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a b s t r a c t 

Volatile organic compounds (VOCs) as precursors of ozone and secondary organic aerosols 

can cause adverse effects on the environment and human health. However, knowledge of 

the VOC vertical profile in the lower troposphere of major Chinese cities is poorly under- 

stood. In this study, tethered balloon flights were conducted over the juncture of Beijing- 

Tianjin-Hebei in China during the winter of 2016. Thirty-six vertical air samples were col- 

lected on selected heavy and light pollution days at altitudes of 50-1000 meters above ground 

level. On average, the concentration of total VOCs (TVOCs) at 50-100 m was 4.9 times higher 

than at 900-1000 m (46.9 ppbV vs. 8.0 ppbV). TVOC concentrations changed rapidly from 

altitudes of 50-100 to 401-500 m, with an average decrease of 72%. With further altitude in- 

crease, the TVOC concentration gradually decreased. The xylene/benzene ratios of 34/36 air 

samples were lower than 1.1, and the benzene/toluene ratios of 34/36 samples were higher 

than 0.4, indicating the occurrence of aged air mass during the sampling period. Alkenes 

contributed most in terms of both OH loss rate (39%-71%) and ozone formation potential 

(40%-72%), followed by aromatics (6%-38%). Finally, the main factors affecting the vertical 

distributions of VOCs were local source emission and negative dispersion conditions on 

polluted days. These data could advance our scientific understanding of VOC vertical distri- 

bution. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Jing-Jin-Ji cities have implemented various measures to pre- 
vent and control air pollution in response to the “Action plan 

for air pollution prevention and control” ( Bai, 2014 ; He et al., 
2013 ). These measures have reduced a large amount of pri- 
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mary air pollutant emissions to improve air quality. Accord- 
ing to the China’s Ecological Environment Bulletin from 2015- 
2018 ( http://www.mee.gov.cn/hjzl/zghjzkgb/lnzghjzkgb/ ), the 
concentration of PM 10 (particulate matter with the aerody- 
namic diameter ( D p ) < 10 μm), PM 2.5 (particulate matter with 

D p < 2.5 μm), sulphur dioxide (SO 2 ), nitrogen oxide (NO x ) and 

carbon monoxide (CO) have decreased by 17%, 22%, 47%, 6% 

and 40%, respectively. However, the report also indicated that 
the ozone (O 3 ) concentration increased by 23% from 2015 to 
2018. Despite the improved air quality and the reduction of 
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Fig. 1 – (a) Sampling site (N 39.38 °, E 117.02 °) in the Wuqing District of Tianjin and (b) the tethered balloon used in the study. 

annual PM 2.5 in particular, atmospheric pollution is still of 
major concern. In 2016, the proportion of fine days (National 
Standard Grade II, GB 3095-2012) in 13 cities in the Jing-Jin-Ji 
area was 35.8%-78.7% and the average value was 56.8%. In the 
winter of 2016, five widespread pollution events occurred and 

the highest PM 2.5 mass concentration of over 500 μg/m 

3 was 
recorded in Beijing on December 29, 2016 ( Zhu et al., 2018 ). As 
one of the main precursors of air pollution, volatile organic 
compounds (VOCs) contribute an important role in the for- 
mation of ozone (O 3 ) and secondary organic aerosols (SOA) 
( Barsanti et al., 2017 ; Hallquist et al., 2009 ; Sahu et al., 2017 ). 

Many studies have measured the concentration and chem- 
ical composition of volatile organic compounds (VOCs) at 
ground-level ( Barletta et al., 2002 ; Glaser et al., 2003 ; Shao 
et al., 2009 ; Wu et al., 2017 ; Venkanna, et al., 2015 ; Yan et al., 
2017 ; Zhang et al., 2017a ). However, knowledge of the VOC ver- 
tical profile is still poorly understood, particularly in a pol- 
luted environment. The tropospheric distribution of VOCs de- 
pends on many factors, including emission rates, dispersion, 
and physicochemical properties of the VOCs ( Mao et al., 2008 ; 
Sangiorgi et al., 2011 ; Sun et al., 2018 ). Sun et al. (2018) found 

