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Lhasa is a typical high-altitude city with strong solar radiation and high

background ozone levels. With the rapid development and urbanization, the

emission of volatile organic compounds (VOCs) in Tibet has been increasing

annually. However, VOCs activity and the impact on air quality and human

health have scarcely been investigated. We conducted online measurement of

VOCs in urban Lhasa during May 2019. The mean mixing ratio (with one

standard deviation) of the total VOCs was 21.5 ± 18.6 ppb. Of the total

VOCs, alkanes, alkenes, and aromatic hydrocarbons accounted for 57.7%,

20.9%, and 21.4%, respectively. On the basis of VOC atmospheric reactivity,

the ozone formation potential (OFP) and hydroxyl radical loss rate (LOH) were

91.7 ppb and 3.1 s−1, respectively. Alkenes accounted for the largest proportion

of the OFP and LOH, followed by aromatic hydrocarbons. The results of

correlation analysis on the benzene series (BTEX), and the similarity of the

diurnal changes in CO, NOy, BTEX, and TVOCmixing ratios indicated that Lhasa

city strongly affected bymotor vehicle emissions. Source apportionments using

positive matrix factorization (PMF) model further confirmed that traffic related

emissions, including gasoline automobiles, diesel vehicles, and public

transportation vehicles fueled with liquid natural gas contributed the most in

total VOCs concentration (44.5%–50.2%), LOH (41.6%–46.8%) andOFP (47.4%–

52.3%). Biomass combustion, mainly from the traditional biomass fuel in the

plateau, was the second contributor to ambient VOCs (41.3%), LOH (26.4%), and

OFP (29.7%), and existed a less variation in diurnal changes with a feature of

regional background. Plants contributed only about 1.5% to the VOCs

concentration but a relatively high (approximately 14.6%) LOH. The

noncarcinogenic risk of BTEX did not exceed the hazard quotient value, but

the carcinogenic risk of benzene was 4.47 × 10–6, indicating a potential risk.
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1 Highlights

• Variations in volatile organic compounds were explored in

a highland urban city

• Air quality in urban Lhasa city was strongly affected by

motor vehicle emissions

• Benzene has a potential carcinogenic risk in urban

Lhasa now

2 Introduction

Volatile organic compounds (VOCs) in the atmosphere are

crucial precursors of ozone (O3) and secondary organic aerosols

(SOAs) (Tang et al., 2006; Santos et al., 2021). VOCs play a

critical role in tropospheric atmospheric chemistry, affecting the

atmospheric oxidation balance, greenhouse effect, and secondary

aerosol formation (Constable et al., 2001; Klinger et al., 2002).

They also have a definite impact on human health (Zhao et al.,

2019; Lyu et al., 2020). In China, emissions of anthropogenic

VOCs have been increasing annually (Li et al., 2019), especially in

economically developed and densely populated areas such as the

North China Plain (Liu et al., 2005; Song et al., 2007; Wang et al.,

2012; Li et al., 2020), Yangtze River Delta (Huang et al., 2011a;

Huang et al., 2015; Dai et al., 2017), and Pearl River Delta (Liu

et al., 2007; Guo et al., 2011; Han et al., 2019). However, few

studies are carried out on atmospheric pollutants, especially

VOCs, in the Tibetan Plateau, where the air is always

considered as clean background since it is far away from

polluted areas. Limited data have revealed that VOC

concentrations in the Tibetan rural regions were higher than

those in the Arctic and Antarctic regions but lower than those in

many remote rural areas of Asia (Xue et al., 2013; Li et al., 2017).

An early study suggested that VOCs in Lhasa mainly originate

from biomass combustion and plant emissions (Yu et al., 2001).

In recent years, anthropogenic VOC emissions from fossil fuel

combustion (motor vehicles and coal burning) and industry have

become increasingly prevalent (Ran et al., 2014; Bai et al., 2018;

Chen et al., 2018; Yin et al., 2019). In 2019, 265,000 motor

vehicles have been reported to be owned by the

555,000 registered residents of Lhasa city, and approximately

65% of the residents lived in the urban area of less than 150 km2

(data from Lhasa Statistics Bureau), indicating a high density of

vehicles in the city. As the urban area of Lhasa city has continued

to develop and expand, the number of motor vehicles, including

vehicles from other provinces, and the emissions and ambient

levels of gaseous pollutants (e.g., NOx, CO, and SO2) have

increased significantly (Wei et al., 2011; Ran et al., 2014). The

Tibetan Plateau has strong solar radiation (Chen et al., 2015),

high background ozone levels (Lin et al., 2015), and high

atmospheric oxidation capacity (Lin et al., 2008), which

facilitates the formation of airborne particulates from the

organic precursors, such as polycyclic aromatic hydrocarbons

(Qi et al., 2003; Liu et al., 2013), but also increases a potential risk

of photochemical smog from the increasing photochemical

precursors in highland cities with dense populations (Ran

et al., 2014). The potential risks of air quality deterioration

and photochemical pollution have not yet evaluated by

measurement. Therefore, performing observational studies on

VOCs to determine their concentrations, composition and

variation characteristics, photochemical properties in the

atmosphere, and potential risks to human health in urban

Lhasa, a typical highland city, is vital. In this paper, we

presented the variations of VOCs, which were continuously

and firstly measured by on-line techniques, and then

discussed their sources implication and potential risks.

3 Measurement and analysis methods

3.1 Online measurement

From May 1 through 31 May 2019, VOCs were measured in

the yard of the Meteorological Bureau of the Tibet Autonomous

Region in Lhasa city (91.13°E, 29.65°N, 3,667 m above sea level).

