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ABSTRACT

As Volatile Organic Compounds (VOCs) are one of the precursors of ozone, their distribution and variable
concentrations are highly related to local ozone pollution control. In this study, we obtained vertical profiles of VOCs in
Shanghai’s Jinshan district on 8 September and 9 September in 2016 to investigate their distribution and impact on local
atmospheric oxidation in the near surface layer. Vertical samples were collected from heights between 50 m and 400 m by
summa canisters using an unmanned aerial vehicle (UAV). Concentrations of VOCs (VOCs refers to the 52 species
measured in this study) varied minimally below 200 m, and decreased by 21.2% from 100 m to 400 m. The concentrations
of VOCs above 200 m decreased significantly in comparison to those below 200 m. The proportions of alkanes and
aromatics increased from 55.2% and 30.5% to 57.3% and 33.0%, respectively. Additionally, the proportion of alkenes
decreased from 13.2% to 8.4%. Toluene and m/p-xylene were the key species in the formation of SOA and ozone. Principal

component analysis (PCA) revealed that the VOCs measured in this study mainly originated from industrial emissions.
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Article Highlights:

* Vertical profiles of VOCs were conducted in Shanghai using an unmanned aerial vehicle (UAV).
¢ Distributions and chemical composition of VOCs in the near-surface layer were discussed.
* M/p-xylene and toluene were the preferentially controlled species of pollution control strategy for ozone and secondary

organic aerosols in Shanghai.

1. Introduction

Volatile Organic Compounds (VOCs) are key constitu-
ents in tropospheric chemistry and are the major precursors
of tropospheric ozone and secondary organic aerosols

* Corresponding author: Keding LU
Email: k.Ju@pku.edu.cn

(SOA), which are known play a key role in atmospheric air
quality and the ecological environment (Jerrett et al., 2009;
Cooper et al., 2010). VOCs play an important role in tropo-
spheric chemical processes, as they can react with NO, in
the presence of solar radiation to form ozone. VOCs can
also react with OH radicals, O;_and NOj as gaseous precurs-
ors to form secondary organic aerosols (SOA). The life-
times of VOCs in the atmosphere are controlled by their
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rate constants of VOCs with these oxidants, which can span
across several orders of magnitude (Parrish et al., 2007).

In recent years, air pollution events have occurred more
frequently in China as a result of rapid economic develop-
ment. This phenomenon has attracted both public and
research attention. Although particle pollution has been of
the greatest concern, the control of ozone pollution is also
urgent. Field studies in northern China have shown that sum-
mertime ozone concentrations increased by 2 ppbv yrl,
from 2003 to 2015, despite reduced NO, emissions (Sun et
al., 2016). Extremely high ozone concentrations (> 200
ppbv) have also been frequently reported (Zhang et al.,
2007, 2008; Xue et al., 2016), and regional ozone pollution
has even occurred in the non-economically developed areas
of western China (Tan et al.,, 2018). The Yangtze River
Delta (YRD) is one of the three most developed regions in
China and faces serious ozone pollution as a result of the
rapid urbanization and industrialization that has taken place
in recent years (Huang et al., 2011; Li et al., 2017; She et
al., 2017). Due to the facts that VOCs are the key precursor
of ozone formation and that previous studies have pointed
out that ozone formation in the YRD is largely dependent
on VOCs (Geng et al., 2009; Jin and Holloway, 2015), a full
understanding of tropospheric VOCs in this area could
assist in the development of more rational ozone control
strategies.