that a rapid decrease in VOC concentration appeared from the 
surface to an altitude of 400 m, with concentrations of alka- 
nes, alkenes, aromatics and halocarbons decreasing by 48.0%, 
53.3%, 43.3% and 51.1%, respectively, over a suburban site on 

the North China Plain. Yang et al. (2013) studied the effect of 
altitude on the distributions of VOCs from petrochemical in- 
dustrial sources at ground-level and three altitudes (100, 300, 
and 500 m above ground-level). They found that aromatic and 

aliphatic compounds represented the main VOCs accounting 
for the maximum variance of the data observed at ground- 
level and high altitude. A study in suburban Beijing ( Mao et al., 
2008 ) showed that the concentrations of total VOCs (TVOCs) 
ranged from 51.2 ± 39.7 to 83.6 ± 44.4 ppbV on clear days and 

from 62.9 ± 19.0 to 105.0 ± 59.2 ppbV on hazy days. A decreas- 
ing trend in the vertical profiles up to approximately 300 m 

over Beijing was closely related to meteorological parameters, 
such as atmospheric layer stability, temperature, and wind 

speed. 
Despite the significant effect of the VOC vertical distribu- 

tion on atmospheric reactivity and chemical reaction in the 
lower atmosphere, few studies have been performed at differ- 
ent heights due to experimental difficulties. Aircraft ( Reeves 
et al., 2010 ), tethered balloons ( Sangiorgi et al., 2011 ; Zhang 
et al., 2018 , 2019 ) and high towers ( Deng et al., 2015 ; Mao et al., 
2008 ; Sun et al., 2018 ) are commonly used to collect vertical 
samples. However, the observational level is limited by the 
height of the tower, which is usually less than 300 m. In ad- 

dition, it is difficult to collect samples at lower altitudes (less 
than 1000 m) using aircraft. Tethered balloons are more flexi- 
ble compared to observational towers and aircraft for vertical 
observations in the lower atmosphere, and can provide high 

resolution of vertical profiles. Some studies have qualitatively 
and quantitatively described the vertical distribution of VOCs 
using tethered balloons. Koßmann et al. (1996) reported an ex- 
ponential concentration profile with altitude, and Sangiorgi 
et al. (2011) showed a 74%-95% reduction below the mixing 
layer. In addition, Zhang et al. (2018) reported that the concen- 
tration of most VOC species decreased with increased height 
caused by VOCs reacting with OH radical. 

The Beijing-Tianjin-Hebei (Jing-Jin-Ji) region is one of the 
most polluted areas in China ( Zhu et al., 2018 ). There is a lack 
of information describing the vertical profiles of VOCs and dis- 
tribution of other air pollutants in highly polluted environ- 
ments using a tethered balloon. In this study, the tethered 

balloon platform was used to investigate the characteristics 
of VOC vertical distribution in the Jing-Jin-Ji region. The main 

goals of the study were to (1) quantify the vertical variation of 
VOC concentrations and composition; (2) investigate the ver- 
tical profile of VOC reactivity; and (3) analyse the cause of dif- 
ferent VOC vertical distributions on heavy and light pollution 

days. 

1. Materials and methods 

1.1. Field experiments 

The study was performed at an open field site at Wuqing Dis- 
trict, Tianjin, in the junction area between Beijing and Tianjin 

(N 39.38 °, E 117.02 °) shown in Fig. 1 . The Beijing-Tianjin ex- 
pressway was approximately 3 km southeast of the sampling 
site. No other obvious emission sources were nearby. 

The tethered balloon platform was previously used to in- 
vestigate the vertical profile of VOCs and gas pollutants in 

the lower troposphere in Shanghai ( Zhang et al., 2017b , 2018 , 
2019 ). The balloon was filled with 1600 m 

3 helium and a specif- 
ically designed cable connected the balloon and the ground- 
level computer. The ascent and descent rates of the tethered 

balloon were approximately 0.5 m/sec and were controlled by 
an engine. The observation control platform was redesigned 

from previous studies and the effective capability was 200 kg. 
The tethered balloon was launched on November 26 to 

December 19, 2016. Since the tethered balloon can only be 
launched when there is no rain and the wind speed is less than 

10 m/sec, the sampling period was 8 days. Four air samples 
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Table 1 – Details of tethered balloon flights conducted in the Wuqing District of Tianjin from November 26 to December 
19, 2016. 