The sample inlet was on the rooftop of a four-storey building.

The measurement site was adjacent to the Linkuo North Road in

the northern part of the city. The site was surrounded by office

and residential areas, and the famous Potala Palace was located

2 km to the west, as illustrated in Figure 1.

In this study, an online gas chromatograph analyzer (Syntech

Spectras GC955, Groningen, Netherlands) was used to measure

the ambient VOC concentrations. The ambient air sample

entered the analyzer after particulate filtering and Nafion tube

drying. The sampling flow rate was 0.5 L·min−1. C6–C12 and

C2–C5 compounds, with high and low boiling points,

respectively, were measured separately. C6–C12 compounds

were preconcentrated and enriched on a Tenax GR tube at

room temperature, heated, and quickly desorbed. The

compounds then entered a DB-1 chromatographic column

with a carrier gas for separation and were finally detected by

a photoionization detector (PID). C2–C5 compounds were cooled

and preconcentrated at a low temperature (5°C) on a Carbonsieve

SⅢ tube. After heating and desorption, they were separated using

a porous layer open tubular chromatographic column and were

finally monitored using a PID and a flame ionization detector

(FID). 40-min cycles were set during the measurement. VOC

standard gases (55 VOC mixtures, ~1.0 ppm, Linde Spectra

Environmental Gases, Germany), namely 28 alkanes,

11 alkenes, and 16 aromatics, were used in qualitative and

quantitative analyses. Zero and span (~5 ppb) calibrations

were performed in the early and late stages of field

observation. High purity N2 (99.999%) was used as zero and

dilution gas. According to the order of peak areas and the

retention times of the standard spectrogram, the individual

VOCs compounds were determined and quantified. During
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the measurement, there were 49 species of VOCs identified and

quantified. In general, the precision for VOCs was below 15%.

The linear correlation coefficients of calibration curves were

mostly greater than 0.99 for individual VOCs compounds as

tested in the lab.

Surface CO mixing ratios were measured using a gas filter

correlation infrared absorption analyzer (48i trace level, Thermo

Fisher, Uinted States). Reactive nitrogen species (NOy) were

detected using a chemiluminescence analyzer (Model 42i-Y,

Thermo Scientific, Uinted States) equipped with an external

molybdenum converter heated to approximately 375°C.

Meteorological data were obtained from the Tibet

Meteorological Bureau.

3.2 Data analysis methods

3.2.1 Calculation of mixing layer depth
The National Centers for Environmental Prediction and

National Center for Atmospheric Research reanalysis

meteorological data set (https://ready.arl.noaa.gov/archives.

php) was input into National Oceanic and Atmospheric

Administration Hysplit (http://ready.arl.noaa.gov/HYSPLIT.

php) software to calculate mixing layer depths (MLDs) during

the measurement period.

3.2.2 Calculation of ozone formation potential
The maximum incremental reactivity (MIR) method was

used to calculate the OFP of each VOC component to evaluate

the contribution of VOCs to O3 generation. The OFP calculation

formula is as follows:

OFPi � MIRi × [VOC]i (1)

whereMIR is the maximum incremental reactivity, and the value

ofMIR is obtained from the California Code of Regulations, 2010

(Carter, 2010); [VOC]i is the concentration of each VOC

component in ppb.

3.2.3 Calculation of loss rate of hydroxyl radical
The OH radical loss rate (LOH) of VOC components was

calculated using the following formula:

LOHi � kOHi × [VOC]i (2)

where kOH is the reaction rate constant of VOCs and hydroxyl

radicals, and the data originate from reference (Atkinson and

Arey, 2003).

3.2.4 Positive matrix factorization analysis
Positive matrix factorization (PMF) model was first proposed

to factor analysis in 1994 (Paatero and Tapper, 1994) and it has

been widely used recently as a tool to resolve VOCs source-

receptor relationship and to evaluate the different sources

contributions. PMF is a receptor model which quantifies

contributions from various sources by mathematical statistics

according to the different chemical composition or source

fingerprint. In this paper, the EPA PMF 5.0 software with a

multiple linear engine version 2 (ME-2) platform (Norris et al.,

2014) is used for source analysis. Based on Eq. 3, PMF calculates

FIGURE 1
Measurement site’s location and nearby topography in Lhasa. Measurement was conducted in the central urban area.
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the following parameters: 1) the number of VOCs source factors

p, 2) the chemical composition of each source factor f, 3)

contribution g of each source factor to the sample, and 4)

residual eij of each species to each sample. The constraint of

PMF is that the contribution g and source factor f in the equation

should be non-negative to have physical significance.

Xij � ∑p

k�1gikf kj + eij (3)

where, the data matrix Xij represents the concentration of VOCs,

i represents the observed sample, j represents the species.

The target of PMF is to minimize the functional residual

Q in the Eq. 4, where n and m are the number of samples and

the number of species respectively, and uij is the uncertainty

of Xij.

Q � ∑n

i�1∑m

j�1
⎡⎢⎣∑p

k�1gikf kj + eij − ∑p
k�1gikf kj

uij

⎤⎥⎦ (4)

The input file consists of two matrices, observed species

concentration (Xij) and uncertainty (uij).

