PUBLICATIONS
Journal of Geophysical Research: Atmospheres
RESEARCH ARTICLE
10.1002/2016JD026397
Key Points:
• Light-absorbing impurity
concentrations were much higher in
aged snow and granular ice than in
fresh snow and snowpits
• BC and dust contributed
approximately 20% of the albedo
reduction relative to clean snow
• Light-absorbing impurities deposited
on the southeastern Tibetan glaciers
were signiﬁcantly affected by
emissions from South Asia

Supporting Information:
• Supporting Information S1
• Data Set S1
Correspondence to:
S. Kang,
shichang.kang@lzb.ac.cn

Citation:
Zhang, Y., et al. (2017), Light-absorbing
impurities enhance glacier albedo
reduction in the southeastern Tibetan
plateau, J. Geophys. Res. Atmos., 122,
6915–6933, doi:10.1002/2016JD026397.
Received 18 DEC 2016
Accepted 23 JUN 2017
Accepted article online 4 JUL 2017
Published online 12 JUL 2017

Light-absorbing impurities enhance glacier albedo
reduction in the southeastern Tibetan plateau
Yulan Zhang1 , Shichang Kang1,2 , Zhiyuan Cong2,3 , Julia Schmale4 , Michael Sprenger5,
Chaoliu Li2,3 , Wei Yang2,3, Tanguang Gao6, Mika Sillanpää7,8, Xiaofei Li1, Yajun Liu1,
Pengfei Chen3, and Xuelei Zhang9
1

State Key Laboratory of Cryospheric Sciences, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Sciences, Lanzhou, China, 2CAS Center for Excellence in Tibetan Plateau Earth Sciences, Beijing, China, 3Key Laboratory of
Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of
Sciences, Beijing, China, 4Paul Scherrer Institute, Villigen, Switzerland, 5Institute for Atmospheric and Climate Science, ETH
Zurich, Zurich, Switzerland, 6Key Laboratory of Western China’s Environmental System (Ministry of Education), College of
Earth and Environmental Sciences, Lanzhou University, Lanzhou, China, 7Laboratory of Green Chemistry, Lappeenranta
University of Technology, Mikkeli, Finland, 8Department of Civil and Environmental Engineering, Florida International
University, Miami, Florida, USA, 9Key laboratory of Wetland Ecology and Environment, Northeast Institute of Geography and
Agroecology, Chinese Academy of Sciences, Changchun, China

Abstract

Light-absorbing impurities (LAIs) in snow of the southeastern Tibetan Plateau (TP) and their
climatic impacts are of interest not only because this region borders areas affected by the South Asian
atmospheric brown clouds but also because the seasonal snow and glacier melt from this region form
important headwaters of large rivers. In this study, we collected surface snow and snowpit samples from four
glaciers in the southeastern TP in June 2015 to investigate the comprehensive observational data set of LAIs.
Results showed that the LAI concentrations were much higher in the aged snow and granular ice than in the
fresh snow and snowpits due to postdepositional processes. Impurity concentrations ﬂuctuated across
snowpits, with maximum LAI concentrations frequently occurring toward the bottom of snowpits. Based on
the SNow ICe Aerosol Radiative model, the albedo simulation indicated that black carbon and dust account
for approximately 20% of the albedo reduction relative to clean snow. The radiative forcing caused by
black carbon and dust deposition on the glaciers were between 1.0–141 W m2 and 1.5–120 W m2,
respectively. Black carbon (BC) played a larger role in albedo reduction and radiative forcing than dust in the
study area, enhancing approximately 15% of glacier melt. Analysis based on the Fire INventory from NCAR
indicated that nonbiomass-burning sources of BC played an important role in the total BC deposition,
especially during the monsoon season. This study suggests that eliminating anthropogenic BC could mitigate
glacier melt in the future of the southeastern TP.

