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Abstract: Equivalent black carbon (EBC) was measured with a seven-wavelength Aethalometer
(AE-31) in the Urumqi River Valley, eastern Tien Shan, China. This is the first high-resolution, online
measurement of EBC conducted in the eastern Tien Shan allowing analysis of the seasonal and hourly
variations of the light absorption properties of EBC. Results showed that the highest concentrations
of EBC were in autumn, followed by those in summer. The hourly variations of EBC showed two
plateaus during 8:00-9:00 h local time (LT) and 16:00-19:00 h LT, respectively. The contribution of
biomass burning to EBC in winter and spring was higher than in summer and autumn. The planetary
boundary layer height (PBLH) showed an inverse relationship with EBC concentrations, suggesting
that the reduction of the PBLH leads to enhanced EBC. The aerosol optical depths (AOD) over the
Urumgi River Valley, derived from the Moderate Resolution Imaging Spectroradiometer (MODIS)
data and back trajectory analysis, showed that the pollution from Central Asia was more likely
to affect the atmosphere of Tien Shan in summer and autumn. This suggests that long-distance
transported pollutants from Central Asia could also be potential contributors to EBC concentrations
in the Urumgi River Valley, the same as local anthropogenic activities.

Keywords: equivalent black carbon; meteorological factor; hourly variation; absorption properties;
Urumgi River Valley

1. Introduction

Black carbon (BC) has attracted worldwide attention in the past few decades because of its
complex climate and environmental significance [1]. The source of BC is the incomplete combustion of
fossil and biomass fuels (natural and anthropogenic) [2]. BC absorbs solar radiation and alters cloud
formation processes in the atmosphere, and is estimated to be the second most significant contributor
to global warming [3-5]. BC emissions are often transported far from their source, impacting the
lifetime in the atmosphere from several days to weeks. Because of its ability to strongly absorb solar
radiation, BC can immensely reduce surface albedo after being deposited on the cryosphere, which may
accelerate snow and ice melting [6-8]. BC not only impacts global climate but also has adverse effects
on human health [9]. Therefore, it is essential to understand the physical and optical characteristics of
BC in the atmosphere.

Previous measurements of equivalent black carbon (EBC) in China were mainly concentrated
in urban sites and a few suburbs, and indicated strong anthropogenic sources [10-13].
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However, similar measurements are particularly scarce in remote regions, especially in snow-covered
areas. Such studies have investigated EBC in different remote regions. These studies have played a key
role in determining the seasonal and hourly variation, potential source contribution areas, and optical
properties of EBC. For example, Zhao et al. [14] used an Aethalometer (AE-31) to derive the EBC
concentrations in Qilian Shan and suggested that the average background concentration of EBC varied
between 18 ng/m> and 72 ng/m? with the highest in summer and the lowest in autumn. Wang et al. [15]
derived the EBC in the Ranwu area of the Qinghai-Tibet Plateau and revealed that the EBC average
concentration was 413 ng/m? from November 2012 to January 2013 decreasing to 139 ng/m? from
February to June 2013.

Tien Shan in northwestern China is a crucial region with many glaciers that are a vital water
resource for the population and the ecosystem in the central Asia region. The glaciers in Tien Shan
have shown accelerated retreating in recent decades [16]. Compared with the glaciers on the TP, the
glaciers in the Tien Shan are more vulnerable to human activities because of their lower elevations and
more populated surroundings [17]. Several previous studies have shown that BC deposited on the
glaciers would modify the albedo of snow and accelerate glacier melt in Tien Shan [18-20]. Tien Shan
has relatively weaker local emissions and can be an ideal site to monitor regional environmental
changes and evaluate various impacts from human activities [21]. However, Tien Shan is significantly
perturbed by both neighboring BC emissions and dust activities in central Asia. Previous studies
have suggested that the emissions from Xinjiang and Central Asia, transported by westerlies, could
be the most important source of BC measured in Tien Shan [21]. Therefore, the monitoring of BC
in Tien Shan is necessary and fundamental not only for its local environmental impact but also for its
climatic significance.