Uncertainty calculation formula is:

Unc �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

������������������������������������
(Error Fraction × Conc.)2 + (0.5 × MDLj)√

Conc.>MDL

5
6
× Conc. Conc.≤MDL

4 × media conc. Missing data

(5)
Qexpected. � n × m − p × (n +m)

Based on the extensively used principles, missing rates

greater than 25% or concentrations lower than MDL are

excluded (Han et al., 2021). Finally, 21 species were selected

and input into the PMF model calculation. Three to nine factors

were estimated to obtain the best resolution based on the Qtrue/

Qexpected and Qtrue/Qrobust value (Li et al., 2020). In this study, six

factors were determined with regard to the Qtrue/Qrobust =

1.06 and Qtrue/ Qexpected = 1.09. Around 95% of the scaled

residuals were between −3 and 3. Fpeak with the value

of −1 to 1 at intervals of 0.1 was determined to investigate the

free rotation (Song et al., 2018). The results showed that Fpeak

values had no significant difference, indicating a good fit of the

modeled results.

3.2.5 Health risk assessment
To quantitatively describe the relationship between the

human exposure dose and adverse health reaction, according

to the carcinogenicity of substances, health risk assessments are

generally of two types: carcinogenic and noncarcinogenic risk

assessments (Xia et al., 2014; Cheng et al., 2019). In this study, the

assessment indexes were calculated using Eqs. 6–9.

EC � C ×
ET × EF × ED

AT
(6)

Risk � IUR × EC (7)
HQ � EC/RfC (8)
HI � ∑n

i�1HQi (9)

FIGURE 2
Time series variations in alkenes, C2–C5 alkanes, C6–C12 alkanes, and aromatics mixing ratios in the 2019 study.
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where EC is the exposure concentration in μg/m3, C is the

environmental concentration of pollutants in μg/m3, ET is the

exposure time, EF is the exposure frequency, ED is the exposure

duration (in years), AT is the average time, RfC is the inhaled

carcinogenic risk concentration in mg/m3, IUR is the US

Environmental Protection Agency (EPA) inhalation unit risk

in μg/m3, Risk is the value of carcinogenic risk, HQ is the

noncarcinogenic risk hazard quotient (HQ), and HI is the

noncarcinogenic risk index. EF was obtained from the US

EPA Integrated Risk Information System (IRIS, 365 d/y;

http://www.epa.gov/iris), and ET, ED, and AT were 3.68 h/day,

74.8 years, and 74.8 × 365 × 24 h, respectively (Cheng et al.,

2019).

4 Results and discussion

4.1 Time series variation in VOC mixing
ratios

As illustrated in Figure 2, during the entire observation period,

the volumemixing ratios of C2–C5 alkanes, alkenes, C6–C12 alkanes,

and aromatics were 2.1–67.4, 0.39–16.8, 1.2–22.3, and

0.95–20.6 ppb, respectively. Regarding C2–C5 alkanes, higher

spikes were found from May 14–19, 2019, whereas C6–C12

alkanes demonstrated higher concentrations on May 5–9 and

13–16, 2019 (maximum value: 22.3 ppb, daily average value:

7.4 ppb). Aromatics fluctuated more from May 7–18, 2019, with

a greater number of peaks (maximum value: 20.6 ppb, daily average

value: 8.7 ppb). Alkenes demonstrated fluctuations for the whole

measurement period. The daily mean concentrations of C2–C5

alkanes only exhibited a significant correlation (R = 0.44, p <
0.05) with alkenes, and the daily mean concentrations of C6–C12

alkanes only had a significant correlation (R = 0.65, p < 0.05) with

aromatics. This indicated a difference in sources and sinks between

C2–C5 and C6–C12 VOC compounds.

4.2 Statistics and comparison of VOC
mixing ratios

4.2.1 Concentration level of volatile organic
compounds

As detailed in Table 1, the hourly mean mixing ratio with ±1

σ of total VOCs in our measurement was 21.5 ± 18.6 ppb

(median: 17.8 ppb), which was lower than the annual average

VOC mixing ratio of 37.4 ppb (sum of alkanes, alkenes and

aromatics) obtained in Lhasa city during 2019 through Summa

canister offline sampling (Yu et al., 2022). Leaving their

difference in sampling time and frequency aside, it indicated

that there have months with high VOCs at Lhasa than that in

May when we measured. The concentration was also lower than

those reported in large cities such as Beijing, Tianjin, Nanjing,

and Los Angeles (see Table 2) but higher than those reported in

clean rural sites such as Gonggar Mountain. The alkane volume

mixing ratio was 12.4 ± 11.2 ppb, accounting for 57.7% of the

total VOCs, whereas the ratios of aromatics and alkenes were

4.6 ± 3.5 and 4.5 ± 2.8 ppb, accounting for 21.4% and 20.9% of the

total VOCs, respectively. The relative contribution of the four

types of VOCs here was similar to other cities, inferring

comparable emission inventory structure of VOCs. Much

TABLE 1 Concentrations and ratios of the classification of VOCs inMay
in urban Lhasa.

Species Mean
(ppb)

Std
(ppb)

Median
(ppb)

Proportion
(%)

Alkanes 12.4 11.2 9.8 57.7

Alkenes 4.5 2.8 4.1 20.9

Aromatics 4.6 3.5 3.9 21.4

TVOCs 21.5 18.6 17.8 100

TABLE 2 Comparison of atmospheric VOCs in Lhasa with other observation sites.