Plain Language Summary In this study, we focused on light-absorbing impurities (LAIs), including
black carbon, organic carbon, and mineral dust in glacial surface snow from southeaster Tibetan glaciers. This
study showed the concentrations of LAIs, and estimated their impact on albedo reduction. Furthermore, we
discussed the potential source of impurities and their impact to the study area. These results provide
scientiﬁc basis for regional mitigation efforts to reduce black carbon.
1. Introduction
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Light-absorbing impurities (LAIs, including black carbon (BC), organic carbon (OC), brown carbon (BrC), and
mineral dust) deposited on snow and glacial surfaces can reduce the albedo, accelerate snow/ice melt,
and trigger albedo feedback [Bond et al., 2013; Dumont et al., 2014; Flanner et al., 2007; Gertler et al., 2016;
Kaspari et al., 2014; Lau et al., 2010; Ming et al., 2012; Xu et al., 2009a; Yasunari et al., 2010]. LAIs in snow/ice
have been identiﬁed as one of the major forcing agents affecting regional climate change and general atmospheric circulation, but there is a high level of uncertainty associated with quantifying this effect [Flanner
et al., 2007; Gertler et al., 2016; Qian et al., 2015; Ramanathan and Carmichael, 2008]. Considerable efforts
are underway to estimate the radiative forcing (RF) of LAIs on a global/regional scale, but uncertainties in
observations and simulations remain, particularly regarding the concentrations, spatiotemporal distributions,
and optical properties of LAIs [Gertler et al., 2016; Gustafsson and Ramanathan, 2016; Ji et al., 2015; Qian
et al., 2015].
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BC particles are mainly produced from the incomplete combustion of fossil fuels and biomass [Bond et al.,
2013]. BC can strongly absorb solar radiation at visible wavelengths causing warming effects [Bond et al.,
2013; Ramanathan and Carmichael, 2008]. Some estimates suggest that BC is the second strongest climate
warming forcing agent after carbon dioxide and thus has a profound impact on climate (e.g., it is linked with
reductions in precipitation and positive shortwave radiative forcing in the atmosphere) [Bond et al., 2013; Ji
et al., 2015; Ramanathan and Carmichael, 2008; Wild, 2012]. BC particles are also thought to have large-scale
environmental effects, such as melting of the Himalayan and other glaciers [Kaspari et al., 2014; Lau et al.,
2010; Xu et al., 2009a; Xu et al., 2016]. Once deposited on a glacier surface via dry or wet processes, even a
small amount of BC can exert signiﬁcant RF efﬁciently through albedo reduction, potentially contributing
to glacier melt [Flanner et al., 2007; Gertler et al., 2016; Lau et al., 2010; Schmale et al., 2017]. Despite the importance of BC in climate forcing, estimations of albedo reduction and RF by BC yield a large range of possible
results for the same region. For example, in the Himalayan cryosphere, RF by BC varies by a factor of approximately 4 in different studies [Gertler et al., 2016; Ming et al., 2008; Kaspari et al., 2014]. A possible reason for
these differences may be the systematic bias in the sampling (different snow types from the accumulation
zone or ablation zone) and model estimates of the BC deposition ﬂux on glacier surface.
Organic carbon (OC) in the atmosphere mainly originates from the burning of biomass and fossil fuels and
the dispersion and disintegration of plant materials, viable microbes, and soil organic matter [Cerqueira
et al., 2010; Chakrabarty et al., 2010; Painter et al., 2001; Takeuchi et al., 2006]. The particular fraction of OC that
can absorb at visible to UV wavelengths of light is referred to as brown carbon (BrC) [Andreae and Gelencsér,
2006; Bahadur et al., 2012; Moosmüller et al., 2011]. Current climate models typically treat OC as nonabsorbing, underestimating the total warming effect of carbonaceous aerosols by neglecting part of the atmospheric heating, particularly over biomass burning regions that emitted BrC [Andreae and Gelencsér, 2006;
Bahadur et al., 2012]. Due to its light-absorbing nature, OC in glacier snow can also darken the glacier surface
and reduce albedo. However, OC radiative forcing estimations in snow are highly uncertain owing to the
effects of different organic compounds, the state changes of OC when sampling, and the different spectral
dependences of OC and BC absorption [Bahadur et al., 2012; Lin et al., 2014; Wang et al., 2015].
Similarly, mineral dust is another main constituent of the LAIs that can increase the absorption of solar radiation, causing further albedo reduction and a positive feedback [Di Mauro et al., 2015; Kaspari et al., 2014; Qu
et al., 2014; Wang et al., 2013]. Based on observed reﬂectance, Di Mauro et al. [2015] showed that mineral dust
signiﬁcantly reduced the spectral reﬂectance of snow at 350–600 nm in the European Alps. The results from
East Asia indicate that the absorption of the LAIs in seasonal snow is dominated by mineral dust in the Qilian
Mountains and by local soil dust in the Inner Mongolian region [Wang et al., 2013]. It is important to note that
the optical properties of mineral dust are dominated by iron oxides. This is a key aspect when determining
the refractive indices of dust [Kaspari et al., 2014; Zhang et al., 2015]. Distinguishing the effects of BC from
mineral dust is still challenging, especially when dust concentrations in snow are high as this can introduce
artifacts into the analysis [Lim et al., 2014; Schwarz et al., 2012]. However, separating the effects is important
for attributing the radiative forcing of snow to natural versus anthropogenic sources.
The Tibetan Plateau (TP) is often referred to as the Third Pole due to its large snow- and glacier-covered area.
Recent studies suggest that glacial shrinkage is pronounced in the southeastern TP [W. Yang et al., 2015; Yao
et al., 2012a]. This shrinkage may have serious consequences since the runoff from the southeastern Tibetan
glaciers form the headwaters of major rivers in Asia (e.g., Yarlung Tsangbo, Lancang River, Salween, in
Figure 1a), which play an important role for regional climate feedbacks and the hydrological cycle and supply
water to major downstream populations [Immerzeel et al., 2010; Yao et al., 2012b]. Previous studies suggest
that LAI deposition can lead to enhanced glacier retreat [Gertler et al., 2016; Y. Li et al., 2016; Ramanathan
and Carmichael, 2008; Xu et al., 2009a]. Previous studies in the southeastern TP focused primarily on the BC
concentrations in ice cores/snowpits [Xu et al., 2009b; Wang et al., 2015] rather than including measurements
of mineral dust and other light-absorbing impurities. In addition, sampling was limited to the accumulation
zones, rather than expanding over the whole glacier, especially including the ablation zone (where the
retreat/melting mainly occurs). Sparse in situ data from this region hinders the evaluation of how LAIs affect
glacier surface albedos, radiative forcings, and glacier melts.
In this study, glacier surface snow/ice (including fresh snow, aged snow, and granular ice, see Figure S1 in the
supporting information) and snowpit samples, collected from the ablation zones of the Yarlong, Dongga,
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Figure 1. (a, b) Location map of the studied glaciers on the southeastern Tibetan Plateau.

Renlongba, and Demula glaciers on the southeastern TP (Figure 1), are analyzed for BC, OC, and dust concentrations. The spatial variations of their concentrations are discussed, focusing especially on the differences in
the accumulation and ablation areas of the glaciers and their vertical distributions in snowpits. By using the
SNow ICe Aerosol Radiative (SNICAR) model [Flanner et al., 2007], we also estimate the changes in snow
albedo and radiative forcing (RF) caused by BC and mineral dust. Furthermore, the potential sources of the
LAIs deposited on the southeastern Tibetan glaciers are also discussed.