Flight No. 1 2 3 4 5 6 7 8 9 

Date 
November December 
26th 29th 30th 3rd 4th 13th 13th 17th 19th 

Start-end Time 12:50-13:16 6:09-6:42 16:40-17:06 22:18-22:51 13:25-13:58 11:50-12:23 16:14-16:47 14:10-14:42 13:10-13:27 
Sampling 
height 
(m) 

100 100 100 80 80 100 200 80 50 
300 200 200 300 150 300 450 300 150 
350 400 350 500 500 650 700 600 300 
790 996 770 970 1000 1000 998 950 500 

Daily PM 2.5 (μg/m 

3 ) 217 114 208 275 261 90 90 223 283 

were collected with salinised stainless-steel canisters (3.2 L, 
Entech Corporation, USA) at different heights between 50-1000 
m for each flight. During the field campaign, nine vertical pro- 
files of VOCs were obtained by the tethered balloon. Detailed 

information for each flight is listed in Table 1 . Because of the 
prevailing low planetary boundary layer (PBL) height ( Liu et al., 
2015 ), two or three samples were collected under 500 m. Since 
the altitude for sample collection was not fixed for each flight, 
the heights were divided into different ranges when analysing 
the general vertical distribution: 50-100, 101-200, 201-300, 301- 
400, 401-500, 501-600, 601-700, 701-800, 801-900 and 901-1000 
m. 

The ground-level PM 2.5 , O 3 and meteorological parame- 
ters including temperature ( T ), relative humidity (RH), wind 

speed, and wind direction were monitored synchronously 
by three online instruments (Model 1405, Thermo Environ- 
mental Instruments, USA; Model 49i, Thermo Environmen- 
tal Instruments, USA; WXT520, Vaisala Corporation, Finland). 
A ceilometer (Model CL31, Vaisala Corporation, Finland) was 
used to record the PBL ( Eresmaa, et al., 2006 ). 

1.2. Laboratory analysis of VOCs 

VOCs were analysed by a pre-concentrator (Model 7200, En- 
tech Instruments Inc., USA) coupled to a gas chromatograph- 
mass selective detector/flame ionisation detector (GC-MSD, 
7890B/5977B, Agilent, USA) according to the compendium 

method TO-15 (methods for the determination of toxic or- 
ganic compounds in ambient air). Detailed information on this 
method is described by the United States Environmental Pro- 
tection Agency ( USEPA, 1999 ) and has been used in previous 
studies ( Geng et al., 2019 ; Liu et al., 2008a ; Tsai et al., 2012 ; 
Wang et al., 2013 ; Yang et al., 2013 ; Yuan et al., 2010 ). 

Three certified VOC standards were used for the analy- 
sis: Photochemical Assessment Monitoring Stations (PAMS, 
57 compounds), TO-15 (65 compounds) and TO-14 A (inter- 
nal standard, 4 compounds). All VOC standards were produced 

by Linde Group, North America. In total, 99 VOC species were 
quantified in this study. Based on functional groups, we clas- 
sified these VOC species into five categories: alkanes (includ- 
ing cycloalkanes), alkenes, aromatics, halocarbons and oxy- 
genated VOCs. The VOC species quantified are listed in Ap- 
pendix A Table S1. 

1.3. Estimation of OH loss rate and ozone formation 

potential 

OH loss rate ( L OH 

) and ozone formation potential (OFP) were 
used to evaluate the reactivity of VOCs ( Hui, et al., 2018 ; Mo, 
et al. 2017 ; Song et al., 2019 ; Yan et al., 2017 ). The L OH 

and OPF 

were calculated using the following equations: 

L OH 

= 

∑ n 

i =1 
C i × k OH , i (1) 

OFP = 

∑ n 

i =1 
C i × MI R i (2) 

where C i is the mass concentration of species i; k OH, i is the 
OH rate constant of species i ; and MIR i is the maximum in- 
cremental reactivity (MIR) value of species i , as cited by Carter 
(2010) . 