Here, a high temporal resolution data of EBC in Tien Shan derived from aethalometer measurement
(Model AE-31) are presented. The primary objective of this study is to analyze the seasonal and hourly
variations of EBC and to understand its possible sources. The result will help to better understand the
impact of EBC on the local environmental and climate in this remote area of western China.

2. Experimental Site and Methodology

2.1. Site Description

The study area was located in the Urumgi River Valley, eastern Tien Shan, China. This area
is dominated by westerly winds in a dry and cold climate. The observation site was located at
Tianshan Glaciological Station, hereby “TGS” (43.21° N, 87.12° E, 2130 m a.s.l), Chinese Academy of
Sciences (CAS), China (Figure 1). The TGS was built in 1958 and provides the longest glaciological and
climatological monitoring record among Chinese glaciers. TGS is approximately 100 km southwest
of the city of Urumgi (the Capital of the Xinjiang Autonomous Region). There are relatively light
anthropogenic emissions due to traffic and tourist activities at a distance of a few to tens of kilometers
away. The study site is most frequently affected by the local emissions and those from sources further
away transported by westerly winds [21].

Meteorological parameters, i.e., relative humidity (RH), temperature, precipitation, wind speed
and direction have been recorded by an automatic weather station (AWS) at the TGS. The daily average
temperature in summer is the highest (average value: 13.6 °C), the average temperature is only —9.8 °C
in winter, and the average temperature in spring and autumn is 2.5 °C and 1 °C respectively. The
annual precipitation (362 mm), occurring mainly in summer, accounts for 55% of the yearly total.
Precipitation was scarce in autumn and winter, accounting for only 15% of the yearly total. During the
study period, daily average wind speeds were 1.6 m/s in spring, 1.4 m/s in summer, 1.2 m/s in autumn,
and 0.8 m/s in winter.
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Figure 1. Location map of the Tienshan Glaciological Station (TGS).

2.2. Instrument and Data Analysis

Near-real-time continuous measurement were made from August 2016 to July 2017 using a seven
-wavelength Aethalometer model AE31 (Magee Scientific®, Berkeley, CA, USA, A = 370, 470, 520,
590, 660, 880, and 950 nm). The flow rate was 3.9 LPM, with sample made every five minutes.
The air sampling inlet without cutoff was at a height of ~2 m above the ground. The optical
attenuation-detecting technique is used in the aethalometer. The Aethalometer does not measure BC
directly, rather an “equivalent black carbon” (EBC) [22] is derived from the light attenuation of the
aerosol particles that are deposited on a filter strip. The EBC is estimated a wavelength-dependent
specific mass absorption cross-section (MAC) to convert the attenuation to EBC. Regularly calibrations
and flow check of the instrument were carried out to maintain the data reliability and accuracy [23].
This instrument was calibrated in 2016 by the manufacturer, Magee Technologies™. The 880 nm channel
is considered as the standard channel for EBC estimates since EBC is the principle absorber of light at
that wavelength. A MAC value of 16.6 m? g™ (given by manufacturer) was used to determine the EBC
at 880 nm as used by previous authors [23-25]. Because of the small quantity of absorptive dust and
its weakly absorptive nature compared to EBC, we presumed that the main reason of adsorption at
880 nm is EBC, so the possible adsorption of dust is ignored.

In this study, the data sets were analyzed and processed through three-sigma filter and data
points beyond three-sigma levels in the hourly mean were considered as outliers. Extremely high or
negative values were also excluded. The filtered data is then averaged over an hour and used for
further analysis. Using this data processing procedure, we deleted about 2.1% of the data. A similar
data screening procedure of EBC is described elsewhere [26]. As mentioned above, certain steps are
taken to correct the EBC; however, the accuracy of this technique still has an uncertainty of 20% [27].