Site Period Site type No. of
species

Conc./ppb Method Reference

Lhasa 2019.05 Urban 49 21.5 ± 18.6 Online/GC This study

Menyuan 2013.9.13–10.14 Background 38 11.03 Offline/GCMS Bai et al. (2016)

Lanzhou 2013 Urban 53 38.29 Online/GC Jia et al. (2016)

Dushanzi 2015.09-2016.04 Urban 57 17.05 ± 13.61 Offline/GCMS Zhang et al., (2019)

Tianjin 2019 Urban 56 48.9 µg m-3 Online/GC Gao et al., (2021)

Beijing 2016 Urban 99 101.5 ± 65.2 µg m-3 Online/GCMS Liu et al., (2021)

Nanjing 2013.12-2014.02 Urban 56 27 ± 14 Online/GC An et al., (2017)

Los Angeles 2010.05 Urban 26 41.3 Online/PTRMS Warneke et al., (2012)

Southwest of the U.S. 2017.4-2017.9 National Park 56 0.1~21 Offline/GCMS Benedict et al., (2020)

East Rongbuk Glacier 2009 Background 108 8.56~36.77 Offline/GC×GC Wang et al., (2009)

Gongga Mountain 2008.1-2011.12 Background 40 8.75 ± 5.76 Offline/GCMS Zhang et al., (2014)
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lower VOCs might be related to the relatively lower emission

strength in the city of Lhasa. According to mixing ratios, the top

10 VOC components were ethane, isobutene, isobutane,

n-butane, benzene, toluene, n-undecane, 2,2-dimethylbutane,

propylene, and n-hexane, respectively (Table 3).

4.2.2 Characteristics of BTEX mixing ratios
BTEX is a general term for benzene, toluene, ethylbenzene,

and three xylene isomers (m-xylene, p-xylene, and o-xylene);

it represents a key group among VOCs. BTEX mainly

originates from solvent use, fossil fuel and biomass

combustion, and it plays a pivotal role in atmospheric

photochemical smog and particulate pollution (Zhang et al.,

2016; Yao et al., 2017).

Supplementary Figure S1 depicts the time series

variations in benzene, toluene, ethylbenzene, m/p-xylene,

and o-xylene mixing ratios from May 1 to 31 May 2019.

BTEX mixing ratios exhibited day-to-day fluctuations of

1.8–20.2 ppb. The average benzene, toluene, ethylbenzene,

m/p-xylene, and o-xylene mixing ratios with ±1 σ were 1.65 ±
0.8, 1.21 ± 1.02, 0.29 ± 0.25, 0.56 ± 0.58, 0.49 ± 0.48 ppb,

respectively, and BTEX accounted for 19.5% of the

total VOCs.

Figure 3 provides a comparison of BTEX mixing ratios in

Lhasa with the ratios recorded in other cities. The BTEX mixing

ratios in Lhasa were much lower than those in Beijing (January

2014) (Li et al., 2015), Shanghai (January 2007–March 2010) (Cai

et al., 2010), Guangzhou (November–December 2009) (Zhang

et al., 2013), and the Dinghushan rural site in the Pearl River

Delta (April 2005) (Tang et al., 2007). However, it is worth noting

that the benzene to BTEX ratio was higher in Lhasa (39%) than

that in Beijing (24%), Shanghai (19%), and Guangzhou (30%).

The BTEX mixing ratio in Lhasa was higher than that at the rural

site in Changdao, Shandong province (March–April 2011) (Yuan

et al., 2013) and Waliguan, Tibet Plateau (April–May 2003) (Xue

et al., 2013).

4.3 Diurnal variations

Figure 4 shows the average diurnal variations in the

mixing ratios of various classes of VOCs, atmospheric

TABLE 3 Top 10 species ranked in terms of proportions of concentration, OFP, and LOH.

Species Conc.
(ppb)

Ratio
(%) in
conc.

Species OFP
(ppb)

Ratio
(%) in
OFP

Species LOH
(s-1)

Ratio
(%) in
LOH

Ethane 2.86 13.3 Isobutene 14.47 15.8 Isoprene 0.52 16.6

Isobutene 2.34 10.9 m/p-Xylene 9.60 10.5 1-Hexene 0.41 13.0

Isobutane 1.97 9.2 Toluene 9.26 10.1 Propene 0.31 9.8

n-Butane 1.72 8.0 o-Xylene 8.21 9.0 n-Undecane 0.29 9.3

Bezene 1.65 7.7 Propene 8.07 8.8 cis-2-
Butene

0.23 7.4

n-Undecane 1.36 6.3 Hexene 6.08 6.6 m/p-Xylene 0.18 5.8

Toluene 1.21 5.6 cis-2-
Butene

4.82 5.3 n-Decane 0.15 4.7

2,2-
Dimethylbutane

0.99 4.6 Isoprene 3.76 4.1 o-Xylene 0.12 3.9

Propene 0.79 3.7 Isobutane 2.94 3.2 Styrene 0.12 3.7

n-Hexane 0.70 3.3 n-Undecane 2.70 2.9 Toluene 0.12 3.7

Total 15.6 72.5 Total 69.9 76.3 Total 2.4 78.0

FIGURE 3
Comparison of BTEX mixing ratios in the atmosphere
between Lhasa and other sites.
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MLD, wind direction frequency, and wind speed. Easterly

winds were predominant at nighttime (19:00–6:00), whereas

westerly winds were more prevalent during daytime. Strong

winds were observed in the afternoon and reached a peak at

16:00–17:00.

The peak value of C2–C5 alkanes was found at 6:00 when the

wind speed was the lowest for the day. The concentrations then

gradually decreased; a trough value appeared at 14:00, and

another peak value appeared at 21:00. The mean value at 6:00

(11.3 ppb) was close to the median value (10.8 ppb), whereas the

mean value (11.5 ppb) at 21:00 was much higher than the median

value (8.2 ppb), which indicated the heavier influence of local

emissions at night peak time. The concentration (6.9 ppb) of

C2–C5 alkanes in daytime was lower than that at night (9.3 ppb).

