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Abstract Black carbon (BC) is a significant driver of global climate change, and its long-term
variation is affected by a combination of anthropogenic activities and meteorological diffusion conditions.
However, distinguishing the effects of these two factors on BC variation has proven difficult. In this
study, we used the China Black Carbon Observational Network data set to assess the diurnal, seasonal,
and long-term BC trends at Mt. Waliguan (WLG) from 2008 to 2017. The mean BC concentration at

WLG was 449 + 366 ng/m3, with a decreasing trend of 2 %yr—!, which was mainly related to emission
reduction measures in China. The BC concentration at WLG was higher under easterly air masses than
that under westerly air masses, which suggests that the former are conducive to BC transport from the
highly polluted eastern regions. Due to the origin and velocity of air masses, the BC concentration at
WLG in summer is higher than that in winter. The intensity of the Tibetan Plateau monsoon had an
important positive influence on the easterly air masses frequency, which modulated BC transport to WLG
in summer. According to the concentration-weighted trajectory analysis, the high-potential BC source
regions were distributed in Lanzhou, Chengdu, and Xi'an urban agglomerations as well as in northern
India. Community Atmosphere Model 5 simulations with a BC-tagging technique inferred North Central
China, Northwest China, and Indian Peninsula to be the major BC source regions to WLG, accounting for
56.1%, 17.5%, and 12.1% of the total BC, respectively.

Plain Language Summary In this study, we investigated the long-term variation of black
carbon (BC) between 2008 and 2017 at Mt. Waliguan (WLG) in northeast of Tibetan Plateau, the only
atmospheric baseline station in the Eurasian hinterland. A decreasing trend of BC was observed at WLG,
which can be attributed to emission reduction measures in China during this period. We also found that
easterly air masses promoted the transport of BC to the Tibetan Plateau from highly polluted eastern
urban agglomerations of China, especially in summer. Moreover, the interannual variation of Tibetan
Plateau monsoon affects the easterly air mass frequency and modulates the concentration and sources of
BC at WLG. Furthermore, we identified the dominant source regions of BC to WLG.

1. Introduction

Black carbon (BC) is an important component of atmospheric aerosols and is mainly formed by the incom-
plete combustion of biomass and fossil fuels (Q. Wang, Schwarz, et al., 2014; X. Wang, Xu, & Ming, 2014).
Much focus has been placed on BC over the past 20 years due to its significant impacts on air quality, climate
change, and human health (Deng et al., 2008; Koelmans et al., 2006; Zhou et al., 2012). Studies have shown
that the risks of exposure to high levels of BC were closely associated with cardiovascular mortality and
morbidity (Janssen et al., 2011; Lin et al., 2019; Pani et al., 2020). BC strongly absorbs solar radiation, which
affects the vertical temperature structure of the atmosphere (Babu et al., 2002). The deposition of BC on
snow and sea ice can also accelerate their melting rate. Due to its relatively strong positive climate forcing
effect, BC is considered a major contributor to global warming after carbon dioxide (CO,) and methane
(CH,) on a global scale (Bond et al., 2013; Hansen & Nazarenko, 2004; Menon et al., 2002).

Owing to its dense population and rapid economic development, China is the main contributor of global BC
concentration (Bond et al., 2013; B. Li et al., 2016). High levels of BC concentrations are mainly distributed
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in megacities of the Yangtze River Delta (YRD) and North China Plain (NCP) with large population and
developed industry (Ji et al., 2017; Joshi et al., 2021; Peng et al., 2019). Regional transport and biomass com-
bustion are also important contributors (Lu et al., 2019; Zhuang et al., 2014). Affected by different weather
patterns and precipitation, the lifetime of BC is approximately 4-12 days (Cape et al., 2012). Moreover, its
average transport distance is >1,000 km from its source (By¢enkiené et al., 2011; Cerqueira et al., 2010; Rod-
he et al., 1972). The BC concentration at a site changes with the origins of the air masses and the conditions
of atmospheric diffusion. M. Wang et al. (2016) used backward trajectory analysis to study air pollutants at
Ranwu (southeastern Tibetan Plateau [TP]) and found that high BC air masses were mainly sourced from
southern Asia. Chen et al. (2018) found that in the nonmonsoon season, the high BC air masses at Mt. Ev-
erest (central Himalayas) mainly come from Pakistan, northern India, and Nepal due to biomass burning.
During the monsoon season, the air masses from the Arabian Sea and the Bay of Bengal are relatively clean.

