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Abstract: As the largest independent east-west-trending mountain in the world, Mt. Tianshan
exerts crucial impacts on climate and pollutant distributions in central Asia. Here, the vertical
structures of meteorological elements and black carbon (BC) were first derived at Mt. Tianshan
using an unmanned aerial vehicle system (UAVS). Vertical changes in meteorological elements
can directly affect the structure of the planet boundary layer (PBL). As such, the influences of
topography and meteorological elements’ vertical structure on aerosol distributions were explored
from observations and model simulations. The mass concentrations of BC changed slightly with the
increasing height below 2300 m above sea level (a.s.l.), which significantly increased with the height
between 2300-3500 m a.s.l. and contrarily decreased with ascending altitude higher than 3500 m.
Topography and mountain—valley winds were found to play important roles in the distributions of
aerosols and BC. The prevailing valley winds in the daytime were conducive to pollutant transport
from surrounding cities to Mt. Tianshan, where the aerosol number concentration and BC mass
concentration increased rapidly, whereas the opposite transport pattern dominated during nighttime.

Keywords: unmanned aerial vehicle system; Mt. Tianshan; BC; aerosol; vertical profile

1. Introduction

As one of the most important components in the air, aerosols play a great role in the
atmospheric environment by reducing visibility [1-4], and can damage human health as
carriers for poisonous heavy metals, organic materials [5-8], and viruses [9,10]. Meanwhile,
aerosols exert complicated impacts on changes in climate ascribed to their absorption and
scattering of solar radiation [11-14]. Precipitation processes can also be modulated by
atmospheric aerosols, which act as cloud condensation nuclei (CCN) and further influence
the properties and lifetimes of clouds [13,15,16].

Atmospheric aerosols are highly dependent on pollutant emissions, topography, and
changes in meteorology [3,17-21]. Several urban agglomerations with dense populations,
such as the North China Plain (NCP), Yangtze River Delta (YRD), and Pearl River Delta
(PRD), have been suffering from severe air pollution recently [4,22-27]. When the emission
sources were similar in a certain period, topography was found to significantly impact
the transport and dispersion processes of air pollutants in mountainous or basin areas,
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which may promote heavy pollution events with the control of stagnant weather condi-
tions [3,17,21,28-30]. Xu et al. [31] proposed that the “harbor” effect on the eastern lee of
the Tibetan Plateau’s large topography on the westerlies was possibly an important factor
influencing the regional distribution of haze frequency in eastern China. Zhang, et al. [32]
showed that the Sichuan Basin led to an increase of 48 pg m~2 in the basin-averaged surface
PMj, 5, contributing about 44% to the PM; 5 concentrations during heavy haze pollution,
which indicated an important role of the basin topography in worsening air pollution.
Meanwhile, high topography was also observed to noticeably affect the local atmospheric
circulation, resulting in changes in precipitation and climate [33-37].

As the largest independent east-west-trending mountain in the world, Mt. Tianshan
exerts crucial impacts on the climates and air pollutant distributions in central Asia. Many
works have been done on the chemistry of snow and ice at the Urumgqi River source [38-40]
in eastern Tianshan, China. However, investigations on aerosols at Mt. Tianshan were
scarcely reported, even if the impacts of human activities in this region have been gradually
increased. Dong et al. [41] found seasonal variation of dust in precipitation in Tianshan
of central Asia. Liu et al. [42] observed that particle size distribution and supersaturation
had a major impact on the activation of aerosols into CCN at Mt. Tianshan. Zhao et al. [43]
reported that the soot and fly ash particles from anthropogenic pollutions accounted
for 15.1 % and 4.7 % in the summer at Mt. Bogda. By measuring the chemical species
in snow samples from eastern Tianshan, Wake et al. [44] proposed that anthropogenic
pollution had greatly affected the atmospheric compositions. Lee et al. [45] measured the
ice core, covering the past 43 years, retrieved from Glacier 1 at the Urumgi River head
in east Tianshan, and indicated that anthropogenic activities had released considerable
particulate material along with unsaturated hydrocarbons and SO,. Li et al. [46] found
noticeable seasonal variations of foehn wind at central Tianshan, which had large impacts
on the planet boundary layer (PBL) in Urumgqi. Many researchers have pointed out that
Mt. Tianshan exerts high influences on the atmospheric environment and PBL in the
surrounding areas, which inversely affected the distributions of air pollutants, whereas the
vertical profiles of PBL and aerosols at Mt. Tianshan have been rarely studied due to the
limitations of observation technology and geographic locations.