Most field measurements of VOCs have focused upon
the concentrations and composition of ground-level VOCs
(Yuan et al., 2013; Cheng et al., 2016; An et al., 2017; Liu
et al., 2018; Sheng et al., 2018; Wang et al., 2018). To truly
understand the formation of ozone and secondary organic aer-
osol in the planetary boundary layer, especially the lowest
few hundred meters, research on vertical profiles of VOCs
becomes necessary. The study of vertical profiles of VOCs,
in the troposphere, can help us better understand their concen-
tration, distribution, and chemical changes which occur at dif-
ferent heights, thus deepening the understanding of their
effects on ozone and secondary organic aerosol formation in
the vertical direction. The most used techniques for study-
ing vertical profiles are aircraft (Borbon et al., 2013),
tethered balloons (Glaser et al., 2003; Sangiorgi et al., 2011;
Tsai et al., 2012; Zhang et al., 2018), and towers (Lin et al.,
2011; Mao et al., 2008; Zhang et al., 2020). Tethered bal-
loons can sample up to a height of 1000 m (Sun et al., 2018;
Wu et al., 2020), but require large space and only operate
for short-flight distances. Tower-based sampling tech-
niques are limited by the height and location of the tower.
The maximum height of air samples successfully gathered
by this technique was about 280 m (Mao et al., 2008). Air-
craft techniques could overcome the limit of sampling
heights and locations, and could be used to collect samples
up to 12 km in height, but the interference from fuel-
powered engines and the danger of low-altitude flight
(lower than 500 m) limit the application and practicality of
this technique in the context of near-surface, atmospheric
research. Unmanned aerial vehicles (UAVs) have become a
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new option for vertical profile studies in recent years. Com-
pared to the aforementioned techniques, UAVs are able to
hover and require a small space for landing (Klemas, 2015).
For the study of the vertical profiles of VOCs, UAVs can be
equipped with stainless steel canisters to perform VOCs col-
lection in ambient air (Vo et al., 2018), without the need for
a tower, and can also flexibly hover at any height to obtain
measurements.

In this work, vertical profiles of VOCs were explored
by using a UAV equipped with stainless steel canisters on 8
and 9 September 2016 in the Shanghai’s Jinshan district, east-
ern China. This is the first attempt to use a UAV to collect
air samples in the vertical direction over the Yangtze River
Delta. We expect to achieve the following objectives: (1)
describe the vertical distribution of VOCs and their evolution-
ary characteristics; (2) explore the consumed VOCs through
transportation; (3) analyze the key species of VOCs in
ozone and secondary organic aerosol formation during trans-
portation, and; (4) discuss the source of VOC:s in this area.

2. Methods

2.1. Sampling

The sampling site is located in Langxia (LX), which is
a suburban site in Shanghai’s Jinshan district (30°79'N,
121°19'E, Fig. 1). There are two major industrial plants
(SIZ—Shanghai Jinshan Second Industrial Zone and
JPZ—1Jinshan Petrochemical Zone) located 10 km to the
southeast of the sampling site, which are the two major
sources of VOC emission in Jinshan district. The SIZ con-
tains a large number of industries, such as electronic informa-
tion engineering, machinery manufacturing, biomedicine,
iron and steel plants, synthetic/new materials, cement, new
energy, and research and development technology (Qiu et
al., 2019). The JPZ produces aviation kerosene, gasoline
diesel, aromatic olefines, and emits VOCs via oil refineries,
leakage of storage tanks, and water treatment processes
(Kalabokas et al., 2001; Qiu et al., 2019). Five air sampling
flights were conducted over this sampling site at 1000-1200
LST 8 and 9 September 2016, and 1400-1600 LST on 8
September 2016, and 0900-1000, 1300-1500, 1600—1800
LST on 9 September 2016. Five targeting heights of 50 m,
100 m, 200 m, 300 m and 400 m were obtained in all five
sampling flights. All samples were transferred to the State
Environmental Protection Key Laboratory of Urban Air Pollu-
tion Complex at Shanghai Academy of Environmental Sci-
ences for the analysis of VOCs. An on-line monitoring sta-
tion for VOCs was set up at Xinlian (XL), which is located
on the northwest border of the SIZ.

The collection of samples for analysis of VOCs was car-
ried out by a UAV (M600, DJI, China, Fig. 1), which
included a remote-controlled 3.2 L canister that was
attached to the lower part of the UAV. The UAV had eight
wings and was equipped with a power motor (DJI 6010)
and six 4500 mAh LiPo 6s batteries (capable of sustaining
flight and hovering for 30 minutes). The maximum loaded
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Fig. 1. (a) Locations of observation sites of Langxia (LX) and Xinlian (XL), and (b)
unmanned aerial vehicle (UAV) used for volatile organic compounds (VOCs) sampling.

weight was 15 kg. To avoid interference with VOCs, the can-
ister inlet was 20 cm above the UAV border. The UAV,
equipped with the canister, travelled vertically at 2 m s1,
and hovered for one minute while sampling at each target-
ing height during each flight. Vertical profiles of temperat-
ure and relative humidity were obtained from a L-band sound-
ing system which was acquired from the China Meteorolo-
gical Administration (http://data.cma.cn/).

