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Abstract. In situ measurements of vertically resolved particle size distributions based on a tethered balloon
system were carried out for the first time in the highland city of Lhasa over the Tibetan Plateau in summer
2020, using portable optical counters for the size range of 0.124–32 µm. The vertical structure of 112 aerosol
profiles was found to be largely shaped by the evolution of the planetary boundary layer (PBL), with a nearly
uniform distribution of aerosols within the daytime mixing layer and a sharp decline with the height in the
shallow nocturnal boundary layer. During the campaign, mass concentrations of particulate matter smaller than
2.5 µm in aerodynamic diameter (PM2.5) within the PBL ranged from 0.5 to 12.0 µg m−3, with an average and
standard deviation of 3.4± 2.3 µg m−3, almost 4 times the amount in the free troposphere (FT), which was rarely
affected by surface anthropogenic emissions. Though there was a lower level of particle mass in the residual
layer (RL) than in the PBL, a similarity in particle mass size distributions (PMSDs) suggested that particles
in the RL might be of the same origin as the particles in the PBL. This was also consistent with the source
apportionment analysis based on the PMSDs. In total, three distinct modes were observed in the PMSDs for the
PBL and the RL. One mode was exclusively coarse particles up to roughly 15 µm, peaking around 5 µm. More
than 50 % of total particle mass was often contributed by coarse-mode particles in this area, which was thought
to be associated with local dust resuspension. The mode peaking over 0.5–0.7 µm was representative of biomass
burning on religious holidays and was found to be most pronounced on holiday mornings. The contribution
from the religious burning factor rose from about 25 % on non-holidays to nearly 50 % on holiday mornings.
The mode dominated by particles smaller than 0.3 µm was thought to be associated with combustion-related
emissions and/or secondary aerosol formation. In the FT coarse mode, particles only accounted for less than
10 % of the total mass, and particles larger than 5 µm were negligible. The predominant submicron particles in
the FT might be related to secondary aerosol formation and the aging of existing particles. To give a full picture
of aerosol physical and chemical properties and better understand the origin and impacts of aerosols in this
area, intensive field campaigns involving measurements of vertically resolved aerosol chemical compositions in
different seasons would be highly encouraged in the future.
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1 Introduction

Lhasa, the provincial capital of Tibet, lies almost in the heart
of the sparsely populated Tibetan Plateau, which is the high-
est plateau in the world with an average altitude of approxi-
mately 4320 m (Zhang et al., 2021). As a result of its unique
topography, the Tibetan Plateau plays a vital role in the East
Asian Summer Monsoon and therefore in the regional and
global climate (He et al., 2019; Chiang et al., 2020). As the
most urbanized and populated highland city in Tibet, Lhasa is
quite suitable for exploring the impact of anthropogenic ac-
tivities on atmospheric components over this remote region.

In the past decade, the population in Lhasa has increased
from about 0.55 million in 2010 to nearly 0.87 million in
2020, according to the newly published data from the Sev-
enth National Population Census (http://www.xizang.gov.cn/
zwgk/zfsj/ndtjgb/202105/t20210520_202889.html, last ac-
cess: 18 June 2021). Rapid urbanization and economic
growth, also the ever-thriving tourism, have given rise to a
marked increase in residential, industrial, and traffic emis-
sions. As a religious and cultural center, widespread religious
burning was also an important source of various air pollutants
(Y. Y. Cui et al., 2018; Wei et al., 2019a). In the low-oxygen-
containing atmosphere (molecules per volume) at an altitude
of about 3650 m, incomplete combustion could further en-
hance emissions of air pollutants such as black carbon and
organic aerosols. The probable photochemically active atmo-
sphere due to strong solar radiation at such a high altitude
and low latitude might facilitate the formation of secondary
aerosols and gaseous pollutants like ozone (Lin et al., 2008),
though the extent to which secondary production is enhanced
remains uncertain, considering pressure-dependent reaction
rate constants (Atkinson, 2000). In addition, effective dilu-
tion of air pollutants is often prevented in Lhasa, since it is
located in the Lhasa River valley and surrounded by high
mountains. Consequently, serious air pollution, comparable
to the levels in more urbanized and developed cities at lower
altitudes, has been observed (Ran et al., 2014; Duo et al.,
2018; Li et al., 2019). However, it was demonstrated that air
quality in Lhasa improved slightly in 2017, compared with
previous years, due to the Action Plan on the Prevention and
Control of Air Pollution that has been implemented all over
China since 2013 (Yin et al., 2019).

Previous studies on aerosols in Lhasa were quite limited.
One particular focus was the chemical composition of sin-
gle particle (D. Z. Zhang et al., 2001; Duo et al., 2015), bulk
aerosol (Cong et al., 2011; Gong et al., 2011; Liu et al., 2013;
Chen et al., 2018), and size-segregated aerosols (X. Y. Zhang
et al., 2001; Wan et al., 2016; L. L. Cui et al., 2018; Wei
et al., 2019a, b) near the ground. Results from these studies
revealed that vehicular exhaust, religious activities that in-
volve incense burning and biomass burning, and the suspen-
sion of mineral dust were major sources. It was also pointed
out from the results of the backward trajectory analysis that
local emissions dominated during the monsoon season (Wei

et al., 2019b). Aerosol optical properties such as multiwave-
length aerosol absorption near the ground (Zhu et al., 2017)
and aerosol optical depth (Bai et al., 2000; Zhu et al., 2019)
have also been investigated. However, the particle size distri-
bution, as a critical microphysical property, has rarely been
studied. Using a portable optical particle counter, Y. Y. Cui
et al. (2018) measured the particle size distributions (14 size
bins) within the range of 0.14–3 µm for 3 weeks in summer
2016 in urban Lhasa and emphasized the significance of reli-
gious burning to fine particles. In situ measured vertical pro-
files of particle size distributions with a rather coarse size
resolution were obtained from three balloon measurements
in 1999 over Lhasa but were only used to explore an en-
hancement in fine particle concentrations near the tropopause
(Tobo et al., 2007). The vertical structure of the particle size
distributions and its temporal variation within the planetary
boundary layer has not yet been examined. To obtain bet-
ter knowledge on the current status of aerosol microphysical
properties in Lhasa and to advance our understanding on the
influence of anthropogenic activities, in situ measurements
of vertically resolved particle size distributions with a high
vertical resolution are very necessary.

