
Available online at www.sciencedirect.com
ScienceDirect

Advances in Climate Change Research 7 (2016) 123e131
www.keaipublishing.com/en/journals/accr/
Impacts of meteorological parameters and emissions on decadal,
interannual, and seasonal variations of atmospheric black carbon in the

Tibetan Plateau

MAO Yu-Haoa,*, LIAO Hongb

a State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry (LAPC), Institute of Atmospheric Physics, Chinese Academy of

Sciences, Beijing 100029, China
b School of Environmental Science and Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China

Received 7 April 2016; revised 28 August 2016; accepted 28 September 2016

Available online 4 October 2016
Abstract
We quantified the impacts of variations in meteorological parameters and emissions on decadal, interannual, and seasonal variations of
atmospheric black carbon (BC) in the Tibetan Plateau for 1980e2010 using a global 3-dimensional chemical transport model driven by the
Modern Era Retrospective-analysis for Research and Applications (MERRA) meteorological fields. From 1980 to 2010, simulated surface BC
concentrations and all-sky direct radiative forcing at the top of the atmosphere due to atmospheric BC increased by 0.15 mg m�3 (63%) and by
0.23 W m�2 (62%), respectively, averaged over the Tibetan Plateau (75e105�E, 25e40�N). Simulated annual mean surface BC concentrations
were in the range of 0.24e0.40 mg m�3 averaged over the plateau for 1980e2010, with the decadal trends of 0.13 mg m�3 per decade in the
1980s and 0.08 in the 2000s. The interannual variations were �5.4% to 7.0% for deviation from the mean, 0.0062 mg m�3 for mean absolute
deviation, and 2.5% for absolute percent departure from the mean. Model sensitivity simulations indicated that the decadal trends of surface BC
concentrations were mainly driven by changes in emissions, while the interannual variations were dependent on variations of both meteoro-
logical parameters and emissions. Meteorological parameters played a crucial role in driving the interannual variations of BC especially in the
monsoon season.

Keywords: Black carbon; Tibetan Plateau; Interannual variations; South Asian summer monsoon
1. Introduction

Black carbon (BC), formed from incomplete combustion
(Bond et al., 2013; IPCC, 2013), has substantial impacts on
climate because of its strong absorption of solar radiation (e.g.,
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Horvath, 1993; Ramanathan and Carmichael, 2008). BC
deposited on snow and ice can significantly decrease the sur-
face albedo (Warren and Wiscombe, 1980; Flanner et al.,
2007, 2009), enhance surface snowmelt (Zwally et al., 2002;
Flanner et al., 2007), and potentially change the regional hy-
drological cycle over the plateaus and mountain ranges (e.g.,
Qian et al., 2009, 2011). Ample evidences have shown that
BC aerosols deposited on the Tibetan glaciers are responsible
for the observed rapid glacier retreat in the region (e.g.,
Xu et al., 2009). Model simulations have shown that the
annual direct radiative forcing (DRF) due to the atmospheric
BC are 0.58e1.46 W m�2 at the top of the atmosphere (TOA)
averaged over China (Li et al., 2016). The regional warming
dministration). Production and hosting by Elsevier B.V. on behalf of KeAi.
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GEOS-Chem simulations of BC.
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effect of BC over snow-covered regions can be even stronger
(Jacobson, 2004; Flanner et al., 2007, 2009).

The Tibetan Plateau is the world's highest plateau with the
third largest snow and ice mass (Xu et al., 2009). The snow-
melt from the Tibetan glaciers is the primary source of
freshwater supply for hundreds of million people in Asia
(Immerzeel et al., 2010). Recent studies have shown that a
strong BC-induced regional warming over the plateau results
in the reduction of snow/ice cover and snow albedo (Lau et al.,
2010; Menon et al., 2010; Yasunari et al., 2010), and an in-
crease of runoff in early spring (Qian et al., 2011). Moreover,
changes of snow cover in the region would affect energy and
hydrological cycle, and further disturb the formation of the
Asian summer monsoon (Lau and Kim, 2006).