The BC in Darjeeling in the eastern Himalayas is mainly sourced from the Indo-Gangetic Plain and Nepal
(Sarkar et al., 2019). Based on a previous analysis in the Muztagh Ata Mountain in the western TP, an air
mass from inland China was found to have relatively high BC concentrations (Cao et al., 2009). Using the
Community Atmosphere Model version 5 (CAMS5) with source-tagging techniques, R. Zhang et al. (2015)
found that biomass and fossil fuel burning in South Asia were the highest BC contributors to the Himalayas
and central TP, while East Asia was the dominant source of BC to the northeast TP (all year) and southeast
TP (in summer). The TP and surrounding areas are typically affected by midlatitude westerlies in winter
and the Asian monsoon in summer (Wu et al., 2012). Most previous studies on BC over the TP have focused
on the origin of polluted air masses, but few have explored the causes for air mass change (Cao et al., 2009;
Chen et al., 2018; Q. Wang, Schwarz, et al., 2014; X. Wang, Xu, & Ming, 2014). Due to its unique geographi-
cal location and altitude, the TP has a significant influence on the atmospheric circulation of East Asia and
affects the regional transport of pollutants. Mt. Waliguan (WLG) is located on the northeast slope of the TP
and is the only global atmospheric baseline station in the Eurasian hinterland.

Long-term monitoring of BC in remote areas is important for assessing regional BC budgets as well as
the global BC cycle. In this study, we analyzed the characteristics and long-term variation of BC at WLG
by using the data set from the China Black Carbon Observational Network (CBNET) from 2008 to 2017;
furthermore, the influence of different air masses on seasonal BC variation was analyzed. The contribu-
tions from potential BC source regions were identified through concentration-weight trajectory analysis and
quantified by CAMS5 with the BC-tagging technique. In addition, we analyzed the Tibetan Plateau monsoon
index to explore its influence on the easterly air mass frequency and the regional transport of BC to WLG.

2. Data and Methods
2.1. Site Description

This study used the ground observation data of BC concentration at WLG from January 2008 to December
2017 (data set from CBNET). The CBNET is established by the China Meteorological Administration (CMA)
and comprises a total of 68 stations that have been collecting data since 2006. In this study, stations with
data lengths greater than 6 years were selected to ensure statistical significance. The location and spatial
distribution of average BC concentrations at selected stations are shown in Figure 1, and details of the study
stations can be found in Y. Zhang, Li, et al. (2019). WLG (100.89°E, 36.28°N) has an altitude of 3,816 m and
is surrounded by arid/semiarid land and scattered grasslands. As the Global Atmospheric Watch (GAW)
Baseline Station, WLG is located away from industrial point sources and populated regions and is therefore
less directly affected by local anthropogenic activities.

2.2. Observation Instruments and Data

Long-term observations of surface BC at WLG were conducted by using AE31 (Magee Scientific, USA),
which provided continuous measurements of BC concentration by measuring the optical attenuation
through a quartz filter tape on which the ambient particles are forced to impinge. The aethalometer can
measure the optical transmission of carbon-containing aerosols at seven wavelengths (370, 470, 520, 590,
660, 880, and 950 nm) that in turn identifies the source and size of aerosols. The BC mass concentration
was calculated based on the change in optical attenuation at 880 nm because BC particles have strong
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Figure 1. Spatial distribution of annual mean black carbon (BC) concentration (histograms) at 36 stations of China Black Carbon Observational Network.
Among them, red indicates urban station, green indicates suburban station, and blue indicates baseline station. (Average BC concentration at Waliguan is
shown in spring, summer, autumn, and winter and the values are multiplied by 10 in Figure 1).

absorption in this channel. The sampling flow was 2-5 L/min, and the data were acquired every 5 min. A
zero check was done regularly to ensure that the aethalometer ran stably and smoothly.

Considering factors such as instrument maintenance and malfunctions, the quality control of the BC data
was conducted prior to the research. When the sample data are less than 0, we would delete it as an abnor-
mal value. To make the data representative, it was considered invalid if the number of samples was <60%
of the total number when calculating the hourly/monthly BC concentration. As the measurements were
carried out in a baseline station, where the BC concentration is expected to be very low, so we used 3o rule
method to remove the outliers. Finally, a total of 73,530 average hourly measurements were selected for
further analyses, accounting for 83.9% of the total data. The proportion of valid data in each month is shown
in Figure S1.

2.3. Concentration-Weighted Trajectory

The concentration-weighted trajectory (CWT) method was established by Seibert et al. (1994). In this study,
the area of concern was divided into 0.5° X 0.5° grids. When the associated trajectory passed through the
grid cell (i, j), each grid point was given a weighted value obtained by averaging the sample data observed at
the receiver location. The calculation formula was as follows:
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where Cij is the weighted average concentration in grid cell (i, j), C, is the measured BC concentration corre-
sponding to the trajectory passing through the grid cell (i, j), Tik is the residence time of backward trajectory
in the grid cell (i, j), W(nij) is the weight function, n__ is the average number of trajectory points in all mesh-
es for at least one trajectory point, and n;is the number of trajectory points in the grid cell (i, j). A high Cij
value indicates that the grid cell greatly contributes to BC concentration at WLG.

The data required for CWT accessed from the NCEP Global Data Assimilation System database (gdasl).