2. Methodology
2.1. Study Area
Because of its high altitude (average > 4000 m above sea level (asl)) and large area (>5 million km2) [Yao et al.,
2012a], the TP plays a signiﬁcant role in the Earth’s climate system [Yanai and Wu, 2006]. The atmospheric
circulation patterns over the TP are characterized by the South Asian (Indian) monsoon in summer and the
westerlies in winter [Yao et al., 2012b]. Our study area is located along the southeastern margin of the TP
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(Figure 1). This region is strongly inﬂuenced by the South Asian monsoon, which typically arrives via the
Brahmaputra Valley [W. Yang et al., 2015]. The annual precipitation reaches approximately 800–1000 mm
in this region, and precipitation is usually much greater at the glacier equilibrium line altitude (ELA)
(~2500 mm) [W. Yang et al., 2015]. The temperate glaciers that are typical in the southeastern TP account
for approximately 20% of the total number of glaciers in China [Shi, 2008]. Due to their exhibited strong surface melting and rapid terminal movement, these glaciers are subject to extensive mass loss. From the 1970s
to the 2000s, glacier lengths in this area decreased at an average rate of ~48 m yr1 and the glacier-covered
area was reduced at an average rate of 0.57% yr1 [Yao et al., 2012b; W. Yang et al., 2015].
2.2. Sampling
During expeditions in June 2015, fresh snow, aged snow, and granular ice samples were collected (see
Figure S1) from the four glaciers (Yarlong, Dongga, Renlongba, and Demula) with average elevations ranging from 4060 to nearly 5090 m asl (Figure 1b). In addition, samples of three snowpits were collected from
the Dongga, Renlongba, and Demula glaciers. However, due to the number of crevasses, snowpit samples
were not obtained from the Yarlong glacier. In situ observations included snow thickness, density, and grain
size. Information on the sampling sites is listed in Table S1.
Whirl-Pak™ bags were used to collect surface snow samples (approximately 2 L, unmelted) from the upper
4–8 cm of snow, as well as surface granular ice samples when there was no snow cover. Snowpit samples
were excavated at a vertical depth of 10 or 15 cm, following the protocol described by Kang et al. [2007].
In total, 20 surface snow/ice samples and 24 snowpit samples were collected. Parallel samples were used
to average the results.
2.3. Filtering Procedure
All samples were kept frozen until analysis. Before ﬁltration, the samples were rapidly melted via a hot water
bath (approximately 20 min for complete melting) and the melt water (typically 1 L) was ﬁltered through a
predried (in a desiccator, at 550°C, for 6 h) weighted quartz substrate (Whatman™) using a vacuum pump.
Samples were ﬁltered twice and the ﬁltration equipment was rinsed 2 times with ultrapure water (<18.2
mΩ) to avoid particle loss [Ming et al., 2008]. The estimated total uncertainty of the particle concentrations
is <1% (including background counts and random counting errors) [Ming et al., 2008]. The BC collection efﬁciency of the ﬁltration of melted snow samples was determined to be 77 ± 17% [C. Li et al., 2016]. The ﬁltered
water was transferred into precleaned polycarbonate vials (Nalgene Bottle Square PC) for dissolved organic
carbon analysis and into precleaned polyethylene vials for major ions and elements analyses.
2.4. Measurements of Dust, BC, and OC
After ﬁltering, the quartz ﬁlters were analyzed for dust, BC and OC. The quartz ﬁlters were weighted gravimetrically after ﬁltration. Considering that the dust mass on the ﬁlters was far larger (2 orders of magnitude) than
the BC and OC masses on the ﬁlters [Kaspari et al., 2014; Wang et al., 2012], it was assumed that the total dust
mass was equal to the difference in the weight of the ﬁlters before and after ﬁltration.
Based on an adapted IMPROVE protocol [Cao et al., 2003; Chow et al., 2004], the BC and OC on the ﬁlters were
measured using the DRI® Model 2001A (Desert Research Institute, USA) thermal-optical carbon analyzer.
Because the dust loads in the snow/ice samples were greater than those in the airborne aerosol samples,
the method was modiﬁed such that, in a 100% helium atmosphere, only one temperature plateau (550°C)
was used to reduce the time that the BC was exposed to the catalyzing atmosphere [S. Yang et al., 2015].
The thermal/optical measurement method identiﬁed the analytical results as elemental carbon (EC) and
organic carbon (OC); here we adapted it to identify BC instead of EC to be consistent with the notation in
our model simulation and the literature. The reported OC concentrations from the snow and ice samples
can account for only the water-insoluble OC; most of the water-soluble OC is not captured by the ﬁlter-based
method. The detection limit of the analysis was 0.19 ± 0.13 μg total carbon (TC) cm2, and the ﬁlter blank was
1.23 ± 0.38 μg TC cm2, which was much lower (<1 order of magnitude) than the measured sample values.
2.5. Determining Reﬂectance and Radiative Forcing
During the expeditions to the glaciers in the southeastern TP, reﬂectance measurements of snow were
performed on the Yarlong glacier using an Analytical Spectral Devices Hand Held 2 (ASD HH2) spectroradiometer, which measured the spectral wavelength range of 325–1075 nm with 1 nm spectral resolution.
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The ASD FieldSpec HandHeld™ 2 is a portable spectroradiometer that performs rapid, precise, nondestructive,
and noncontact measurements. The ASD HH 2 provides extremely accurate, quickly derived reﬂectance,
radiance, and irradiance spectra in a variety of settings. An onboard, tilting color LCD display, integrated computing capability, large internal data storage, laser targeting, and GPS compatibility combine to create a selfcontained measurement system. In the ﬁeld, the measurements were made using a technique approximately
equivalent to that described by Takeuchi et al. [2015]. The reﬂectance in this study is given by the ratio of the
reﬂected radiance from a target surface area (glacier surface in this study) in a single direction to the irradiance from the entire hemisphere to the area. The reﬂected radiance in the visible to near-infrared wavelength
range (0.350–1.050 μm) in the nadir direction was measured at a height of approximately 20 cm above the
target surface. Measurements at this height provided a ﬁeld-of-view spot of 10 cm in diameter on the glacier
surface (Note: The diameter of the spot size is approximately half of the height). The reﬂectivities were calculated by dividing the integrated surface radiance by the integrated radiance acquired from the white
reference panel.
The SNICAR model can be used to simulate the hemispheric albedo of snow and ice for a unique combination
of impurity contents (e.g., BC, dust, and volcanic ash), snow effective grain size, and incident solar ﬂux characteristics [Flanner et al., 2007]. In the SNICAR model, the effective grain sizes of snow were derived from the
stratigraphies and ranged from 100 μm for fresh clean snow to 1500 μm for aged snow and granular ice. The
model was run with low, central, and high grain size for each snow type to account for the uncertainties in the
observed snow grain sizes. The effective grain sizes of snow are listed in Table S2 based on the layer-speciﬁc
snow types. Snow density varied with crystal size, shape, and the degree of rimming. The snow density data
used in the SNICAR model are summarized in Table S3 with low-, central-, and high-density scenarios for the
model runs based on a series observations in the TP and previous literatures [Judson and Doesken, 2000;
Sjögren et al., 2007]. Measurements of BC and dust concentrations, as well as other observations such as solar
zenith angle and snow thickness on the glaciers are provided in Table S4.
When running the SNICAR model, BC was assumed to be coated with sulfate [Flanner et al., 2007; Qu et al.,
2014]. The mass absorption cross section (MAC) is an input parameter for the SNICAR model; it is commonly
assumed to be 7.5 m2 g1 at 550 nm for uncoated BC particles [Bond et al., 2013]. For sulfate-coated BC
particles, the MAC scaling factor was set to be 1 m2 g1, following Qu et al. [2014] and Wang et al. [2015].
Other impurities (such as volcanic ash) were set to zero (Table S4).
Based on the albedo calculations, the BC and dust radiative forcing (RF) can be obtained by equation (1)
[Kaspari et al., 2014; S. Yang et al., 2015]:

RF ¼

1:075
Xμm
0:325 μm


E ðλ; θÞ αðr;λÞ  αðr;

λ; impÞ



Δλ

(1)

Where α is the modeled snow spectral albedo with/without the impurities (imp) of BC and/or dust, E is the
spectral irradiance, r is the optical grain size of snow, λ is wavelength (μm), and θ is the solar zenith angle
for irradiance. We integrate up to 1075 nm to match the observed data by using ASD HH2.