2.2. VOCs analysis.

The concentrations and compositions of 52 VOCs
[Table S1 in the electronic supplementary material (ESM)]
captured in the sampling canisters were analyzed using a
gas chromatography-mass spectrometry instrument (GC-
MS, Agilent, GC model 7820A, MSD model 5977E).
Briefly, a 500 mL full-air sample was taken from the
sampling canister and concentrated by a three-stage, cryo-
focusing, pre-concentration system (Entech Instruments,
Inc., USA). The vaporized VOCs were then injected into
the gas chromatography system by a helium carrier gas for
analysis. A PLOT (Al,03 KCI!) column (15 m, 0.32 mm
ID) connected to a flame ionization detector was used to
quantify C2-C5 hydrocarbons, and a DB-624 column (30 m,

0.25 mm ID) connected to a mass spectrometer was used to
analyze other VOCs species. The carrier for both columns
was ultra-pure helium (> 99.999 %). Detailed information is
described in Liu et al. (2008) and Wang et al. (2018).

2.3. Quality assurance and quality control

The summa canisters (3.2 L each) were cleaned and evac-
uated (< 10 Pa) prior to sampling. One clean summa canis-
ter was selected for analysis of high-purity nitrogen to
verify that the canisters were clean. Each canister was connec-
ted to a Teflon filter to remove particulate matter and mois-
ture during sampling. The pressure of the canister was re-
checked after each flight to ensure it was at 0 Torr. A commer-
cial standard gas containing PAMs (29 alkanes, 11 alkenes,
16 aromatics) was used to identify compounds and confirm
their retention times. The response of the instrument for the
analysis of VOCs was calibrated after every eight samples
using a 1 ppbv PAMs standard gas.

2.4. Principal component analysis

Principal component analysis (PCA) has often been
used to identify and quantify the major sources of VOCs
(Bruno et al., 2001; Duan et al., 2008; Jia et al., 2016). In
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this study, PCA was used to determine the major source of
VOCs in the study area. Statistical analysis was carried out
using IBM SPSS Statistics 19 software. PCA was applied to
the source profiles and source strengths in absolute VOCs con-
centrations measured at different heights. Twenty-four
VOCs were used for the PCA calculation as they accounted
for 65% of the total VOCs at LX. The varimax rotation of
the matrix was used in this study to minimize the number of
VOCs with high loadings on a factor. Only principal compon-
ents whose eigenvalues were >1 were retained as a factor.
More details regarding the method of PCA can be found in
previous studies (Guo et al., 2004, 2007).

2.5. Ozone formation potential

VOCs react with OH radicals, which efficiently con-
vert NO to NO, and result in the accumulation of ozone.
However, individual VOCs can differ significantly in their
effects on ozone formation. The ozone formation potential
(OFP) is calculated following Eq. (1), which is used to repres-
ent the ozone formation probability of individual VOCs.

OFP; = (VOCs); x MIR; . (1)

The index i represents the concentration of a particular
species of the VOCs (ppbv) and MIR represents the max-
imum incremental reactivity of that specie. (Carter et al.,
1995).

3. Results and Discussion

3.1. VOC:s vertical profile
Figure 2 presents the results of the average concentra-

tions and compositions of VOCs at different heights in LX.

VOCs (ppbv)
25 30 35

(@)
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The vertical profiles obtained in this study showed that con-
centrations increased at elevated heights, and reached a max-
imum at 100 m (36.1 ppbv) before decreasing continuously.
Concentrations of the 52 VOCs measured in this study, at dif-
ferent heights, are listed in Table S1 in the ESM. Concentra-
tions of VOCs (VOCs refers to the 52 species measured in
this study) varied less below 200 m, and decreased by
21.2% from 100 m to 400 m. The concentrations of VOCs
above 200 m were much lower compared to those below
200 m. Alkanes decreased by 17.3% from 100 m to 400 m.
Alkenes and aromatics decreased by 43.0% and 20.5%,
respectively, from 200 m to 400 m. Furthermore, we ana-
lyzed the average proportion of alkanes, alkenes, and aromat-
ics in VOC:s at different heights on 8 and 9 September 2016.
The proportion of hydrocarbons did not appear to vary signi-
ficantly between 50 m and 400 m. The major components of
VOCs were alkanes (> 50 %) below 400 m, followed by aro-
matics (> 30 %).