2.4. Dynamically Normalized Seasonality Monsoon Index (MI)
The dynamical normalized seasonality MI is defined as follows:

1vi-v. I
O="—F=7"-2 3)
IV

where \71 and V, are the January climatological and monthly wind vectors, respectively, at a given point, and
V is the mean of January and July climatological wind vectors at the same point. The norm || A||is defined as

|
e (ﬂ s |A|2 ds )A, where S denotes the domain of integration.

/ 2 2 2 2 2
”Ai,j”~ a ((‘Ai—l,j‘ + ‘Ai,j‘ + ‘Am,,“)COS Q; + ‘Ai,j—l‘cos Qi+ ‘Ai,j+1

05 )

where « is the mean radius of the earth and P, is the latitude at point (i, j). More detailed descriptions and
applications of the dynamical normalized seasonality MI are presented by J. P. Li and Zeng (2002, 2003).

3. Results and Discussion
3.1. Regional Features, Trends, and Diurnal Variations of BC

As shown in Figure 1, the BC concentration in urban stations (2,228-9,691 ng/m?) in China was much
higher than that in suburban stations (733-4,006 ng/m?) and the baseline station (300-3,615 ng/m?). High
BC values were mainly located in urban stations in eastern and central China, which are consistent with
the findings by X. Y. Zhang et al. (2008). The BC concentration showed large spatial differences, with higher
levels in the eastern sites of WLG compared to the western sites, which is in accordance with the regional
pollutant concentration distribution in China (R. Li et al., 2019). Different from the characteristics of BC
concentration higher in winter than in summer in most parts of China (Y. Zhang, Li, et al., 2019), the sea-
sonal average BC concentration at WLG ranks from high to low as follows: spring (486 ng/m?) ~ summer
(484 ng/m?3) > winter (465 ng/m3) > autumn (406 ng/m?3). As a baseline station, air pollution at WLG
is less directly affected by local anthropogenic activities and is mainly affected by regional transport (Fu
et al., 2012; Zhu et al., 2016).

In this study, a KZ,, ., filter (Kolmogorov-Zurbenko filter, 365-day length with three iterations), which can
remove cycles of <632 days (1.7 years), was used to extract the long-term BC trend (Kang et al., 2019) from
BC data. As shown in Figure 2a, the BC concentration at WLG showed a decreasing trend over the past
10 years, especially from 2009 to 2014. The daily BC concentration varied from 11 to 2225 ng/m?3, and the
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Table 1
Trends of BC Concentration at WLG

daily average
long-term trend

&

)

o) ]

= B .

S 0 T T T T T T T T

§ 2008/1/1 2010/1/1 2012/1/1 2014/1/1 2016/1/1

=1

812000+ (b)‘ R

< 3 .

5 9000 vos . .

O M A v v v

m . o y 4  Chengdu k=-273.5
6000 - . b Y + Ejinaqi k=-175.35

" . . 4 v Xi'an k=-75.33
3000, = " § . o = "= _ ¢ Lhasa k=-58.84
’ T ——%—>—=— = Mt Gaolan k= -21.83

* >

04 T . . . .
2006 2008 2010 2012 2014 2016

Figure 2. Time series of black carbon (BC) concentration at Waliguan (WLG) (the daily mean in dots and long-term
trend in line) from 2008 to 2017 (a). Annual average BC concentration at stations (Lhasa, 91.11°E, 29.64°N; Chengdu,
104.06°E, 30.57°N; Xi'an, 108.96°E, 34.48°N; Ejinaqi, 101.06°E, 41.95°N; and Mt. Gaolan, 103.84°E, 36.02°N) around
WLG (b).

annual mean concentration was 449 ng/m?3 with a standard deviation of 366 ng/m?. As shown in Table 1,
the Mann-Kendall test (Kendall, 1975) and Daniel test (Q. Zhang, Yu, et al., 2019) are statistically significant
(P < 0.05) in winter and spring and show a significant decreasing trend of BC, and it can be seen from Theil-
Sen slope (Sarkar et al., 2019) that the magnitude of the change is also large. In contrast, the decreasing
trend in summer and autumn is not as obvious as that in winter and spring. For the annual average, the
Mann-Kendall test shows a decreasing trend representing a nonsignificant condition but Daniel test con-
firmed this trend.

The diurnal BC concentration at WLG peaked at noon and was mainly affected by transport and diffusion
conditions. In contrast, the diurnal BC concentration in urban areas mainly reflects the diurnal BC emission
characteristics and diffusion conditions. Specifically, the BC concentration showed bimodal diurnal varia-
tion in response to traffic emissions and diffusion conditions during the rush hours (Rajesh & Ramachan-
dran, 2017; Trompetter et al., 2013). However, the mountain site is less directly affected by local anthropo-
genic activities and its diurnal variation of BC concentration is mainly related to the atmospheric transport
and diffusion conditions. Figure 3 illustrates the diurnal variations of the BC concentration at WLG and
other two mountain sites (Mt. Lu, 1,165 m; Mt. Gaolan, 2,075 m) in the same period. The BC concentration
is higher in daytime than at night, and the peak appears at noon may be due to the development of the
planetary boundary layer (PBL) and pollution lifting with the valley breeze during the day (Pan et al., 2011).