3. Results and Discussion
3.1. Spatial Distribution of Dust, BC, and OC
LAI concentrations varied broadly (dust from 0.5 to 1657 μg g1, BC from 12.3 to 9803 ng g1, and OC from
92.7 to 21565 ng g1), reﬂecting the large variability of deposited aerosol on the individual glacier and different snow types (Figure 2). The result showed that the dust, BC, and OC concentrations were relatively low at
the Demula glacier (Table 1 and Figures 2a–2c). These lower values could be related to the snowfall at the
time of sampling, which was not accompanied by strong-blowing snow or melt. The Dongga and
Renlongba glaciers contained higher LAI concentrations (Figure 2 and Table 1). However, for the snowpits
from the Renlongba, Dongga, and Demula glaciers, all LAI concentrations were comparable to each other
(Table 1), indicating the homogeneity of the wet or dry aerosol deposition on the glaciers in this region.
The amounts of impurities in the fresh snow and snowpits were generally lower than those in the aged snow
and surface granular ice (Figures 2d–2f). In the previous work, it was found that snow impurities tended to be
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concentrated at the surface during
melt [Doherty et al., 2013; Ming et al.,
2016; Qu et al., 2014; Xu et al., 2012],
as shown in Figure S1 via the visible
impurities in the aged snow and
granular ice on the glacier surface.
This creates a feedback loop that
enhances surface melt [Dumont
et al., 2014]. The lower concentrations in the fresh snow, compared
with those in the aged snow and
granular ice, imply that postdeposition processes (e.g., melting or sublimation) play an important role in
the distribution of LAIs over the
glacier surface.
Figure 3 shows a summary of BC and
dust concentrations in the snow and
ice cores from the TP and surrounding areas from past years. Ming et al.
Figure 2. Amount of impurities for (a–c) each glacier and (d–f) for fresh
[2009] reported that BC concentrasnow, aged snow, granular ice and snowpits on the southeastern Tibetan
tions were highest (more than
Plateau.
100 ng g1) at the periphery of the
TP and at lower elevations, where
the BC may be enriched by the proximity to sources, as well as by melting. In the Tien Shan region, BC and
OC concentrations in the surface snow and snowpits reached hundreds of ng g1, with maximum BC and
OC values of ~3000 and ~8000 ng g1 at the Urumqi No. 1 glacier, respectively [Ming et al., 2009, 2016;
Schmale et al., 2017; Xu et al., 2012] (Table S5). The minimum BC and OC were approximately 11 and 49 ng
g1 [Xu et al., 2012; Ming et al., 2016]. At the northern edge of the TP, BC concentrations ranged from 61
to 849 ng g1, with an average of 357 ng g1 in the surface snow and ice samples from the Laohugou No.
12 glacier, Qilian Mountain [Y. Li et al., 2016]. At the Muji glacier on the westernmost edge of the TP, the
BC in the sufﬁcient melt samples was 730 ng g1, but only 25 ng g1 in no-melt samples [S. Yang et al.,
2015]. For Xiaodongkemadi glacier of the central TP, BC concentrations were found to be in the order: granular ice (3335 ng g1) greater than aged snow (247 ng g1) greater than fresh snow (42 ng g1) [Li et al.,
2017]. At the Zhadang glacier in the central TP, Qu et al. [2014] reported high BC concentrations in the superimposed ice (~472 ng g1) and Ming et al. [2009] reported ~600 ng g1 from a snowpit. Minimal BC concentrations were reported by Kaspari et al. [2014] in surface snow at the Mera glacier col on the southern slope of
the Himalayas (1.0 ng g1) and by Ming et al. [2009] on the East Rongbuk glacier of Mount Everest (18 ng g1).
Even at the Mera glacier, BC was reported to be as high as 3535 ng g1 due to higher atmospheric concentrations in the troposphere or postdepositional processes leading to the enrichment of impurities [Kaspari
et al., 2014]. In addition, ice core BC data from the PLZ4 and Zuoqiupu glaciers (also located in the

Table 1. Average Concentrations of the Mineral Dust, Black Carbon (BC), and Organic Carbon (OC) in the Snow/Ice and
Snowpit Samples Collected From the Southeastern Tibetan Plateau
Glacier
Yarlong
Dongga
Dongga
Renlongba
Renlongba
Demula
Demula

ZHANG ET AL.

Sample Type
Aged snow
Snowpit
Aged snow/ice
Snowpit
Aged snow/ice
Snowpit
Fresh snow/ice

1

Dust (μg g

7.52 ± 2.53
20.5 ± 8.24
497 ± 712
37.0 ± 18.0
824 ± 766
21.9 ± 9.91
24.5 ± 8.96

LIGHT-ABSORBING IMPURITIES IN SNOW

)

BC (ng g

1

)

79.7 ± 50.1
97.3 ± 26.4
1550 ± 2177
318 ± 125
3648 ± 3092
125 ± 82.8
56.6 ± 26.1

1

OC (ng g

)

272 ± 152
281 ± 60.3
3913 ± 5235
818 ± 302
7956 ± 6829
177 ± 47.3
250 ± 69.5
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Figure 3. (a) BC and (b) dust distributions on the Tibetan Plateau and its surroundings.

southeastern TP) ranged from 4.7 to 16.8 ng g1 and from approximately 3 to 10 ng g1, respectively [Xu et al.,
2009a, 2009b], indicating lower concentrations than the present surface snow. Generally, BC concentrations
in the southeastern TP glaciers were most comparable to those in the Himalayan regions but were lower than
those in Tien Shan and the northern TP, due to differences in BC emissions or depositions [e.g., Ming et al.,
2009; S. Yang et al., 2015]. More generally, signiﬁcantly higher BC values are detected in the high mountains
of Asia than in the northern Greenland surface snow (0.3–2.3 ng g1) [Aoki et al., 2014], the Arctic (45 ng g1)
[Ruppel et al., 2014], and the Alpine (20 ng g1) [Thevenon et al., 2009] ice cores (Table S5).
These results indicate that the high amounts of BC emitted in South and East Asia (one of the largest sources
of BC globally) are likely to be lofted to the high TP and then deposited, darkening the glacier surfaces
[Ramanathan and Carmichael, 2008; Xu et al., 2009a]. It should be noted that the results from the
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various studies are not always
directly comparable due to their different analytical methodologies,
sampling dates, and snow conditions. However, these comparisons
nevertheless reveal a signiﬁcant
range of BC concentrations across
different glaciers and regions.
Focusing on the mineral dust concentrations across the TP and surroundings (Table S6), we can
compare studies that calculated the
mineral dust concentrations from
the size distributions from Coulter
counters and an average crust density of 2.6 g/cm3. The results reﬂect
clear differences between the sites
(Figure 3b). Glaciers in the southeastern TP show lower dust concentrations in the snowpits than the ones
in Tien Shan and the central-northern
TP [Dong et al., 2009, 2013, 2014;
Dong and Li, 2011; Wake and
Mayewski, 1994; Wu et al., 2010;
Zhang et al., 2016] but slightly higher
than those in the Himalayas [e.g.,
Wang et al., 2006; Wu et al., 2010;
Zhang et al., 2016]. This suggests a
decreasing trend of dust deposition
on glaciers from semiarid and arid
regions [Zhang et al., 2016] toward
Figure 4. Light-absorbing impurities across the snowpit and ratios of OC to the southern TP. However, the dust
concentrations in the aged snow of
BC (OC/BC) from the (a) Dongga, (b) Renlongba, and (c) Demula glaciers on
the southeastern Tibetan Plateau.
the southeastern TP are comparable
to those in the Tien Shan and the
northern TP [Dong et al., 2009, 2013, 2014; Zhang et al., 2016], which is likely due to the enrichment processes
triggered by melt events.
3.2. Vertical Variations of LAIs
Vertical changes of LAIs with snowpit depth are shown in Figure 4. The average concentrations of dust, BC,
and OC are comparable among the snowpits from the Dongga, Renlongba, and Demula glaciers (Table 1);
however, the proﬁles of the LAIs generally vary strongly across snowpits (Figure 4). For the Dongga glacier
(Figure 4a), impurities initially decreased below the surface layer of the snowpit but began to increase at a
depth of 60 cm in the ﬁrn layer. The maximum dust concentration occurred at the bottom ﬁrn layer of the
snowpit, while the maximum OC concentration occurred at the top of the snowpit. BC peaks occurred both
at the top of the snowpit and at the 80 cm deep ﬁrn layer. OC/BC ratios in the snowpits (average of 3.6) were
similar to the ratio in aged (or melted) snow/ice samples (average at 4.0) (Figure S2).
The vertical distributions from the Renlongba glacier showed that LAIs were not initially enriched in the
surface snow and did not migrate downward (Figure 4b). The ratios of OC/BC ranged from 2 to 3, similar
to the insigniﬁcantly melted surface snow in the ablation zone of the Renlongba glacier (Figure S2),
which also indicated that the BC and OC scavenging processes remained constant [S. Yang et al.,
2015]. The enriched LAIs at the Renlongba glacier generally appeared at depths of 50–60 cm near the
bottom ﬁrn.
ZHANG ET AL.
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a