By combining the conditions of the sampling site and sur-
rounding areas, we inferred that air masses obtained at the
sampling site were transported in from elsewhere. By apply-
ing a backward trajectory analysis [Hysplit4 (https://ready.
arl.noaa.gov/HYSPLIT.php, Fig. 2b)], we found that the air
masses below 500 m were transported from a southeast direc-
tion during the sampling period. The SIZ and JPZ industrial
plants are located to the southeast of the sampling site;
hence, it was further inferred that the air mass at the
sampling site during the sampling period may have been trans-
ported from these industrial plants. Results of the propor-
tion analysis of VOCs measured at Xinlian (XL) on the north-
west border of the SIZ demonstrated that the most abund-
ant hydrocarbons were alkanes (44%) and aromatics (43%)
(Fig. S1 in the ESM). The lifetime of most species of
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Fig. 2. (a) Overview of the vertical profile of 52 VOCs measured at Langxia (LX); (b) 24 hours backward trajectory
in 3 heights (50 m, 100 m, 200 m) of Langxia (LX) on 9 September 2016 with 1° resolution GDAS data.
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alkanes were longer than those of alkenes and aromatics.
The concentrations of alkenes and aromatics were therefore
consumed during transportation. The proportion of alkanes
at LX (a receiver site) was much larger than the proportion
of alkenes and aromatics in comparison to those at XL (an
emission site). In addition, VOCs had very different life-
times in the atmosphere, 24 hours of backward trajectory ana-
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lysis with GDAS (Fig. 2b) gave a rough estimate of the tra-
jectory of air mass movement. Description of this small-
scale transportation within GDAS still has its limitations,
especially in the judgment of combining VOCs transporta-
tion.

By combining the vertical profiles of meteorological vari-
ables, the vertical profiles of VOCs concentrations showed
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Fig. 3. Vertical profiles of the VOCs concentration and meteorological variables (temperature and relative
humidity). (a) Vertical profile of VOCs concentrations during 1000-1200 LST on 8 September 2016, vertical
profile of temperature and relative humidity at 0700 LST on 8 September; (b) Vertical profile of VOCs
concentrations during 0900-1100 LST on 9 September 2016, vertical profile of temperature and relative

humidity at 0700 LST on 9 September.
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two patterns. Figure 3 shows the results from 1000 to 1200
LST on 8 September and the results from 0900 to 1100 LST
on 9 September. The concentrations of VOCs increased
from the surface (50 m), reaching a maximum value at 200 m
(40.4 ppbv) 8 on September and reaching a maximum value
at 100 m (60.9 ppbv) on 9 September. Alkanes accounted
for more than 50% of the total VOCs at each height. Ana-
lysis of the vertical profiles of temperature and relative humid-
ity on 8 September, show that there was an inversion layer
at 200 m, which traps the air masses, restricting their ver-
tical movement, resulting in the accumulation of VOCs at
200 m. A similar change also appeared in the vertical pro-
file on 9 September from 0900 to 1100 LST. Figure 4
shows the results from 1400 to 1600 LST on 8 September
and the results from both 1300 to 1500 LST and from 1600
to 1800 LST on 9 September. These profiles were taken
while the boundary layer was in a strong convective state.
The concentration of VOCs decreased slowly with height,
with the highest concentration at 50 m (41.8 ppbv on 8
September, 31.4 ppbv and 30.1 ppbv on 9 September) and
the lowest concentration at 400 m (30.7 ppbv on 8 Septem-
ber and 19.9 ppbv on 9 September). In the profile from
1300 to 1500 LST on September 9, the minimum value of
VOCs concentrations was located at 300 m (17.9 ppbv), and
then increased slowly. It may be caused by long-distance
transportation from the SIZ. Alkanes were the dominant com-
ponent of VOCs at each height.