Alkenes exhibited two peaks at approximately 9:00 in the

morning (4.7 ppb) and 17:00 at night (6.7 ppb), and the morning

peak appeared at a time similar to that of the aromatics. Distinct

from C2–C5 alkanes, the mean value of alkenes in the daytime

(4.7 ppb) was slightly higher than that at night (4.0 ppb). This

shall be attributed to a stronger emission of them in daytime than

nighttime, since there are stronger dilutions and sinks in daytime

than nighttime.

Diurnal variation was found for the aromatics: an obvious peak

value (7.5 ppb) occurred at 8:00 in the morning, followed by a

FIGURE 4
Daily variations in (A)C2–C5 alkanes, (B)C6–C12 alkanes, (C) alkenes, (D) aromatics, (E) TVOCsmixing ratios andmixing layer depths (MLD), and
(F) wind direction frequency and wind speed (shade and error bar indicate 1 σ).
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gradual decrease, reaching a trough (3.7 ppb) at 13:00–14:00 and

then increasing up to a second peak (5.5 ppb) at 17:00. The daytime

concentration of aromatics (4.8 ppb) was also slightly higher than

that (4.3 ppb) at night. The morning peak of C2–C5 alkanes

appeared earlier and lasted longer, whereas the morning peak of

aromatic hydrocarbons appeared sharply later on.

Generally, the diurnal variations were lower in C6–C12

alkanes and alkenes than in aromatics and C2–C5 alkanes, in

terms of their amplitudes in diurnal variations. For total VOCs

(TVOCs), diurnal variation was found: two peak values of

22.4 ppb at 8:00 and 21.9 ppb at 21:00, and two trough values

of 15.2 ppb at 2:00 and 15.0 ppb were found at 13:00. During the

day, the mixing ratios of TVOCs decreased and reached their

lowest values at approximately 13:00. The higher MLD and wind

speed in daytime would promote the convective and advective

dilution of the pollutants. Therefore, the timing of diurnal

variation of distinct VOC species differed slightly as a result

of the differences in emission sources, in addition to varied

species activity, and sink. Notably, freight vehicles have been

restricted on roads in urban Lhasa from 5:00 to 21:00 every day,

which may have affected the diurnal variations in some species of

VOCs, for example the night peaks of them. This requires further

exploration.

Figure 5 depicts the average diurnal variations in CO,

NOy, BTEX, and TVOCs mixing ratios. The diurnal change

of BTEX exhibited a pattern consistent with that of TVOCs; a

significant correlation (R = 0.86, p < 0.01, Supplementary

Table S1) was observed. Except for a high peak at

approximately 17:00 for BTEX and TVOCs, a similar

variation pattern was observed for the BTEX (TVOCs),

CO, and NOy mixing ratios. CO mainly originates from

incomplete combustion (Shao et al., 2020) and is a tracer

of combustion emissions. The CO, NOy, and BTEX (TVOCs)

mixing ratios reached peaks during the morning rush hour

period at 8:00, which was likely due to vehicle exhaust

emissions. During the evening rush hours, a peak for

BTEX (TVOCs) was also observed at approximately 17:00,

but no peaks for CO and NOy were noticeable. Another

distinct nighttime peak appeared at 21:00 for CO, NOy, and

BTEX (TVOCs), which may be primarily due to high vehicle

emissions associated with the habits of local people and the

end of the driving restrictions on freight vehicles (Huang

et al., 2011b). The similarity of the CO, NOy, BTEX, and

TVOC mixing ratios during the 2:00–4:00 and 13:00–14:

00 periods indicated that the pollutants could not easily

accumulate in the Lhasa valley at night in May because

the geographical scale of urban Lhasa is small and the air

above is easily diluted and replaced by fresh and clean

surrounding air.

In addition to source emissions,meteorological factors also have

an impact on the diurnal change of pollutants. Pearson correlations

of meteorological parameters with the hourly mean NOy, CO, and

various classes of VOCsmixing ratios are showed in Supplementary

Table S2. In addition to C6‒C12 alkanes, other pollutant

concentrations, including TVOCs, were significantly and

negatively correlated with changes in wind speed, which

indicated a feature of local emission. MLD seemed to have a

complex influence on different pollutants. MLD showed

significant and negative correlations with NOy, C2‒C5 alkanes

and TVOCs, significant and positive correlations with alkenes

and C6‒C12 alkanes, but insignificant with CO, BTEX, and

aromatics. Air temperature were significantly and positively

correlated with changes in BTEX, aromatics, and NOy, but

insignificant with other pollutants.

FIGURE 5
Average daily variation in CO, NOy, TVOC, and BTEX mixing
ratios (error bar indicates 1 σ).

FIGURE 6
Relative contributions of mixing ratios, OFP, and LOH
activities of alkanes, alkenes, and aromatics.
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4.4 OFP and OH loss rate of VOC
components

The atmospheric lifetimes and reactivity of different

species of VOCs varied greatly. Therefore, the

concentration alone does not fully reflect the roles of these

factors in the processes of atmospheric chemistry; this

shortcoming can be overcome to some extent by

considering the properties of chemical reactivity, such as

OFP and OH loss rate (Bufalini et al., 1976).