Table 2. Sensitivity Analysis With the SNICAR Model for the Yarlong (YL) Glacier in the Southeastern Tibetan Plateau
Site

Measured Reﬂectance

YL1
YL2
YL3
YL4
Average

0.7632
0.7922
0.5719
0.7836
0.7278

SA Pure

SA + Dust

SA + BC

0.7607
0.7473
0.7599
0.7668
0.7587

0.7603
0.7442
0.7583
0.7658
0.7571

0.7555
0.7430
0.7530
0.7640
0.7539

SA + BC and Dust
0.7552
0.7400
0.7522
0.7610
0.7521

BC (%)
0.68
0.58
0.91
0.36
0.63

Dust (%)
0.05
0.42
0.21
0.14
0.21

BC + Dust (%)
0.72
0.99
1.00
0.76
0.87

DF (%)
1.05
6.59
31.53
2.88
3.35

a

SA pure represents the simulated albedo for the pure snow. SA+ Dust represents the simulated albedo with dust in the snow. SA + BC represents the simulated
albedo with BC in the snow. BC% and Dust% are the concentrations of BC and dust in the total albedo reduction on the Yarlong glacier. DF% means the differences
between the observed reﬂectance and simulated albedo.

The results from the snowpit from the Demula glacier are similar to those of the Renlongba glacier, with
covarying impurity concentrations throughout the snowpit (Figure 4c). Enriched and maximum dust, BC,
and OC generally occurred at a depth of 70–80 cm (the snow pit bottom). The OC/BC ratio exhibited a
decreasing trend from the upper layer of the snowpit (~8) to its bottom (~0.7) (Figure 4c). The high BC and
OC concentrations and low OC/BC ratio may suggest that the BC and OC had redistributed vertically in the
glacier, potentially under the control of melting processes or biological melt enhancement effects [Benning
et al., 2014; Dong et al., 2016; S. Yang et al., 2015; Takeuchi et al., 2006].
Impurity enrichment varied with snowpit depth and types of impurity. The maximum LAI concentrations
frequently occurred at the lower parts of the snowpits, except at the Dongga glacier, where the snowpit
contained more melt features (more icy layers) due to its lower elevation. Glaciers in the southern TP have
been experiencing serious shrinkage, with negative annual mass balances [W. Yang et al., 2015; Yao et al.,
2012b]. The maximum mass loss occurred in the ablation zone at 4160–4220 m asl and reached approximately 2623 millimeters water equivalent (mmwe) for six glaciers [Yang et al., 2010]. The annual precipitation
at the glacier equilibrium line altitude (ELA) reached approximately 2500–3000 mmwe [Shi and Liu, 2000]. The
snowpit depth (~1200 mm) in this study was approximately 300–400 mmwe, based on the snow density,
indicating that the snowpits were located in the ablation zone (below an ELA of ~5400 m asl), and the annual
accumulations (or mass balances) at the snowpit sites were negative. These snowpits mostly accumulated
from the end of the melting season (October) to the spring (May) and melt away in the summer. Thus, the
dirt layers at the bottom of the Renlongba and Demula snowpits may have formed during the previous
winter seasons with concentrated LAIs. Some dirty layers were also overlaid with ice (such as the Dongga
snowpit), which might be formed in the spring (Figure 4) when slight melting occurs. In addition, some dry
deposition of impurities onto the glaciers existed.
3.3. Estimation of Albedo Reduction and Radiative Forcing Caused by BC and Dust
The ﬁeld reﬂectance measurement data from the ASD HH2 at the Yarlong glacier are shown in Table 2. Slight
variations in the reﬂectance were observed at the Yarlong glacier due to variations in snow conditions over
time across the natural ﬁeld environment. The simulated albedo was consistent with the measured reﬂectance (mostly within about 7%), indicating that the albedo results simulated by the SNICAR model can represent the general conditions of the glaciers in the southeastern TP.
The average snow albedo reduction and RF caused by BC and dust are shown in Figure 5 as a function of
surface snow types. The albedo reduction ranged from between 0.27 and 23% for the combined effect of
BC and mineral dust (Table 3). For the central scenario (as deﬁned in Tables S2 and S3), the albedo reduction
caused by the BC and dust ranged from 0.52 to 20%, which is in agreement with other studies in the
Himalayas [Gertler et al., 2016; Kaspari et al., 2014; Ming et al., 2008]. The BC and mineral dust were coincident
but of low importance to reduce the albedo of fresh snow (Figure 5a and Table 3). However, in aged snow and
granular ice, BC and dust can strongly reduce the albedo (up to 20%) (Figure 5a). These results further suggest
that the effect of BC on the albedo reduction exceeds the effect of dust in aged snow and granular ice, while
dust seems to be more important in fresh snow (Table 3). In the Himalayas and the central TP, mineral dust
was found to be more important than BC [Kaspari et al., 2014; Qu et al., 2014], while in the northern TP, BC
plays a more important role for albedo reduction [Y. Li et al., 2016]. For the individual glaciers (Table S7),
the changes of BC and dust concentrations exert a signiﬁcant impact on albedo reduction, as indicated by
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Figure 5. Effects of the light-absorbing impurities on (a) albedo and (b) radiative forcing relative to the fresh snow. (The
results are grouped by samples of fresh snow, aged snow, and granular ice.)