As a new measuring method, unmanned aerial vehicle systems (UAVS) have been
widely used in the atmospheric environment field in recent years due to their low require-
ment on operating conditions [47-51]. In this study, a self-developed UAVS, carrying the
iMet-XQ2 meteorological sensors and an AE-51 Aethalometer, was used to measure the
vertical profiles of temperature, air pressure, and black carbon (BC) in PBL during 18-26
September 2019. The observations were conducted seven times a day, and 57 sequences
of meteorology and BC samples were derived in total. The possible interactions between
PBL structure and the distributions of aerosols and BC were explored using the in situ
measurements, combined with several other datasets including the second Modern-Era
Retrospective analysis for Research and Applications (MERRA-2), the Moderate Reso-
lution Imaging Spectroradiometer aerosol optical depth (MODIS AOD), MIX emission
inventory, and the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model simulation.

2. Methods and Materials
2.1. Observation Site and Experiment Description

The observation site was located at Urumgi herding test station (43.45° N, 87.18° E;
1930 m a.s.l.), Baiyanggou scenic spot, at Mt. Tianshan, Xinjiang Uygur Autonomous Re-
gion (Figure 1), which was 60 km away from the Urumgqi municipality. The observation
was carried out during the period of 18-27 September 2019. A wide-range particle spec-
trometer (WPS, MSP Corporation, Shoreview, MN, USA) was used to monitor the aerosol
number concentration for sizes from 10 nm to 10 um at the ground, with a time resolution
of 5 min. Meteorological elements, including wind speed, wind direction, temperature,
relative humidity (RH), precipitation, and visibility, were obtained, with a time resolution
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of 1 h. Quality control for the meteorological dataset was implemented based on the surface
observation criteria of the China Meteorological Administration.

Figure 1. Locations of the observation site and surrounding areas.

The UAVS (Jiangsu Environmental Innovation & Service Ltd. Co, Nanjing, China) can
measure the vertical profiles of meteorological elements and BC mass concentration. The
UAVS with a fixed wing had a length of 1.2 m and a wingspan of 2.16 m, which was made of
expanded polyolefin (EPO) foam, as shown in Figure 1. A meteorological sensor, iMet-XQ2
(Inter MET Inc., Grand Rapids, MI, USA), a self-contained sensor package designed for the
UVAS to measure atmospheric pressure, temperature, and relative humidity, was carried
by the UVAS. It was also equipped with a built-in GPS and an internal data logger, along
with a rechargeable battery. Detailed information about the iMet-XQ2 can be referred to in
reference [52]. The mass concentration of BC was observed by a micro-aethalometer AE-51
(Magee Scientific, Berkeley CA, USA), which measures the light transmission through a
Teflon-coated glass fiber filter at 880 nm. A change in filter attenuation is then translated
to the mass concentration of BC particles. The introduction of AE-51 can be found in the
related documents [53,54]. The UAVS takes off and lands at a speed of 1 m/ s L

2.2. Datasets
2.2.1. MODIS

In this study, Terra MODIS C6.1 Level 3 aerosol products (MOD08_M3) with
1° x 1° resolution were used. The data were downloaded from the NASA Level 1 and
Atmosphere Archive and Distribution System (https:/ /ladsweb.nascom.nasa.gov/data/
search.html (accessed on 1 January 2021)). The dark target and deep blue merged AOD
data at 550 nm (hereafter referred to as AOD) were principally used in this study. The
details of the MODIS can be found in Lee et al. [2] and de Leeuw et al. [55]. The MODIS
data was used during the period of 18-27 September 2019.
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2.2.2. MERRA-2

The modern-era retrospective analysis for research and applications, version 2
(MERRA-2) is a global atmospheric reanalysis produced by the NASA Global Model-
ing and Assimilation Office (GMAO). It spans the satellite observing era from 1980 to the
present. Horizontal and vertical meteorological data of wind speed during the pollution
episodes were obtained from the MERRA-2 reanalysis dataset with a horizontal resolu-
tion of 0.5° x 0.625° (https://disc.gsfc.nasa.gov/datasets?project=MERRA-2 (accessed
on 1 January 2021)). The detailed introductions can be found in Gelaro et al. [56] and
Bosilovich et al. [57]. The MERRA-2 data was used during the period of 18-27 September
2019, and the time resolution was 3 h.