Observations have shown strong warming and accelerated
glacier retreat in the Tibetan Plateau in the past decades (Qin
et al., 2006; Prasad et al., 2009). The major contributions of
BC to the Tibetan Plateau are the emissions from South Asia
and East Asia (Kopacz et al., 2011; Lu et al., 2012; Wang
et al., 2015), which are the world's two largest BC sources
and are increasing in the past decades (Lu et al., 2011). Recent
studies have shown that the increasing amount of BC trans-
ported to the Tibetan Plateau (Ming et al., 2008; Lu et al.,
2012) accounts for half of the observed warming in the re-
gion (Ramanathan et al., 2005, 2007).

Better understanding the changes of BC in the Tibetan
Plateau on a decadal time scale would provide useful infor-
mation for guiding measures to reduce BC emissions and to
mitigate near-term climate warming in the region. To our
knowledge, few studies have systematically examined the
decadal, interannual, and seasonal changes of BC and
analyzed their driving factors, especially in the Tibetan
Plateau, due to the lack of observations and the limitation of
models. Here we present the decadal, interannual, and sea-
sonal variations of BC in the Tibetan Plateau for a 31-year
period (1980e2010) using a global 3-dimensional chemical
transport model (GEOS-Chem) driven by the Modern Era
Retrospective-analysis for Research and Applications
(MERRA) meteorological fields. We aim to quantify the roles
of variations in meteorological parameters and anthropogenic
and biomass burning emissions in the changes of BC in the
Tibetan Plateau between monsoon and nonmonsoon seasons.
We describe the GEOS-Chem model and numerical simula-
tions in Section 2. In Section 3, we quantify the impacts of
variations in emissions and meteorological parameters on the
changes of BC and present the changes in all-sky TOA DRF of
atmospheric BC in the Tibetan Plateau. Finally, summary and
conclusions are given in Section 4.

2. Methods

VALL 1980e2010 1980e2010 1980e2010

VMET 1980e2010 2010 2010
2.1. GEOS-Chem model

VEMIS 2010 1980e2010 1980e2010

VEMISAN 2010 1980e2010 Not included

VEMISBB 2010 Not included 1980e2010

VNOCa 1980e2010 1980e2010 1980e2010

a Anthropogenic and biomass burning emissions in China are set to zero in

VNOC.
The GEOS-Chem model is driven by assimilated meteo-
rology from the Goddard Earth Observing System (GEOS) of
the NASA Global Modeling and Assimilation Office (GMAO)
(Bey et al., 2001). Here we use GEOS-Chem version 9-01-03
(available at http://geos-chem.org) driven by the MERRA
meteorological fields (Rienecker et al., 2011), with 6-h tem-
poral resolution (3-h for surface variables and mixing depths),
2� (latitude) � 2.5� (longitude) horizontal resolution, and 47
vertical layers from the surface to 0.01 hPa. The GEOS-Chem
simulation of carbonaceous aerosols has been reported previ-
ously by Park et al. (2003). Eighty percent of BC emitted from
primary sources is assumed to be hydrophobic, and hydro-
phobic aerosols become hydrophilic with an e-folding time of
1.2 d (Cooke et al., 1999; Chin et al., 2002; Park et al., 2003).
BC in the model is assumed to be externally mixed with other
aerosol species. The schemes of tracer advection, convection,
and dry and wet depositions are discussed in details in the
study by Mao et al. (2016).

The annual anthropogenic emissions of BC for 1980e2010
are from Bond et al. (2007) globally and updated in Asia
(60�E�150�E, 10�Se55�N) with the Regional Emission in-
ventory in Asia (REAS) (Ohara et al., 2007, available at http://
www.jamstec.go.jp/frsgc/research/d4/emission.htm). Seasonal
variations of anthropogenic emissions are considered in China
and Indian using monthly scaling factors taken from
Kurokawa et al. (2013). Global biomass burning emissions of
BC are taken from the Global Fire Emissions Database version
3 (GFEDv3) (van der Werf et al., 2010) with a monthly
temporal resolution. More details about the configurations of
BC emissions are discussed by Mao et al. (2016).
2.2. Simulations
We conduct six simulations (Table 1) driven by MERRA
for 1980e2010 to identify the relative roles of changes in
meteorological parameters and emissions in the variations of
BC in the Tibetan Plateau. All simulations are preceded by 1-
year spin up. In the simulation VALL, meteorological pa-
rameters and anthropogenic and biomass burning emissions
are allowed to vary year to year. In the simulation VMET
(VEMIS), meteorological parameters (anthropogenic and
biomass burning emissions) are allowed to vary over
1980e2010, but anthropogenic and biomass burning emis-
sions (meteorological parameters) are fixed at year 2010
levels. To test the influence of emissions (meteorological
fields) on decadal and interannual variations of BC in VMET
(VEMIS), we conduct sensitivity simulations same as VMET
(VEMIS) but with fixed anthropogenic and biomass burning