3.2. Factors Affecting Seasonal and Long-Term Variations of BC

As described in Section 3.1, we observed distinct seasonal BC variation

Mann-Kendall test

Danieltest  Theil-Senslope  (Summer > winter) at WLG, which was notably different from that in

eastern China stations. To further understand the seasonal variation and

Y —1.61 —0.67% —44.6*
ea.r , , ' decreasing trend of BC concentration, the possible causes are discussed

Spring -1.97 —0.68 —45.5 according to the velocity and the origin of air masses at WLG.
Summer —0.89 —0.37 —26.2

This research uses the Hybrid Single-Particle Lagrangian Integrated Tra-
Autumn —0.72 —0.39 -3.9 . . . .

jectory (HYSPLIT) model with National Centers for Environmental Pre-
Winter —— e e diction/National Center for Atmospheric Research (NCEP/NCAR) global
Note. BC, black carbon; WLG, Waliguan. reanalysis meteorological data and calculates the backward trajectories

2Pass the 0.05 significance test.

starting from WLG. The incoming direction and velocity of air masses at
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Figure 3. Diurnal variation of black carbon concentration at Mt. Waliguan (100.89°E, 36.28°N, 3,816 m), Mt. Gaolan
(103.84°E, 36.02°N, 1,165 m), and Mt. Lu (115.97°E, 29.54°N, 2,075 m). The solid squares are mean values. The top and
bottom short lines indicate 10% and 90% quantiles, respectively. The rectangle represents the 25% and 75% quantiles,
and the inner short line of the rectangle is the median.

WLG are calculated by studying the trajectory data. Based on the analysis of 12-hr backward trajectories,
we found the average zonal velocity of the air masses is 12 times the meridional velocity, and air masses
from east and west direction account for 88.3% of the total data. It can be seen from Figure 1 that there is a
significant difference in BC concentration between the eastern and western WLG stations. Therefore, this
study compared the difference between the easterly and westerly air masses.

3.2.1. Influence of Easterly and Westerly Air Masses on Seasonal BC Variation

From 2008 to 2017, the average BC concentration under the easterly and westerly air masses at WLG was
498 and 381 ng/m?, respectively. Air masses from east direction could carry relatively high BC to WLG. The
eastern parts of WLG have a higher population density and more developed industries, resulting in a more
serious air pollution. In contrast, the western parts are sparsely populated with less severe air pollution. As
aresult, the seasonal BC concentration variation under westerly air masses at WLG is relatively small, with
a BC concentration range of 355-501 ng/m?. In contrast, the seasonal BC concentration under easterly air
masses showed notable seasonal variation of 446-897 ng/m? (Figure 4). We observed positive differences
in the seasonal average BC concentration at WLG between the easterly and westerly air masses, with max-
imum differences in winter (421 ng/m?3) and minimum differences in summer (68 ng/m?3). The easterly
air mass frequency at WLG varied significantly throughout the year, increasing from January to July and
decreasing from August to December. The velocity of the westerly air masses showed a large seasonal vari-
ation, with the highest in winter and lowest in summer, while the seasonal variation of easterly air masses
was small.

The seasonal BC variation at WLG was closely related to velocity, frequency, and BC concentration of differ-
ent origin air masses. To clearly distinguish their contributions to the BC variation, the BC concentration at
WLG was expressed as follows:
m n
>'BCe; + Y BCw;
_ J=l j=1 (5)
BC,; =
m+n

where i is the month, BC, is the average BC concentration in month i, BCeij and BCwij represent the mean
hourly BC concentration at time j in month i under the easterly and westerly air masses, m and n represent
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Figure 4. Monthly black carbon (BC) concentration, velocity, and frequency of different origin air masses at Waliguan.
The dark/light gray histogram shows the monthly average BC concentration under the easterly/westerly air masses
(ng/m?3), the black solid line shows monthly easterly air mass frequency (%), and black and gray dashed lines show the
monthly velocity of the easterly and westerly air masses, respectively (m/s).

the total frequency of easterly and westerly air masses in month i. For month i, the easterly air mass fre-
quency and the average BC concentrations under the easterly/westerly air masses at WLG can be expressed

as follows:

m
T, =

m+n
1 m

BCe¢; = — > BCe;
m j=1
l n

BCw, = — Y'BCw,
n j=1

(6)

(7

(®)

where 7, is the easterly air mass frequency in month i, BCe, and BCw, represent the average BC concentration
under the easterly and westerly air masses in month i. Therefore, Equation 5 can be expressed as follows:

e e o S

_Kr;;pﬁs,ps@.o_s ______

........ 1=0.78, p<0:05-

Normalized BC concentration

T
0 3 6 9

Figure 5. Normalized black carbon (BC) concentration under different
velocities. The blue triangle and the red rectangle represent the BC
normalized concentration under the westerly air masses and the easterly
air masses, respectively.