2. Results and discussion 

2.1. Pollution and meteorological conditions at the 
ground-level 

The variation of ground-level PM 2.5 and O 3 concentrations, 
and the meteorological parameters recorded during the field 

campaign are shown in Fig. 2 . Several PM 2.5 processes were 
observed in the region during the field campaign. PM 2.5 was 
the main pollutant detected. As identified previously, un- 
favourable weather conditions were the main factor affect- 
ing the accumulation of pollutants ( Sun et al., 2016 , 2018 ; Zhu 

et al., 2018 ). Specifically, the low temperature (3.5 °C on av- 
erage), high humidity (68% on average) and low wind speed 

(1.05 m/sec on average) did not favour the diffusion of pollu- 
tants. Additionally, the atmospheric oxidation capacity at the 
ground-level was low, which was reflected by the average O 3 
concentration of 13 μg/m 

3 . 
To investigate the characteristics of VOCs under different 

pollution conditions, sampling days were divided into light 
pollution days and heavy pollution days. According to the Chi- 
nese National Ambient Air Quality Standard, days on which 

the PM 2.5 exceeds 75 μg/m 

3 (Grade II) are defined as polluted. 
We used the PM 2.5 value of 150 μg/m 

3 (a 2-fold Grade II stan- 
dard value) to separate light pollution and heavy pollution 

days. Based on this, the study sampled two light pollution days 
and six heavy pollution days. 

2.2. Vertical distribution of VOCs 

Fig. 3 shows the average vertical profiles of TVOC, as well 
as the proportion of each VOC category. Generally, the TVOC 

concentrations decreased with increased altitude, as previ- 
ously observed ( Mao et al., 2008 ; Sun et al., 2018 ; Xue et al., 
2011 ). The ground-level TVOC concentrations were 4.9 times 
higher than at 900-1000 m (46.9 ppbV vs. 8.0 ppbV). The av- 
erage TVOC concentration measured at 400-500 m decreased 

by 72%. In the 50-500 m range, the concentrations of alka- 
nes, alkenes, aromatics, halocarbons and oxygenated VOCs 



124 journal of environmental sciences 95 (2020) 121–129 

Fig. 2 – Variation of ground-level PM 2.5 (particulate matter with the aerodynamic diameter ( D p ) < 2.5 μm) and ozone (O 3 ) as 
well as meteorological parameters during the study. The light green bar represents flight period; 75 μg/m 

3 is the Grade II 
limit for the PM 2.5 daily average stated by the Chinese National Ambient Air Quality Standard (GB 3096-2012). WS: wind 

speed; Tem.: temperature; RH: relative humidity. 

Fig. 3 – Vertical profile of (a) total volatile organic compound (TVOC) concentrations and (b) the proportion of each VOC 

category at different height ranges. OVOCs: oxygenated volatile organic compounds. 

(OVOCs) decreased by 76%, 69%, 83%, 57% and 74%, respec- 
tively. Between 500-1000 m, the concentrations of aromatics 
declined by 57%; alkenes, halocarbon and OVOCs decreased 

by 47%, 42% and 46%, respectively; and alkanes decreased by 
35%. Additionally, there was a peak at 200-300 m in TVOC 

concentration, which indicated the existence of an inversion 

layer. Another study found that the inversion layer occurred 

at 400 m above ground-level using a tethered balloon in Berlin 

( Glaser et al., 2003 ). 

The PBL height is an important meteorological factor 
that affects the accumulation and vertical diffusion of at- 
mospheric pollutants ( Ren et al., 2004 ; Tang et al., 2016 ; Zhu 

et al., 2018 ). As reported by Zhu et al. (2018) , the estimated PBL 
height was ∼870 m at 14:00 (Beijing Time) and the monthly 
average was ∼280 m during December 2016 in the Jing-Jin-Ji 
region. The PBL height obtained by ceilometer in this study 
was similar to Zhu’s study ( Zhu et al., 2018 ). The daily vari- 
ations of PBL on a light pollution day (December 13, 2016) 
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Table 2 – Concentrations, OH loss rate ( L OH 

) and ozone formation potential (OFP) for selected abundant species and TVOCs 
at different heights on heavy and light pollution days. 