http://geos-chem.org
http://www.jamstec.go.jp/frsgc/research/d4/emission.htm
http://www.jamstec.go.jp/frsgc/research/d4/emission.htm
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emissions (meteorological parameters) at year 1980 values.
We find that the resulting decadal and interannual variations of
BC remain essentially the same as those in VMET (VEMIS).
The model configurations of the simulation VEMISAN
(VEMISBB) are the same as those in VEMIS, except that
biomass burning emissions (anthropogenic emissions) are not
included. The model configurations of VNOC are the same as
those in VALL, except that anthropogenic and biomass
burning emissions in China are set to zero.

We would like to point out that simulated BC concentra-
tions in the Tibetan Plateau are likely underestimated partially
because of the deficiencies of the meteorological fields over
the complex Tibetan terrain (He et al., 2014). In addition, the
upslope flow in the region is difficult to represent in a coarse-
resolution model like the GEOS-Chem model (Mao et al.,
2011). We thus do not attempt to simulate the absolute BC
concentrations in the Tibetan Plateau, focusing instead on the
ability of GEOS-Chem to reasonably represent the decadal,
interannual, and seasonal variations of BC. He et al. (2014)
have systematically evaluated the BC simulations over the
Tibetan Plateau by the GEOS-Chem model, using in situ
measurements of BC in surface air, BC in snow, and BC ab-
sorption aerosol optical depth. They have shown the ability of
the GEOS-Chem model to capture the spatial pattern and
seasonal variations of observed BC in the region. Historical
BC in ice cores (e.g., Ming et al., 2008; Xu et al., 2009)
reconstructed in the region also provide an ideal mean to
examine the long-term variation of BC back to the pre-
industrial times. Mao et al. (2016) have shown that the
GEOS-Chem model reasonably captures the decadal and
interannual variations of BC using historical BC in ice cores in
the Tibetan Plateau.

3. Results
3.1. Simulated BC concentrations
Fig. 1 shows the spatial distributions of simulated surface
BC concentrations in the Tibetan Plateau in 1980 and 2010.
Results are from simulation VALL for annual mean, monsoon
season (JuneeSeptember), and nonmonsoon season (Octo-
bereMay). Here the monsoon and nonmonsoon seasons are
defined following the studies, e.g., Xu et al. (2009) and He
et al. (2014). Low surface BC concentrations (<0.1 mg m�3)
are found in the central plateau with high altitude, while high
BC concentrations (>1 mg m�3) are located in the south slope
of the plateau with high emission sources. Relative to 1980,
annual mean surface BC concentrations in 2010 increase by
0.15 mg m�3 (63%) averaged over the Tibetan Plateau
(75e105�E, 25e40�N, indicated by the black rectangle in
Fig. 1), consistent with the enhanced anthropogenic emissions
in South Asia and East Asia. We find that surface BC con-
centrations are smaller in the monsoon season than in the
nonmonsoon season by ~30%, largely because of the strong
precipitation in the monsoon season (Xu et al., 2009).

Fig. 2 shows simulated surface BC concentrations for
1980e2010 averaged over the Tibetan Plateau for annual
mean, monsoon season, and nonmonsoon season. In the
simulation VALL, model simulated annual mean surface BC
concentrations are in the range of 0.24e0.4 mg m�3 averaged
over the Tibetan Plateau for 1980e2010. The variations of
surface BC concentrations are generally consistent with the
changes of anthropogenic emissions used in the model. Sur-
face BC concentrations are generally increasing from 1980 to
2010, except for 1990s. The variations of surface BC con-
centrations in 1990s are similar to the changes of anthropo-
genic emissions, which are nearly constant for 1990e1995 and
even slightly decrease for 1996e2000.

We find that the simulated BC concentrations in VALL,
VEMIS, and VEMISAN show similar variations because
anthropogenic emissions are the major source of BC in the
Tibetan Plateau, especially in the monsoon season. Also
shown in Fig. 2 are simulated surface concentrations from
model simulation VNOC. The percentage contributions of
non-China emissions are averagely ~20% to surface BC con-
centrations. The contributions of non-China emissions to BC
increase by 0.032 mg m�3 (58%) in the past 30 years, largely
because of the increasing emissions from India. We would like
to point out that large biases exist in the variations of simu-
lated BC because of the uncertainties in the REAS inventory
as discussed by Mao et al. (2016).