2.3. Calculation of Optical Properties

The aerosol absorption coefficient x(A) was obtained by using the following equations:

EBC x 14625 x 1073 "
= i - 1
AXCXxR in Mm @)

a(N)
where «(A) is aerosol absorption coefficient, A is the wavelength, 14,625/A is the specific attenuation
cross section (m?g~!) [27], which is 16.6 m?g™! at 880 nm. C is the multiple scattering uncertainty
factor, which depends on the filter paper and apparatus and R is the correction factor for minimizing
the inherent uncertainty associated with the Aethalometer, arising from multiple scattering of light
in the filter matrix and the change in the optical path length because of successive aerosol loading [28].
Because C and R depend on unavailable data, such as different aerosol type (fresh/aged), chemical
composition, and scattering coefficient, this study cannot characterize the uncertainty of EBC data due
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to scattering and shadowing effects. Hence, C = 2.14 (for quartz filter) and R = 1 was adopted in this
study [29].

In order to know the spectral changes in the aerosol light absorption properties, we calculated the
AAE in the present study with the following equations:

In(a(M)) —In(a(rr))
ll’l(7\1) - ln()\z)

AAE(M\A2) = — 2)
where AAE is the absorption Angstrém exponent. AAE is a measure of the strength of the spectral

variation in aerosol light absorption. Earlier investigators have reported that EBC originating from
fossil fuel combustion, has an AAE varying inversely with wavelength [30].

2.4. Calculation of Biomass-Burning Fraction

In this study, a two-component model is used to determine the contribution of biomass burning
and fossil fuel to the total EBC [31]. The AAEg and AAE,, can be calculated for two observed
absorption coefficients at two different wavelengths (A, A;), based on the absorption dependency of
different particles:

aM)g (A AR
aOo)g (7\2) ©)
a(M)py (A AAER
(X()\z)bb N ()\2) (4)

where ()¢ is the fossil fuel fraction of o(A), and x(A)yp, is the biomass burning fraction of «(A). Gogoi
et al. [32] have shown that AAE = 2 for biomass smoke aerosols, while AAE = 1 for mostly fossil fuel
emissions. The accurate estimation of source apportionment of BC is also based on the selection of
source-specific AAEs. However, AAEg and AAEy, are highly variable depending on fuel type, aerosol
aging and combustion conditions [33]. Kirchstetter et al. [29] have shown that the aerosols produced
from biomass burning with values of AAE = 2 and those from fossil fuel burning with value of AAE
were close to 1. Sandradewi et al. [30] have shown that AAEs of 1.1 for traffic and 1.8-1.9 for wood
burning calculated from the light absorption at 470 and 950 nm.

The two-component model assumes that x(A) at a specific wavelength can be expressed as the
sum of biomass burning and fossil fuel burning fractions [34]:

a(A) = a(M)g+a(A)py 5)

a(A2) = a(A2)g + @(A2)yp (6)

The portion of EBC from biomass burning (BB (%)) was obtained with the following equations:

A
BB — 2o @)
a(A2)
EBC fractions were obtained with the following equations:
EBCy,y, = BB X EBC ®)
EBCy were calculated as
EBCg = (1-BB) X EBC )

It is worth noting that estimating the contribution of biomass combustion in this manner is not
strictly a contribution of biomass combustion, but non-fossil fuels and lensing effect [35].
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2.5. Analysis of PBLH

To study the hourly variation of EBC, variations in the planetary boundary layer height (PBLH)
over the study area were investigated. We obtained information from the National Oceanic and
Atmospheric Administration (NOAA) website (ftp://arlftp.arlhg.noaa.gov/pub/archives/gdas1) for the
Global Data Assimilation System (GDAS) data set which gives the boundary layer height for every
three hours 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00 UTC, with a spatial resolution of
1° x 1°. The data are available at http://www.arl.noaa.gov/ready.php. The data in the latitude-longitude
grid of 43.21° N and 87.12° E cover the observation site. To compare the data sets, we calculated the
PBLH at the same hourly intervals of EBC.

2.6. Air Mass Trajectory Model

Since Tien Shan is a high-elevation and sparsely inhabited region, local emissions are rather weak
compared to emissions from their neighboring regions. To determine the potential long-distance
transport pathways of air masses reaching TGS, five-day backward air-mass trajectories are calculated
using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model and the National
Centre for Environmental Prediction (NCEP/NCAR) GDAS dataset [36]. We obtained a total of 365 daily
trajectories averaged from 6-h trajectories, which can be grouped into three clusters via the built-in
clustering tool in the model. We also calculated the median trajectory for each cluster. More details of
the cluster analysis are available in Dumka et al. [37].