The total OFP of the observed species was 91.7 ppb during the

entire observation period, and the OFP of alkanes, alkenes, and

aromatic hydrocarbons was 18.9, 39.6, and 33.2 ppb with

contributions of 20.6%, 43.2%, and 36.2%, respectively. The total

LOH was 3.1 s−1 for all observed species, with values of 0.9, 1.5, and

0.7 s−1 and contributions of 28.2%, 47.9%, and 23.9% for alkanes,

alkenes, and aromatic hydrocarbons, respectively. As illustrated in

Figure 6, alkanes were the most abundant components (57.7%) in

the total VOCs but had the lowest contributions to OFP (20.6%) and

LOH (28.2%), whereas alkenes had the highest contributions to OFP

(43.2%) and LOH (47.9%), which indicated higher activity and hydroxyl

radical reaction rate for alkenes than for alkanes in Lhasa. Aromatics

contributed 36.2% to the OFP and 23.9% to LOH. The top 10 VOC

species were ranked in terms of concentration, OFP, and LOH,

respectively, and are shown in Table 3. Although ethane and

benzene had high concentration proportions, their OFP and LOH
were not ranked in the top 10 due to their relatively weak

reactivity. In terms of the control of ozone generation, the priorities

for controlling VOC species are isobutylene, m/p-xylene, toluene,

o-xylene, propene, hexene, cis-2-butene, isoprene, isobutane, and

n-undecane, which accounted for 76.3% of OFP.

4.5 Source apportionments through BTEX
correlation ratios and positive matrix
factorization analysis

4.5.1 BTEX components ternary analysis
The main emission sources of benzene are combustion

processes, including biomass, biofuel, or coal burning (BM/

BF/CB). The proportion of benzene in BM/BF/CB sources is

higher than that of toluene, whereas the proportion of benzene in

motor vehicle emissions is generally lower than that of toluene

(Barletta et al., 2005). In this study, a ternary diagram of benzene,

toluene, and ethylbenzene mixing ratios was used to determine

the predominant emission sources (Zhang et al., 2016), and the

results are presented in Figure 7. In the diagram, the benzene,

toluene, and ethylbenzene mixing ratios are normalized. The

distribution of benzene, toluene, and ethylbenzene mostly

occurred in the biomass burning and transportation emission

areas, and the BM/BF/CB areas accounted for a larger proportion

of the emissions than the areas with industrial and solvent and

traffic emissions. However, most the scattering dots did not fall

within the wireframes, which indicated different emission

spectrums on the plateau from that in the area with low

altitudes. Studies on aerosols and other air pollutants in Lhasa

have demonstrated the considerable impact of biomass burning

related to religious activities and regional transport (Cui et al.,

2018; Duo et al., 2018). As displayed in Figure 8, during rush

hours (7:00–9:00 and 17:00) and nighttime peak periods (21:00),

which were expected to be associated with higher traffic-related

emissions, the emission levels did not differ with those of other

time periods. Because the patterns of benzene, toluene, and

ethylbenzene distribution between BM/BF/CB and traffic

emissions should differ, traffic emissions were expected to

have been a dominant influence on ambient VOCs in Lhasa

since disorderly incense and biomass burning activities have been

greatly restrained in protecting the environment in recent years.

4.5.2 BTEX components correlation
The ratio of distinct VOC species can be used to determine

the predominant pollution sources on the basis of the difference

in the characteristic species of VOCs in the corresponding

sources. The toluene-to-benzene (T/B) ratio has often been

used to identify the sources of pollutants (Niu et al., 2012; Y.

Zhang et al., 2013). The T/B ratio of ≤2 indicates that the main

sources are vehicle exhaust emissions or biomass burning. A T/B

ratio of >2 indicates that the pollutants were emitted from other

sources, and a T/B ratio of 4.25–10.00 strongly implies the

influence of industrial emission sources (Barletta et al., 2008;

Niu et al., 2012; Kumar et al., 2018). A study on pollution sources

revealed that the T/B ratio for biomass combustion was

FIGURE 7
Ternary diagram of the normalized benzene, toluene, and
ethylbenzene mixing ratios. The wireframes include > 90% of the
scatter collected for the three lumped source categories of
industrial and solvent emissions, traffic emissions, biomass/
biofuel/coal burning (BM/BF/CB).
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approximately 0.5 or even lower, whereas that for motor vehicle

emissions was nearly 1.7 (Barletta et al., 2005).

The correlations between toluene and benzene mixing ratios

in distinct periods are depicted in Figure 8. All the correlations

were significant (R2 > 0.6 and p < 0.05), indicating that the

pollutants were emitted from the same or similar sources. The

slopes (T/B ratio) of the fitting curves were 1.52 at 7:00–9:00 and

1.85 at 21:00, both of which are higher than the T/B ratio values

of 1.24 at 17:00 and 1.12 during other periods. The emissions

from motor vehicles were associated with higher T/B ratios than

biomass combustion (Zhang et al., 2013); thus, the results

reflected more traffic-related emissions during the periods of

7:00–9:00 and 21:00.

4.5.3 Air mass age analysis
M/p-xylene and ethylbenzene usually have a common

source, but the reaction rate of m/p-xylene with hydroxyl

radicals is nearly three times higher than that of ethylbenzene,

and the ratio of m/p-xylene to ethylbenzene (X/E) gradually

decreases as the photochemical reaction proceeds; hence, the X/E

can be used as an indicator of the degree of air mass aging (Huang

et al., 2015; Han et al., 2020).

Figure 9 displays the average diurnal variations in benzene,

toluene, m/p-xylene, and ethylbenzene mixing ratios, as well as in

T/B and X/E ratios. Benzene, toluene, ethylbenzene, and m/

p-xylene mixing ratios had peak values and high T/B and X/E

ratios were found from 7:00 to 9:00 in the morning, which

coincided with the morning rush hours. Similar patterns were

observed during other times of peak traffic at approximately 17:

00 and 21:00. Trough values were observed at 13:00–14:00, as

well as low T/B and X/E ratios. The peak and trough values of

toluene and m/p-xylene mixing ratios were more obvious than

those of benzene and ethylbenzene mixing ratios because toluene

and m/p-xylene have higher photochemical reactivity. The

average diurnal variation in T/B ratios was 0.5–0.9, which is

close to the values obtained at the rural site of Shangdianzi (Han

et al., 2020). The low T/B ratio indicates the crucial influence of

biomass combustion. The average diurnal variation in the X/E

ratio was 0.8–2.0, which was higher than the ratios obtained at

Shangdianzi and Beijing (Han et al., 2020).