We calculate in the present study the decadal trends in
simulated BC using the least square fit. The resulting decadal
trends in annual mean surface BC concentrations are
0.013 mg m�3 per decade in the 1980s and 0.008 in the 2000s.
The variations of BC in simulation VEMIS are similar to those
in simulation VALL, indicated that changes in emissions are
the major factor that contributes to the decadal trends of sur-
face BC concentrations in the Tibetan Plateau. For simulation
VMET, we find no obvious decadal trends in simulated BC.
3.2. Simulated interannual variations of BC
To analyze the interannual variations of BC, the decadal
trends in the simulated BC are firstly identified by linear
square fit based on the approach used in previous studies, e.g.,
Yang et al. (2015) and Mao et al. (2016). We quantify the
impact of changes in emissions and meteorological parameters
on the interannual variations of surface BC concentrations by
using the deviation from the mean (DM), mean absolute de-
viation (MAD), and absolute percent departure from the mean
(APDM) (e.g., Mu and Liao, 2014; Yang et al., 2015; Mao
et al., 2016). The three indexes are defined as,
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Fig. 1. Simulated surface BC concentrations (mg m�3) in the Tibetan Plateau (indicated by the black rectangle, 75e105�E, 25e40�N) for (a) annual mean, (b)

monsoon seasons (JuneeSeptember), and (c) nonmonsoon seasons (OctobereMay) in 1980 and 2010. Results are from model simulation VALL.
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where Mi is the detrended simulated mean BC in China for
year i, and n is the number of years examined (n ¼ 31 for years
1980e2010). Therefore, MAD and APDM (or DM) represent
the interannual variations of BC in terms of absolute value and
percentage, respectively. We discuss the interannual variations
of BC for annual mean, monsoon seasons, and nonmonsoon
seasons.

Fig. 3 shows the DM values of detrended simulated mean
surface BC concentrations averaged over the Tibetan Plateau
for 1980e2010. The DM values in annual mean surface BC
concentrations are �5.4% to 7% in VALL, e3.7% to 3.3% in
VMET, e3.1% to 2.7% in VEMIS, and �2.4% to 2.6% in
VEMISAN. We find that the interannual variations of surface
BC concentration are smaller in the 2000s than in the 1980s
and 1990s, partially because of the more steady increase in
anthropogenic emissions after 2000. The deviations of surface
BC concentrations in simulation VMET are comparable to
those in VEMIS and VEMISAN. The peaks and troughs in
deviations in VALL simulation are consistent with those in
either VMET or VEMIS, suggesting that the interannual var-
iations of surface BC concentrations are dependent on changes
in both meteorological parameters and emissions. The DM
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values of surface BC concentrations in VMET are larger for
the monsoon season (�5.9% to 5.0%) than for the annual
mean and the nonmonsoon season, indicating that meteoro-
logical parameters are a more important factor in driving the
interannual variations of surface BC concentrations in the
monsoon season. The interannual variations of BC due to
changes of anthropogenic emissions alone (VEMISAN) is
similar to those due to changes of both anthropogenic and
biomass burning emissions (VEMIS) (except in 1999),
because of the significant large anthropogenic emissions. The
large biomass burning emissions in 1999 cause the significant
difference in the DM values between VEMISAN and VEMIS.

In Fig. 4, we summarize the MAD and APDM values of the
detrended mean surface BC concentrations averaged over the
Tibetan Plateau for 1980e2010. The APDM values of surface
concentrations of BC in simulation VALL are 2.50%, 2.68%,
and 2.72% for annual mean, monsoon season, and non-
monsoon season, respectively. The corresponding MAD values
are 0.0062, 0.0052, and 0.0077 mg m�3, respectively. We find
that the MAD and APDM values in VMET and VEMIS are
generally comparable, indicating again that the interannual
variations in surface BC concentrations are driven by varia-
tions in both meteorological parameters and emissions. In the
monsoon season, meteorological parameters are more
important in driving the interannual variations of BC, as both
MAD and APDM values in VMET are significantly larger than
those in VEMIS. Mu and Liao (2014) reported that the
interannual variations of BC in China for 2004e2012 are
largely dependent on variations in meteorological parameters.
This discrepancy between Mu and Liao (2014) and this study
is largely because of the different metrological fields and
emission inventory used in estimating the interannual varia-
tions of BC.