BC; = BCe¢; x 7; + BCw; x (1 - T,-)

©)

In addition, the velocity of air masses from different directions also af-
fects the BC concentration. By calculating the BC concentration at differ-
ent velocities, we find that the influence of velocity on BC concentration
under the easterly and westerly air masses is significantly different. As
shown in Figure 5, the BC concentration under the easterly air masses
increases with an increase of the velocity, and the BC concentration un-
der the westerly air masses decreases with an increase of the velocity.
The relationship between air masses velocity and BC concentration is as

follows:
&, =0.94 +0.014v,

£, =126 -0.027v,

0<v, <7 (10)

0O<v, <18

an
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Table 2
Observational and Estimated BC Concentration of WLG in Four Seasons

Estimated concentration (ng/m?)

Observational

concentration 1)  (@BCe=512" (3)v, =348
Season (ng/m3) 7,=0.58" BCw, =444 v,; = 4.66
Spring 486 529 455 519
Summer 484 484 484 484
Autumn 405 432 474 427
Winter 465 614 4,467 518

Note. BC, black carbon; WLG, Waliguan.

2Frequency of easterly air masses was constant as that in summer. "BC
concentration under the easterly and westerly air masses was constants
as that in summer. “Velocities of the easterly and westerly air masses were
constants as those in summer.

where ¢, and ¢, represent the normalized BC concentrations (observed
value/mean value) under the easterly and westerly air masses, v, and
v, represent the velocity of easterly and westerly air masses (unit: m/s).
Within the defined range of velocity, the proportions of easterly and west-
erly air mass trajectories are 99.4% and 96.3%, respectively. The correla-
tion between ¢ and observed BC concentration under the easterly and
westerly air masses is 0.78 and 0.98 with the significance level p < 0.05.

Therefore, considering the influence of air masses velocity on BC, Equa-
tion 9 can be expressed as follows:

'
Eoi

+ BCw; x (1 - z',.) x Sui 12)
£

ei Evi

BC; = BCe, x 7; x

where ¢, and ¢, represent the average normalized BC concentrations in
month i under the easterly and westerly air masses, ¢, and ¢’ represent
the average normalized BC concentrations in month i under the easterly
and westerly air masses when the velocity changes. If the air masses ve-
locity is consistent with the observed value, ¢, = ¢,’,¢,, = ¢’

ei > “wi wi *

Hence, Equation 12 can be used to estimate BC concentration. Moreover, by comparing the seasonal BC
variation under three sensitivity tests with the observations, we try to determine the dominant cause for the
distinct BC seasonal variation at WLG. The three sensitivity tests were designed as follows:

Test 1: The monthly frequency of easterly air masses was kept constant using the summer value (7, = 0.58,
the highest value in the four seasons); the monthly BC concentration and velocity of the easterly and west-
erly air masses were consistent with the observations.

Test 2: The monthly frequency and velocity of the easterly and westerly air masses were consistent with the
observation; the monthly BC concentrations under the easterly and westerly air masses were kept constant
using the summer values (BCe, = 512, BCw, = 444, ng/m?).

Test 3: The monthly frequency and BC concentration of the easterly and westerly air masses were consist-
ent with the observation; the monthly velocities of the easterly and westerly air masses were kept constant
using the summer values (v, = 3.48, v, = 4.66, m/s).

Unlike the other stations, the BC concentration in summer at WLG was higher than that in winter (Ji
et al., 2018; Yang et al., 2019). We used Equation 12 to calculate the BC concentration in the four seasons
under the three tests, and the results are shown in Table 2. In Tests 1 and 3, the estimated BC concentration
was higher than the observations in spring, autumn, and winter. In Test 2, the estimated BC concentration
in winter and spring was lower than the observations, whereas the estimated autumn value was higher than
the observation. According to Equation 12, the estimated BC depends on the velocity, frequency, and BC
concentration of easterly/westerly air masses. In Tests 1 and 3, when the frequency and velocity of the east-
erly and westerly air masses adopt constants, respectively (summer average), instead of observed seasonal
changes, the estimated BC concentration in winter is higher than that in summer. In Test 2, when the BC
concentrations under the easterly and westerly air masses adopt constants (summer average) to replace the
observed seasonal changes, the estimated BC concentration at WLG in summer remained higher than that
in winter. This suggests that the seasonal variation in frequency and velocity of the easterly and westerly air
masses causes the BC concentration at WLG to be higher in summer than that in winter.