the weak reduction of albedo due to low LAI concentrations in the Yarlong and Demula glaciers (Figure S3a
and Table S7). In addition to the impacts of BC and mineral dust on the albedo reduction, it is also important
to note that the different surface snow types have measurable effects, due to the snow grain sizes, densities,
and postdepositional processes (shown via the different scenarios in this study in Table 3).
Based on the LAI-induced albedo changes, RF was calculated by equation (1) for the different scenarios
(according to Tables S2 and S3). The results show that the instantaneous RFs range from ~2 W m2 in fresh
snow to more than 100 W m2 in aged snow or granular ice (Table 3). For the central scenario of fresh snow
(Table 3), the estimated BC forcing (~2 W m2) is comparable to what has been estimated for the northern
slopes of the Himalayas [Ming et al., 2012] and the Muji glacier in the western TP (2.2 W m2 for fresh snow)
[S. Yang et al., 2015] but is somewhat lower than those from the inland and northern TP [Ming et al., 2012; Qu
et al., 2014], as well as Tien Shan [Ming et al., 2016]. For the Zuoqiupu glacier, also located in the southeastern
TP, the annual mean RF induced by BC in an ice core increased from 0.75 to 1.95 W m2 from 1956 to 2006
[Wang et al., 2015], which coincides with our results. However, radiative transfer modeling constrained by
measurements at 5400 m at Mera La (on the southern slope of the Himalayas) indicated that BC concentrations in the winter-spring snow/ice horizons were sufﬁcient to reduce albedo by 6–10%, based on the localized instantaneous RF values of 75–120 W m2 [Kaspari et al., 2014], which is consistent with our results for
aged snow/granular ice (Table 3).
When impurity concentrations are low, the albedo reduction and RF by dust and BC may be comparable to
each other, as shown in fresh snow (Figure 5) or at the Yarlong/Demula glacier (Figure S3 and Table S7).
However, due to their low concentrations, the albedo reduction and RF are small (Table 3). For the aged
snow/granular ice in our study, the average RF associated with the dust and BC is 76 W m2 and 109 W
m2, respectively. This indicates that the RF effect of BC is considerably greater than that of dust in aged
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SA pure represents the simulated albedo for the pure snow. SA+ Dust represents the simulated albedo with dust in the snow. SA + BC represents the simulated albedo with BC in the snow. BC%
and Dust% are the concentrations of BC and dust in the total albedo reduction on the glaciers. RF + BC and RF + Dust represent the radiative forcings caused by BC and dust, respectively.

2.46 ± 0.65
4.78 ± 1.27
8.98 ± 2.36
106.49 ± 55.67
122.38 ± 61.10
149.82 ± 67.95
119.36 ± 59.49
162.81 ± 67.24
180.72 ± 67.57
1.00 ± 0.12
1.95 ± 0.23
3.71 ± 0.43
93.20 ± 49.35
110.87 ± 56.56
140.53 ± 66.06
87.47 ± 48.28
126.50 ± 60.58
144.17 ± 64.23
0.8371 ± 0.0045
0.8192 ± 0.0049
0.7640 ± 0.0061
0.7192 ± 0.0496
0.6476 ± 0.0573
0.5917 ± 0.0662
0.6778 ± 0.0484
0.6103 ± 0.0584
0.5605 ± 0.0615
Low
Central
High
Low
Central
High
Low
Central
High
Fresh snow
Fresh snow
Fresh snow
Aged snow
Aged snow
Aged snow
Granular ice
Granular ice
Granular ice

0.8380 ± 0.0045
0.8210 ± 0.0048
0.7673 ± 0.0060
0.8070 ± 0.0064
0.7491 ± 0.0072
0.7201 ± 0.0084
0.7573 ± 0.0139
0.7238 ± 0.0133
0.6891 ± 0.0140

0.8367 ± 0.0046
0.8184 ± 0.0052
0.7626 ± 0.0067
0.7559 ± 0.0339
0.6900 ± 0.0400
0.6450 ± 0.0484
0.6930 ± 0.0434
0.6339 ± 0.0507
0.5895 ± 0.0522

0.8358 ± 0.0047
0.8167 ± 0.0052
0.7594 ± 0.0068
0.7009 ± 0.0550
0.6381 ± 0.0615
0.5840 ± 0.0677
0.6492 ± 0.0581
0.5787 ± 0.0637
0.5293 ± 0.0635

0.16
0.31
0.61
6.30
7.89
10.43
8.49
12.43
14.45

0.11
0.22
0.43
10.88
13.54
17.83
10.50
15.69
18.67

0.27
0.52
1.03
11.91
14.81
18.91
14.27
20.05
23.19

1.47 ± 0.65
2.86 ± 1.27
5.37 ± 2.39
54.90 ± 33.56
66.00 ± 39.43
85.86 ± 48.41
72.12 ± 44.13
102.17 ± 54.11
114.62 ± 56.14

RF + BC and Dust
RF + BC
RF + Dust
BC + Dust (%)
BC%
Dust%
SA + BC and Dust
SA + BC
SA + Dust
SA Pure
Scenarios
Snow Types

Table 3. Estimates of Albedo Reductions and Radiative Forcing (W m
a
supporting information)