Following the process analyses, Mao et al. (2016) pointed
out that wind is the major meteorological factor to influence
the interannual variations of surface BC. The interannual
variations of surface concentrations of BC due to biomass
burning emissions are largest in the nonmonsoon season, as
the APDM values of surface BC concentrations due to changes
in anthropogenic alone (VEMISAN) is only 85% of those due
to variations in both anthropogenic and biomass burning
emissions (VEMIS). The influences of non-China emissions
on BC are also largest in the nonmonsoon season.
3.3. Direct radiative forcing of BC
Fig. 5 compares the spatial distributions of simulated all-
sky TOA DRF of atmospheric BC in China in 1980 and
2010, for annual mean and for monsoon and nonmonsoon
seasons. The BC DRF is calculated using the Rapid Radiative
Transfer Model for GCMs (RRTMG, Heald et al., 2014),
which is discussed in details by Mao et al. (2016). The spatial
distributions of BC DRF are similar to those of surface BC
concentrations (Fig. 1), which are small in the central plateau
with low surface BC and high altitude, but high in the south
slope of the plateau with strong emission sources. The annual
mean BC DRF in the central plateau are larger than 0.1 W m�2

in 1980 and 0.2 W m�2 in 2010. We further show in Fig. 6 the
simulated all-sky TOA DRF of BC averaged over the Tibetan
Plateau in 1980, 1985, 1990, 1995, 2000, 2005, and 2010, for
annual mean and for monsoon and nonmonsoon seasons. The
variations of BC DRF are similar to the changes in surface BC
concentrations (Fig. 2), with the maximal value in 2010 and
minimal value in 1980. Annual mean BC DRF averaged over
the Tibetan Plateau increases by 0.23 W m�2 (62%) from 1980
to 2010. The increases are significant comparing to the global
annual mean BC DRF (0.4 W m�2) and tropospheric ozone
(0.4 W m�2), as reported by IPCC (2013). Also shown in
Fig. 6 are the contributions of non-China emissions to the
TOA DRF of BC in the Tibetan Plateau in 2010, which ac-
count for 45%, 40%, and 48% for the annual mean, monsoon
season, and nonmonsoon season, respectively. We note that
simulated DRF is associated with large uncertainties resulting
from factors including BC mixing state, emissions, vertical
distribution, wet scavenge scheme (lifetime), and mass ab-
sorption coefficient used in the model. In addition, the simu-
lations of BC concentrations and thus DRF are likely
underestimated because of the extremely complicated and
high terrain in the Tibetan Plateau.

We also find in Figs. 5 and 6 that the values of BC DRF in
most regions of the Tibetan Plateau are larger in the monsoon
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seasons than in the nonmonsoon seasons by 5%e22% aver-
agely, while the corresponding surface concentrations and
column burdens of BC are lower. The discrepancy is partially
because of the higher BC concentrations in the middle and
upper troposphere in the monsoon season than in the non-
monsoon season (Fig. 7). Previous studies have shown that
vertical distribution of BC is critical for the calculation of BC
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DRF (e.g., Bond et al., 2013; Li et al., 2016). The BC DRF
enhances considerably when BC is located at high altitude
largely because of the radiative interactions with clouds
(Samset et al., 2013). In addition, the change of solar zenith
angle with time is an important factor that causes the seasonal
difference of BC DRF. The BC DRF increases linearly with
the cosine of solar zenith angle (Zhang et al., 2008).

We also show in Fig. 7 the composite differences in
300 hPa wind between the monsoon and nonmonsoon seasons
in 2010 from the MERRA data. The 300 hPa wind are likely
associated with the westerlies in the upper troposphere (Liu
et al., 2002). Relative to the nonmonsoon season, weaker
southwest wind is found in the Tibetan Plateau in the monsoon
season, which results in the anomalously northeast wind and
the differences in transport of BC. For example, we summary
in Table 2 the differences in simulated horizontal and vertical
mass fluxes of BC in the Tibetan Plateau (75e105�E,
25e40�N, from 4 km to 8 km above the surface) between the
monsoon and nonmonsoon seasons in 2010, based on simu-
lation VALL. The monsoon season shows less inflow fluxes of
BC by 0.03, 0.3, and 0.46 kg s�1, respectively, at the south,
west, and bottom boundaries, lower outflow by 1.73 kg s�1 at
the east boundary, and larger outflow by 0.73 and 0.09 kg s�1