In this study, the vertical structure and temporal variabil-
ity in aerosol profiles were explored, based on in situ mea-
surements of particle size distributions within 1 km above the
ground at a suburban site in Lhasa, using optical counters at-
tached to a tethered balloon. Source apportionment based on
measured particle size distributions was further performed to
identify possible sources for aerosols in different layers.

2 Measurements

2.1 The field site

The city of Lhasa lies in an east–west-oriented valley along
the Lhasa River, surrounded by mountains up to an elevation
of about 5500 m (Fig. 1a), as shown by Shuttle Radar To-
pography Mission (SRTM) data v4 from Jarvis et al. (2008).
The field site is on the Najin Campus of Tibet University
(29.64◦ N, 91.18◦ E) in a suburban area of Lhasa, approx-
imately 5 km to the east of the urban center (Fig. 1b). As
the commercial and religious center, the urban area features
crowded streets and heavy traffic, partly due to the thriv-
ing tourism and partly due to frequent religious activities.
Religious burnings are constantly practiced and are espe-
cially vigorous on religious ceremonies in the Potala Palace
and the neighboring famous temples, such as Jokhang Tem-
ple and Ramoche Temple, which are all located in this area
and attended by many worshippers and tourists throughout
the year. Comparatively, the suburb is thinly populated with
much less traffic. Thus, emissions from residential, vehicu-
lar, and religious sources are expected to be much weaker in
the surrounding area of the site than in the downtown.
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Figure 1. The topographic map of the Lhasa River valley (a) and the city map of Lhasa (b).

2.2 Instruments and data

Measurements were conducted in an open space, about 90 m
away from the nearest building, in order to ensure the safety
of launching the tethered balloon system. The 60 m3 helium-
filled tethered balloon, with a payload capacity of roughly
10 kg at an elevation of 3650 m, was operated by an electric
winch that controlled the ascent and descent rate of the fish-
shaped balloon. It was scheduled to launch the balloon to at
least 800 m above the ground every 3 h from 07:00 to 22:00
(all times are given in Beijing time, GMT+8, unless other-
wise indicated) during 8–28 August 2020. The actual number
of launches and the actual maximum height reached by each
flight were subject to unavailable flight permits and unfavor-
able weather conditions (precipitation and/or strong winds).
In total, 56 launches were successfully performed for the en-
tire campaign (Fig. S1a). Most flights of the tethered balloon
reached above 600 m, with 3 launches reaching 450–500 m,
15 reaching 500–600 m, 17 reaching 600–700 m, 15 reaching
700–800 m, and 6 reaching 800–850 m. In particular, strong
winds were often encountered in the late afternoon, resulting
in a lack of observations during this time period (Fig. S1b).

A lightweight optical counter, the Portable Optical Parti-
cle Spectrometer (POPS, Handix Scientific), was attached
to the tethered balloon for in situ measurements of vertical
profiles of atmospheric aerosols. Details about the principle
on which the instrument operates were given in Gao et
al. (2016). The POPS was calibrated by establishing a
relationship between the scattering signal and the particle
size before the campaign. Both polystyrene latex sphere
(PSL) with known sizes and ammonium sulfate particles
with sizes selected by a differential mobility analyzer
were employed. Though the experimental responses of the
two calibration materials generally agreed well with the
simulated theoretical responses, both theoretical response
curves were found to be highly oscillatory above the particle
size of 600 nm (Gao et al., 2016). Considering that the
refractive index of ammonium sulfate is closer to ambient

dry aerosols than PSL (Shingler et al., 2016), a combined
calibration curve from the experimental response of ammo-
nium sulfate particles for diameters smaller than 600 nm,
and the smoothed theoretical response of ammonium sulfate
particles for diameters larger than 600 nm, was used to
obtain 42 logarithmically equal bins over the size range of
0.124–2.55 µm. Ambient aerosols were sufficiently dried
before entering the POPS by a homemade silica-gel-filled
diffusion dryer. Previous tests of the diffusion dryer showed
that roughly 75 % and 50 % of the water vapor could be
removed after the drying in summer and winter, respectively.
As a matter of fact, the relative humidity will be further
lowered inside the instrument, due to the temperature
difference between the ambient condition and instrument
chambers. The combined effects resulted in the relative
humidity inside the POPS to be well below 20 % and 30 %
in summer and winter, respectively. The flow rate of the
instrument was regularly checked during the campaign and
used for data correction. Particle number size distributions
(PNSDs, n(logDp)= dN/dlogDp) were obtained with a
temporal resolution of 1 s and integrated over the whole size
range to provide total number concentrations (Na). Particle
mass size distributions (PMSDs, m(logDp)= dM/dlogDp)
were calculated from PNSDs assuming spherical particles
with a density of 1.7 g cm−3 (Sloane et al., 1991; Tao et
al., 2014). Though the assumption of a fixed density for
particles with different diameters and the difference between
the actual density of ambient particles and the assumed one
might introduce some uncertainties in the calculation of
PMSDs, the qualitative results regarding PMSDs would not
be much affected. Mass concentrations of particulate matter
smaller than 1 and 2.5 µm in aerodynamic diameter (PM1
and PM2.5) were obtained under the assumption that the
optically equivalent diameter could be considered equal to
the geometric diameter and the aerodynamic diameter could
be converted from the geometric diameter with a density
of 1.7 g cm−3. The penetration curve of the SCC-2.229
cyclone at 16.7 lpm (https://bgi.mesalabs.com/wp-content/
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uploads/sites/35/2015/02/scc_btr-2.229.pdf, last access:
15 March 2022) was adopted for calculating PM1 mass
concentrations, and the penetration curve of VSCC-2.946
cyclone at 16.7 lpm (https://bgi.mesalabs.com/wp-content/
uploads/sites/35/2015/02/vsccref6-2.946.pdf, last access:
15 March 2022) was adopted for calculating PM2.5 mass
concentrations. The effective diameter (De) was the ratio
of the third-order moment to the second-order moment of
particle size distributions. Similarly, the effective diameters
for submicron particles (De,<1 µm) and for supermicron
particles (De,1–2.5 µm) were calculated for particles with a
diameter smaller than 1 µm and in the range of 1–2.5 µm,
respectively.