Species Heavy pollution days Light pollution days 

50-200 m 

( n = 9) 
300-500 m 

( n = 9) 
600-1000 m 

( n = 6) 
50-200 m 

( n = 4) 
300-500 m 

( n = 3) 
501-1000 m 

( n = 5) 

Concentration 
(ppbV) 

Propene 3.8 2.0 0.9 3.6 0.9 0.9 
1-Butene 2.1 1.5 1.0 1.4 0.6 0.3 
Iso-butane 1.6 0.9 0.4 1.2 0.7 0.3 
Butane 2.2 1.3 0.6 2.1 1.5 0.7 
Chloromethane 1.0 0.8 0.7 0.9 0.8 0.5 
Methylene chloride 3.0 1.5 0.6 2.0 1.3 0.7 
Benzene 2.9 1.7 0.5 2.0 1.1 0.5 
Toluene 3.0 1.2 0.3 1.8 0.4 0.3 
Acetone 1.3 1.0 0.7 1.0 0.8 0.6 
Ethyl acetate 3.4 1.1 0.3 2.0 0.8 0.4 
Sum of the above 10 species 24.3 12.9 5.8 18.1 8.8 5.2 
TVOCs 40.6 20.5 9.7 28.3 16.5 9.1 

OFP (ppbV) Propene 44.9 23.3 10.4 42.6 10.2 10.8 
1-Butene 20.0 14.5 9.4 13.6 5.9 3.1 
m -Xylene 13.1 3.8 0.8 8.4 1.8 1.9 
Toluene 12.2 4.7 1.2 7.4 1.4 1.0 
trans -2-Butene 4.0 4.5 2.7 3.6 2.2 0.6 
p -Xylene 3.2 1.0 0.3 1.7 0.4 0.4 
Butane 2.5 1.5 0.7 2.4 1.7 0.8 
Ethyl acetate 2.1 0.7 0.2 1.3 0.5 0.2 
Benzene 2.1 1.2 0.3 1.4 0.8 0.3 
Isobutane 2.0 1.1 0.5 1.5 0.9 0.4 
Sum of the above 10 species 106.0 56.2 26.5 83.7 25.9 19.7 
TVOCs 133.1 69.1 33.6 104.1 48.0 26.8 

L OH (sec −1 ) Propene 2.40 1.25 0.56 2.28 0.55 0.58 
1-Butene 1.53 1.11 0.72 1.04 0.46 0.24 
m -Xylene 0.75 0.21 0.05 0.48 0.10 0.11 
Toluene 0.41 0.16 0.04 0.25 0.05 0.03 
trans -2-Butene 0.40 0.45 0.27 0.36 0.22 0.06 
Octane 0.24 0.05 0.01 0.15 0.03 0.02 
1,3-Butadiene 0.19 0.05 0.02 0.34 0.22 0.10 
p -Xylene 0.19 0.06 0.02 0.10 0.02 0.03 
cis -2-Butene 0.17 0.07 0.06 0.18 0.08 0.03 
Styrene 0.17 0.14 0.03 0.12 0.10 0.04 
Sum of the above 10 species 6.45 3.54 1.76 5.29 1.83 1.25 
TVOCs 8.85 4.89 2.49 7.12 3.95 1.96 

Heavy pollution days (75 μg/m 

3 < PM 2.5 ≤ 150 μg/m 

3 ): November 26, November 30, December 3, December 4, December 17 and December 19. 
Light pollution days (PM 2.5 > 150 μg/m 

3 ): November 29 and December 13. 

and a heavy pollution day (December 4, 2016) are shown in 

Appendix A Fig. S1. A low PBL height inhibited the air con- 
vection and caused ground air pollution. Considering the low 

PBL height, the high TVOC concentration in the lower atmo- 
sphere was partly due to local emission and the stable at- 
mospheric structure near ground-level. Compared with near 
ground-level, the concentration of TVOCs decreased sharply 
at 300-400 m. As the height increased further, the vertical di- 
lution made the pollutant mix more evenly and the horizontal 
dispersion conditions improved. As a result, the TVOC concen- 
tration decreased slowly in the upper atmosphere, especially 
for the alkanes and halocarbons that have relatively low reac- 
tivity. 

