
lable at ScienceDirect

Chemosphere 214 (2019) 314e318
Contents lists avai
Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere
Short Communication
Heavy near-surface PM2.5 pollution in Lhasa, China during a relatively
static winter period

Chaoliu Li a, e, c, *, Xiaowen Han a, d, Shichang Kang b, d, e, Fangping Yan c, Pengfei Chen b,
Zhaofu Hu b, d, Junhua Yang b, Duojie Ciren a, Shaopeng Gao a, Mika Sillanp€a€a c,
Yongming Han f, Yuyan Cui g, h, Shang Liu i, Kirk R. Smith j

a Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing
100101, China
b State Key Laboratory of Cryospheric Sciences, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000,
China
c Laboratory of Green Chemistry, Lappeenranta University of Technology, Sammonkatu 12, FI-50130 Mikkeli, Finland
d University of Chinese Academy of Sciences, Beijing 100049, China
e CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing 100101, China
f Key Laboratory of Aerosol Chemistry & Physics and SKLLQG, Institute of Earth Environment, Chinese Academy of Sciences, 710061 Xi'an, China
g Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO 80309, United States
h Chemical Sciences Division, NOAA Earth System Research Laboratory, Boulder, CO 80305, United States
i School of Earth and Space Sciences, University of Science and Technology of China, Hefei, Anhui, China
j Division of Environmental Health Sciences, School of Public Health, University of California, Berkeley, CA 94720-7360, USA
h i g h l i g h t s
* Corresponding author. Key Laboratory of Tibetan
Beijing 100101, China.

E-mail addresses: lichaoliu@itpcas.ac.cn (C. Li), han
com (P. Chen), huzf11@lzu.edu.cn (Z. Hu), yangjun
(M. Sillanp€a€a), yongming@ieecas.cn (Y. Han), cuiyuya

https://doi.org/10.1016/j.chemosphere.2018.09.135
0045-6535/© 2018 Elsevier Ltd. All rights reserved.
g r a p h i c a l a b s t r a c t
� Near surface PM2.5 concentration at
Lhasa city during static winter was
studied.

� Near surface PM2.5 was
118± 60 mgm�3, seriously polluted
during studied period.

� PM2.5 of Lhasa city was mainly
emitted by its local sources.

� Butter lamp lighting during festival
cause serious PM2.5 pollution of
whole city.
a r t i c l e i n f o
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a b s t r a c t

Fairly high near-surface PM2.5 concentrations were found during relatively static winter conditions
within Lhasa e a Tibetan Plateau city normally considered to have a clean atmosphere. The average daily
PM2.5 concentration reached 118± 60 mgm�3 during the study period, was approximately 3.4 times the
United States Environmental Protection Agency 24-h standard. PM2.5 concentration of Lhasa increased
from 20:00 until 23:00, which was probably caused by space heating, waste incineration activities and
decreased boundary layer at night. Furthermore, we found traditional religious butter lamp lighting of
local Tibetan residents during festivals could cause PM2.5 concentration to reach an alarmingly high level,
240± 30 mgm�3. Therefore, to protect the atmosphere of Lhasa, the government may wish to conduct
more complete monitoring and find ways to encourage clean heating and cooking fuels, enforce the
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supervision on illegal emission activities such as waste incineration, and guide residents to transfer to
more environmentally friendly activities during festivals.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Because of its adverse impacts on human health and climate
change, airborne particle matter pollution has attracted high
attention in the world during the last over decades (Bond et al.,
2004; Wang et al., 2011; Rastogi et al., 2014). Most concern has
focused on fine particle pollution (PM2.5 – particles with an aero-
dynamic diameter less than or equal to 2.5 mm) because it is an
excellent indicator of health hazard (Cohen et al., 2017). In addition,
PM2.5 can be transported for long distances, potentially producing
large climate forcing (Wang et al., 2012). At present, China is
experiencing serious PM2.5 pollution because of rapid industriali-
zation and urbanization as well as continued use of traditional
polluting fuels in households (CNEMC, 2013). Consequently, sig-
nificant resources have been focused on East China to reduce PM2.5
concentration (Zheng et al., 2005; Wang et al., 2006; Tao et al.,
2017). However, so far, relatively few studies have focused on
PM2.5 pollution in Western China, particularly in Tibet.

Lhasa is one of the highest cities in China (3650m) and is the
capital city of the Tibet Autonomous Region as well as the religious
center of Tibetan Buddhism. The area and population of Lhasa are
around 59 km2 and 0.55 million. Coal, wood, and liquefied petro-
leum gas (LPG) are the most important fuels for space heating.
Generally, the atmosphere of Lhasa has been considered one of the
cleanest in China. For instance, the mean PM2.5 concentration in
Lhasa from 2013 to 2014 was reported of 26.7 mgm�3 (Li et al.,
2016b), which is lower than that of Chinese annual average stan-
dard of 35 mgm�3.