A portable aerosol spectrometer (Model 11-C, GRIMM
Aerosol Technik Ainring GmbH & Co. KG), equipped
with the homemade silica-gel-filled diffusion dryer, was
also attached to the tethered balloon for 24 launches to
concurrently measure the PNSDs for dry particles within
the size range of 0.25–32 µm. The measuring time interval
was set to be 6 s, for which 31 size channels were clas-
sified. Sizing of aerosols by the instrument was verified
before the campaign for several selected diameters using
polystyrene latex spheres. The PNSD measured by GRIMM
11-C was combined with the PNSD simultaneously mea-
sured by the POPS, using weighting factors in the overlapped
size range, namely from the lower size limit of GRIMM
11-C (Dp,L) to the upper size limit of the POPS (Dp,U).
The weighting factors for GRIMM 11-C were derived
asw11-C(logDp)= (logDp−logDp,L)/(logDp,U−logDp,L),
while for the POPS, they were defined as wPOPS(logDp)=
(logDp,U− logDp)/(logDp,U− logDp,L). An example of
combining the PNSD from POPS and GRIMM 11-C and the
PMSD from POPS and GRIMM 11-C using the weighting
factors for each instrument is illustrated in Fig. S2.

Vertical profiles of meteorological parameters, including
pressure (MS5540B, Intersema Sensoric SA), temperature
(T ), and relative humidity (RH; SHT7x, Sensirion), as well
as winds (homemade sensor based on a slotted optical switch
OPB610 from TT Electronics and an electronic compass
module ZCC211N from Shanghai Zhichuan Electronic Tech
Co., 40 Ltd.), were measured for each flight, with a temporal
resolution of 1 s. Potential temperature (θ ) and specific hu-
midity (q), two conservative quantities, were calculated fol-
lowing the equations in Ran et al. (2016). Besides, surface
meteorological parameters in August were available from an
automatic weather station roughly 4.5 km to the northwest of
the site in urban Lhasa and were averaged into hourly data,
except that winds were recorded as 2 min averages at the be-
ginning of each hour.

Profiles of aerosol and meteorological parameters were all
processed into 10 m averaged data for the subsequent analy-
sis. A mixed layer (ML) for daytime profiles or a nocturnal
boundary layer (NBL) for nighttime profiles, mentioned to-
gether as the planetary boundary layer (PBL) in what fol-
lows, could be identified for 72 profiles in the dataset of

112 profiles in total. For the remaining 40 profiles, the flight
path was entirely within the daytime ML. The height of the
PBL, denoted as Hm hereafter, was estimated from profiles
of aerosols and meteorological parameters based on the gra-
dient method (Seibert et al., 2000; Kim et al., 2007; Ferrero
et al., 2010; Ran et al., 2016). For profiles with the top of the
ML above the flight limit, Hm was taken as the maximum
height reached by the tethered balloon for further statistical
analysis. The normalized height (HNor) was then calculated
asH /Hm−1, whereH is height above the ground (Ferrero et
al., 2014). For several profiles, the free troposphere (FT) that
was identified as the layer above the PBL without the pres-
ence of elevated aerosol layers or the residue from aerosols
in the daytime after the collapse of the ML, and the resid-
ual layer (RL) could also be identified. In addition, the time
mentioned anywhere in this study is Beijing time, which is
around 2 h earlier than local solar time.

2.3 Positive matrix factorization (PMF)

A bilinear factor-based receptor model, with positive matrix
factorization (PMF), was used for the source apportionment
of particle mass in this study based upon observed PMSDs
(Paatero and Tapper, 1994; Paatero, 1997). By minimizing
an objective function Q, a key parameter to review the dis-
tribution of the components and to estimate the stability of
the solution (Brown et al., 2015), the measured matrix was
decomposed into factor profiles (F ) and factor contributions
(G) with non-negativity constraints. The input matrix, com-
prising PMSDs (22 size bins within 0.124–15 µm) averaged
for the ML, the RL, and the FT, and the lower 10 m averaged
PMSDs in the NBL, was used in 20 random PMF runs (using
EPA PMF5.0 software) for 2 to 5 factors. In total, there were
48 PMSDs for the ML, 23 PMSDs for the RL, and 10 PMSDs
for the FT. The components in the PMF runs were separated
to keep one signal rather significant from those dominated
by noise on account of a criterion of the signal-to-noise ra-
tio S/N (Amato et al., 2009). The components with the S/N
less than 2 were removed from further analysis, while com-
ponents with the S/N above 2 were set as “strong” aerosol
types (Paatero and Hopke, 2003). The stability of the con-
verged Q values was found for all runs. By estimating diag-
nostic errors, the three-factor result was found to be the op-
timal solution, with all factors mapped in 100 % of the boot-
strap run, no swap of displacement, and no swapping case of
bootstrap–displacement. The results of the scaled residuals
for the three-factor outcome were within an acceptable range
from −3 to 3 (Juntto and Paatero, 1994). The measured and
PMF-simulated total particle mass concentrations were sig-
nificantly correlated (R2