2

) for Different Snow Types at Low, Central and High Scenarios (Identiﬁed According to Tables S2 and S3 in the
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snow and granular ice scenarios (Figure 5b). However, the
instantaneous RF caused by mineral dust on snow can be
greater than that generated by BC, as suggested by Kaspari
et al. [2014] and Qu et al. [2014]. At Mera La, mineral dust was
shown to reduce the albedo by 40–42%, relative to clean snow,
yielding a localized instantaneous RF of 488 to 525 W m2,
which is higher than the RF associated with BC (75–120 W
m2). In the European Alps, a positive instantaneous RF can
result in 153 W m2 for those sampling areas with greater concentrations of dust [Di Mauro et al., 2015].
Modeling studies of the effects of BC and dust on local RFs
have been conducted on and around the TP, but because different methods have been used, signiﬁcant uncertainties exist
with regard to how BC and dust affect the RF of snow/ice. BC
size, morphology, and coating in snow are the dominant
sources of uncertainty in BC’s absorption properties for calculations of BC snow albedo climate forcing [Flanner et al., 2007;
Schwarz et al., 2013]. BC particles can be internally and externally mixed with other organic aerosol or nonabsorbing materials. BC in different types of mixing states can exhibit
signiﬁcantly different absorption properties, which affects the
efﬁciency of its absorption, as determined by its mass absorption cross section [Liou et al., 2011; Gustafsson and
Ramanathan, 2016]. For mineral dust, the real role of iron oxides in the dust absorption properties in snow also limits our
estimation of absorption [Zhang et al., 2015]. In this study,
the optical properties used for BC and dust are from the general sources used in the literature [Bond and Bergstrom, 2006;
Flanner et al., 2007] and not from a speciﬁc source region,
which leads to uncertainties in the modeling; the proportion
of dust that originated from local, regional, or long-distance
sources has not been constrained, and the contribution of dust
from natural sources, as opposed to anthropogenic sources, is
not well known. Such uncertainties may have caused biases in
our estimations of RF. Additional work is needed to focus on BC
and dust absorption properties in snow to assess albedo
reduction and RF more precisely.
The light-absorbing OC in atmospheric aerosols has various
origins, e.g., soil humics, humic-like substances (HULIS), tarry
materials from combustion, bioaerosols, etc. [Andreae and
Gelencsér, 2006]. The chemical and optical properties of OCs
may differ due to the nature of the OC sources or atmospheric
processing [Chen and Bond, 2010]. In contrast to BC and
mineral dust, the optical properties of OC have been examined
only in a limited way. In this study, we only measured the
concentrations of water-insoluble OCs rather than their compositions and light-absorbing properties because of the limitations of the measurements. Due to the lack of reliable OC
optical properties able to span the dimensions of snow grain
and OC particle size, the SNICAR model currently does not support the calculation of OC-in-snow forcing in the same way as
that of BC [Flanner et al., 2007]. Thus, OC radiative forcing is not
considered in our study. However, previous studies suggest
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that the RF of the OC deposited on the snow can contribute as much as 24% of the forcing caused by BC in
snow/ice, as simulated by one model [Lin et al., 2014]. In the southeastern TP, OC could even contribute
27–43% of the corresponding BC effect on snow albedo, as shown in an ice core study that did not consider
the variations of the chemical components of OC [Wang et al., 2015]. It is important to note that BC in the
atmosphere tends to mix with OC and inorganic salts during its aging, which enhances its absorption
[Gustafsson and Ramanathan, 2016]. In the snow, the internal mixing of brown carbon (light-absorbing OC)
could contribute 19% of the total absorption, depending on the coating thickness and mixing state [Liu
et al., 2015]. When estimating the RF or simulating the glacier melt caused by LAIs in the snow, OC cannot
be ignored due to its potentially signiﬁcant impact on light absorption in the future.
In this study, due to the limitation of ﬁeld work, we fell to deal with discretely classiﬁed anisotropies for the
speciﬁc glacier surface. Nargeli et al. [2015] pointed out that improvements of estimation of glacier surface
albedo may be achieved when using a continual changing anisotropy (from forward and backward scattering), which took account material (deﬁned as debris, dirty ice, water, ice, bright ice, and snow)-dependent
scattering abundances within pixels of glacier surface. Because the glacier surface-albedo feedback, inﬂuenced by the contamination of surface with LAIs, plays a major role in the melting of mountain glaciers in
a warming climate, more insight into the processes driving albedo variations in time and space are urgently
needed in order to improve models for quantifying future ice melt at the local to global scale [Nargeli et al.,
2015, 2017].
3.4. Implications for the Southeastern TP Glaciers
In the Himalayan region, a 2.0–5.2% albedo reduction from BC depositions could result in an 11.6–33.9%
increase in the annual discharge, if the snow layer with reduced albedo remains at the surface of the glacier
[Yasunari et al., 2010; Gertler et al., 2016]. If the high-impurity layers (for example, the snowpit bottom layer,
Figure 4) that formed during the winter-spring period were covered by fresh snowfall during the summer season, the effect of the LAIs on the summer glacier melt would largely be eliminated. Conversely, if the impurities were exposed at the glacier surface during the melt season, glacier melt would accelerate [Kaspari et al.,
2014]. This process would further be strengthened if the melt led to the additional exposure of impurities at
the glacier surface, or if the melt season were extended due to a warming climate or macroscale atmospheric
circulations [Fujita and Nuimura, 2011; W. Yang et al., 2015]. However, it is a challenge to characterize these
processes carefully and to subsequently represent them in models to calculate the resulting albedo change
and its implications for glacier melt. Moreover, without having a better understanding of the effect of OC and
cryoconite (dark accumulations of ﬁne dust, microbiological material, and small rocks on the glacier surface)
[e.g., Cook et al., 2016; Takeuchi et al., 2001], the analysis of LAI-induced snowmelt can only provide a
lower estimate.
In this study, based on the albedo changes due to LAIs (Table 2), the snowmelt induced by BC and dust for
different scenarios is simulated according to the method (Text S1 in the supporting information) used by
Schmale et al. [2017]. The results suggest that the glacier melt induced by the LAIs was considerable, at
approximately 350 mmwe yr1 relative to aged snow/granular ice for the central scenarios (Table S8). This
indicates that an average of approximately 15% of the total glacier melt (glacier mass balance is averaged
at ~1100 mmwe yr1 by Yao et al. [2012b] and W. Yang et al. [2015], and precipitation is approximately
1000 mmwe [Shi and Liu, 2000]) can be attributed to the LAIs over the glacial area in the southeastern TP.
For the fresh snow, this proportion accounts for less than 2%, related to the lower LAI concentrations and
albedo reductions. In our result, this represents the effect of LAIs on snowmelt, mostly for those induced
by BC and dust in aged snow/granular ice, namely, in the glacier ablation zone.
In several previous studies of the springtime darkening of the Greenland Ice Sheet in 2009, scientists
suggested that microorganisms, such as the pigmented algae that reside in snow and ice, can also cause a
substantial reduction in albedo [Aoki et al., 2014; Benning et al., 2014; Uetake et al., 2010; Yallop et al.,
2012]. The relative importance of biological activity versus inorganic dust and BC in the darkening of glacial
surfaces remains an open question [Benning et al., 2014]. This is a challenge for bridging the gap between
modeling and observations.
Ramanathan et al. [2005] noted that the annual South Asian atmospheric brown clouds consisted of a
roughly 3 km thick mixture of anthropogenic sulfate, nitrate, organics, BC dust, and ﬂy ash particles, as
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Figure 6. MODIS atmospheric optical depth (AOD) ﬁelds derived using dark target algorithms over the TP and its surroundings. (http://giovanni.sci.gsfc.nasa.gov).

