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Abstract. Black carbon (BC) and dust deposited on snow
and glacier surfaces can reduce the surface albedo, acceler-
ate snow and ice melt, and trigger albedo feedback. Assess-
ing BC and dust concentrations in snow and ice in the Hi-
malaya is of interest because this region borders large BC
and dust sources, and seasonal snow and glacier ice in this
region are an important source of water resources. Snow and
ice samples were collected from crevasse profiles and snow
pits at elevations between 5400 and 6400 m a.s.l. from Mera
glacier located in the Solu-Khumbu region of Nepal during
spring and fall 2009, providing the first observational data of
BC concentrations in snow and ice from the southern slope
of the Himalaya. The samples were measured for Fe concen-
trations (used as a dust proxy) via ICP-MS, total impurity
content gravimetrically, and BC concentrations using a Sin-
gle Particle Soot Photometer (SP2). Measured BC concentra-
tions underestimate actual BC concentrations due to changes
to the sample during storage and loss of BC particles in the
ultrasonic nebulizer; thus, we correct for the underestimated
BC mass. BC and Fe concentrations are substantially higher
at elevations < 6000 m due to post-depositional processes in-
cluding melt and sublimation and greater loading in the lower
troposphere. Because the largest areal extent of snow and
ice resides at elevations < 6000 m, the higher BC and dust
concentrations at these elevations can reduce the snow and
glacier albedo over large areas, accelerating melt, affecting
glacier mass balance and water resources, and contributing to
a positive climate forcing. Radiative transfer modeling con-

strained by measurements at 5400 m at Mera La indicates
that BC concentrations in the winter–spring snow/ice hori-
zons are sufficient to reduce albedo by 6–10 % relative to
clean snow, corresponding to localized instantaneous radia-
tive forcings of 75–120 W m−2. The other bulk impurity con-
centrations, when treated separately as dust, reduce albedo
by 40–42 % relative to clean snow and give localized instan-
taneous radiative forcings of 488 to 525 W m−2. Adding the
BC absorption to the other impurities results in additional ra-
diative forcings of 3 W m−2. The BC and Fe concentrations
were used to further examine relative absorption of BC and
dust. When dust concentrations are high, dust dominates ab-
sorption, snow albedo reduction, and radiative forcing, and
the impact of BC may be negligible, confirming the radiative
transfer modeling. When impurity concentrations are low,
the absorption by BC and dust may be comparable; however,
due to the low impurity concentrations, albedo reductions are
small. While these results suggest that the snow albedo and
radiative forcing effect of dust is considerably greater than
BC, there are several sources of uncertainty. Further observa-
tional studies are needed to address the contribution of BC,
dust, and colored organics to albedo reductions and snow and
ice melt, and to characterize the time variation of radiative
forcing.

Published by Copernicus Publications on behalf of the European Geosciences Union.



8090 S. Kaspari et al.: Seasonal and elevational variations of black carbon and dust in snow and ice

1 Introduction

Recent research has focused on assessing black carbon (BC,
the strongest absorbing component of soot) concentrations in
snow and ice. BC is produced by the incomplete combustion
of biomass, coal and, diesel fuels. In the atmosphere, BC ab-
sorbs light and causes atmospheric heating, whereas BC de-
posited on snow and ice can reduce the surface albedo, accel-
erate snow and ice melt, and trigger albedo feedback (Flan-
ner et al., 2009; Hansen and Nazarenko, 2004; Ramanathan
and Carmichael, 2008). BC is estimated to be second only to
CO2 in its contribution to climate forcing (Ramanathan and
Carmichael, 2008; Bond et al., 2013), and the effect of BC on
snow albedo further contributes to climate warming (Hansen
and Nazarenko, 2004). However, the degree to which BC
contributes to climate warming and changes in the hydro-
logic cycle remains uncertain.

Assessing BC concentrations in the Himalaya and Ti-
betan Plateau is of particular interest because this region bor-
ders some of the largest sources of BC globally (Bond et
al., 2007). Regional sources of BC include biomass burn-
ing (forest and grassland fires, burning of agricultural and
crop waste), residential cooking and heating, transporta-
tion, power generation, and industry (Bond et al., 2004;
Venkataraman et al., 2005, 2006). The largest climate forcing
from BC in snow is estimated to occur over the Himalaya and
Tibetan Plateau (Ramanathan and Carmichael, 2008; Flan-
ner et al., 2007, 2009), and there are concerns that BC is
contributing to glacier retreat in this region via atmospheric
heating and albedo reduction due to BC deposition on glacier
surfaces (Ramanathan and Carmichael, 2008). Glacier retreat
in this region has serious consequences as snow and runoff
from Himalayan glaciers are sources of major rivers in Asia
and as the availability of water resources has profound ef-
fects on agriculture and human health (Barnett et al., 2005;
Immerzeel et al., 2010). While glaciers in the Himalaya are
retreating, it is not clear if the retreat is driven by rising tem-
peratures or deposition of BC and other light-absorbing im-
purities (Bolch et al., 2012).