3.2. Contribution of VOCs oxidants to SOA formation
and ozone formation

The consumption of VOCs during transportation from
XL to LX may have generated ozone and promoted the forma-
tion of SOA. In this section, we discuss the effects of the
VOCs consumed during transportation by atmospheric oxida-
tion. The loss of VOCs in the atmosphere depends on the pho-
tochemical age, which is defined as the time integrated expos-
ure to OH radicals. A simple dilution chemistry model can
be used to describe the changes of VOCs concentrations
over the time. Twelve VOCs species with different OH react-
ivities were selected to calculate the OH exposure during
the transportation process from XL to LX. Their concentra-
tions at LX are given by Eq. (2):

Ciiy = D(t)Coye omiOMAT ®

where Cy; is the concentration of ith species at LX, D(f) is a
dilution factor, Cy; is the initial concentration of the ith spe-
cies, kop,; 1s the reaction rate constant of the ith specie with
OH radicals, and (OH)At is time of exposure to OH radic-
als. The dilution factor and time of exposure to OH radicals
can be obtained from Eq. (3)-Eq. (4):

Coi Coj
In (D) = [kOH,jln( CO( ) ) - kOH,iln( C W

1(i)

1(j)

)} /(kon,j — kon.i) »
(3)
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[OH] Af = 4

() ()
Cui Cyj

Species i and j were selected from 12 VOCs species
that covered a wide range of OH reactivities from
2.3%107'2 cm? molecule™ s~! (n-butane) to 3x 107! cm?
molecule™! s~ (propene). The initial concentrations reflec-
ted the observed nocturnal data because we thought that
VOCs mainly originated from direct emissions during the
night. More than one pair of VOCs were considered in this
study, we used sets of VOCs measurements (m/p-xylene, o-
xylene, benzene, toluene, cyclohexane, n-pentane, n-butane,
i-pentane, i-butane, ethylbenzene, propane, and propene) in
a single age determination by performing a linear regres-
sion of In[Cy;)/Co;)] versus k;. The [OH] At results at differ-
ent heights at the LX site are shown in Fig. S2 in the ESM,
whereby the average OH exposure ranged from 8.01 x 10'°
to11.47 x 10'° molecules cm™ s. It was inferred from the dis-
tribution of [OH]Af that OH radicals were relatively uni-
form below 400 m, thus indicating that the atmosphere was
well-mixed at the observed height, and the atmospheric oxida-
tion observed at different heights were similar. By varying
the [OH] At at different heights and the initial VOCs concen-
trations, we calculated the consumed VOCs (C; ¢onsumea) dur-
ing the transportation using Eq. (5):

Ci,consumed =Co [1 -D (eikOH’i(OH)AZ)] . (5)

Here, C, is the initial concentration of the VOC in ques-
tion (ppbv) that was measured at the XL site, D is a dilu-
tion factor, koy; is the reaction rate constant of the particu-
lar VOC with OH radicals, and (OH)A¢ is the time of expos-
ure to the OH radicals. Through photochemical reactions,
VOCs are able to generate SOA during the oxidation pro-
cess; hence, the secondary organic aerosol formation poten-
tial (SOAFP) demonstrates the ability to generate SOA via
the oxidation of VOCs. Most previous studies on the topic
have focused on SOAFP calculations at the observed site,
and ignored the impact of consumed VOCs during transporta-
tion upon SOA formation. Within the consumed VOCs con-
centrations and the SOA yields (Grosjean and Seinfeld,
1989; Wu et al., 2017), we obtained the SOAFP of con-
sumed VOCs during transportation using Eq. (6):

SOAFP; = Ci,consumein . (6)

Here SOAFP; is the SOAFP for species i, C; consumed 18
the consumed i via transportation, and Y; is the SOA yield
for species i, from literature references (Wu et al., 2017).
We obtained the SOAFP of consumed VOCs on 8 and 9
September 2016, from heights of 50 m to 400 m (Table 1).
The SOAFP ranged from 19.7 ug cm? to 22.5 ug cm® on 8
September, when the major contributors were toluene, m/p-
xylene and o-xylene. On 9 September, the SOAFP exhib-
ited no significant variation in the trend between 50 m and
400 m, but these values were much lower than those on 8
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Fig. 4. Vertical profiles of the VOCs concentration and meteorological variables
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Table 1. Values of secondary organic aerosol formation potential (SOAFP) and ozone formation potential (OFP) of total VOCs during
transportation at Langxia (LX) from heights of 50 m to 400 m and the top three volatile organic compounds (VOCs) species with the

highest proportion of SOAFP and OFP on 8 and 9 September 2016.