= 0.89).
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3 Results and discussion

3.1 An overview of meteorological conditions

Under the impact of the East Asian Summer Monsoon, Lhasa
normally experiences a rainy season from May to Septem-
ber (Ding, 2007; Ran et al., 2014). However, in August 2020
when the campaign took place, two periods with distinctly
different conditions of water vapor were found, as can be
clearly seen from q near the ground measured in urban Lhasa
(Fig. 2a). The sharp reduction in q during the daytime of
17 August was an indicator of changing from a humid Period
I (average 11.1 g kg−1) to a relatively dry Period II (average
8.1 g kg−1). Period I was also characterized as rainy, with
the precipitation amounting to 78.5 mm, and quite cloudy
for most of the time, while there was plentiful sunshine and
almost no precipitation during Period II (Fig. 2a). Rainfall
mostly occurred in the evening and at night (20:00–08:00),
accounting for 84 % of the total amount in that month. The
two periods did not differ much in T , which ranged from 8.8
to 26.8◦ in Period I and from 8.6–25.0◦ in Period II, with
an average of about 17.0◦ for both periods. In contrast, RH
averaged nearly 62 % in Period I but only 45 % in Period II
(Fig. 2b), corresponding well to the difference in q. The tem-
perature shared a similar pattern on each day, except that the
maximum value in the daytime apparently lowered on days
with an overcast sky. Unlike the diurnal variation in T being a
peak in the late afternoon (around 18:00) and a valley in the
early morning (around 09:00) without much difference be-
tween the two periods, the average RH reached a maximum
in the early morning of about 79 %± 11 % for Period I and
64 %± 6 % for Period II, as well as a minimum in the late af-
ternoon of about 43 %± 11 % for Period I and 28 %± 11 %
for Period II. Surface winds were largely under 4 m s−1 and
dominated by easterly and westerly winds (Fig. 2c).

Vertical profiles of meteorological parameters observed at
the site were categorized into five time periods of the day, as
given in Table S1, and were presented along HNor, if either a
ML or a NBL could be identified, for a straightforward com-
parison between the two periods (Fig. S3). The amount of
moisture was obviously higher in Period I than in Period II
for all time periods, which is consistent with what had been
revealed from continuous surface measurements. The con-
servative quantities, θ and q, were generally uniform in the
ML for daytime profiles, whereas T decreased and RH in-
creased with increasing height, respectively. For profiles col-
lected during 07:00–08:00 and 20:00–23:00, air temperature
inversions in the NBL were recognized for several cases. On
average, there was a slight increase in θ and decrease in q
along with increasing height. Accordingly, wind speed appar-
ently increased with increasing height. A further examination
of the probability distributions of wind speed and wind di-
rection indicated that winds were mainly below 4 m s−1 both
within and above the PBL throughout the campaign; in ad-
dition, easterly and westerly winds dominated as near the

ground (Fig. S4). Stronger easterly winds exceeding 4 m s−1

occurred above the PBL, even up to nearly 7 m s−1 in Period
II. It should be kept in mind that data points available for
calculating the averages over a time period at some heights
above the PBL, corresponding to HNor larger than 0, might
make up only a part of the total number and might thus intro-
duce misleading details. Caution should therefore be taken
about statistically drawing conclusions from the characteris-
tics of height-normalized profiles across the PBL and at dif-
ferent heights above the top of the PBL. Last but not least,
the analysis regarding meteorological parameters, especially
winds, was somewhat limited to measurements under a rela-
tively mild condition when the tethered balloon was able to
be launched.

3.2 The vertical structure and temporal variability in
aerosol profiles

3.2.1 Vertical distributions and diurnal variations in
aerosol properties

The evolution of the PBL was an important influencing fac-
tor in shaping the vertical structure of atmospheric aerosols,
as has been pointed out by some previous studies (Ferrero et
al., 2010; Ran et al., 2016; Zhang et al., 2017). During the
campaign, heights of the shallow NBL were largely below
200 m around sunrise/sunset and at night (Fig. S5). In Period
I, Hm could be determined for most profiles before midday
(around 14:00), possibly resulting from the development of
the ML being suppressed under usually cloudy conditions.
In the afternoon, the ML often developed higher than the
maximum height reached by the tethered balloon. Unfortu-
nately, intensive observations covering a day from the early
morning until the night were unavailable, either because of
unobtainable aviation permission or bad weather. Neverthe-
less, relatively frequent measurements on 12 August (marked
by black cross in Fig. S5) revealed in a more realistic way
compared to what the overall picture could tell, the gradual
increase in Hm in the overcast morning, from below 100 m
before sunrise to about 700 m towards noon. The depth of
the ML on that day was expected to be far above the flight
limit of 500 m in the afternoon, since it turned to be quite
sunny and cloudless overhead after midday. As for Period II,
the ML should have developed very quickly after sunrise on
those sunny days; thus, Hm were often already high above
the flight limit when aviation permissions were granted in
the late morning and the afternoon.