Prior research has begun to characterize BC concentra-
tions in snow and ice in this region both spatially and tem-
porally. Ming et al. (2009) analyzed snow pits for BC from
glaciers in western China and reported that BC concentra-
tions are highest in the periphery of the Tibetan Plateau and at
lower elevations, likely due to the closer vicinity to sources,
and melting, which concentrates the BC load. Historical
records of BC concentrations in snow and ice have been
produced from ice cores retrieved from mountain glaciers,
with most studies reconstructing BC concentrations since
the 1950s. These studies suggest that BC concentrations on
the Tibetan Plateau were highest during the 1950s–1960s,
during which Tibetan glaciers retreated, whereas cores from
the Himalaya indicate elevated BC concentrations in recent
decades (Liu et al., 2008; Ming et al., 2008; Xu et al., 2009).
An ice core retrieved from the East Rongbuk Glacier on

Figure 1. Photographs taken from the same location in the Inkhu
Khola valley, Solu-Khumbu, Nepal at∼ 4300 m.(a) looking south.
Note the presence of the Atmospheric Brown Cloud (a combination
of BC, other pollutants and dust). Picture(b) looking northwards
towards the crest of the Himalaya (here seeing the south side of
Mera Peak).

the northern slope of Mt. Everest and spanning 1860–2000
provided the first Asian ice core record of BC concentra-
tions since pre-industrial times, and documented a threefold
increase in BC concentrations from 1975–2000 relative to
1860–1975 (Kaspari et al., 2011). The differences in BC tem-
poral trends between sites is attributed to source differences,
with the Tibetan Plateau sites thought to be dominated by
European BC sources, whereas modeling studies and com-
parisons of ice core records with historical BC emission in-
ventories suggest that the dominant sources of BC deposited
in the Himalaya are from South Asia, with lesser contribu-
tions from the Middle East (Kopacz et al., 2011; Kaspari et
al., 2011; Bond et al., 2007; Xu et al., 2009).

Previous BC observational work has focused on BC con-
centrations in snow and ice on the northern slope of the Hi-
malaya, despite the proximity of the south slope of the Hi-
malaya to major BC sources (Fig. 1). Conducting field re-
search on the south slope of the Himalaya is logistically chal-
lenging, and as a result there is a paucity of in situ data.
While Yasunari et al. (2010) used atmospheric data to esti-
mate BC deposition onto glaciers on the southern slope of the
Himalaya, no southern slope observational data of BC con-
centrations in snow/ice has been available besides the study
presented herein and recent work by Ginot et al. (2013).

While recent research has largely focused on BC, dust and
other light-absorbing impurities also reduce snow albedo and
can be present in snow in much higher concentrations than
BC (e.g., Kaspari et al., 2011; Painter et al., 2007; Takeuchi
et al., 2002). Furthermore, there is evidence that dust deposi-
tion in the Himalaya may be increasing due to anthropogenic
activities and increased aridity (e.g., Thompson et al., 2000;
Kaspari et al., 2009), and recent remote sensing studies sug-
gest that dust may dominate solar absorption (Gautam et
al., 2013; Ming et al., 2012). However, the lack of in situ
data from this region prevents evaluating the effect of BC
and dust deposition on snow and ice albedo and melt. Ginot
et al. (2013) analyzed a shallow ice core retrieved in 2010
from the summit of Mera Peak in the Solu-Khumbu region
of Nepal for BC, dust and stable isotopes, and used the resul-
tant record to estimate the potential impact of BC and dust
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on glacier melting. While this record provided valuable in-
formation on the interannual variability of BC and dust de-
position to the accumulation zone of Mera glacier, this study
did not take into account that BC and dust concentrations are
higher at lower elevations, affecting their melt estimates.

Herein we present BC and dust concentrations in snow
and ice from the ablation and accumulation zones of Mera
glacier located on the southern slope of the Himalaya in the
Solu-Khumbu region of Nepal. We investigate how BC and
dust concentrations vary seasonally and with elevation due
to differences in deposition and post-depositional processes,
and we estimate the associated changes in snow albedo and
radiative forcings by BC and dust in snow.

2 Site description and methods

2.1 Site description

Mera glacier (27◦43 N, 86◦53 E) in the Solu-Khumbu region
of Nepal was selected as the study site for this research be-
cause Mera glacier is: (1) located on the southern slope of
the Himalaya; (2) a debris free glacier that has been mon-
itored for glacier mass balance since 2007 (Wagnon et al.,
2013); (3) located nearby (30 km south of) the Nepal Cli-
mate Observatory-Pyramid (NCO-P) in the Khumbu valley,
Nepal (27◦56 N, 86◦49 E, 5079 m a.s.l.) where atmospheric
BC measurements have been made since 2006; and (4) rel-
atively accessible (5–7 days walk from Lukla airport). Dur-
ing the summer months the climate at this site is dominated
by the Indian monsoon, with air masses originating from the
Bay of Bengal. During the winter, atmospheric circulation is
dominated by the westerlies. Based on NCO-P station data,
more than 80 % of the precipitation falls during the summer
monsoon period (June–September), with the non-monsoon
months relatively dry. Mera glacier flows northwards from
the summit of Mera Peak (6420 m a.s.l.) to the terminus at
4940 m a.s.l., and the equilibrium line altitude (ELA) is lo-
cated at approximately 5550 m a.s.l. The monitoring of Mera
glacier since 2007 indicates that the glacier is undergoing
moderate mass loss (Wagnon et al., 2013).

2.2 Sample collection

To characterize BC and dust concentrations in snow and ice,
snow/ice samples were collected during spring and fall 2009
at elevations between 5400 and 6400 m a.s.l. (Fig. 2). In late
April 2009, samples were collected from northwest-facing
crevasse profiles near Mera La (5400 m a.s.l., and below the
ELA) and below Mera High Camp (5800 m a.s.l., and above
the ELA). The density of the firn, particularly at Mera La,
was not conducive to snow pit sampling, and the crevasse
profiles enabled multiple years of firn to be sampled. Be-
cause the surface of crevasse walls can undergo sublimation
and melt processes, the outer surface of the crevasse walls
were removed using a mountain axe to create a fresh sam-

Figure 2. (a) Location of Mera Peak and Nepal Climate
Observatory-Pyramid, and(b) Picture of Mera glacier taken during
April 2009 showing the location of Mera La (5400 m a.s.l.), Mera
High Camp (5800 m a.s.l.), and Mera Summit (6400 m a.s.l.). Photo
taken by Jesse Cunningham.