3. Results and Discussion

3.1. Temporal Variations of EBC

The daily mean concentrations of EBC at TGS from August 2016 to July 2017 are shown in Figure 2.
Daily mean EBC is in the range of 102-1525 ng/m® with a mean of 520 ng/m® during the study period.
The highest daily EBC concentration (1525 ng/m®) occurred on 9 October 2016, while the lowest
(102 ng/m3) was on 29 November 2016. The highest value observed was due to a series of pollution
events. For example, the daily averaged EBC concentration was higher than 1100 ng/m? from 8 October
to 12 October. The lowest values observed may be related to frequent snowfall acting as a significant
scavenging factor. Compared with rainfall, snowfall has a stronger influence of the removal of aerosols,
and hence, it took longer for the EBC concentration to recover to the average concentration after
snowfall events than after rainfall [38]. Different from some studies at remote site (e.g., Qilian Shan),
the daily mean concentrations of EBC at TGS was significantly higher because of the relative lower
elevation and more BC emission around the sampling site [14].
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Figure 2. The daily mean EBC concentrations observed at TGS. The shaded area indicates the +1o
standard deviation.
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The monthly mean of the concentrations of EBC ranged from 344-805 ng/m3. The highest
(805 ng/m3) was observed in October 2016, and the lowest (344 ng/m3) in May 2017. The highest
concentration might be related to the active of local residents (cooking and heating) and traffic,
and relatively drier weather. The lowest average concentration in May could be attributed to more
precipitation and higher wind speed. The precipitation days in May 2017 reached 18 days, and the
precipitation on 12 May and 19 May 2017, exceeded 12 mm. In addition, the average wind speed
in May was 1.7 m/s, second only to April. As the wind speed increased, the dispersion and dilution of
BC in the atmosphere also accelerated.

The seasonally averaged EBC concentrations during the study period are 425, 536, 686, and
427 ng/m3 in spring, summer, autumn, and winter, respectively. The autumn season has the highest
mean EBC concentration, followed by summer, winter, and spring. This seasonal variation was
mainly related to long-distance transport and meteorological conditions. Our observation site is
closer to the Urumgi Glacier No. 1 and records of BC in snow and ice has proved this seasonal
change. Xu et al. 2012 [18] has measured the BC concentration in snow samples and showed the BC
concentration were autumn > summer > spring > winter. The high EBC concentrations in autumn
could be attributed to meteorological conditions such as low wind speeds and less precipitation
(Figure 3). On the other hand, TGS was a remote site with a low local EBC concentration; it may be
related to long-distance transmission by westerly flow. Compared with autumn, the EBC concentration
in summer is lower, which may be due to the frequent precipitation events, accounting for 60% of the
yearly total. Precipitation can remove BC, which greatly reduces the concentrations. The low EBC
concentration in winter may be related to the temperature inversion layer during the winter. Previous
studies found that there was a strong inversion at 1000-2400 m a.s.l in winter, which hinders the spread
of pollutants to higher altitudes [39] and traps them within the boundary layer. Therefore, although the
air pollution in the Urumdi city is particularly heavy during the winter, the atmosphere environment
in the Urumgqi River Valley is still relatively clean. The presence of the inversion layer prevents the
pollutants from spreading to higher altitudes. In addition, the road neighboring the measurement site
was covered with snow, which greatly reduced local traffic emissions.
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Figure 3. The monthly mean (a) EBC concentrations, (b)wind speed and precipitation observed at TGS.

The EBC at TGS has clear seasonal cycles, however, the trends are different from those reported
in Urumgqi and other northern urban/rural sites of China, where consistently higher EBC values were
observed in winters and lower in summers. A reasonable explanation of the difference could be that
direct biofuel burning (heating, cooking, etc.,) of urban residents in the winter induces higher EBC
concentrations [10,13]. For example, in Urumqi city, which is only 100 kilometers northeast of TGS,
the average concentration of EBC was as high as 123,700 ng/m? in winter, while in summer and autumn
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was only 3840 ng/m? [40]. The seasonal variations of EBC at TGS are similar to those observed at
the Muztagata [41] and Mt. Waliguan [42] sites, showing higher EBC concentrations in autumn and
summer, lower in spring and winter. These sites are relatively remote and have fewer human activities,
and the main human activities were dominated by traditional agriculture and animal husbandry.