Normalized byHm, the average vertical profiles of aerosol
properties in the five time periods of the day are illustrated in
Fig. 3, exhibiting a similarity between Periods I and II. Pro-
files of Na and particle mass concentrations around sunrise
(07:00–08:00) and after sunset (20:00–23:00) resembled an
exponential decay in the stable NBL, which favored the ac-
cumulation of air pollutants near the ground. In the daytime,
profiles were characterized by a nearly uniform distribution
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Figure 2. The time series of (a) precipitation in blue and specific humidity (q) in green, (b) temperature (T ) in red, and relative humidity
(RH) in black, as well as (c) wind speed and wind direction (in colors), based on hourly data in August from an automatic weather station in
urban Lhasa.

of aerosols within the ML, except for profiles collected dur-
ing 08:00–12:00 in Period II with the characteristics of night-
time profiles. This misleading feature was attributed largely
to profiles on religious holidays that were frequently encoun-
tered in Period II, with the impact of strong emissions from
religious burning in the morning, which will be discussed in
detail in Sect. 3.3. With the evolution of the ML, stronger
dilution effects led to a decline in surface Na and particle
mass concentrations in the daytime, compared to those in the
early morning and at night. However, surface Na and parti-
cle mass concentrations were found to be the highest dur-
ing 08:00–12:00 in both periods. The reasons for this phe-
nomenon might be the enhanced emissions from more an-
thropogenic activities after sunrise but a still weak disper-
sion inside a ML, where vertical convection had not been
fully developed. Above the PBL, the number of data points
used for averaging varied with HNor, depending on Hm and
the maximum height of each flight. To avoid being misled by
insufficient data, averaged data were only adopted at heights
where the data availability exceeded 75 %. An evident reduc-
tion in Na and particle mass concentrations above the PBL
was observed by comparison with those within the PBL. For
both periods, ratios of PM1 to PM2.5 mass concentrations
(PM1 /PM2.5) were relatively uniform within the PBL, even
for NBL-type profiles, despite the distinctly different aerosol
amount along the normalized height in the NBL. The day-
time PM1 /PM2.5 ratios were relatively larger than ratios in
the early morning and at night. Accordingly, De was found
to be relatively smaller during the day.

Table 1 listed particle parameters in the PBL, the RL,
and the FT. For the PBL category, averages within the
ML and 10 m averages near the ground for the NBL were

adopted. Inside the well-mixed layer, the surface level and
the ML-averaged level were close to each other. Averaged
Na within the PBL was about 338± 162 cm−3 in Period I
and 409± 201 cm−3 in Period II. The mean PM2.5 mass con-
centration within the PBL was 2.9± 1.8 µg m−3 in Period I,
with a fraction of PM1 in PM2.5 to be about 76± 6 %. In Pe-
riod II, PM2.5 mass concentrations within the PBL averaged
3.9± 2.6 µg m−3, with PM1 accounting for approximately
68± 10 %. The lower level of aerosols in Period I might be
ascribed to frequent rainfalls and associated efficient removal
processes. Submicron particles took up a smaller proportion
in PM2.5 during Period II, together with a larger average De
of 0.37 and a larger average De,1–2.5 µm of 1.67, indicating
more large particles in Period II than in Period I. Though av-
erage De,<1 µm in the two periods was comparable with each
other, a wider range was found in Period II, showing the large
variability in particle size distributions among profiles col-
lected at different time.

It was found that PM2.5 mass concentrations within the
PBL ranged from 0.5 to 12.0 µg m−3, with an average of
3.4 µg m−3 and a standard deviation of 2.3 µg m−3 during this
campaign. PM2.5mass concentrations in this study were far
below what had been observed near the ground in August
2016 in urban Lhasa, where the high levels often exceeded
20 µg m−3 and were sometimes up to more than 40 µg m−3,
with the overall average of 11± 2.2 µg m−3 over the size
range of 0.14–3 µm (Y. Y. Cui et al., 2018). The signifi-
cant difference of particle mass concentrations between the
previous and the current study might reflect different emis-
sion strengths surrounding the two sites. Being located in the
downtown area and adjacent to several temples, the observa-
tional site in the previous study was greatly affected by var-
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Figure 3. Average vertical profiles of (a) the particle number concentration (Na), (b) PM1 mass concentration, (c) PM2.5 mass concentration,
(d) the ratio of PM1 to PM2.5 mass concentration, and (e) the effective diameter (De) over the whole size range of the POPS, along the
normalized height (HNor) during Period I. Profiles for different time periods are shown in different colors, with dots representing average
values and error bars representing standard deviations at each of the HNor. The number of data points used for averaging at each HNor was
more than about 75 % of the number of profiles during each time period, as given in parentheses. Average vertical profiles measured during
Period II are displayed in the same way in panels (f)–(j).

Table 1. Particle parameters within the PBL, in the RL, and in the FT for Periods I and II, given as average value± standard deviation and
the range in parentheses. The number of profiles for each category is also given in parentheses in the second row.