pling surface, with a minimum of 10 cm of the fresh surface
being removed. The crevasse wall was continuously sam-
pled in 5–10 cm increments directly into pre-cleaned 50 mL
polypropylene vials. The upper 3 m of a crevasse was sam-
pled near Mera La, and the upper 2 m of a crevasse was
sampled below Mera High Camp. At the col below Mera
Peak (6400 m a.s.l.), a 54 cm snow pit was continuously sam-
pled in 3 cm increments. In addition to the snow/firn col-
lected from Mera glacier, nine fresh snow samples were
collected by personnel at the Nepal Climate Observatory-
Pyramid (NCO-P) in the Khumbu valley, Nepal (27◦56 N,
86◦49 E, 5079 m a.s.l.) during February–May 2009. These
samples were kept frozen until transport from NCO-P. Due to
the remoteness of Mera glacier, samples were not kept frozen
during transport from the field to the laboratory. Thus, sam-
ples were kept stored at ambient temperature away from light
until analyzed for BC and dust at the Paul Scherrer Institut
in May 2009. Additionally, during early November 2009 a
30 cm snow pit was sampled at 5 cm resolution from Mera
La, a 1.2 m snow pit was sampled at 3–4 cm resolution be-
low Mera High Camp, and a 1.7 m snow pit was sampled at
3.7 cm resolution at the col below Mera Peak. These samples
were stored at ambient temperature until analyzed in Octo-
ber 2010 at Central Washington University. Due to the longer
time period between collection and chemical analysis of the
samples collected during the fall of 2009, these samples are
only discussed briefly.

2.3 Dust analytical methods

All samples were acidified with nitric acid to 0.5 mol L−1

for consistency with the methods described in Kaspari et
al. (2011). Iron (Fe) concentrations were determined by in-
ductively coupled plasma mass spectrometry (ICP-MS) and
used as a dust proxy because iron oxides dominate light ab-
sorption by mineral dust. After the samples were analyzed for
BC (described below in Sect. 2.4), the impurity load in five
highly concentrated samples was determined gravimetrically
after drying the samples at 80◦C. Herein we make the as-
sumption that the gravimetric impurity measurement reflects
dust based on the following:
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Figure 3.Fe (µg L−1) vs. gravimetric solids (g L−1) from five sam-
ples collected at Mera La.

1. The dry mass impurity is well correlated with the Fe
measurements, suggesting that dust dominates the dry
mass (Fig. 3).

2. Using the slope of the line in Fig. 3 and assuming a
density of 1 g mL−1 for the liquid samples used in the
Fe measurement yields 1 g Fe 80 g−1 of dust, indicat-
ing the dust is 1.25 % Fe, or 1.8 % Fe when scaled to
hematite. This is in the expected range for Fe2O3 in the
upper continental crust (4.4 %), granites (2 %) and sed-
imentary rocks (6.4 %) (Wedepohl, 1995).

3. Takeuchi et al. (2002) reported that organic material ac-
counted for between 3.0–6.8 % of cryoconite mass on
Himalayan glaciers, supporting the assumption that dust
dominates the impurity mass (solids).

2.4 BC analytical method

The same samples measured via ICP-MS were analyzed for
BC using a Single Particle Soot Photometer (SP2, Droplet
Measurement Technologies). The SP2 uses laser-induced in-
candescence to measure the BC mass in individual particles
(between 80–500 nm diameter in this study) quantitatively
and independent of particle morphology and coatings with
light scattering material (Slowik et al., 2007; Schwarz et al.,
2006; Stephens et al., 2003). The SP2 detects the mass con-
centration of refractory BC (sometimes referred to as rBC
(Petzold et al., 2013); the term BC is used here for sim-
plicity), while other absorbing aerosol components such as
brownish carbon or mineral dust are generally not detected
by the SP2. Recent work indicates that the presence of dust
can produce visible light signals in the SP2, which causes a
small positive offset (15 µg L−1 BC offset for samples with
very high (50 000 µg L−1) dust concentrations) (Schwarz et
al., 2012). In the context of this study, this offset is neg-
ligible due to the high BC concentrations reported herein,
and other analytical uncertainties described below. Prior BC

method comparison studies indicate that the SP2 is less af-
fected by other light-absorbing impurities than other BC an-
alytical methods (Schwarz et al., 2012; Torres et al., 2014;
Lim et al., 2014). Additional advantages of the SP2 is that
smaller sample volumes are required than other BC analyti-
cal methods, and the method does not use filters that can have
filtration efficiency issues. Further details on the SP2 calibra-
tion and configuration are provided by Wendl et al. (2014)
and in the auxiliary materials of Kaspari et al. (2011).

The samples were sonicated for 15 minutes just prior to
analysis. During BC analyses the samples were mixed using
a magnetic stirrer, nebulized using a Cetac U-5000AT+ ul-
trasonic nebulizer, and the resultant aerosol was introduced
to the sample inlet of the SP2. Samples with measured BC
concentrations exceeding 10 µg L−1 were diluted with Milli-
Q water to less than 10 µg L−1. The monitoring of liquid
sample flow rate pumped into the nebulizer, fraction of liq-
uid sample nebulized, and nebulizer and SP2 airflow rates
allows BC mass concentrations in the liquid sample to be de-
termined. Schwarz et al. (2012) report that the SP2 combined
with a Collison-type nebulizer can be used to measure BC
mass concentration in snow with an estimated 60 % uncer-
tainty (due to uncertainty in calibration results and size de-
pendent nebulization efficiency). The BC concentrations re-
ported herein underestimate actual concentrations, and have
an uncertainty higher than 60 % due to:

1. Loss of BC particles in the Cetac U-5000AT+ ultra-
sonic nebulizer. Schwarz et al. (2012) tested nebuliza-
tion efficiency based on particle size using polystyrene
latex spheres ranging in size between 220 and 1537 nm,
and reported that the Cetac nebulization efficiency was
size dependent. The nebulization efficiency was 20 % or
less for particles greater than 700 nm relative to particles
in the 200–500 nm size range. Subsequent research at
Central Washington University confirmed the results of
Schwarz for the Cetac, while Wendl et al. (2014) found
that for the Cetac, nebulization efficiency was great-
est in the 300–400 nm size range, with decreased ef-
ficiency for smaller and larger particle sizes. Addition-
ally, Schwarz et al. (2013) report larger mass size dis-
tributions of BC in snow than BC in the atmosphere,
with the mass of BC cores larger than 600 nm account-
ing for 17 % or more of the BC mass based on snow
samples in Colorado. Thus, a non-trivial mass of BC is
not nebulized by the Cetac nebulizer, and thus not mea-
sured by the SP2. We correct for the mass of BC not
nebulized based on gravimetric Aquadag standard solu-
tions. This standard correction does not fully address the
size dependent nebulization nor likely differences in the
mass-size distributions of Aquadag and the snow sam-
ples. We also note that prior studies using the SP2 to
measure BC concentrations in liquid samples have used
other BC materials as a calibration standard, with other
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standards resulting in a higher corrected BC concentra-
tion than Aquadag (Wendl et al., 2014).

2. Apparent BC losses due to changes to the sample dur-
ing storage. Repeated measurements on aqueous sam-
ples stored at ambient temperature demonstrate a reduc-
tion in measured BC concentrations over time (Wendl
et al., 2014). Re-measuring Aquadag standards and
environmental samples stored at room temperature in
polypropylene vials over an 18 day period indicated
that BC losses are dependent on sample concentration.
Aquadag standards that measured 7, 5, and 2 µg L−1 BC
directly after the standards were created decreased to 4,
1.8, and 0.3 µg L−1 BC, indicating that measured con-
centrations after 18 days were 57, 36, and 15 % of the
initially measured concentrations, respectively. An en-
vironmental snow sample that initially was measured
as having a concentration of 2.4 µg L−1 BC decreased
to 0.6 µg L−1 after 18 days, or 25 % of the initially
measured concentration (Wendl et al., 2014). These re-
sults suggest that apparent BC losses are proportionally
greater in low concentration samples relative to higher
concentration samples. The samples from Mera glacier
were analyzed 3 weeks after sample collection, so the
above-mentioned BC losses may be referred to in or-
der to estimate apparent BC losses in the Mera sam-
ples. However, complications in extrapolating the above
results to the Mera samples include (1) BC concentra-
tions in some of the Mera samples are one to two mag-
nitudes greater than the prepared standards. BC losses
in highly concentrated samples are likely proportion-
ally lower than low concentration samples, as indicated
by the above results, and (2) the Mera samples have
high dust concentrations, and it is not known how the
chemical composition of the sample affects apparent
BC losses. Possible causes of the BC losses during stor-
age include BC particles agglomerating above the size
range in which particles are efficiently nebulized and
outside of the detection range of the SP2, and/or BC ad-
hering to the vial walls. Subsequent research has shown
that acidification of samples stored in polypropylene
can aid in at least partial recovery of BC losses that oc-
cur in the sample vial (Wendl et al., 2014). However,
in general we advise against acidification because acid-
ification can cause a shift towards smaller BC particles
(Schwarz et al., 2012). To avoid particle losses, samples
should be kept frozen from the time of collection until
just prior to being measured with the SP2. As mentioned
above, field logistics during this reconnaissance cam-
paign did not make this possible in the current study.

These factors lead to uncertainties in the actual BC concen-
trations. Herein we report the BC concentrations asmeasured
BC (MBC), which have been corrected for the nebulizer ef-
ficiency based on the Aquadag standard solutions. TheMBC
concentrations do not account for BC particles larger than

those detected by our Cetac-SP2 system, nor BC particle
losses that occurred during storage. Thus, the data reported
herein represent lower-limit values. That the BC losses are
not constant across all samples does not prevent interpreta-
tion since we focus on periods of peak signal, andMBC con-
centrations span three orders of magnitude. While we pre-
dominantly focus our interpretation on relative differences
in BC rather than on absolute concentrations, in Sect. 3.3
we scale the BC measurements to account for the underes-
timated mass to estimate absorption by BC and dust. Despite
the uncertainties in the data, the results reported herein yield
information that furthers our understanding of seasonal and
spatial variations in BC and dust in snow and ice in the Hi-
malaya.

3 Results and discussion

3.1 Variations of BC and dust with depth

Within the two crevasse profiles, layers of impurities were
observed in the firn, interspersed with thicker low impurity
layers (Fig. 4). Peak concentrations ofMBC and Fe coincide
with the visible impurity layers.

The observed BC and Fe stratigraphy is largely due to
seasonal variations in BC and dust deposition. Factors con-
trolling BC and dust seasonality include variations in emis-
sions, atmospheric transport, and precipitation (Kaspari et
al., 2011; Kopacz et al., 2011). Previous research in the
region has documented strong seasonality in BC and dust
concentrations, with peak concentrations during the winter–
spring period, and lower concentrations during the sum-
mer monsoon season. This seasonality has been observed in
ice cores and snow pits (Kaspari et al., 2011; Cong et al.,
2009), and atmospheric measurements from NCO-P (Mari-
noni et al., 2010; Bonasoni et al., 2010). Using the stable
isotope record from the shallow Mera Peak ice core, Ginot
et al. (2013) verified the results of these previous studies
that BC concentrations peak during the winter–spring period.
While the BC record in the Mera ice core showed strong sea-
sonality, interestingly the dust seasonality was not well de-
fined. This may be due to high background dust inputs (Ginot
et al., 2013), or potentially the relatively large dust particle
size analyzed (1.0 to 30 µm).

