sphere,  so  the  proportion  of  diesel  vehicular  emissions  in
the RL was higher than that in the SBL in summer. Coal burn-
ing usually emits alkenes and aromatics with high reactivit-
ies, which decrease rapidly with height, so the proportion of
coal  burning  decreased  with  height,  and  the  proportion  in
the SBL was higher than that in the RL. Since the VOCs emit-
ted  by  vegetation  come  from  near  the  ground,  the  propor-
tion  of  biogenic  sources  +  long-range  transport  decreased
with height and the proportion in the SBL was higher than
that in the RL. 

4.    Conclusions

The  vertical  observation  of  VOCs  is  an  important
means  to  clarify  the  formation  mechanisms  of  O3.  To
explore  the  vertical  evolution  characteristics  of  VOCs,  a
field campaign using a tethered balloon during summer photo-
chemical  pollution  was  conducted  in  Shijiazhuang  from  8
June  to  3  July  2019.  The  TVOC  concentration  was  relat-

 

 

Fig. 8. Source contributions of VOCs in different layers of the PBL above Shijiazhuang in (a) winter and (b) summer
derived by PMF.
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ively uniform below 600 m and slightly increased from 600 m
to 1000 m. Alkanes accounted for the largest  proportion at
each  height,  and  the  proportion  gradually  increased  with
height, while the proportions of alkenes, halohydrocarbons,
and  acetylene  gradually  decreased.  The  vertical  proportion
of aromatics remained almost the same. Isopentane was the
species  with  the  highest  concentration  at  each  height.  The
TVOC concentrations and proportions in the SBL and RL at
night  and  in  the  ML  during  the  day  exhibited  little  differ-
ence.

A comparison of the above results with the results of a
winter  field  campaign  during  8–16  January  2019  showed
that the VOC concentrations and proportions in the vertical
direction in winter and summer exhibited significant differ-
ences.  Except  for  that  of  halohydrocarbons,  the  concentra-
tions of other VOCs in winter were more than twice those in
summer, and the ratios between the concentrations in winter
and summer were the highest at the surface, decreasing with
height.  The concentration of halohydrocarbons at high alti-
tudes was slightly higher in summer than in winter. Alkanes
accounted  for  the  same  proportion  in  winter  and  summer.
Alkenes, aromatics, and acetylene accounted for higher pro-
portions in winter, while halohydrocarbons accounted for a
higher proportion in summer. Vertical VOC sources include
gasoline vehicular emissions + industrial sources, coal burn-
ing, biogenic sources + long-range transport, solvent usage,
and diesel vehicular emissions. The proportions of gasoline
vehicular  emissions  +  industrial  sources  and  coal  burning
were higher in winter. The proportions of biogenic sources +
long-range transport, solvent usage, and diesel vehicular emis-
sions were higher in summer. From the surface to 1000 m in
winter,  the  proportions  of  gasoline  vehicular  emissions  +
industrial sources and solvent usage gradually increased. In
contrast, the proportion of coal burning gradually decreased.
The proportions of diesel vehicular emissions and biogenic
sources  +  long-range  transport  were  relatively  uniform.  In
summer,  the  proportion  of  gasoline  vehicular  emissions  +
industrial sources gradually increased while the proportions
of  the  other  four  sources  gradually  decreased.  Measures
should be taken, mainly to improve oil quality, to limit the
exhaust  emissions of  motor vehicles  to reduce VOC pollu-
tion in Shijiazhuang. While gasoline vehicular emissions con-
trol is conducive to the reduction of VOC concentrations at
the  surface,  industrial  sources  control  is  conducive  to  the
reduction of VOC concentrations at high altitudes.
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