2.2.3. Emission Inventory

MIX is a new anthropogenic emission inventory over Asia for the years 2008 and
2010. It was developed to support the Model Inter-Comparison Study for Asia Phase III
(MICS-Asia III) and the Task Force on Hemispheric Transport of Air Pollution (TF HTAP)
projects by a mosaic of up-to-date regional and national emission inventories, including
REAS inventory version 2.1 for the whole of Asia [58], the Multi-resolution Emission
Inventory for China (MEIC) developed by Tsinghua University, a high-resolution NHj3
emission inventory by Peking University [59], an Indian emission inventory developed
by Argonne National Laboratory (ANL-India) [60,61], and the official Korean emission
inventory from the Clean Air Policy Support System (CAPSS) [62]. The details of these
inventories can be found in Li et al. [63].

2.3. The HYSPLIT Model

Air mass backward trajectories above the observation sites were simulated by the
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (http:/ /ready.
arl.noaa.gov/HYSPLIT.php (accessed on 1 March 2021)), which was developed by the
National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL). The National Weather Service’s National Centers for Environmental Prediction
(NCEP) Global Data Assimilation System (GDAS) archive was used for the meteorological
input field, with a horizontal resolution of 1.0° x 1.0°. The details of the HYSPLIT can be
found in Stein et al. [64] and Draxler and Rolph [65] Air mass backward trajectories for
48 h at the observation sites were simulated by the HYSPLIT.

2.4. Planet Boundary Layer Height (PBLH)

In addition to the collected temperature (T), air pressure (P), relative humidity (RH),
wind speed (WS), and wind direction (WD), two important parameters, the virtual potential
temperature (6,) and specific humidity (g), were used to reflect the evolution of the PBL.
The calculation of 6(K) is as follows:

0 =T x (Ro/p) /S 1

where T is the collected temperature (K), P and P, are the collected pressure and the
standard sea-level pressure (hPa), respectively, R; is the specific gas constant for dry air
(287 kg ' K1), and Cpa is the specific heat capacity at constant pressure for dry air at
standard temperature (1005 J kg~ K~1);

q (g kg~1) was calculated from:

g=¢x ———— x 1000 @

P—(1—¢)x
where ¢ is the ratio of the molecular weight of water vapor to dry air (0.622), ¢ is the water
vapor pressure (hPa), which is the product of the RH (%) measured at each T and the
calculated saturated vapor pressure.
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The calculation of 6, is as follows:
0, = 60 x (1+6.08 x107% x q) ®3)

In this paper, PBLH was determined from the 8, profiles according to the gas block
method [53,66]. During the daytime period, PBLH was determined from the bottom of the
inverse virtual potential temperature layer, where 0, increased significantly.

As shown in Figure 2, the PBLH derived from the UAVS had a good relationship
with those by MERRA-2 products, with a correlation coefficient of 0.6. However, the
UAVS-derived PBLH were generally lower than the MERRA-2, probably due to the coarse
resolution of the MERRA-2 dataset with an average value of grid points that cannot well
reflect the PBLH at Mt. Tianshan, where the field measurements were more essential to
explore its environmental evolution.
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Figure 2. Comparisons of PBLH derived from the UAVS and MERRA-2.