PBL RL FT

Period I (56) Period II (56) Period I (0) Period II (29) Period I (14) Period II (10)

Na (cm−3) 338± 162 409± 201 / 299± 101 89± 37 81± 23
(77–812) (95–1052) (123–573) (47–156) (44–111)

PM1 (µg m−3) 2.1± 1.3 2.6± 1.7 / 1.6± 0.6 0.5± 0.2 0.5± 0.3
(0.4–5.5) (0.5–7.8) (0.6–3.1) (0.3–1.1) (0.2–0.9)

PM2.5 (µg m−3) 2.9± 1.8 3.9± 2.6 / 2.2± 0.8 0.7± 0.3 0.8± 0.4
(0.5–8.6) (0.7–12.0) (0.9–4.2) (0.4–1.3) (0.3–1.3)

PM1 /PM2.5 (%) 76± 6 68± 10 / 72± 5 75± 6 71± 10
(59–88) (44–92) (62–83) (65–82) (57–86)

De (µm) 0.31± 0.06 0.37± 0.10 / 0.32± 0.03 0.30± 0.04 0.35± 0.08
(0.21–0.47) (0.21–0.65) (0.26–0.39) (0.25–0.38) (0.24–0.48)

De,<1 µm (µm) 0.22± 0.03 0.23± 0.04 / 0.21± 0.01 0.22± 0.01 0.23± 0.03
(0.19–0.30) (0.18–0.35) (0.19–0.24) (0.19–0.24) (0.18–0.26)

De,1–2.5 µm (µm) 1.61± 0.09 1.67± 0.11 / 1.65± 0.07 1.51± 0.09 1.56± 0.13
(1.34–1.92) (1.35–1.90) (1.50–1.74) (1.36–1.61) (1.36–1.70)

ious strong local emissions, such as traffic, residential, and
religious-activity-related emissions, while the suburban site
in this study was under the influence of much weaker nearby
emissions and was more likely to represent an average condi-
tion over this area. Furthermore, the continuous monitoring

of PM2.5 mass concentrations from 2013 to 2017 at six sites
across the city of Lhasa revealed a slight decrease in 2017
(Yin et al., 2019). This was demonstrated to be partly at-
tributed to measures that have been taken to prevent and con-
trol air pollution in Lhasa since 2013. Actually, the location
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of the site in this study was on the same campus of Tibet Uni-
versity as one site (LHASA-XZ) in Yin et al. (2019). Consid-
ering that monthly mean PM2.5 mass concentration of all six
sites for August was reported as about 15 µg m−3, and the
LHASA-XZ site was not the cleanest one among the others,
it might suggest an apparent reduction in PM2.5 mass con-
centrations with the continuing implementation of air quality
policies.

Profiles in Period II were mainly collected in the early
morning and at night, when elevated aerosol layers were of-
ten encountered, though it was hard to tell whether those
were only residual layers that could easily form above the
NBL after sunset and remain until the PBL had evolved to
a sufficient height on the next day or if there could also be
contributions from transported plume. Here, we generally de-
noted such elevated layers as residual layers (RLs). In total,
the RL was identified for 29 profiles in Period II, whereas no
profiles were identified in Period I. A layer above the PBL
and beneath the FT was observed for four profiles collected
in the morning in Period I, with Na being a little higher than
that in the FT but still very low (∼ 100 cm−3). These profiles
were identified as being neither the RL nor the FT, since it
was insufficient to decide whether the layer was the RL or
still a part of the FT, and it would also be misleading if they
were used to represent the average condition of the RL dur-
ing Period I. In Period II, the average particle number and
mass concentrations in the RL were around 75 % and 55 %
of that within the PBL, respectively. In the FT, the average
particle number and mass concentrations in the two periods
were generally comparable with each other and were gener-
ally less than 25 % of the amount within the PBL. In general,
fractions of PM1 in PM2.5 within the PBL were close to those
in the RL and the FT for each period.

Undoubtedly, air quality over the Tibetan Plateau has been
increasingly influenced by anthropogenic activities and emis-
sions during the processes of urbanization and economic
growth in the past several decades, especially in the rela-
tively densely populated cities like Lhasa. However, the level
of Na over Lhasa was still much lower than what has been
observed in more populated and developed regions. Aircraft
measurements of particles with the diameter ranging from
0.1 to 3.0 µm using a passive cavity aerosol spectrometer
probe (PCASP) over the Loess Plateau, which is adjacent
to the Tibetan Plateau, revealed that Na in the PBL often
exceeded 1000 cm−3, and Na above the PBL reached well
above 200 cm−3 for most flights during the summer cam-
paign 2020 (Cai et al., 2022). Influenced more by anthro-
pogenic emissions, Na over the Loess Plateau were more
than 3 times of those obtained within and above the PBL
over Lhasa. Though a slightly larger average De of around
0.4 µm was observed over the Loess Plateau, no apparent de-
pendence of De on altitude was found in both locations. Air-
craft measurements that also employed PCASP in non-winter
seasons during 2005 and 2006 over Beijing in the polluted
North China Plain showed that the surface level ofNa ranged

from 1000 (10th percentile) to 10 000 cm−3 (90th percentile)
and averaged as high as 6600 cm−3, which was more than
10 times that over Lhasa (Liu et al., 2009). Aerosol profiles
measured by a tethered balloon-born optical particle counter
(OPC) over Milan in Italy, which is also located in a river val-
ley (the Po Valley) but in a region much more industrialized
and populated than the Lhasa River Valley, exhibited an av-
erage Na of 35± 2 cm−3 in the diameter range of 0.3–20 µm
above the PBL in summer (Ferrero et al., 2010). Given the
same size range, a lower level of particle number concentra-
tions was found in the FT over Lhasa, with the average Na to
be 12± 8 cm−3.