3.2.2. Air Masses and Emission Influence on Annual BC Variation

The interannual variation of frequency and velocity of the easterly and westerly air masses is not as obvious
as the seasonal variation (Table 3). This suggests that frequency and velocity of the easterly and westerly
air masses contribute less to the BC interannual variation. To quantitatively assess the contribution of fre-
quency and velocity of the easterly and westerly air masses to the interannual variation of BC concentration
(based on Equation 12), the BC annual concentration can be expressed as follows:
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Table 3 e e
Annual Frequency and Velocity of the Easterly and Westerly Air BC,, = BCe,, x 7, x =4 BCw,, x (1 - Tyr) x —2 13)
Masses and Its Influence on BC Concentration at WLG (AC: Absolute Seyr Ewyr

Contribution; RC: Relative Contribution)

Easterly air mass frequency

) . . where yr is the year, BC__is the average BC concentration in year yr, 7__is
Moving velocity of air mass yr yr

the easterly air mass frequency in year yr, BCe , and BCw, represent the

AC (3ng/ Ver Ve AC (3ng/ RC average BC concentration under the easterly and westerly air masses in
e @ m’) REET /s /sy ) (%) year yr, €, and ¢, represent the average normalized BC concentrations
2009 0.40 1.82 0.8 3.69  7.34 —4.2 —20  inyearyr under the easterly and westerly air masses, ¢, “and ¢ ' repre-
2010 034 —11.9 11.7 3.56 7.90 —4.4 4.4 sent the average normalized BC concentrations in year yr under the east-
2011 037 2.62 28 316 5.87 15.9 172  erly and westerly air masses wht?n thedvelcl)cny changes. If the air masses

velocity is consistent with the observed value, e, =¢_ e =c¢ "

2012 0.33 -1.7 3.9 3.05 6.28 —3.8 8.8 v e eyrs T wyr
2013 0.32 —0.9 0.5 351 533 5.9 —33  When the value of previous year is used as the easterly air mass frequency
2014 038 49 6.5 332 538 —06 0g At WLG, the estimated BC concentration can be expressed as follows:
2015 0.33 —4.5 —34.6 3.78 715 -73 =554 BC,,' = BCe,, x7,_, + BCw,, x (1 _ TyH) 14)
2016 0.34 1.3 2.3 3.31 7.45 —2.6 —4.4
2017 0.28 —-0.8 -10.0 257 715 0.89 10.9  where BCyr’ is the estimated annual average BC concentration under
Note. BC, black carbon; WLG, Waliguan. hypothetical conditions and Ty 18 the easterly air masses frequency of

previous year.

When the values of the previous year are used as the velocity of the east-
erly and westerly air masses at WLG, the estimated BC concentration can
be expressed as follows:

’ Eeyrl Egyri
BC,,' = BCe,, x 7, x ~2=L 4 BCw,, x (1 -7, ) x XL as)

Eeyr gwyr

where Eepr1 and €,y TEPTESENE normalized BC concentrations under the easterly and westerly air masses

calculated based on the velocity of the previous year.
Thus, the contribution of the frequency or velocity of the easterly and westerly air masses to the interannual
variation of BC concentration at WLG can be expressed as follows:

BCyr - BCyr'
v =B, _BC (16)
yr yr—1

where C_ is the contribution of frequency or velocity of the easterly and westerly air masses in year yr, BC
is the average BC concentration of the previous year, denominator is the observed BC concentration differ-
ence for continuous 2 years, and numerator is the estimated BC concentration variation caused by change
of air masses. If C,, <0, it means that the increase/decrease of BC concentration estimated by frequency or
velocity of the easterly and westerly air masses is inconsistent with the observed interannual variation. For
example, in 2015, the estimated BC concentration at WLG was lower than that of the previous year, but the
observed BC concentration at WLG increased. Therefore, we deduce that the frequency or velocity of the
easterly and westerly air masses has a negative contribution to the BC interannual variation in 2015.

As shown in Table 3, the frequency and velocity of the easterly and westerly air masses do not contribute
substantially to the interannual variation of WLG BC. The influence of the easterly air mass frequency on
the interannual BC variation ranged from 0.9 to 11.9 ng/m3. In 2015, the relative contribution of the east-
erly air mass frequency reached 34.6% but the influence concentration was only 4.5 ng/m3. The influence
of velocity of air masses on the interannual BC variation ranged from 0.6 to 15.9 ng/m? and its relative
contribution is also at a low level.