FIGURE 8
Correlations between benzene and toluene at distinct time periods (p < 0.05).
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4.5.4 Volatile organic compounds source
apportionment by positive matrix factorization

The result of VOCs source apportionment by PMF model

analysis was shown in Figure 10 (left panel), in which six factors’

resolutions with a stable Q value were identified as the dominant

source of VOCs in urban Lhasa city. The average diurnal

variations in each source concentration were shown in

Figure 10 (right panel).

The first factor was characterized by the strong presence of

ethane, ethene, n-butane, butene, 2-methylpentan, 3-

methylpentan, aromatics like toluene, benzene, xylene. These

species are mainly from traffic emissions and gasoline

evaporation (Li et al., 2020). Therefore, this source is

identified as gasoline automobile emissions. As can be seen in

Figure 10 (right panel), the average diurnal variation in gasoline

automobile emissions presented peaks at 7:00–9:00, 17:00 and 21:

00, which peaks reflected the influences of traffic rush hours.

Factor 2 was distinguished by a high percentage of alkanes

with high carbon number, such as n-decane and n-undecane,

which were abundant in diesel vehicle exhaust (Zhang et al.,

2021). Ethane, ethene, propene and benzene, ethyl benzene and

xylene were also rich in this factor with high percentages. These

species are associated with diesel vehicular emissions. Thus,

Factor 2 was featured as diesel vehicle exhaust. Due to

restrictions in freight vehicles in the daytime, the VOCs

emissions contribution from diesel vehicles might be lower

during the day than at night. In addition, lower MLD also

increased the level of the corresponding VOCs mixing ratio at

night (Figure 10, right).

Factor 3 was characterized by high levels of aromatics

(xylene, styrene, ethylbenzene, and benzene). Toluene,

ethylbenzene, xylene, and 1,3,5-trimethylbenzene are used as

organic solvents in various industries and can be regarded as

indicator species for solvent volatilization. Alkanes like

methylpentane, methylheptane, n-decane, n-undecane, are also

widely used as nonpolar solvents (Yuan et al., 2010; Song et al.,

2018). Therefore, source 3 was identified as solvents usage.

Because solvent usage often occurred in daytime and the

solvents have a more volatility under higher temperature,

VOCs concentrations from solvents usage contribution were

higher during the day than at night. The change of BTEX and

aromatics mixing ratios were significantly and positively

correlated with air temperature in Supplementary Table S2

also supported this conclusion.

Factor 4 was distinguished by high percentages of ethane,

ethene, butane and butene which could be emitted from

incomplete combustion of biomass (Ling et al., 2011; Li et al.,

2020). In addition, benzene accounts for a high load with a

contribution of 44%. The concentration of benzene was higher

than toluene in this factor, which is consistent with the

characteristics of biomass combustion. There was high level of

VOCs from biomass burning in the morning (Figure 10, right),

which may partly be related to the more activities in incense

burning in the forenoon. There had a distinct feature with a flat

curve and with relatively high concentrations for its diurnal

change in this factor, which indicates that biomass burning in

Lhasa is still common since biomass fuel is the main traditional

fuel in the plateau. The less variation in diurnal changes might

FIGURE 9
Average diurnal variations in benzene, toluene, m/p-xylene, and ethylbenzene mixing ratios and T/B and X/E ratios.
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also tell us that the influence of biomass burning there is of

regional characteristics.

Factor 5 was distinguished by high percentages of C2-C4

alkanes, propane, i-butane, and n-butane are regarded as the

major compounds of liquid petroleum gas (LPG) and natural gas

(NG) (Shao et al., 2016; Han et al., 2021). LPG and NG both play

important roles in domestic catering and traffic. Thus, source 5 is

assigned to LPG&NG usage. The diurnal variation of this source

was similar to motor vehicles, except no obvious peak at 21:00.

Public transportation in Lhasa has promoted the fuel conversion

from oil to natural gas since 2014. Since this diurnal variation

showed a similar pattern with factor 1, it reflected more

contribution from traffic emissions than others.

The source profile of factor 6 was dominated by isoprene,

which contributed 71% to the total isoprene. Isoprene is a typical

tracer for plant emission, but traffic emissions and combustion

also emit a small amount of isoprene (Borbon et al., 2001). Plants

emit more isoprene during the day with solar radiation and

higher temperature than at night. Therefore, the diurnal variation

in plant emission showed typical feature with high values in the

daytime and low at night (Song et al., 2018; Li et al., 2020). Our

result in factor 6 was consistent with this natural law.

Accordingly, factor 6 was identified as plant emission.

Figure 11 showed the contribution of each source to the

concentration, LOH and OFP. Traffic emissions contributed

44.5%, including gasoline automobile emissions (30.3%), diesel

vehicle exhausts (14.2%), to TVOCs; 41.6% to LOH and 47.4% to

OFP. In addition, LPG&NG related emissions contributed 5.7%

to TVOCs, including cooking fuel emissions, gas station

volatilization, natural gas bus and taxi emissions, and so on.