8 Sep. 9 Sep.
Top 3 species Top 3 species Top 3 species Top 3 species
and its and its and its and its
Height SOAFP proportion OFP proportion SOAFP proportion OFP proportion
(m) (ug cm™3) of SOAFP (ppb) of OFP (ng cm™3) of SOAFP (ppb) of OFP
50 21.2 toluene 469 propene 9.1 toluene 112 ethene
100 225 (52.4% +0.5%) 471 (26.1% +0.4%) 9.1 (72.1% +0.1%) 112 (21.3% + 1.3%)
200 19.7 m/p-xylene 445 ethene 94 cyclohexane 114 Propene
300 21.0 (15.3% +0.4%) 466 (20.6% +0.2%) 92 (8.8% +0.0%) 113 (17.4% +1.0%)
o-xylene m/p-xylene o-xylene Toluene
400 21.9 (11.2% +0.2%) 478 (20.4% +0.2%) 95 (5.2% +0.0%) 100 (16.5% + 1.0%)

September. The SOAFP results for the vertical profile demon-
strated that regardless of whether it was the high value on 8
September or the low value on 9 September, the air mass
below 400 m was well-mixed as the SOAFP showed no
large fluctuations. The key species of controlling the forma-
tion of SOA was toluene and o-xylene.

We also analyzed the impact of consumed VOCs to
ozone formation during transportation. The analysis (Table 1)
showed that the major VOCs species in the OFP calcula-
tion were propene (26.1% +0.4%), ethylene (20.6% +0.2%),
and m/p-xylene (20.4% +0.2%) on 8 September 2016,
whereas those on 9 September 2016, were ethylene
(21.3% +1.3%), propene (17.4% + 1%), and toluene (16.5%
+ 1%). The OFP values on 8 September were four times lar-
ger than those on 9 September regardless of the sampling
height, thus indicating that the OFP on 8 September was
much higher than that on 9 September. This may have been
caused by different concentrations of VOCs and other spe-
cies on these two days. Considering the impact of con-
sumed VOCs during transportation on SOA formation and
ozone formation, it was found that toluene and m/p-xylene
are the key species for both SOA and ozone formation in
the near-surface layer at the sampling site.

3.3. Sources apportionment of VOCs using PCA

Twenty-four compounds out of the 52 VOCs measured
at the LX site were selected for the PCA as they were the
most abundant compounds. Kaiser’s criteria were adopted
to determine the appropriate number of factors to be
retained (only factors with eigenvalues > 1).

Six factors were extracted from the application of the
PCA to the vertical data (Table 2). The first factor explained
64.06 % of the total variance. High loadings were found on
propene, 1-butene, hexane, benzene, and cyclohexane.
C3-C4 alkenes were associated with combustion. Hexane
and cyclohexane mainly came from an oil refinery or chem-
ical plant that is related to the petrochemical industry. Ben-
zene may have come from painting, combustion, or a chem-
ical plant. When combined with other high loadings in
factor 1, we assumed that benzene came from a chemical
plant. Factor 1 featured the source of the VOCs from the pet-
rochemical industry. The second factor explained 9.97 % of