To further examine the characteristics of VOC vertical dis- 
tribution, the concentrations of VOCs on heavy and light pol- 
lution days were separated for analysis. According to the 
monthly PBL average of 280 m ( Zhu et al., 2018 ), sampling 
height was divided into three ranges: 50-200, 300-500 and 501- 
1000 m. In general, there was no significant difference in the 

fingerprint of VOCs on heavy and light pollution days, which 

indicated that pollutants from local emission sources might 
be the main constituent. Table 2 lists the concentrations of ten 

abundant VOC species at different altitudes on heavy and light 
pollution days. The ten VOC species with high concentrations 
accounted for 60%-63% of the TVOCs on heavy pollution days 
and 53%-64% of the TVOCs on light pollution days. Due to the 
high concentration near ground-level, VOC concentrations on 

heavy pollution days were higher than on light pollution days 
at nearly every altitude sampled. As the altitude increased, the 
concentration of each VOC decreased. This data demonstrated 

that the VOC concentrations peaked at the ground surface and 

decreased with altitude, which is similar to previous reports 
( Mao et al., 2008 ; Sangiorgi et al., 2011 ; Xue et al., 2011 ). 

2.3. VOC vertical profile: light vs. heavy polluted days 

Two days were selected to illustrate the vertical characteristics 
of VOCs and meteorological conditions. One day was associ- 
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Fig. 4 – Vertical profile of TVOC, selected VOC species, proportion of VOC category, and meteorological conditions 
(temperature and relative humidity) at noon for two selected flights. (a), (b), (c) and (d) are the result on December 13, 2016 
(11:50-12:23, PM 2.5 = 90 μg/m 

3 ); (e), (f), (g) and (h) are the result on December 4, 2016 (13:25-13:58, PM 2.5 = 261 μg/m 

3 ). 

ated with a light pollution day (PM 2.5 = 90 μg/m 

3 ) on December 
13, 2016, and the other day was classified as a heavy pollution 

day (PM 2.5 = 261 μg/m 

3 ) on December 4, 2016. On both days, 
sampling was performed at noon. The spatial distribution of 
the primary pollutant PM 2.5 on the light and heavy polluted 

days had regional characteristics, as shown in Appendix A Fig. 
S2. Iso-butane, propene, benzene, methylene chloride and ace- 
tone were selected as abundant representative compounds in 

the categories of alkanes, alkenes, aromatics, halocarbons and 

OVOCs, respectively. Each compound was expected to provide 
the typical distribution for its category. 

As shown in Fig. 4 , the temperature increased sharply with 

increasing altitude from 130 to 280 m and then slowly in- 
creased until an altitude of 400 m on the heavy pollution 

day (13:25-13:58, December 4, 2016). The temperature then 

decreased with increasing altitude. Ceilometer data showed 

there was a mixing height at approximately 140 m at noon 

on December 4, 2016 (Appendix A Fig. S1); therefore, there 
was a significant inversion layer at 130-140 m. Although the 
time was 13:25, it appeared that the pollutants were prohibited 

from diffusion in the upper atmosphere. The TVOC decreased 

sharply at 80 m (TVOC = 59.3 ppbV) to 150 m (TVOC = 18.0 
ppbV). At higher altitudes, the sampling was above the inver- 
sion layer; here, the TVOC concentrations were 6.5 ppbV at 500 
m and 6.0 ppbV at 1000 m. The concentrations of iso-butane, 
propene, benzene, methylene chloride and acetone reduced 

with increasing altitude, similar to that of TVOC concentra- 
tion. Compared with the concentration at 80 m, the reduc- 
tion rate was more than 53% at 150 m and more than 70% at 
1000 m. 