Biomass burning contributed 41.3% to TVOCs, 26.4% to LOH
and 29.7% to OFP. Overall, air quality in urban Lhasa city was

strongly affected by motor vehicle emissions now, exceeding the

biggest contribution of biomass burning from the result of Yu

et al. (2022). Plant emissions contributed only 1.5% to TVOCs,

but relatively high proportions to LOH (14.6%) and OFP (4.8%),

FIGURE 10
The resolved factor profiles (left) by PMF analysis and the corresponding diurnal variations in each source’s mixing ratio (right).
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due to the high reactivity of isoprene. The contribution of plant

emissions was similar with the other studies (Yu et al., 2001; Yu

et al., 2022).

5 Risk assessment on BTEX

Benzene is the most toxic compound among them and has

been listed as a class Ⅰ carcinogen for human beings by the

International Agency for Research on Cancer. Other BTEX

compounds have also been identified as harmful air pollutants

(Yang et al., 2017; Zhang et al., 2017; Abd Hamid et al., 2020). In

1983, the US National Academy of Sciences proposed a four-step

approach to health risk assessment, which consists of hazard

identification, dose–response assessment, exposure assessment,

and risk characterization (National Research Council Committee

on the Institutional Means for Assessment of Risks to Public

Health, 1983); this is now an internationally accepted approach.

Many of the VOCs recorded in this study have their own toxicity

risks (Shu et al., 2019; Lyu et al., 2020), and benzene also has a

carcinogenic risk.

The US EPA suggests that the acceptable carcinogenic risk

for adults is 1 × 10–6 (US EPA, 2009). For noncarcinogenic risk

assessment, an HQ of greater than 1 for a contaminant implies a

noncarcinogenic risk, and an HQ of less than or equal to

1 implies a small or negligible risk.

The EC, inhalation RfC, inhalation unit risk concentration

(IUR), noncarcinogenic risk HQ, noncarcinogenic risk HI, and

risk value of BTEX in Lhasa are detailed in Table 4. The HQ of

benzene was the highest, followed by those of m/p-xylene and

o-xylene. The total HI of BTEX was 0.02 during the observation

period, which was lower than the value of 1 determined by the US

EPA and lower than the noncarcinogenic risk index of Xianghe

(Yang et al., 2019). The benzene risk value was 4.47 × 10–6, much

lower than Xianghe in moderate pollution days and heavy

pollution days, however higher than Xianghe in clean days. The

US EPA recommended value is 1 × 10–6, indicating the potential

health hazard of benzene in the atmosphere of Lhasa city.

FIGURE 11
The contribution of each source to TVOCs, LOH and OFP.

TABLE 4 Health risks of BTEX in Lhasa.

Species EC (μg/m3) RfC (mg/m3) IUR (m3/μg) HQ Risk

Benzene 0.57 0.03 7.80×10-6 1.91×10-2 4.47×10-6

Toluene 0.49 5.00 - 9.88×10-5 -

Ethylbenzene 0.14 1.00 - 1.38×10-4 -

m/p-Xylene 0.26 0.10 - 2.63×10-3

o-Xyelene 0.23 0.10 - 2.29×10-3

BTEX - - - HI (0.02) 4.47×10-6

EC is the exposure concentration, RfC is the inhaled carcinogenic risk concentration, IUR is the inhalation unit risk.
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6 Conclusion

In this study, online measurement of VOCs in urban Lhasa

city was conducted in May 2019 for the first time, and a total of

49 VOCs were observed. The meanmixing ratio of the VOCs was

21.5 ± 18.6 ppb, of which alkanes accounted for 12.4 ± 11.2 ppb

(57.7% of the total VOCs), aromatic hydrocarbons accounted for

4.6 ± 3.5 ppb (21.4%), and alkenes accounted for 4.5 ± 2.8 ppb

(20.9%). VOC mixing ratios showed a noticeable diurnal

variation, with two obvious peaks; one during the morning

rush hours (7:00–9:00) and another at approximately 21:00.

Another minor peak was observed at 17:00. A trough value

appeared at 13:00–14:00 under conditions of high MLD and

strong winds. TVOCs, BTEX, NOy and CO mixing ratios

exhibited similar diurnal variations, with two peak values

appearing at 7:00–9:00 and 21:00, each indicating a distinct

spike in traffic emissions.

The total OFP was 91.7 ppb, among which alkanes, alkenes,

and aromatic hydrocarbons accounted for 20.6%, 43.2%, and

36.2%, respectively. The total ·OH loss rate was 3.1 s−1, of which

alkanes, alkenes, and aromatic hydrocarbons contributed 28.2%,

47.9%, and 23.9%, respectively. From the viewpoint of ozone

generation control, the priorities for controlling VOC species

were isobutylene, m/p-xylene, toluene, o-xylene, propene,

hexene, cis-2-butene, isoprene, isobutane, and n-undecane,

which accounted for 76.3% of the OFP.

The PMF analysis resolved six source factors, including gasoline

automobile emissions, diesel vehicle exhaust, LPG & NG usage,

solvent usage, biomass combustion, and plant emission. Their

contributions to TVOCs were 30.3%, 14.2%, 5.7%, 7.0%, 41.3%

and 1.5%, respectively. Their contributions to LOH were 26.8%,

14.8%, 5.2%, 12.2%, 26.4% and 14.6%, respectively. Their

contributions to OFP were 34.5%, 12.9%, 4.9%, 13.2%, 29.7% and

4.8%, respectively. Overall, air quality in urban Lhasa city was

strongly affected by motor vehicle emissions now.

The total noncarcinogenic risk HI of BTEX was 0.02, which

was far below the hazard threshold of 1 recognized by the US

EPA. The carcinogenic risk of benzene was 4.47 × 10–6, which was

higher than the accepted carcinogenic risk threshold of 1 × 10–6,

indicating a potential risk that should be further considered.
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