In addition, there are sources of pollution in Lhasa due to local
fossil burning emissions and customs (Gong et al., 2011; Li et al.,
2016a), such as butter lamps, which are generally lighted indoors,
may emit a large amount of PM2.5 but have not been extensively
studied. Such sources may have influence on ground-level con-
centrations even if not affecting the overall ambient pollution
levels. For instance, the PM2.5 concentration at a Lhasa roadsidewas
found to be approximately 145± 92 mgm�3 (Hu et al., 2017), which
was even a little higher than that of Beijing (Song et al., 2012) but
around five times higher than that of the ambient concentration of
Lhasa (Li et al., 2016b), implying serious PM2.5 pollution at the near
surface level at some special sites during typical meteorological
condition such as weak winds during winter.

Therefore, despite relatively clean general ambient atmosphere
in Lhasa, its near surface air may be seriously polluted. Because
little precipitation occurs and space heating is more prevalent,
PM2.5 pollution is more serious during winter than that in summer
(Li et al., 2016b). To examine these issues, we conducted winter
ground-level measurements at five different sites of Lhasa in 2016,
to investigate the concentration, sources and factors influencing
PM2.5 concentration (Fig. 1).
2. Materials and methods

PM2.5 samples were collected on 90mmpre-burned quartz fiber
filters (Whatman Corp) at near surface level (1.5m above ground)
at five separate sites in Lhasa by aerosol sampler (TH150-A, Wuhan
Tianhong INST Group) during December 20e27 2016 when the
atmosphere is relatively stable (Li et al., 2016b) (Table. S1). The
samples were collected at daytime (8:00 a.m.-20:00 (local time))
and nighttime (20:00e8:00 a.m.), respectively every day at each
site. Field blank filters were also collected by exposing the filter in
the sampler without any air being drawn through. The filters were
weighted at least three times by balance with 10 mg precision after
being kept in dryer for at least 24 h. The final data of each filter were
the average of three weighing values with less than 5% difference.
Finally, 23 PM2.5 samples and four blank samples were collected. At
the same time, hourly PM2.5 concentration reported in Lhasa by the
China Meteorological Administration (CMA) over this period were
adopted for comparision (http://106.37.208.233:20035/). To inves-
tigate the relationship between meteorological conditions and
PM2.5 concentration, we used wind speeds recorded by CMA during
study period (Fig. 2). To quantify the influence of butter burning on
PM2.5, its emission factor was measured using the method of Ni
et al. (Ni et al., 2015; see Supplement).
3. Results

3.1. Concentration and diurnal variation of PM2.5

The results showed that average 24-h PM2.5 concentration in
this study reached 118± 60 mgm�3. At the same time, the PM2.5
level in the China Meteorological Administration (CMA) for Lhasa
Environmental Protection Agency (EPA) was 45± 35 mgm�3. PM2.5
concentration of site E close to CMA was about 4.9 times higher
than that of CMA, further implying a high PM2.5 concentration at
ground level.

Despite higher near-surface PM2.5 concentrations and multiple
sampling sites of this study, diurnal variations of near surface PM2.5
concentrations were significantly related to those of official
released data (p< 0.01) (Fig. S1), implying their same local sources
and the synchronous variations of PM2.5 concentrations at different
parts of Lhasa city. It needs to point out that the large difference
between our data and the official released data caused by lower
collecting heights of this study. Meanwhile, PM2.5 concentrations
were significantly negatively related to the wind speed (p< 0.01)
(Fig. 2), indicating the diurnal variations of PM2.5 concentrations
were mainly controlled by wind speed. Lhasa located in Lhasa river
valley with high mountains at its south and north sides, so that
emitted particles do not easily diffuse when the atmosphere is
relatively stable, causing high PM2.5 concentration. Diurnally, it is
normal to find a small peak during 8:00 to 10:00 a.m. due to rush
hour and making breakfast (Fig. 3). Daytime PM2.5 concentrations
(113± 53 mgm�3) were somewhat lower than that of nighttime
value (133± 73 mgm�3), however. Also, PM2.5 concentration always
increased after 20:00, peaked around 23:00, then gradually
decreased (Fig. 3). This phenomenon was more obvious in winter,
which is a different pattern to that of other cities (e.g., Beijing)
where peak concentration occurs at 20:00, then gradually decrease
until next morning. It is a normal phenomenon that low values
appeared at nighttime because of decreased anthropogenic activ-
ities and emissions (Zhao et al., 2009; Liu et al., 2015). It is likely
that greatly increased local emissions (e.g., space heating and illegal
emissions such as waste incineration) after sunset causes this

http://106.37.208.233:20035/


Fig. 1. Sampling sites at Lhasa in this study. The detailed information is shown in Table. S1.