3.2.2 Vertically resolved particle mass size distributions

Particle mass size distributions (PMSDs) measured by the
POPS were categorized into two periods and averaged for
three layers (Fig. 4). In general, size-resolved particle mass
concentrations were the highest at all diameters within the
PBL, while being much lower in the FT. Nevertheless, a
similarity was found among all PMSDs. Plainly, a distinct
mode below 0.3 µm existed for all layers during both periods,
though its strength relative to the rest of the PMSDs consid-
erably differed among different layers and periods. For this
mode, more particles were observed towards the lower end
of the size range in Period II, possibly implying stronger sec-
ondary formation of fine particles favored by the fine weather
during that period. It was noteworthy that the small peak
around 0.23 µm might result from uncertainties in the mea-
surement or calibration. Thus, caution should be taken when
drawing specific conclusions. Particles larger than 1 µm ap-
parently increased with the diameter for all PMSDs, sug-
gesting another mode in coarse particles. The normalized
averages of PMSDs that were merged from the POPS and
GRIMM 11-C measurements over the size range of 0.124–
32 µm, which were only available for 48 profiles in Period II,
did exhibit a mode with a peak at around 2.5 µm in the FT
and around 5 µm in the other two layers (Fig. S6). Particles
as large as roughly 15 µm were observed within the PBL and
in the RL. In contrast, particles with the diameter larger than
5 µm accounted only for a negligible part of the PMSDs in the
FT. It was also noted, from both the average PMSDs (Fig. 4)
and the normalized average PMSDs (Fig. S6), that there was
a third mode ranging over 0.5–0.7 µm within the PBL and in
the RL, though relatively less pronounced for the latter one,
whereas no such an apparent mode was observed in the FT.
These features revealed that, under most circumstances, par-
ticles in the RL were of the same origin as particles in the
PBL, whereas particles in the FT should be rarely affected
by local anthropogenic emissions near the ground.

The vertical distribution of PMSDs within the size range
of 0.124–32 µm for each profile in Period II was explored in
more detail. It was noteworthy that the mode over 0.5–0.7 µm
was found to be more distinct on the mornings of religious
holidays compared to other times. In order to conveniently
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Figure 4. Average particle mass size distributions (dM/dlogDp)
for different layers during the two periods as indicated by different
markers.

make comparisons among different cases, the dataset was
grouped into subsets of data collected on non-holidays and
holidays. In total, there were 22 aerosol profiles collected
on non-holidays and 26 on the four religious holidays (19,
20, 26, and 28 August). The subset of data from the holi-
days was further divided into five cases, four of which com-
prised measurements on the morning of each religious hol-
iday, respectively. One case, consisting of data collected on
holidays except in the morning, was denoted as holidays∗

to distinguish from the category named holidays that cov-
ered all profiles measured on religious holidays. The aver-
age profile of De,<1 µm on non-holidays and holidays∗ were
found to be close to each other, with an average of roughly
0.21± 0.006 and 0.20± 0.005 µm through the vertical di-
rection, respectively (Fig. 5a). However, the average verti-
cal distribution of De,<1 µm on the morning of each religious
holiday, as separately displayed in different colors, was sig-
nificantly different from the categories of non-holidays and
holidays∗. In the PBL, a remarkably larger De,<1 µm was ob-
served in the morning on all religious holidays than that on
both non-holidays and holidays∗. The largest De,<1 µm was
nearly 0.35 µm on 19 August, the Shakyamuni Buddha Day
and also the beginning of the Sho Dun Festival, which is one
of the most ceremonious traditional festival in Tibet. This
could plausibly explain the aforementioned larger range of
De,<1 µm averaged within the PBL in period II than in Period
I, since emissions from religious activities on religious holi-
days enlarged the effective diameter, and only one religious
holiday (8 August) was encountered in Period I. Above the
PBL De,<1 µm for the four holiday morning cases generally
fell in the range of De,<1 µm on non-holidays and holidays,
except that De,<1 µm on the morning of 19 August was ap-
parently larger than others. As for coarse particles in the size
range of 1∼ 10 µm, no obvious difference was observed be-
tween non-holidays and holidays (Fig. 5b).

A further examination was made of average PMSDs within
50 m above the ground for each category, considering that

in the NBL or in an early morning ML measurements near
the ground would help to better elucidate the impact reli-
gious activities brought to PMSDs. A marked mode, peaking
around 0.6 µm and amounting to about 18 µg m−3, was ob-
served in the PMSDs on 19 and 28 August (Fig. 6). Though
much lower around 5 µg m−3 on 20 and 26 August, the
peak of this mode was still almost double of that on non-
holidays and holidays∗. The existence of the accumulation
mode over 0.5–0.7 µm on religious holidays was consistent
with the findings from surface aerosol measurements in Au-
gust 2016, and was demonstrated to be characteristic of emis-
sions from incense burning and biomass burning for religious
ceremonies (Y. Y. Cui et al., 2018, and references therein).
As a widespread religious custom, incense burning was com-
monly performed in the daily life of local people, not only
in temples but also at home. The burning of butter lamps and
several types of wood branches and herbs in temples was also
traditional religious activities. The PMSDs clearly showed
that these emissions were largely enhanced on holidays, es-
pecially in the mornings, and a much strengthened accumu-
lation mode formed.