3.2. Hourly Variations of EBC

Studying the hourly variations of EBC is a useful approach to understand the effects of mesoscale
atmospheric processes and human activities on BC [37]. Figure 4 shows the seasonal mean hourly
variations of EBC concentrations at TGS. During all seasons, the hourly variations showed a similar
pattern. There are two prominent features: one is at 08:00-09:00 local time (LT) and the other is at
16:00-19:00 LT. The EBC concentration rises sharply between 06:00 and 08:00, and thereafter decreases
gradually till 12:00, rising again after 15:00 and remaining high from 16:00-19:00. The morning and
evening maxima in concentration during the autumn were higher than the other seasons, probably
because of the meteorological conditions such as low wind speeds and less precipitation.

1200

1000

EBC (ng/m’)
EBC (ng/m’)

Figure 4. Hourly variations of EBC concentrations during four seasons. The black line represents the
average EBC concentration, while the color map shows the frequency distribution of EBC (200 ng/m3

per bin).

This hourly variation is linked to atmospheric boundary layer dynamics and winds (see Sections 3.4
and 3.5). The peak concentration that appears at 8:00-9:00 might be related to the influence of local
emissions (e.g., residential heating, traffic), for which we do not have correlating evidence. The peak
concentration that appeared at time 16:00-19:00 was related to the decrease in the boundary layer
depth and the wind speed decreases. The low wind speed at night is not conducive to the dispersion of
pollutants, resulting in the accumulation of pollutants in the near-surface layer, and generally higher
concentrations during this period. The minimum values of concentration appear between 1:00 and
3:00, when air temperatures are a minimum and there is no solar radiation, atmospheric turbulence
can occur. This process can influence the transport and dispersion of EBC as well as hourly variation.
The other minimum value of concentration occurred between 12:00 and 13:00. This is the time period
of maximum boundary layer height and wind speed, leading to dispersion and dilution.
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There is an inverse relationship between PBLH and BC. With the decrease of PBLH in the early
morning, the EBC concentration began to rise. When the PBLH decreased to the minimum, the EBC
concentration reached the maximum. The main reason is that the reduction of the PBLH leads to
a smaller volume of air for the same number of particles and hence increases the relative concentration.
Investigations of the relationship between PBLH and pollution show that PBLH has a significant
impact on the concentration of all pollutants not just the BC [43,44].

Similar hourly variation was observed at other locations, such as Ranwu and Muztagh Ata
Mountain [15,45]. Wang et al. [15] showed the hourly variation of EBC concentration at Ranwu with
a peak shortly after sunrise and a decrease before noon. The rise in the concentration in the evening
hours is likely a result of the same dynamics as observed at TGS.

3.3. Absorption Properties of EBC

The spectral and seasonal mean variations of the absorption coefficient are shown during the study
period (Figure 5). As expected, the o(A)ggonm decreases with the increase in wavelength. The monthly
averages ranged from 2.67 to 6.37 Mm! for «(A)ggonm With an average value of 4.03 + 1.31 Mm™L.
The seasonal averages were 3.3 +0.6,4.1+1.3,54+1.5,33+£0.6 Mm™ for o(A)ggonm in spring, summer,
autumn, and winter, respectively (Figure 5b). Under favorable meteorological conditions, aerosol
accumulation including light-absorbing components increases and removal efficiency decreases,
resulting in stronger aerosol absorption in autumn. Overall, the presence of a strong absorbing
component may lead to higher x(A) at shorter wavelengths.
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Figure 5. The spectral (a) and seasonal (b) mean of the absorption coefficients.