at the north and upper boundaries. The net effect is a larger
inflow of BC by 0.12 kg s�1 in the monsoon season, which
leads to the higher BC concentrations above 4 km. These re-
sults indicate that the differences in transport of BC due to the
changes in atmospheric circulation are a dominant mechanism
for the high BC concentrations in the middle and upper
troposphere in the monsoon season.

4. Summary and conclusions

We examined the impacts of variations in meteorological
parameters and emissions on the decadal, interannual, and
seasonal variations of surface BC concentrations in the Ti-
betan Plateau for 1980e2010 by sensitivity simulations using
the GEOS-Chem model driven by the MERRA meteorological
fields.

Model simulated annual mean surface BC concentrations
were in the range of 0.24e0.4 mg m�3 averaged over the
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Fig. 5. Same as Fig. 1, but for simulated all-sky direct radiative forcing (DRF) of BC (W m�2) at the top of the atmosphere (TOA).
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Tibetan Plateau for 1980e2010. Relative to 1980, annual
mean surface BC concentrations in 2010 increased by
0.15 mg m�3 (63%). Because of the strong precipitation in the
monsoon season, the surface BC concentrations were ~30%
smaller in the monsoon season than in the nonmonsoon sea-
son. From 1980 to 2010, simulated annual mean all-sky
TOA DRF of BC increased by 0.23 W m�2 (62%) averaged
over the Tibetan Plateau. The values of BC DRF were larger
in the monsoon seasons than in the nonmonsoon seasons by
5%e22%, partially because of the higher BC concentrations
in the middle and upper troposphere in the monsoon season
and the change of solar zenith angle with time. In 2010, the
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Table 2

The composite analyses of horizontal and vertical fluxes of BC (kg s�1) for

selected box in Fig. 1a (75e105�E, 25e40�N, from 4 km to 8 km above the

surface) based on simulation VALL. The values are averages over the monsoon

(JuneeSeptember) and nonmonsoon (OctobereMay) seasons in 2010. For

fluxes, positive values indicate eastward, northward, or upward transport and

negative values indicate westward, southward, or downward transport. The

difference is (monsoon minus nonmonsoon).

Boundary Monsoon Nonmonsoon Difference Net

South þ0.07 þ0.10 �0.03 Inflow 0.67

North þ0.51 �0.22 þ0.73

West þ0.70 þ1.00 �0.30

East þ1.14 þ2.87 �1.73

Upper þ0.11 þ0.02 þ0.09 Outflow 0.55

Bottom þ0.56 þ1.02 �0.46
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non-China emissions accounted for 23% of simulated surface
BC concentrations and 45% of BC DRF.

Simulated surface BC concentrations were generally
increasing in the 1980s and 2000s, with decadal trends of
0.13 mg m�3 per decade in the 1980s and 0.08 in the 2000s.
The decadal trends of BC were similar to the variations of
emissions, indicating that changes in emissions were the major
driver of the decadal trends of BC. The interannual variations
of detrended annual mean surface BC concentrations averaged
over the Tibetan Plateau were �5.4% to 7% for DM,
0.0062 mg m�3 for MAD, and 2.5% for APDM. We also found
that the interannual variations of BC in the Tibetan Plateau
were dependent on variations in both meteorological param-
eters and emissions. Meteorological parameters played a
crucial role in the monsoon season. Anthropogenic emissions
alone accounted for 94% of emissions-induced interannual
variations of surface BC concentrations annually and 85% of
those in the nonmonsoon season. The influences of biomass
burning emissions and non-China emissions were relatively
large in the nonmonsoon season.

BC deposited on snow and ice can significantly decrease the
surface albedo. The induced snow albedo effect of BC has been
an important driver of the retreat of the Tibetan glaciers in the
past decades. Large uncertainties exist in the estimate of the
snow albedo forcing over the Tibetan Plateau, because of the
factors, e.g., the mixing states of BC-snow, the coating states of
BC, snow grain shapes, etc., which call for systematical
analysis in snow albedo forcing of BC in the Tibetan Plateau.
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