3. Results and Discussion
3.1. Overall Description

The diurnal variations of the aerosol number concentrations were notable, as shown
in Figure 3, with higher and lower values in the daytime and nighttime, respectively.
Aerosols increased sharply from 14:00 (Beijing time, BST) when higher temperature and
lower RH were observed. The observation site at Mt. Tianshan has an altitude around
1900 m a.s.1, which was near the top of the PBL. As such, the concentrations of background
aerosols at Mt. Tianshan were low, resulting in high visibility with an average of 28.4 km
and a minimum value of 12.5 km at 13:00 on September 21. The fluctuations in visibility
were found to entirely correspond to the increases in aerosol number concentrations
(Figure 3). Hence, air pollutants, especially aerosol particles, from surrounding areas can
be transported to the observation site in the daytime ascribed to the development of PBL,
further decreasing the visibility. In addition, the formation and elimination processes of
orographic clouds at Mt. Tianshan can largely affect the visibility. The mountain winds
with southerlies and sinking motion (the positive values of vertical velocity) were dominant
in the nighttime (Figure 4), resulting in the pollutants’ transport from Mt. Tianshan to
Urumgi, lower aerosol number concentrations were noticed consequently at Mt. Tianshan.
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The PBL developed gradually when the sun rose, with the highest PBLH after noon, when
aerosol concentrations began to increase, attributed to the vertical mixing of near-surface
pollutants. Table 1 lists a low PBLH of 170 £ 65 m at 10:00 (BST) when the sun heats
the ground, the BC and aerosol number concentrations were low as well. Hereafter, the
BPLH gradually elevated with the continuous heating process of the sun and reached
the maximums of 464 & 147 m and 460 & 178 m at 15:00 and 17:00, respectively, when the
concentrations of BC and aerosols were also high. Meanwhile, the valley winds prevailing
in the daytime featured as northerlies and ascending flows (Figure 4). As such, it was
conducive to carrying air pollutants from Urumgqi to Mt. Tianshan in the daytime, which
were found to be the strongest during 14:00-20:00, when the valley winds were the highest,
and a sharp increase in aerosol number concentrations at 14:00 was noticed. Generally,
the concentrations of background aerosols were low due to the low emission sources
at Mt. Tianshan at high altitudes. However, air pollutants from the surrounding areas
may transport to Mt. Tianshan with the evolution of the PBL in the daytime, where the
pollutants increased rapidly as a result.
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Figure 3. Time series of aerosol number concentration and meteorological elements near the

ground observation.
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Figure 4. Time series of the wind field and vertical velocity for MERRA-2 during the observation period.
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Table 1. Statistical summary of launches and near-ground parameters. Hnax and PBLH are the maximum height reached

by the UAVS and planet boundary layer height, respectively. Tsur, RHsur, WSsur, BC, NNucleations NAitkens NAce, and Ncoarse

denote the temperature, relative humidity, wind speed, mass concentration of BC, number concentration of nucleation
aerosol (10-20 nm), Aitken aerosol (20-100 nm), accumulation aerosol (100-1000 nm), and coarse aerosol (1.0-10.0 wm),
respectively, near the ground, presented as the average value & standard deviation.

3 = Hmax PBLH Tsur RHsyr WSsur BC NNucleation Naitken Nace Ncoarse
Time Profiles (m) (m) ) (%) (ms-1) (ng m3) (cm-3) (cm—3) (cm—3) (cm—3)
10 8 38004150 170 £ 65 13.8£28 41.2+£97 1.0+ 0.6 985-2115 45424 1117 £ 496 437 £ 289 16+1.1
12 8 3750-4250 237 £+ 83 19.6 £ 3.0 244+75 20£0.5 1388-2371 211 4478 1079 £ 371 404 £+ 144 1.5+ 09
13 9 3800-3850 259 + 89 203 £2.8 23.8 £ 6.4 21£07 1153-2351 780 + 1116 1715 £ 1286 467 £ 188 1.8+1.0
15 8 3750-4050 464 + 147 211 £27 241+£73 23+07 1324-3267 1776 £ 1065 3530 + 3476 569 + 244 20+1.0
17 9 33504300 460 + 178 208 £2.8 26.4+9.0 25+0.6 1139-3225 1295 £ 506 7099 £ 4808 1095 £ 631 25+11
18 8 36504200 345 + 146 20+29 29.3 +£10.1 25+08 1179-2132 931 £ 345 7324 + 5047 1229 + 773 25+12
20 7 3850-4250 298 + 215 14.5 £ 2.2 46.3 £12.5 1.8+0.7 980-2523 556 & 319 7307 £ 3560 1337 £ 607 25+£12

The meteorological elements wavered slightly during the observation period (Figure 3),
with an average wind speed of 2.2 m/s~!, mostly from the north direction. The tempera-
ture and RH indicated notable diurnal variations. The visibility was normally high with
an average of 28.3 km, which was also observed to fluctuate shortly due to the impacts of
orographic cloud, for instance, the visibility was 24.8 km at 15:00 on 21 September, and
decreased down to 7.8 km at 16:00 on that day.