As previously discussed, previous studies have shown that the AAE can be used to distinguish
between those aerosols originating from fossil fuel and those from biomass fuel combustion [30,46,47].
The AAEs were calculated at the visible wavelength (470-660 nm). Monthly average AAEs at TGS
are shown in Figure 6. The AAE ranged from 0.82 to 1.51, with an average of 1.2. The highest AAE
was 1.51 in February, indicating the high contribution from biomass burning. The lowest AAE was
0.82 in August, suggesting that fossil fuel contribution was most dominant, which mainly associated
with locally and freshly emitted BC. The AAEs in summer (1.01) and autumn (1.03) were close to 1,
the AAE values in winter (1.44) and spring (1.32) are significantly higher than 1. The higher value
observed in winter and spring was due to lensing and additional sources of absorption (e.g., brown
carbon aerosols, dust aerosols, and sulfate aerosols) mixed with the BC and increased the AAE [48,49].
An AAE value between 1 and 2 could be indicative of aerosol of mixed sources, that is, fossil and
biomass fuels. Therefore, fossil-fuel emissions are the main source of BC at TGS, but the contribution
of biomass burning to BC in winter and spring was higher than in summer and autumn.



Atmosphere 2020, 11, 478

9of 15

20+

1.5+

AAE

1.0

0.5 -

August

October December February April

Date (2016-2017)

Figure 6. Monthly variation of AAE during the study period.
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Figure 7 shows the daily average concentrations of EBC¢ and EBCyy, at TGS during the study
period. The average daily EBC¢ concentration was 278 + 256 ng/m?, and EBCyy, was 238 + 125 ng/m?.
The seasonally averaged EBCy concentrations are 127, 345, 464, and 167 ng/m? in spring, summer,
autumn, and winter, respectively (Figure 8). The highest EBC¢ appeared in autumn, followed by
summer, due to the local emission and long-distance transport. Previous studies have shown that fine
particles (d < 1 um) in the precipitation also significantly increased during September to October 2003 in
Urumgi River Valley, which was inferred to be caused by anthropogenic activities [50]. The seasonally
averaged EBCy}, concentrations are 293, 184, 222, and 260 ng/m3 in spring, summer, autumn, and
winter, respectively. The high EBCyy, at TGS during spring and winter might be due to the amount of
biomass burnings. Therefore, fossil fuel combustion is dominant in summer and autumn, and biomass

fuel is dominant in winter and spring.
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3.4. Effect of Wind on the Variation of EBC

The prevailing westerly flow at TGS depends on the general atmospheric circulation and seasonal
climate. Figure 9 shows the relationship between EBC and winds at TGS. When the wind speed was
less than 2 m/s, the EBC was significantly higher in concentration, which was associated with the
poor dispersion conditions. When the wind speed was greater than 2 m/s, the concentrations of EBC
decreased. When the wind speed was greater than 4 m/s, the concentrations were generally smaller
than 250 ng/m? due to the strong dispersion. The variations of wind speeds and BC concentrations
indicate that EBC could be largely due to local emissions, but higher wind speeds in autumn are also
likely to transport EBC from farther away sources.

(a) Spring (b) Summer

0 2
Wind Speed L—1 m/s
EBC (ng/m’)
1900
S S 1700
N (d) Winter N 4 1500

- 1300

(c) Autumn

41100
100% 100% 00

|4 700
E 1500

300
I 100

Figure 9. The relationship of average EBC concentration and winds in (a) Spring; (b) Summer;
(c) autumn; (d) winter. Concentrations of EBC are given by the color bar. The frequency of wind
direction is shown by the black line.

3.5. EBC Potential Sources

Figure 10a—d shows that there are three possible pathways for air masses to arrive at TGS from
their distant sources. In addition, we use aerosol optical depth (AOD) at 550 nm retrieved from Aqua
MODIS data with a spatial resolution of 1° X 1° as another method to identify the potential sources of
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BC from August 2016 to July 2017. The area-averaged maps of the AOD at 550 nm including the TGS
site and its surroundings (20° N—40° N, 70° E-100° E) are shown in Figure 10e-h. Notably, in this study,
the AOD was not a direct manifestation of the EBC concentration, and the accuracy of the satellite
derived AOD was considerably uncertain.