In this region of the Himalaya, the majority of precipita-
tion occurs during the summer monsoon season, whereas the
winter–spring period is drier (Wagnon et al., 2013). Summer
monsoonal precipitation results in the wet deposition of BC
and dust from the atmosphere during transport from emis-
sion sources to the study site, and thus lower atmospheric
particle concentrations in the Himalaya during summer. The
higher summer monsoonal precipitation rate relative to win-
ter also acts to dilute the concentration of impurities dis-
tributed across the snow column. Thus, lower atmospheric
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Figure 4. MBC and Fe (used as a dust proxy) concentrations from Mera glacier crevasse profiles and snow pits from(a) Mera La
(5400 m a.s.l.),(b) below Mera High Camp (5800 m a.s.l.), and(c) from a snow pit near the summit of Mera Peak (6400 m a.s.l.).

concentrations and higher snow accumulation keep impurity
concentrations lower in summer snow and ice layers.

During the drier winter–spring months, the residence time
of BC and other aerosols is longer and observed atmospheric
concentrations are higher, particularly during the spring pre-
monsoon season. This is the case at NCO-P, where the higher
pre-monsoon atmospheric concentrations are attributed to
higher vertical mixing layer heights and strong daytime up-
valley winds that transport pollutants from low elevation re-
gions (Bonasoni et al., 2010). If atmospheric aerosol con-
centrations are relatively higher at the study site during the
winter–spring period, higher deposition of impurities on the
glacier surface via dry deposition would occur at this time.
Furthermore, because there is less wet removal that oc-
curs during transport from emission sources during the drier
winter–spring, there may be greater wet deposition of BC and
dust at the study site when localized precipitation does occur.
However, there are no atmospheric observations at elevations
higher than NCO-P in the region, thus it is not known if the
pre-monsoon vertically mixed layer extends to altitudes as
high as the study area.

Based on the above information, for the crevasse profile
sampled near Mera High Camp (5800 m a.s.l.) we conclude
that the higher concentration layers are from BC and dust de-
posited during the winter–spring period, whereas the thicker
but lower concentration layers are from snowfall during the
summer monsoon. This is supported byMBC from the snow
pits sampled during November 2009, which are represen-
tative of snowfall from the summer monsoon season.MBC
from the monsoon snowfall at all three sites was≤ 1 µg L−1

(with the exception of two samples at Mera La that measured
3 and 7 µg L−1), consistent with the thicker lowMBC layers
observed near Mera High Camp. Additionally, glacier mon-
itoring indicates positive mass balance at this elevation on
Mera glacier (Wagnon et al., 2013), demonstrating that the
snow is preserved.

The crevasse profile sampled at Mera La is located below
the ELA, thus we cannot attribute the variations in BC and
Fe in this profile only to seasonal variations. Rather, the BC
and Fe likely became melt concentrated, potentially result-
ing in multiple years of impurities coalescing into individual
layers. Glacier monitoring extends back only to 2007, with
mass balance negative at Mera La during these years. The
low impurity layers in the crevasse profile at Mera La could
potentially result from (1) years of strong positive mass bal-
ance when summer monsoon snow was preserved or (2) BC
flushed through the snowpack and accumulated above super-
imposed ice layers as observed by Xu et al. (2012) on a Tian
Shan glacier.

3.2 Elevational variations of BC and dust

MBC and Fe from the snow pit and crevasse profiles collected
during spring 2009 are lower at the high elevation site, and
increase with decreasing elevation (Table 1, Fig. 4). The dif-
ference inMBC and Fe with elevation is apparent in the back-
ground, average, and maximum values. This elevation gradi-
ent is likely due to greater BC and dust deposition at lower
elevations because of higher atmospheric concentrations in
the troposphere and/or post-depositional processes leading to
enrichment of impurities.

MBC in fresh snowfall sampled at NCO-P (5079 m a.s.l.)
in the Khumbu valley during winter–spring 2009 ranged be-
tween 3–23 µg L−1. This is considerably lower thanMBC
in the impurity layers in the crevasse profiles, suggesting
that the impurities observed in the crevasse profiles re-
sult from dry deposition, and/or post-depositional processes.
Snowmelt and concentration of impurities are driven by en-
ergy absorption of the impurities in snow (referred to as
the “direct effect”), and by enhanced absorption by larger
snow grain size due to accelerated grain growth from the
direct effect (referred to as the first indirect effect) (Painter
et al., 2007). These effects cause snow metamorphism that
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Table 1.MBC and Fe in snow and ice samples from Mera glacier and a Mt. Everest ice core.

Spring
Mera La Mera High Mera Everest

Camp Col Ice Core*

elevation (m) 5400 5800 6400 6518
n 34 18 18 496

max 3535.0 318.9 8.4 75.3

MBC average 180.0 24.4 1.0 1.5
median 12.1 4.9 0.2 0.5

max 283 040.0 27 096.0 2357.2 2313.3
Fe average 18 674.8 1760.1 199.1 104.3

median 525.0 56.8 9.0 28.8

* Based on high resolution data 1975–2002 from Kaspari et al. (2011); BC concentrations have
been corrected based on Aquadag standards.

can cause impurities in the snowpack to coalesce into a sin-
gle layer, as observed in annual layers in the crevasse pro-
files. The coalescence of impurities into a single layer is
likely greater at lower elevations due to greater energy fluxes
and greater direct and first indirect effects of BC. Previous
studies have documented concentration of impurities at the
glacier surface due to mechanical trapping during conditions
of melt or sublimation, with conditions of strong melt result-
ing in flushing of particles to deeper in the snowpack (Xu et
al., 2012; Conway et al., 1996). These processes likely occur
during the winter–spring period, and lessen during the sum-
mer monsoon season when impurity concentrations are low,
accumulation is higher, and the snow direct and first indirect
effects are minimized, despite greater incoming solar radia-
tion.