the total variance, whereby i-butane, butane, and propane
showed the highest factor loading. Given that i-butane,
butane, and propane are the characteristic products of LPG
(liquefied petroleum gas) (Liu et al., 2008), we related the
second factor to LPG. The third factor explained 6.26% of
the total variance, and was highly loaded with m/p-xylene,
o-xylene, and 2-methylhexane. The former two could have
come from painting or vehicle emission, however, as 2-
methylhexane is a tracer of gasoline evaporation (Liu et al.,
2008), we determined that factor 3 was probably related to
vehicle emissions. The fourth factor explained 4.74% of the
total variance, and was highly loaded on 1,3,5-trimethylben-
zene and 1,2,4-trimethylbenzene, which are directly emit-
ted to the atmosphere from motor vehicle exhaust and the
evaporation of solvents (Luo et al., 2019). The fifth factor
explained 4.13% of the total variance, and was highly
loaded on styrene, which we related to being sourced from
the chemical plant. The sixth factor explained 3.56 % of the
total variance, and was highly loaded on dodecane. As
dodecane is mainly directly emitted from diesel vehicles,
we determined that factor 6 was related to diesel vehicles
emission.

Overall these six factors explained 92.71% of the total
variance and could be classified according to the following
source categories: 1) petrochemical industry, 2) LPG, 3)
vehicle emission. As factor 4 was related to motor vehicle
emission and factor 6 was related to diesel vehicle emission,
we combined these with factor 3 as vehicle emission
sources. As factor 5 was highly related to a chemical plant,
this was combined with factor 1 as a petrochemical industry
source.

4. Conclusion

In this study, we conducted vertical atmospheric measure-
ments of VOCs in Shanghai’s Jinshan district using a UAV
on 8 and 9 September 2016. Vertical samples were collec-
ted from heights of between 50 m and 400 m by summa canis-
ters using an unmanned aerial vehicle (UAV). The propor-
tions of alkanes and aromatics increased from 55.2% and
30.5% to 57.3% and 33.0%, respectively, and the propor-
tion of alkenes decreased from 13.2% to 8.4%. We focused



JULY 2021

LIU ET AL.

1185

Table 2. Rotated component matrix of 24 volatile organic compounds (VOCs) from 50 m to 400 m.

VOC:s species 1 2 3 4 5 6
ethane 0.64 0.17 -0.07 -0.34 0.07 0.04
propene 0.93 0.20 0.22 0.02 0.02 0.00
propane 0.32 0.82 0.34 0.13 0.02 0.04
i-butane 0.34 0.86 0.24 0.09 -0.03 0.07
1-butene 0.88 0.30 0.29 0.13 0.08 -0.02
butane 0.52 0.78 0.26 0.16 0.08 0.07
i-pentane 0.36 0.65 0.13 0.32 0.34 —-0.01
n-pentane 0.67 0.58 0.31 0.14 0.18 0.09
cyclopentane 0.59 0.59 0.27 0.20 0.31 -0.06
2-methylpentane 0.77 0.44 0.23 0.14 0.25 -0.08
3-methylpentane 0.67 0.64 0.26 0.12 0.16 -0.03
hexane 0.83 0.38 0.29 0.10 0.09 -0.01
methylcyclopentane 0.71 0.43 0.48 0.14 0.13 -0.02
Benzene 0.90 0.29 0.25 0.04 0.02 -0.02
cyclohexane 0.83 0.25 0.46 0.05 0.00 0.01
2-methyl-hexane 0.10 0.42 0.73 0.12 0.36 0.13
toluene 0.37 0.72 0.52 0.09 0.12 0.11
ethylbenzene 0.61 0.42 0.65 0.08 0.00 0.02
m/p-xylene 0.45 0.24 0.84 0.06 0.02 0.02
styrene 0.12 0.11 0.10 0.11 0.94 0.03
o-xylene 0.37 0.29 0.85 0.08 0.03 0.05
dodecane —-0.04 0.08 0.09 0.01 0.03 0.99
1,3,5-trimethylbenzene 0.03 0.18 0.03 0.96 0.07 0.01
1,2,4-trimethylbenzene 0.06 0.17 0.12 0.95 0.09 0.01

on the impact of consumed VOCs on the ozone formation REFERENCES

and SOA formation during transportation and found that tolu-
ene and m/p-xylene were the key species for ozone and
SOA formation in the study area and that the major source
of VOCs was the petrochemical industry.

In this study, we did a preliminary study on the distribu-
tion and impact of VOCs upon atmospheric oxidation below
400 m. However, the distribution of VOCs and their effect
on oxidative properties of the troposphere are still worthy of
further research.
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