Overall, the aerosol distributions were affected noticeably by the PBL structure. Here,
we used the UVAS to explore the diurnal variations of PBL and its impacts on the aerosol
distribution. Table 1 lists UVAS launches and near-ground parameters. It can be noticed
that the observation heights of UVAS were normally between 3350-4300 m, the diurnal
variations of meteorological elements were significant, with low temperature, high RH, and
low wind speed in the morning and nighttime, when the aerosol number concentration and
BC mass concentration were low as well, which were the contrary to those in the daytime.

3.2. Vertical Profiles of BC Mass Concentration and Meteorological Element

Figure 5a demonstrates that the vertical profiles of BC were similar at different time pe-
riods, which changed slightly with the increasing height below 2300 m a.s.l. and enhanced
obviously with the height above 2300 m, with the maximum value at ~3500 m, hereafter,
the BC decreased again with ascending altitude. Mt. Tianshan, at the south direction of the
site, has an altitude of 3500-4000 m. As shown in Figure 4, the valley winds dominated in
the daytime with air masses from Urumgji in the north, which were found to be lifted and
returned at Mt. Tianshan due to its terrain blocking effects (Figure 6), resulting in larger BC
concentrations at higher altitudes. It is also worth noting that the strong westerly winds
with a weak sinking motion were dominated above 650 hPa and changed to low winds due
to the topography effects with uplifting flows below 650 hPa over Mt. Tianshan during the
observation period (Figure 6), which were consistent with those in Figure 4 with strong
ascending flows below 650 hPa and weak vertical velocity above 650 hPa. Figure 5d reveals
that the top of Mt. Tianshan near the observation site was approximately 3700 m (650 hPa),
hence, the decrease in BC concentrations with the increasing height over 3500 m can be
attributed to strong diffusion conditions.

The surface temperature increased sharply after sunrise (Figure 5c), resulting in a
lower RH (Figure 5b). It can be seen that the PBL structure was extremely unstable below
2300 m, where the temperature and RH decreased and increased noticeably with height,
respectively, which can also be seen in Figure 4 with strong uplifting flows in the daytime.
As such, the BC concentrations changed slightly below 2300 m because of the well-mixed
PBL. Meanwhile, temperature inversions near the surface were also observed at most of
the time segments (Figure 5c), with the largest strength and thickness appearing at 20:00,
which led to high BC concentrations near the surface due to the strong inhibition of vertical
mixing process.
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Figure 5. Vertical profiles of BC mass concentration and meteorological elements during the observation period. (a) BC,
(b) RH, (c) T, (d) pressure.
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Figure 6. Vertical sections of the wind field and vertical velocity during the observation period.

Figure 7 also reveals the obvious impacts of mountain—valley winds on the aerosol
distributions. The aerosol number concentrations were low in the nighttime when the
mountain winds dominated with stable southerlies, which was contrary to those in the
daytime. The wind speeds reached the minimum value of 1.0 m s~! at 10:00 and the
maximum of 2.8 m s~ at 16:00. The temperature and RH began to increase and decrease,
respectively, from 9:00, when the mountain winds began to turn into valley winds. It
was characterized by slight changes in temperature and RH from 12:00, when the valley
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winds prevailed with the control of large wind speeds, the aerosol number concentrations
thus increased, attributed to the pollutant transport from surrounding cities. The winds
converted gradually from valley to mountain again in view of the decreasing temperature
and increasing RH after 19:00, when high air pressure was observed. The mountain
winds dominated from 22:00 as the stable air pressure was characterized, the aerosol
concentrations started to reduce consequently. The visibility was noticed to be low in the
daytime and high in the nighttime because of the aerosol extinction effects.
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Figure 7. Diurnal variations of aerosol size distribution and meteorological elements near ground observation.