3.3 Albedo reductions due to BC and dust and radiative
forcing implications

Light-absorbing impurities in snow and ice can reduce the
surface albedo (largely in the visible wavelengths, but out to
1.1 µm), interacting with more than half of the at-surface ir-
radiance (the direct effect) (Painter, 2011; Singh et al., 2010;
Painter et al., 2012). This reduction in albedo heats the snow-
pack by conducting energy from the heated impurities to
snow grains, in turn accelerating snow metamorphism, which
leads to coarser grains and further reduces snow albedo (the
first feedback). These forcings warm the snow earlier and
lead to an earlier and more rapid melt. The earlier emergence
of glacier ice then markedly increases net energy fluxes and
ablation.

Factors that affect the impurity-induced albedo reduction
include snow grain size, solar zenith angle, snow depth, im-
purity concentration, the impurity ice/mixing state, particle
morphology, and the presence of other absorbing impuri-
ties and liquid water (Wiscombe and Warren, 1980; Warren
and Wiscombe, 1985; Hansen and Nazarenko, 2004). Pre-

vious model, laboratory, and observational studies have es-
timated the albedo reduction due to BC (Warren and Wis-
combe, 1980, 1985; Grenfell et al., 1981, 1994; Hadley and
Kirchstetter, 2012; Jacobson, 2004; Brandt et al., 2011; Flan-
ner et al., 2007). Albedo reduction by impurities is greater for
old snow relative to new snow, and for internally mixed BC
(BC is located in the ice grain) relative to externally mixed
BC (BC is separated from the ice particle) (Warren and Wis-
combe, 1985; Hansen and Nazarenko, 2004).

Light-absorbing impurities besides BC that can cause
albedo reductions include dust and light-absorbing carbon
(colored organics) from biomass burning, humic-like sub-
stances, snow algae, and bacteria (Andreae and Gelencser,
2006; Takeuchi, 2002; Painter et al., 2007). Albedo reduc-
tions from BC will be less in the presence of other light-
absorbing impurities because the other impurities capture
some of the solar radiation that the BC would receive in
the absence of other impurities (Kaspari et al., 2011). This
is particularly relevant for glaciers in this region where the
presence of other impurities can be high.

Because we did not measure spectral snow albedo at
the sample sites, we must infer spectral albedo and light-
absorbing impurity radiative forcing in snow from modeling
constrained by the in situ measurements ofMBC and dust
concentrations from Mera La, where measured concentra-
tions were highest. Here we treat the gravimetrically deter-
mined total impurity load as dust as described in Sect. 2.3.
However, a small portion of the dry mass may also consist
of organic material, as Takeuchi et al. (2002) reported that
organic material accounted for between 3.0–6.8 % of cry-
oconite mass on Himalayan glaciers. The surface concen-
trated layer with 258 µg L−1

MBC and 9.3 g L−1 dust high-
lights the potential instantaneous radiative forcings due to
MBC and dust at Mera La. The maximum concentrations of
MBC (3535 µg L−1) and gravimetric dust (28.7 g L−1 dust)
were sampled at 154 cm depth. However, we do not esti-
mate the spectral albedo for this layer since it may represent
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convergence of multiple years of impurities and may not have
resided at the glacier surface.

We estimated the Mera La spectral snow albedo using the
Snow, Ice, and Aerosol Radiative (SNICAR) model (Flan-
ner and Zender, 2006), constrained by the surfaceMBC and
dust concentrations and using a solar zenith angle of 5◦ at
solar noon. In order to span the range of forcings with vary-
ing grain sizes, we use snow optical grain radii of 350 and
750 µm. This span of grain sizes has been found in the pres-
ence of heavy impurity concentration loading in the Colorado
River basin (Painter et al., 2013). The smaller grain sizes are
coincident with the highest concentrations when snowmelt
percolation causes grains to grow at depths several centime-
ters into the pack, leaving smaller grain sizes at the surface to
be detected by remote sensing. The mass absorption coeffi-
cient (MAC) of BC is not exactly known, so we also span the
range of MAC from 5.9 m2 g−1 to 7.5 m2 g−1. The BC MAC
of 5.9 m2 g−1 is based on the theoretical MAC values cal-
culated from Mie scattering theory for 460 nm light and BC
with an index of refraction of (n = (2.26,−1.26)) (Schwarz
et al., 2013) and the measured mass size distribution of
BC volume-equivalent particle diameters (80–500 nm) from
snow samples measured at Mera La, whereas the BC MAC of
7.5 m2 g−1 is based on values reported in the literature (Bond
and Bergstrom, 2006; Chang and Charalampopoulos, 1990).
Snow density is assumed to be 600 kg m−3, however model
runs with lower snow density did not alter the results. Further
information on the input fields used in SNICAR are reported
in Table 2. BecauseMBC concentrations are lower-limit val-
ues (Sect. 2.4), we also model the spectral albedo and ra-
diative forcings using scenariosMBC× 2 andMBC× 5 to
bracket the potential upper range of BC in the surface layer.

We estimate the clear-sky spectral irradiance for wave-
length range 0.305 to 4.995 µm at 0.010 µm intervals on 1
June 2009 for 5400 m elevation at solar noon using the Santa
Barbara DISORT Atmospheric Radiative Transfer model
(SBDART) (Ricchiazzi et al., 1998). The spectral ratios of
reflected flux and irradiance give the spectral albedo and the
integral of these albedos weighted by the spectral irradiance
spectrum and divided by the sum of irradiance across the
spectrum gives the broadband albedo:

α =

4.995µm∑
λ=0.305µm

E(λ;θ0) · αlaisi
sfc (r;λ)1λλ

4.995µm∑
λ=0.305µm

E(λ;θ0)1λλ

, (1)

whereαlaisi
sfc is the modeled snow spectral albedo with BC

and/or dust,E is the spectral irradiance,r is the snow optical
grain size,λ is wavelength (µm), andθ0 is the solar zenith
angle for irradiance, in this case 5◦ at solar noon.