3.3 Potential sources of particles in different layers

In total, three source factors were identified from the PMF
analysis of the PMSDs combined from the POPS and
GRIMM 11-C measurements in Period II (Fig. 7a). The first
factor (factor 1) revealed a potential source that predomi-
nantly contributed to particles smaller than 0.3 µm, proba-
bly being associated with local emissions from fossil fuel
combustions and/or secondary aerosol formation. The sec-
ond factor (factor 2) showed a broad peak over about 0.3–
0.7 µm, also with a considerable contribution from particles
with a diameter extending from 0.7 to around 2.5 µm. Con-
sidering the apparent enhancement of particle mass in the
size range of 0.5–0.7 µm on religious holiday mornings, fac-
tor 2 was taken to be mainly representative of aerosols re-
leased from religious activities such as burning incense, cy-
press branches, herbs, and butter lamps (Y. Y. Cui et al., 2018,
and references therein). The third factor (factor 3) was al-
most exclusively composed of particles in the coarse mode
(>1 µm). This factor might be attributed to suspended dust
particles from unpaved roads, construction sites, and the sur-
rounding mountains. Indoor particles previously collected at
a temple in Lhasa exhibited a bimodal particle mass distribu-
tion, with one peak around 0.4–0.7 µm and one peak in the
coarse mode around 5 µm (L. L. Cui et al., 2018). It was
speculated that factor 3 might also involve a certain con-
tribution from religious burning and/or residential biomass
burning. However, concentrations contributed by factor 3 did
not increase as expected with the rising concentrations con-
tributed by factor 2 on holiday mornings, when assuming that
coarse-mode particles observed at the site were partly gener-
ated from religious activities (Fig. S7). Also residential burn-
ing of biomass including cow dung and plants, as an impor-
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Figure 5. (a) Average vertical profiles ofDe,<1 µm for different cases. Solid black dots are for non-holidays, magenta circles are for religious
holidays excluding samples in the mornings, and various colored solid dots are for religious holiday mornings. (b) Average vertical profiles
of De,1–10 µm for non-holidays (black dots) and holidays (red dots). The number of profiles collected during the period of each case is given
in parentheses.

Figure 6. Average PMSDs within 50 m above the ground for dif-
ferent cases, with the same markers and text as in Fig. 5.

tant source of energy in the past, is negligible nowadays and
has been mostly replaced by a mixture of fossil fuel and re-
newable energy sources such as solar, wind, geothermal, and
hydroelectric power.

On average, particles in the PBL and the RL shared a simi-
lar makeup of potential sources (Fig. 7b), suggesting that par-
ticles in the two layers were probably of the same origin. The
contribution by suspended dust particles took up a portion of
more than 50 %, while the contribution by religious burning
was comparable with the contribution by combustion-related
or secondary formation sources with a fraction of roughly
20 %–25 %. In particular, the results for the PBL were sep-
arated into one part on holiday mornings and the other un-
der other conditions, namely non-holidays and holidays∗ as
defined above, since particles in the PBL were mostly in-
fluenced by emissions near the ground. It was found that

Figure 7. (a) Normalized factor profiles and (b) averaged contri-
butions of each factor to the total particle mass concentrations in
the PBL, the RL, and the FT in Period II and also for averages in
the PBL on holiday mornings and other cases, namely non-holidays
and holidays∗, with the error bar indicating the standard deviation.

on non-holidays and holidays∗ the contributions of poten-
tial sources were close to that during the whole Period II,
while religious burning contributed about 45 % on holiday
mornings and exceeded the other two factors. However, the
relative relationship of the two factors other than religious
burning was similar under both conditions, with the contribu-
tion by combustion/secondary formation nearly 40 % of the
contribution by dust suspension, suggesting that these two
sources stayed relatively stable during the campaign. An ex-
amination of the contributions from the three factors at dif-
ferent time periods on non-holidays revealed the predomi-
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nant contribution by dust suspension, and no obvious diurnal
variation in the makeup of potential sources was found. Un-
like in the PBL and the RL, where the significant importance
of coarse-mode particles was found, the contribution by large
particles that were possibly associated with dust suspension
was below 10 % in the FT. Factors 1 and 2 contributed ap-
proximately 40 % and 50 % in the FT. Although factor 2 was
identified as being a religious burning factor for the PBL and
the RL, this might not be the case in the FT, as the contribu-
tion from factor 2 did not differ so much on holiday mornings
and at other times. Given that the FT was generally much less
influenced by emissions near the ground, factor 1 and 2 may
be related more to secondary aerosol formation and the ag-
ing of existing particles. Measurements of aerosol chemical
compositions along the vertical direction in the future might
help disentangle this issue.

4 Summary

In this study, vertical profiles of particle size distributions
within 1 km were measured by a POPS and a GRIMM 11-
C attached to a tethered balloon in summer 2020 at a sub-
urban site in Lhasa. The variability in the vertical structure
and temporal features of parameters, such as aerosol number
and mass concentrations, the effective diameter, and parti-
cle mass size distributions were examined. Possible sources
for aerosols in different layers were investigated by the PMF
analysis.

The vertical distribution of aerosol properties was found
to be largely governed by the diurnal variation in the bound-
ary layer. Generally speaking, aerosols uniformly distributed
in the daytime PBL and sharply declined in the NBL. Usu-
ally, the average particle number and mass concentrations in
the FT were less than 25 % of the amount in the PBL. For
the humid Period I under the influence the East Asian Sum-
mer Monsoon, a lower level of aerosols and also fewer large
particles in the PBL were found than that in the relatively
dry Period II, possibly due to frequent rainfall and associ-
ated efficient removal by wind. More emissions from reli-
gious activities in Period II might also contribute to the dif-
ferences between the two periods. In contrast, both the total
amount and the size distribution of particle mass in the FT for
the two periods were comparable. Residual layers with ele-
vated aerosol were often encountered in Period II, with parti-
cle mass concentrations averaging around 55 % of that in the
PBL. The PMSDs in the RL shared a similar pattern to that
in the PBL, suggesting they were probably of the same ori-
gin. The source apportionment analysis revealed that the fac-
tor associated with suspended dust in the coarse mode con-
tributed more than 50 % in the PBL and the RL. However,
a distinct peak over 0.5–0.7 µm was observed on religious
holiday mornings, the same time periods when the contribu-
tion by the identified religious burning factor with a broad
peak over about 0.3–0.7 µm was found to exceed the con-

tribution by dust suspension. In the FT, submicron particles
dominated, and the contribution by coarse-mode particles
was below 10 %. More investigations based on ground-level,
long-term monitoring and vertical measurements of aerosol
chemical and physical properties will help better identify the
origin and evolution processes of aerosols in this area.
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