40° E S0°E 60° E T0°E 80°E 90°E T0°E 80°E

40° N-

0 600 900 1200

-—

50° N

40° N

(h) Winter
"

Russian

0 0.1 0.2 0.3 4 0.5 0.6 0.7 0.8 0.9 1

Figure 10. The 5-day backward air-mass trajectories calculated by the HYSPLIT model ending at TGS
including the percentages of each cluster trajectories in: (a) spring, (b) summer, (c) autumn, (d) winter,
and area-averaged maps of aerosol optical depths (AOD) including TGS site and its surroundings in:
(e) spring, (f) summer, (g) autumn, (h) winter.

The cluster analysis suggests air masses over the sampling site are mostly from Xinjiang for both
spring (86.4%) and winter (86.7%). In summer, air masses are largely contributed by those from the
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Xinjiang (45.7%) and Central Asia (39.9%). In autumn, air masses are largely contributed by those from
the Xinjiang (64.6%), followed by Central Asia (21.2%), which is more susceptible to long-distance
transmission from Central Asia.

The higher AOD was in northern Xinjiang during spring, largely attributed to emissions of dust
particles over the Taklimakan Desert. The higher AOD was in the city of Xinjiang during winter,
which was due to the winter heating in the city. The higher AOD was in the northern part of South
Asia and northern Xinjiang in summer, while the higher AOD was in the northern part of South Asia
in autumn. The monthly average of AOD at TGS (average value: 0.09) are generally much smaller
than surrounding areas, such as northern parts of South Asia and the Taklimakan Desert.

Combined with trajectory analysis and seasonal changes, we found that the pollution from Central
Asian is more likely to affect the atmosphere of Tien Shan in summer and autumn. This is also one of
the important reasons for higher concentrations of EBC in summer and autumn. In addition, the values
of AOD during spring may be partly due to the influence of long-range transported dust aerosols,
which make the EBCy, reach the highest in spring. Although there is a large amount of anthropogenic
activities in the north to the Urumgqi River valley, the EBC in the Urumgqi River Valley remains at
a low level. Therefore, the EBC concentration in the Urumgi River Valley is likely to be affected by the
westerly and circular winds from the surrounding area. In addition, the pollution from Central Asia
can change the concentrations of EBC at TGS during summer and autumn in a short period of time.

4. Conclusions

Tien Shan in northwestern China is a key region where many glaciers exist. Tien Shan has
relatively weak local emissions, which makes it an ideal choice to monitor regional-background
concentrations of EBC and evaluate various impacts caused by human activities. The monitoring of
EBC as an air pollutant in Tien Shan is necessary and fundamental not only for its environmental
reasons but also for its climatic significance. In this study, EBC was derived from measurements
of optical attenuation with a seven-wavelength Aethalometer (AE-31) in the Urumgi River Valley,
eastern Tien Shan, China. Results showed that the average daily EBC concentration was 520 ng/m?,
fluctuating between 102 ng/m?® and 1525 ng/m3. The highest concentration of EBC was in autumn
(686 ng/m?), followed by that in summer (536 ng/m?), and winter (427 ng/m?®), and spring (425 ng/m?).
There was a strong correlation between EBC concentration and meteorology. The higher concentration
was more associated with the wind speed smaller than 2 m/s. The variations of wind speed and EBC
concentrations indicated that EBC could be largely due to short-range emissions, while higher wind
speeds in summer and autumn brought pollutants from farther upwind. The hourly variations of EBC
showed plateaus from 8:00-9:00 LT and 16:00-19:00 LT with seasonal variations, associated with local
traffic emissions and meteorological factors. The planetary boundary layer height (PBLH) showed an
inverse relationship with EBC, indicating that the reduction of the PBLH can cause EBC enrichment
near the ground. The average AAE was 1.2, suggesting that fossil-fuel emissions were the main source
of EBC in the Urumgi River Valley, and the contribution of biomass burning to BC in winter and spring
was higher than summer and autumn. The aerosol optical depths (AOD) derived from the MODIS
data over the Tianshan Glaciological Station (TGS) and trajectory analysis showed that the pollution
from Central Asian was more likely to affect the atmosphere of Tien Shan in summer and autumn. This
suggests that long-distance transport of pollutants from Central Asia could be significant contributors
to BC measured in the Urumgi River Valley.
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