3.3. Backward Trajectories during the Observation Period

Given the high aerosol number concentrations at 15:00 (BST), when the valley winds
prevailed with high temperature and low RH (Figure 7), we analyzed the 48 h backward
trajectories of air masses at different heights above the observation site at 15:00. Figure 8
indicated that the trajectory lengths of air masses were mostly short, within 400 km at the
heights of 0-1000 m above the site; however, the directions changed greatly in view of the
topographic effects. Table 1 indicates the highest PBLH at 15:00, when the solar radiation
and the vertical convection were strong (Figure 4) and the horizontal wind speeds were
relatively low, which resulted in short trajectories but various changes in their directions
at lower heights. The westerly air masses were dominant, with relatively long trajectory
lengths higher than 1600 m above the site, where the top of the Mt. Tianshan was located.
Overall, the air masses changed noticeably in the lower and higher altitudes above the
observation site due to the terrain effects of Mt. Tianshan.

To better characterize the air masses at Mt. Tianshan, the 48 h backward trajectory at
different heights above the observation site were also conducted every 3 h (Figure 9). It
was found that the air masses at 10 and 100 m heights above the site were mainly from the
southwest and northeast, respectively, implying large impacts of mountain-valley winds as
well. Meanwhile, the pollutant emissions of BC and PM; 5 distributed densely around Mt.
Tianshan (Figure 10), where high AOD values were also observed (Figure 11), such high
concentrations of air pollutants can be transported by the air masses from the surroundings
to the observation site via mountain-valley wind effects.
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Figure 8. 48 h backward trajectories at different heights above observation site at 15:00.

The westerly air masses were initially observed above 500 m above the site, implying
the topographic impact on the local air masses weakened, such effects were noticed to
be less important at heights over 1000 m above the site, where westerly and southwest
air masses prevailed, and finally disappeared at the altitude exceeding 1500 m above the
site where the western air masses dominated. The length of the air mass was enhanced
with the increasing heights, revealing the greater diffusion conditions at higher altitudes.
It can be seen that the air masses were mostly sourced from regions with low pollutant
emissions and AOD values at higher altitudes (Figures 10 and 11), leading to the decreases
in BC concentrations with heights exceeding 3500 m a.s.l. (Figure 5), i.e., 1600 m above the
observation site.
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4. Conclusions

In this study, the vertical structures of meteorological elements and BC were first
derived using an UAVS. Subsequently, the impact mechanisms of topography and meteo-
rological elements” vertical structure on the distributions of aerosols and BC were explored
at Mt. Tianshan, from observations and model simulations. We found that the PBLH had
large impacts on the distributions of air pollutants at Mt. Tianshan, with the concentra-
tion increase in the daytime due to the pollutant transport from surrounding areas to the
mountain under high BPLH. The PBLH had a minimum value of 170 £ 65 m at 10:00
and maximums of 464 & 147 m and 460 =+ 178 m at 15:00 and 17:00, respectively. A high
correlation was also observed between the PBLH derived by the UAVS and MERRA-2,
with the former much lower than the latter, revealing that the observation data can amend
the reanalysis data and model results. Topography and mountain—valley winds exerted
great influences on the distributions of aerosol size and BC mass concentrations. Large
discrepancies in the dominant air masses were observed in the lower and higher altitudes
of Mt. Tianshan, ascribed to the topographic effects. The prevailing valley winds in the
daytime were conducive to pollutant transport from the surrounding cities to Mt. Tianshan,
where the aerosol number concentrations and BC mass concentrations increased rapidly
as a result, which was contrary to the changes in the nighttime. The topographic effects
on the air masses disappeared when the height above sea level exceeded 3500 m, where
long-range transport and favorable diffusion conditions featured, resulting in low BC
concentrations. Topography and mountain—valley winds also played important roles in
the vertical distributions of BC, the mass concentrations of BC changed slightly with the
increasing height below 2300 m a.s.l., which significantly increased with the height between
2300-3500 m and contrarily decreased with the ascending altitude higher than 3500 m.

This study demonstrated the discrepancies of air masses in the lower and higher
altitudes of Mt. Tianshan, which exerted significant impacts on the aerosol size distributions
and chemical composition. Such changes in aerosols can directly alter their hygroscopicity
and residence time, further modifying the distributions of CCN at Mt. Tianshan. Overall,
the aforementioned effects may change the physicochemical characteristics of orographic
clouds, which further alter the precipitation mechanisms of clouds at different altitudes
that should be discussed explicitly in future research.
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