The decreasing BC trend at WLG may also be affected by the reduction of surrounding emissions. Accord-
ing to the China Statistical Yearbook (2018), the proportion of coal in China's total energy consumption
has continually decreased over the past 10 years (71.5% in 2008 vs. 60.4% in 2017), and the proportion of
natural gas, primary power, and other energy has increased rapidly (10.1% in 2006 vs. 20.8% in 2017). The
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Figure 6. The relationship between the monthly TPMI and the easterly air mass frequency at Waliguan (WLG) in
different seasons.

proportion of thermal power in the installed power generation capacity also decreased from 76.05% (2008)
to 62.24% (2017), and the proportion of clean energy, such as hydropower, nuclear power, and wind power,
increased. The implementation of several air pollution mitigation measures (e.g., improvements in indus-
trial emission standards (power plants and emission-intensive industrial sectors), upgrades to industrial
boilers, strengthening vehicle emission standards (“China 5” standard applied nationally and eliminated
20 million old vehicles), phasing out of outdated industrial capacities, and the application of clean fuels in
the residential sector) has collectively decreased the major pollutant emissions and significantly improved
air quality in China in 2013-2017 (Y. Wang et al., 2019; Q. Zhang, Zheng, et al., 2019). We also observed a
decreasing trend in the BC concentration at sites around WLG (Figure 2b). The resulting improvement of
air quality reduced the pollutant transport to WLG, which decreased BC concentrations at this site.

3.2.3. Effect of the Tibetan Plateau Monsoon on BC Transport

The previous sections demonstrated the importance of the easterly air mass frequency in controlling the
distinct seasonal BC variation at WLG as well as its certain influence on the interannual BC variation.

The unique topography and thermal conditions of the TP play an important role in the variation of atmos-
pheric circulation in Asia. The TP serves as a powerful heat source in summer, heating the air directly in
the middle of the troposphere (Flohn, 1957, 1960). The air over the TP ascends in summer, which drives the
convergence of the surrounding surface air to the TP. Hence, the circulation over the plateau tends to be
cyclonic during the summer, which subsequently forms the Tibetan Plateau monsoon (Ge et al., 2017; Tang
et al., 1998; Wu et al., 2012). WLG is located northeast of the TP. The highest easterly air mass frequency at
WLG (induced by the Asian summer monsoon) may be further enhanced by the influence of the Tibetan
Plateau monsoon in the northeastern TP in summer (Zhu et al., 2016).

We calculated the dynamically normalized seasonality monsoon index over the region 27-38°N and 80-
100°E to obtain a Tibetan Plateau monsoon index (TPMI), which reflects the convergence intensity of wind
field over the TP. As shown in Figure 6, significant positive correlations were observed between TPMI and
the easterly air mass frequency at WLG in spring, summer, and autumn, with correlation coefficients of
0.54, 0.46, and 0.82 (P < 0.05). We inferred that the Tibetan Plateau monsoon significantly influenced the
interannual variation of the easterly air mass frequency at WLG. Furthermore, the change of the easterly air
mass frequency would modulate the BC contributions from polluted eastern regions to WLG in summer. In
addition, we found that the correlation coefficient between the whole monthly TPMI and easterly air mass
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Figure 7. Concentration-weighted trajectory (96 hr) in 2008-2017 at Waliguan (WLG). The color bar on the right is
black carbon mass concentration in ng/m?. (The black dots to the east of WLG correspond to Lanzhou, Chengdu, and
Xi'an).

frequency at WLG was 0.87 (p < 0.05). In summer (winter), the Tibetan Plateau monsoon is strong (weak)
and the easterly air mass frequency at WLG is high (low).

3.3. Source Apportionment of WLG BC
3.3.1. Concentration-Weighted Trajectory

To further understand the contribution of different regions to the BC concentration at WLG, we used the
CWT to identify high-potential source regions. Based on the CWT results (Figure 7), we identified Lan-
zhou, Chengdu, and Xi'an urban agglomerations east of WLG to be the high-potential BC source regions
(>600 ng/m3). These regions are located near WLG and are densely populated, highly industrialized and
commercialized, and heavily polluted. Central Qinghai, northern Tibet (500-600 ng/m3), and northern In-
dia (>600 ng/m?3) were also significant contributors. Northern India is one of the most polluted areas in
South Asia due to its high population density and large anthropogenic emissions (Lal et al., 2012; Ram
et al., 2012). In contrast, only a few industries occur in the TP, and hydropower is the main energy source.
Moreover, the TP region is generally short of conventional energy (coal and petroleum) but rich in renew-
ables (water conservancy, wind, and geothermal) (Ping et al., 2011). The TP has low BC emissions, and the
high CWT value in this region is not consistent with its BC emissions scale. We can infer that central Qing-
hai and northern Tibet are the long-distance transport pathways from northern India to WLG.