The convolution of the differences in spectral albedo from
the clean snow spectrum with the spectral irradiance gives an
estimate of the direct radiative forcing by the light-absorbing

Figure 5. Modeled spectral snow albedos for the surface layer
at Mera La based on dust= 9.3 g/L, MBC= 258 µg L−1,

MBC× 2= 516 µg L−1, MBC× 5= 1290 µg L−1 with the MAC
of BC ranging between 5.9–7.5 m2 g−1, and assuming snow optical
grain radius of(a) 350 µm and(b) 750 µm.

impurities (Painter et al., 2013).

RF=

4.995µm∑
λ=0.305µm

E(θ0;λ)·(αclean
sfc (λ;r)−αlaisi

sfc (λ;r))1λ, (2)

whereαclean
sfc is the modeled clean snow spectral albedo.

The following results are based on measured BC and dust
concentrations in the surface snow at Mera La. Clean snow
albedos for the 350 and 750 µm grain radii particles for
this solar zenith angle are 0.72 and 0.67, respectively (Ta-
ble 3, Fig. 5). If BC (258 µg L−1) was the only impurity
in the snowpack, the broadband albedos for the 350 and
750 µm grain radii would be 0.65–0.66 and 0.57–0.59, re-
spectively, with associated instantaneous radiative forcings
of 75–87 W m−2 and 104–120 W m−2. These forcings are
based onMBC, so actual albedo reductions and radiative
forcings may be larger, as indicated by theMBC× 2 and
MBC× 5 scenarios (Table 3, Fig. 5). However, dust was
mixed in at much larger concentrations with the BC. If dust
was the only impurity in the snowpack, the broadband snow
albedos for the 350 and 750 µm snow grain radii would be
0.32 and 0.25, respectively, with associated instantaneous ra-
diative forcings of 488 and 525 W m−2. If BC and dust are
mixed, the snow albedos are slightly changed from those for
the large dust concentrations (< 0.01) and the radiative forc-
ings only increase by 2–3 W m−2 over those for dust-only
for the MBC scenario, and 10–11 W m−2 for the MBC× 5
scenario.

The optical properties of the BC and dust come from gen-
eral libraries and not this specific region, and therefore the
modeling of radiative forcings are relatively uncertain. Addi-
tionally, the proportion of dust that originates from localized,
regional, or long-range sources has not been constrained nor
is the contribution of dust from natural as opposed to anthro-
pogenic sources well known. However, ice core records indi-
cate that dust deposition has increased in this region (Thomp-
son et al., 2000; Kaspari et al., 2009). Nevertheless, these
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Table 2. Input field values used to estimate spectral snow albedo in SNICAR.

Grain radii 350 and 750 µm
Surface layer thickness 0.02 m
Lower layer thickness 9.98 m
Surface layer snow density 600 kg m−3

Lower layer snow density 600 kg m−3

Surface layer BC concentration 258 µg L−1, 516 µg L−1, and 1290 µg L−1

Lower layer BC concentration 5 µg L−1

Surface layer dust concentration (when
used)

9.3 g L−1

Dust size distribution the SNICAR model’s four bins that cover the size dis-
tribution in Painter et al. (2007), Lawrence et al. (2010).

Table 3.SNICAR modeled broadband snow albedo and SBDART modeled radiative forcing (W m−2) based on BC and dust concentrations
in the surface layer at Mera La, and assumed BC MAC and snow grain size. BC= 258 µg L−1 is based onMBC, whereas BC= 516 µg L−1

and 1290 µg L−1 areMBC× 2 andMBC× 5 scenarios used to bracket the plausible upper range in BC concentrations at the site.

BC Dust BC Grain Broadband Radiative
(ug L−1) (g L−1) MAC Size Snow Forcing

m2 g−1 (µm) Albedo (W m−2)

0 0 – 350 0.72 –
258 0 7.5 350 0.65 87
516 0 7.5 350 0.61 130

1290 0 7.5 350 0.55 212
258 0 5.9 350 0.66 75
516 0 5.9 350 0.63 114

1290 0 5.9 350 0.57 188
0 9.3 – 350 0.32 488

258 9.3 7.5 350 0.32 491
516 9.3 7.5 350 0.32 494

1290 9.3 7.5 350 0.31 502
258 9.3 5.9 350 0.32 490
516 9.3 5.9 350 0.32 492

1290 9.3 5.9 350 0.31 499
0 0 – 750 0.67 –

258 0 7.5 750 0.57 120
516 0 7.5 750 0.53 177

1290 0 7.5 750 0.44 278
258 0 5.9 750 0.59 104
516 0 5.9 750 0.54 155

1290 0 5.9 750 0.47 248
0 9.3 – 750 0.25 525

258 9.3 7.5 750 0.25 527
516 9.3 7.5 750 0.25 530

1290 9.3 7.5 750 0.24 538
258 9.3 5.9 750 0.25 527
516 9.3 5.9 750 0.25 529

1290 9.3 5.9 750 0.24 535

results give us a preliminary idea of the order of magni-
tude and range of uncertainty of maximum forcing by im-
purities at the lower elevation Mera La site. For this surface
layer, the localized instantaneous radiative forcings reason-
ably range from theMBC forcings of 75 to 120 W m−2 to the

bulk dust only andMBC+ dust radiative forcings of 488–
525 W m−2. Using theMBC× 5 scenario results in instanta-
neous radiative forcings ranging from 188 to 248 W m−2 to
the bulk dust only andMBC× 5+ dust radiative forcings of
499–535 W m−2. We emphasize that these radiative forcings
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apply to Mera La where impurity concentrations and glacier
melt are greatest, whereas at higher elevations where impu-
rity concentrations are lower, instantaneous radiative forc-
ings would be less. Further in situ measurements from lo-
cations near the ELA of glaciers in the region are required to
assess if the Mera La concentrations and instantaneous radia-
tive forcings are representative of this elevation band on the
south slope of the Himalaya.