Fig. 2. Daytime and nighttime PM2.5 variations of filter based samples at five sites and Lhasa CMA. “N” means value of nighttime, the other point means values of daytime.
Meanwhile, The relationship between daily wind speed and PM2.5 concentation is shown in the small window.
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abnormal diurnal variations of PM2.5 concentrations in Lhasa (Cong
et al., 2011). At the same time, the decreased height and increased
stability of boundary layer during nighttime was another factor
causing this phenomenon (Cui et al., 2018). Therefore, we assumed
that both local emissions and decreased boundary layer caused the
increased trend of PM2.5 after 20:00 (Fig. 3).

Meanwhile, two phenomena also need to be mentioned. Firstly,
average PM2.5 concentration in winter was 46.2± 30.1 mgm�3,
much higher than that of summer (14.2± 4.8 mgm�3). This is
because the heavy precipitation in summer removes a large part of
PM2.5 from the atmosphere. Correspondingly, almost no precipi-
tation happens during winter (Guo et al., 2015). The second phe-
nomenon was that PM2.5 concentration increased faster in the
morning and night in winter than in summer (Fig. 3), which was
mainly contributed by emission of space heating in winter.
3.2. Peak PM2.5 concentation caused by butter lamp lighting

Special burning activities due to traditional religious practices
during some festivals, such as use of lamps, can cause the increase
of PM2.5 concentration. In this study, the highest urban PM2.5
concentration occurred at night of 23rd Dec, 2016, and reached
240± 30 mgm�3, ~1.4 times of that on 22nd. Accordingly, high
PM2.5 concentration was also recorded from the official released
data at the same time, despite that only a small increase was
observed (~1.2 times higher than that of the 22nd) because the
monitor of official site was put on roof of a building (Fig. 2).
Therefore, the high PM2.5 concentration happened for the whole
city on that night. Because the cooking activities do not increase
during the festival, it is proposed that the overlapped influences of
normal local emission and butter lamp lighting of local Tibetan



Fig. 3. Average diurnal variations of PM2.5 concentation released by CMA from December to January and from July to August, 2016 of Lhasa.
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residents caused this pollution pattern. On that day, all the Tibetan
families and temples light butter lamps from sunset in memory of
Tsongkhapa e one of leaders of the Tibetan Buddhism. The richer a
family and a temple, the more lamps will be lighted during that
night. Therefore, thousands of butter lamps were lighted at nearly
the same time, causing the highest PM2.5 concentration during
study period (As shown in Fig. S2, the obvious different colors be-
tween filter samples collected during the nighttime and daytime
also indicate the contribution of butter lamp lighting). According to
our study, the emission factor of PM2.5 for butter burning was
3.34± 0.27 g kg�1 (see Supplement). Based on our estimate that
there would be more than 40 thousand kg of butter burned that
night, we estimate that there could be an increase of PM2.5 con-
centration of around 78 mgm�3 from this source alone. (Table. S2).
4. Conclusions and discussion

The near surface PM2.5 level during study period (118 mgm�3) is
approximately 3.4 times the US EPA standard for 24-h pollution
(35 mgm�3), or about 10 times the annual standard (12 mgm�3)
(Table. S3). The corresponding ratio is 1.6 and 3.4 times over the
Chinese standards. Because many residents of Lhasa are exposed to
near surface air, PM2.5 concentration at this level is more closely
related to health than that of ambient air monitored for official
monitors at high level during study period. As a result, the local
residents of Lhasa could have a heavier health burdern than that
generally considered, based on official released PM2.5 concentra-
tions. Additional measurements would be needed, however, to
determine the annual average levels of exposure at ground level,
where the people live, compared to ambient levels measured by
official monitors. Because the illegal waste incineration emissions
during nighttime happen frequently at Lhasa, PM2.5 concentration
seems to peak in the period after sunset until midnight (Fig. 3).
Butter lamp lighting of Tibetan residents during their festival can
also cause additional serious PM2.5 pollution. Therefore, despite
relatively clean ambient atmosphere on average, air pollution at the
near surface level of Lhasa seems to be serious at some periods in
winter. Thus, EPA of Lhasa may wish to strengthen emission
controls, especially those illegal waste incineration emissions dur-
ing nighttime, instead of just caring about the average PM2.5 con-
centration in Lhasa. Meanwhile, it is necessary to do research
including measuring chemical characteristics of PM2.5 for at least a
year to comprehensively understand the fine particle levels and
sources at near surface level of Lhasa city and their potential
exposure for local residents.
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