well as natural aerosols, such as sea salt and mineral dust. When deposited on glaciers, these aerosols can
darken the surface of the glacier and cause accelerated melting, threatening the survival of the Tibetan
glaciers [Ramanathan and Carmichael, 2008; Xu et al., 2009a]. Ice core and atmospheric studies on the
southeastern TP show high BC and OC concentrations during the nonmonsoon seasons [Wang et al.,
2015]. The high BC and OC values in the premonsoon/postmonsoon seasons and in the winter could
mainly result from air pollutants transported from South Asia [Kopacz et al., 2011; C. Li et al., 2016]. The
Moderate Resolution Imaging Spectroradiometer Aerosol Optical Depth (MODIS AOD) data from summer
and winter indicate that the aerosol optical depths in South Asia are much greater than those in other
regions, likely due to heavy atmospheric pollutants (Figure 6). However, in the summer, during the
Indian monsoon period, the MODIS AOD data show greater depths than in winter; this may explain the
seasonal differences in BC and OC depositions on glaciers.
Footprint analyses were also performed using the European Centre for Medium-Range Weather Forecasts
(ECMWF) analysis ﬁelds with the Lagrangian analysis tool LAGRANTO [Sprenger and Wernli, 2015; Wernli
ZHANG ET AL.
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Figure 7. Footprints of the back trajectories launched over a study glacier (Renlongba) during (a) the monsoon season
(June–August 2015) and (b) nonmonsoon season (December 2014 to February 2015). The trajectories starting below
500 hPa were taken into account. Black dots: the air parcel did not pass near a ﬁre during the 96 h prior to arrival at the
studied site; Green dots: the air parcel did pass by a ﬁre between 96 h and 48 h, but not afterward; i.e., the “contact” to a
ﬁre lies back at least 48 h before the air parcel arrived at Renlongba glacier; Magenta dots: contact with ﬁres occurred
between 48 h and 0 h before arriving at site; Red dots: contact with a ﬁre before and after 48 h.

and Davies, 1997]. These were launched every 6 h in the study periods (see Text S1 in the supporting
information). The ECMWF ﬁelds (horizontal and vertical wind components) were retrieved for 137 model
levels and then interpolated onto a 0.25 × 0.25° latitude-longitude grid. The seasonal footprints were
derived for the study glaciers from December 2014 to February 2015 and from May 2015 to September
2015 (Figures 7 and S4a). The footprint analysis indicated that the monsoonal air masses originated mainly
from South and Central Asia, and western China (including the Taklimakan Desert) (Figure 7a). However,
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Figure 8. Contributions of biomass-sourced BC emissions during (a) the monsoon season (June–August 2015) and (b) nonmonsoon season (December 2014 to February 2015) for the Renlongba glacier. (A value of 40% at t = 48 h, for instance,
means that 40% of the trajectories passed a ﬁre spot within the search radius.). The four bars at each time correspond to the
neighborhood distances applied in the analysis.

during the nonmonsoon season (Figure 7b), due to the strong westerly pass through, air masses mainly came
from the Middle East and South Asia, as noted in a previous study [Wang et al., 2015]; air masses originating
from western China were rarer (Figure S4a). The seasonal differences emphasized the importance of source
strength changes, which can affect the concentrations of speciﬁc impurities in the snow.
Lu et al. [2012] and Yang [2016] show, with back trajectory calculations (HYSPLIT model) and WRF-Chem
model simulations, that most of the anthropogenic contributions (10–60%) to the atmospheric BC over the
southeastern TP originated from South Asia, with higher contributions in the premonsoon season than in
the monsoon season. During the monsoon season, the east region of the TP contributed approximately
30% of the BC deposition in the southeast TP [Yang, 2016]. A combined analysis of the δ13C and Δ14C ﬁngerprints in the nonmonsoon season also indicated that the biomass-sourced BC, which mainly stemmed from
emissions from the Indo-Gangetic Plain (South Asia), plays a quantitatively more important role in TP glaciers
[C. Li et al., 2016].
Based on the Fire INventory from NCAR ﬁre emissions inventory [Wiedinmyer et al., 2011] (Text S2 in the supporting information), the contributions from air masses crossing the ﬁre spots and those arriving at the study
glaciers are analogous to each other (Figures 8 and S4b). The results from the Renlongba glacier, for example,
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indicate that during monsoon season, nonbiomass-burning (e.g., vehicle emission) BC emissions may play a
larger role for the Renlongba glacier than other BC deposition, while more than 50% of the BC deposition on
glaciers can be inﬂuenced by biomass burning (including agricultural waste burning and wildﬁres) during the
nonmonsoon season. Thus, when assessing the impact of LAIs on glacial surface albedos in the southeastern
TP, attention needs to be paid to how the seasonal/temporal and spatial factors (e.g., ablation or accumulation zones) can affect simulation results. Extrapolating the impact of the anthropogenic BC emissions, it is
likely that the albedo reduction caused by anthropogenic emissions will play an even larger role in the future
than it already does in this region. Only stringently eliminating BC emission from contained combustion and
severely limiting those from open burning could mitigate the glacier melt in the future, in addition to reducing CO2 emissions.

4. Conclusions
This study addresses the in situ observations of LAI concentrations in the snow/ice from the southeastern TP
over four glaciers. The results show that the average concentrations of dust, BC, and OC in the fresh snow and
snowpits are generally lower than those in the surface aged snow/granular ice. The high amounts recorded in
the aged snow/granular ice may be related to previous melting that has led to the enrichment of LAIs.
Impurity concentrations clearly varied throughout the snowpits. Generally, the maximum dust, BC, and OC
concentrations occurred toward the bottom of snowpits, except at the Dongga glacier, which had more melt
features, due to its low elevation. The lowest LAI concentrations usually occurred in ﬁrn snow and buried
(subsurface) old snow samples. More constrained observations are still needed to conﬁrm this phenomenon
in the glaciers from the southeastern TP.
The result of the SNICAR model simulation suggests that the albedo reductions caused by BC and dust
account for a change of approximately 20% relative to aged snow/granular ice and less than 5% for fresh
snow. The RF caused by BC and dust varied between 1.00–140 W m2 and 1.47–120 W m2 depending on
the different scenarios (low, central, and high), respectively. This implies that the effect of BC is considerably
larger than that of dust in aged snow and granular ice. While the relative effects of BC and dust on albedo
reduction can be relatively well determined with the SNICAR model simulations performed in this work, their
absolute magnitudes are subject to uncertainties, owing to the limitations of the modeling of the dust particle size distribution, BC coating and the BC MAC, and the lack of a continual changing anisotropy of
glacier surface.
Estimation indicated that the LAIs in the aged snow and granular ice contributed approximately 15% of the
total glacier melt, especially in the ablation zone. Based on the discussion of the MODIS AOD and the footprint from the backward trajectories, the LAIs deposited on the southeastern Tibetan glaciers are strongly
linked to the South Asian atmospheric brown clouds. The contributions from nonbiomass-sourced BC played
a pivotal role for the total BC deposition, especially during the monsoon season. During the nonmonsoon
season, biomass burning plays a larger role in the BC deposition in the study area. Reducing the emissions
of anthropogenic BC can help mitigate glacier melt in the future in the southeastern TP.
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