The vertical distribution on the light pollution day (Decem- 
ber 13, 2016) showed a different pattern. In this case, the tem- 
perature decreased and relative humidity gradually increased 

Fig. 5 – Aging extent assessment of air mass using X/B 

(xylene/benzene) and B/T (benzene/toluene) ratios at 
different heights 50-200, 300-500 and 500-1000 m. 

at elevated heights when vertical monitoring was conducted 

at noon (11:50-12:23, December 13, 2016). This phenomenon 

was consistent with the change of PBL. In the morning, the 
ground was heated by sunlight, leading to the collapse of the 
boundary layer at noon (Appendix A Fig. S1). Thus, the vertical 
dispersion condition was favourable for the diffusion of pol- 
lutants. The TVOC concentrations decreased from 44.7 ppbV 

at 100 m to 11.0 ppbV at 1000 m. Good diffusion conditions 
contributed to the high concentration at low altitude so that 
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Fig. 6 – Vertical profiles of ozone formation potential (OFP) and OH loss rate ( L OH 

) during heavy and light pollution days. (a), 
(c), (e) and (g) are the vertical profiles of OFP or L OH 

of TVOCs, and (b), (d), (f) and (h) are the vertical profile of the proportion of 
each VOC category in the OFP or L OH 

of TVOCs. 

the TVOCs (43.4 ppbV) at 300 m was similar to that at 100 m. 
However, at higher altitude (650 m), TVOC concentration de- 
creased to 10.0 ppbV. In general, the compound concentration 

decreased as the altitude increased. The acetone concentra- 
tion decreased by 36% as the altitude increased from 100 to 
300 m, which represented the greatest decreasing rate from 

compounds tested. For the other compounds, the decreasing 
rate was less than 27%. At 1000 m, the largest concentration 

reduction was 86% for benzene and the lowest concentration 

reduction was 64% for acetone. 
The vertical distributions of VOCs are affected by many fac- 

tors, such as source emission, meteorological parameters, and 
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photochemical reactions ( Mao et al., 2008 ; Zhu et al., 2018 ). 
The representative compounds measured are from anthro- 
pogenic emissions: propene is from vehicle emissions ( Liu 

et al., 2008a ); iso-butane is from liquefied petroleum gas evap- 
oration and oil refinery ( Liu et al., 2008a ); methylene chloride 
is a form of organic solvent and mainly released from solvent 
evaporation ( Mao et al., 2008 ); benzene comes from vehicular 
and gasoline vapour emissions ( Liu et al., 2008a ; Song et al., 
2007 ); and acetone was the predominant ambient VOC species 
detected at a petrochemical complex and an oil refinery ( Cetin 

et al., 2003 ). In the present study, no significant difference was 
seen in the chemical composition and concentration of sam- 
ples near ground-level on heavy or light pollution days, indi- 
cating that stable emission sources existed in the studied area. 
The vertical profile of five representative compounds on light 
pollution days was more dispersive than on heavy pollution 

days, which reflect the effect of vertical convective dispersion 

conditions and the reactivity of compounds ( Mao et al., 2008 ). 

2.4. Aged air parcel assessment 

Based on the estimation of photochemical reactivity, ratios of 
two VOC species have commonly been used to identify the 
VOC sources and chemical evolution ( Geng et al., 2019 ; Parrish 

et al., 2007 ; Yuan et al., 2012a , 2012b ). For example, benzene, 
toluene and xylene have been used as indicators of air mass 
age and vehicular exhaust emissions ( Baldasano et al., 1998 ; 
Monod et al., 2001 ; Song et al., 2007 ; Sweet and Vermette, 1992 ). 
Due to the different reaction rate, low X/B (xylene/benzene) 
and high B/T (benzene/toluene) ratios were used to identify 
the aged air mass. Previous studies suggested that a fresh air- 
mass sample could be identified when the B/T ratio was < 0.4 
and the X/B ratio was > 1.1, and an aged air parcel could be 
identified when the B/T ratio was ≥ 0.4 and the X/B ratio was 
≤ 1.1 ( Liu et al., 2008b ; Vo et al, 2018 ). Fig. 5 shows the de- 
gree of air mass ageing using X/B (xylene/benzene) and B/T 

(benzene/toluene) ratios at different heights. The X/B ratios 
of 34/36 air samples were lower than 1.1, and the B/T ratios 
of 34/36 samples were higher than 0.4, indicating the occur- 
rence of aged air mass during the sampling period. The tem- 
perature and wind speed were low during winter, resulting in 

weak diffusion conditions. Combined with the barrier effect 
of low PBL, the pollutants remained in the atmosphere for a 
relatively long time. Thus, fresh air was rarely collected. 