3.3.2. Modeled Contribution of Different Regions to WLG BC

In this section, we quantified the average (2008-2014) regional contributions to seasonal BC at WLG by
CAMS5 with BC-tagging technique. The horizontal resolution of the simulation is 1.9° x 2.5° and 56 vertical
levels from the ground to 4 hPa. The Modern-Era Retrospective analysis for Research and Applications
(MERRA) data sets with a time resolution of 6 hr was used to nudge the meteorology fields (Rienecker
et al., 2011). The emission inventory, BC-tagging method, and other model settings as well as model vali-
dation are detailed in Fang et al. (2020). The NME (normalized mean error, NME = 100% X XI(Mi—0i)l/
X0i, where i represents month, M represents the simulated value, and O represents the observed value) for
BC at WLG was found to be 34%. The model also captures the seasonal characteristics of BC concentration
observed at WLG in which summer is higher than in winter (Figure 8b). The monthly correlation coeffi-
cient is 0.5 with the significance level p < 0.01. Hence, the CESM model can reasonably reproduce the BC
concentration level and temporal variation.
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Figure 8. Tagged source regions in black carbon (BC)-tagging method, the black dot indicates Mt. Waliguan (WLG)
(a), average absolute contribution (ng/m?) of tagged regions to the BC concentration at WLG in 2008-2014, the
black dashed line indicates the observed value (b), average relative contribution (%) of tagged source regions to BC
concentration at WLG in 2008-2014 (c), relative contributions less than 2% are not shown.

As shown in Figure 8a, there are 11 source regions, namely, North Central China (NCC), Northwest China
(NWCQ), Indian Peninsula (INP), Tibetan Plateau (TP), North China (NC), Southwest China (SWC), South
China (SC), Peninsula Southeast Asia (PSEA), Northeast China (NEC), Japan and South Korea (JK), and
rest of world (ROW).

The absolute contribution of the different tagged source regions to the WLG BC concentration showed sea-
sonal variation (Figure 8b), and the contribution from the region east of WLG was significantly greater than
that from the west. Under the influence of the Asian summer monsoon, the absolute contribution of INP,
SWC, SC, and SEAP in summer was significantly higher than that in other seasons, while NWC showed
the lowest contribution due to the weakest prevailing westerlies in summer. In Section 3.1, we can find that
the westerly frequency at WLG decreases in summer, but due to the influence of the Indian monsoon, the
southwest wind accounts for most of the westerly wind (the northwest wind is dominant in winter), which
explains the high BC absolute contribution from INP in summer.

Figure 8c shows the relative BC contributions from regional sources to WLG. We identified three main
BC source regions with respect to WLG, including NCC (56.1%), NWC (17.5%), and INP (12.1%), which is
similar to the results of previous studies (Han et al., 2020; Yang et al., 2018; R. Zhang et al., 2015). Among
them, NCC and INP are high BC emission regions. NWC is adjacent to WLG, and prevailing westerly winds
are conducive to BC transport in this region. The TP is sparsely populated, with underdeveloped industries
and low BC emissions, contributing only 2.1% to the total BC at WLG. The NCC, INP, and NWC significantly
contributed to the BC concentration at WLG, which is consistent with the high-potential source regions
identified from the CWT. The TP showed little BC contribution, and central Qinghai and northern Tibet are
located within the BC transport pathway from northern India to WLG.
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4. Conclusions

In this study, we used the CBNET data set to analyze the characteristics and influencing factors on diurnal,
seasonal, and long-term BC trends at WLG from 2008 to 2017. The main potential source regions and quan-
titative contributions of BC were also identified by CWT and CAMS5.

The average BC concentration at WLG was 449 + 366 ng/m?. The seasonal average BC concentration oc-
curred in the order of spring (487 ng/m?) ~summer (484 ng/m?*) > winter (465 ng/m?®) > autumn (406 ng/
m?®) and the diurnal BC peak value occurred at noon. The BC concentration showed a decreasing trend of
—2%yr~! from 2008 to 2017, which was mainly due to the implementation of emission reduction measures
in China.

The BC concentration at WLG was higher under easterly air masses than under westerly air masses. The
variations in frequency and velocity of the easterly and westerly air masses are the main factors for the
distinct seasonal BC variation (summer > winter) at WLG. The Tibetan Plateau monsoon has a significant
impact on the interannual variation of easterly air mass frequency at WLG and further modulates the BC
contributions from polluted eastern regions to WLG.

According to the CWT results, the high-potential source regions of BC to WLG were mainly Lanzhou,
Chengdu, and Xi'an urban agglomerations as well as northern India. Based on the CAM5 quantitative anal-
ysis, NCC, NWC, and INP showed the highest BC contribution (annual average) to WLG, accounting for
56.1%, 17.5%, and 12.1% of the total BC, respectively.

Data Availability Statement

The HYSPLIT model can be acquired from http://www.arl.noaa.gov/HYSPLIT _info.php. The Peking Uni-
versity BC inventory is available from http://inventory.pku.edu.cn/home.html. The CESM code is available
from https://svn-ccsm-release.cgd.ucar.edu/model_versions/. The username is guestuser and the password
is friendly. The NCEP/NCAR reanalysis is available from https://psl.noaa.gov/data/gridded/data.ncep.re-
analysis.html. The data presented in this article can be acquired from https://zenodo.org/record/5520533.
The Meteolnfo software can be acquired from http://meteothink.org/.
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