It has been reported that a B/T ratio in the range of 0.2-1.5 
is an indicator of traffic source emission ( Garzon et al., 2015 ). 
We found that most samples (11 from 13) from 50-200 m were 
within a B/T ratio of 0.2-1.5, indicating that local vehicular ex- 
haust was an important source. The vehicular emission from 

the Beijing-Tianjin expressway located southeast of the sam- 
pling site might be an important source. 

The ratios of B/T and X/B varied widely (Appendix A Fig. S3). 
On the heavy pollution day, X/B decreased with increasing alti- 
tude and B/T increased with increasing altitude, indicating an 

aged trend at the upper heights. These aged air masses above 
the inversion layer could have originated from local mobile 
and stationary emissions as well as transportation from dis- 
tant sources. For the light pollution day, there was no variation 

in the X/B and B/T ratios. Therefore, it was confirmed that dif- 
fusion was an important factor for the mass ageing process. 

2.5. Vertical profile of VOC reactivity 

OH loss rate ( L OH 

) and ozone formation potential (OFP) 
were used to evaluate the vertical profile of VOC reactivity. 
Fig. 6 shows the L OH 

and OFP of TVOCs and each VOC group at 
different altitudes on heavy and light pollution days. 

On heavy pollution days, the average L OH 

and OFP for 
TVOCs were 10.70 sec −1 and 164.1 ppbV near ground-level, re- 

spectively. They decreased sharply from near ground level to 
300-400 m, with a L OH 

reduction ratio of 66% and an OFP re- 
duction ratio of 68%. At altitudes above 300 m, the L OH 

and 

OFP level changed slowly. On light pollution days, the L OH 

and 

OFP for TVOCs were 9.58 sec −1 and 136.6 ppbV near ground- 
level, respectively, which were slightly lower than on heavy 
pollution days. The variation of L OH 

and OFP above 400 m 

was small. On the heavy and light pollution days, alkenes 
contributed most in terms of L OH 

(39%-71%) and OFP (40%- 
72%), followed by aromatics (6%-38%). A study conducted in 

the lower troposphere in Shijiazhuang, Hebei province, also 
found that alkenes and aromatics were the main contributors 
to ozone formation ( Sun et al., 2018 ). 

Table 2 lists ten abundant species in L OH 

and OFP, as well as 
the L OH 

and OFP of TVOCs at different altitudes on heavy and 

light pollution days. The abundant species for L OH 

and OFP 
differed compared to the VOC concentration. The ten selected 

reactive species accounted for 46%-74% and 54%-81% of the 
L OH 

and OFP for TVOCs, respectively. The 10 species and their 
concentrations were similar between heavy and light pollu- 
tion days, indicating that the types of emission sources were 
relatively constant during the sampling period. 

3. Conclusions 

In this study, a tethered balloon platform was used to investi- 
gate the characteristics of VOC vertical distribution over the 
Jing-Jin-Ji region: one of the most highly polluted areas in 

China. The tethered balloon was launched from ∼50 to ∼1000 
m between November 26 and December 19, 2016. Four air sam- 
ples were collected at different heights for each flight, and 

nine VOC vertical profiles were obtained. During the sampling 
period, low temperature, high humidity and low wind speed 

at ground-level were not favourable to the dispersion of pol- 
lutants. 

In general, the TVOC concentration decreased with in- 
creasing altitude, and the TVOC concentration near ground- 
level (50-100 m) was 4.9 times higher than that at 900-1000 m 

(46.9 ppbV vs. 8.0 ppbV). The vertical variation of TVOCs de- 
creased by 72% from altitudes of 50-100 to 401-500 m. The high 

TVOC concentration at a lower atmosphere was attributed to 
local emission and the stagnant atmospheric structure near 
ground-level (below the boundary layer). Propene, 1-butene, 
iso -butane, butane, benzene, toluene and ethyl acetate species 
had the highest concentration, OFP and L OH 

. Based on X/B and 

B/T ratios, almost all samples were identified as aged air mass. 
The air mass showed an ageing trend at the upper altitudes. 
Alkenes and aromatics were identified as the main contribu- 
tors to the total L OH 

and OFP on heavy and light pollution days. 
In summary, these results can contribute to our scientific un- 
derstanding of VOC vertical distribution over the Jing-Jin-Ji re- 
gion in China. 
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