These results suggest that the albedo and radiative forcing
effect of dust is considerably greater than BC, even when
considering theMBC× 2 and MBC× 5 scenarios. In this
analysis the dust concentrations were inferred from the gravi-
metric mass, however we can further examine the relative
absorption of BC vs. dust using the Fe concentrations. Iron
oxides dominate light absorption by mineral dust, with 44–
65 % of the Fe in the form of light-absorbing iron oxides
(Lafon et al., 2004) that have a MAC of 0.56 m2 g−1 (Al-
faro et al., 2004). Using the same MAC range for BC as used
above, we calculated the absorption of BC vs. dust assum-
ing that a range between 44–65 % of the Fe is light absorb-
ing, and calculated the difference if the Fe was made up of
hematite (Fe2O3) vs. goethite (FeHO2). Lafon et al. (2006)
reported that for Chinese dust, the fraction of iron oxides that
is goethite and hematite are 73 and 27 %, respectively. We
convert the Fe mass to hematite or goethite1:

Hematite conversion factor: ((56× 2) + (16× 3))/112= 1.4,

Goethite* conversion factor: ((56+ 1+ (16× 2))/56= 1.6,

and calculate the dust absorption by:

Fem × Feabs× C × MAC = Dust Absorption(m2),

where Fem is the Fe measured by ICP-MS in the snow/ice
sample, Feabs is the fraction of the measured Fe that is light
absorbing,C is the hematite or goethite conversion factor,
and MAC is 0.56 m2 g−1 for iron oxides (Alfaro et al., 2004).
The BC absorption is calculated by:

BCm × MAC = BC Absorption(m2),

where BCM is the measured BC, and MAC ranges between
5.9 to 7.5 m2 g−1 as described above.

The following four scenarios were used to examine the rel-
ative absorption of dust vs. BC:

A. Dust most absorptive: assume iron oxide form as
goethite, with 65 % of the iron as light absorbing, and
a low MAC for BC (5.9 m2 g−1 based on measured BC
size distributions).

B. BC most absorptive: assume iron oxide form as
hematite, with 44 % of the iron as light absorbing and

1Goethite is more absorptive when scaled to the ICP-MS Fe
measurement because as hematite (Fe2O3) there are two iron atoms
in one iron oxide molecule, whereas for goethite (FeHO2) there is
one Fe atom per iron oxide molecule.

Figure 6. Fe concentrations vs. the calculated dust absorption/BC
absorption for all snow samples presented in Fig. 4 of the
manuscript based on the four scenarios described in the text.

high MAC for BC (7.5 m2 g−1 based on commonly re-
ported values).

C. BC most absorptive× 2: the same as in B, but in this
case doubling the BC concentrations sinceMBC are un-
derestimates.

D. BC most absorptive× 5: the same as in B, but in this
case multiplying the BC concentrations by 5 sinceMBC
are underestimates.

Based on Scenario A, for all samples dust is more absorp-
tive than BC, but how much more absorptive depends on the
Fe concentration of the sample (Fig. 6). For samples with
relatively low Fe concentrations (< 50 µg L−1), dust is∼ 1–
11× more absorptive than BC, whereas for samples with rel-
atively high Fe concentrations, dust is estimated to be consid-
erably more absorptive (maximum dust absorption/BC ab-
sorption= 490). For Scenarios B, C and D, whether dust
or BC is more absorptive varies with Fe concentration. For
samples with low Fe concentrations, BC is more absorp-
tive, whereas for samples with higher Fe concentrations,
dust is more absorptive than BC. Based on existing knowl-
edge, these scenarios bracket the plausible range of dust ab-
sorption/BC absorption for the snow samples (n = 70) col-
lected from Mera glacier. For samples with relatively high
BC concentrations, the BCm × 2 and BCm × 5 scenarios are
likely overestimates since in highly concentrated samples BC
losses are less, but this detail becomes inconsequential be-
cause for samples with high BC and dust concentrations, the
dust strongly dominates absorption.

We conducted similar analysis applying the MAC for
Asian dust generically measured by Clarke et al. (2004)
(MAC = 0.009 m2 g−1 at 550 nm) and Yang et al. (2009)
(MAC = 0.037 m2 g−1 at 520 nm) to the gravimetric dust
samples. Using a MAC for BC of 7.5 m2 g−1 and the
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measured BC concentrations results in dust being 10–230×

more absorptive than BC based on the Clarke dust MAC and
40–937× more absorptive based on the Yang dust MAC. If
we multiply the BC concentrations× 5 to account for BC
losses, dust is calculated to be 2–45× more absorptive than
BC based on the Clarke dust MAC and 8–187× more ab-
sorptive based on the Yang dust MAC.

Our results suggest that when dust concentrations are high,
dust dominates absorption, snow albedo reduction, and radia-
tive forcing, and the impact of BC may be negligible. When
impurity concentrations are low, the absorption by BC and
dust may be comparable; however, due to the low concen-
trations, albedo reductions will be considerably less and ra-
diative forcing minimal. Thus, dust deposition may dominate
snow albedo in this region; however, there are several sources
of uncertainty, including: (1) particle size that affects the as-
sumed MAC for both dust and BC, (2) the amount of Fe or
dust that is light absorbing, (3) the mixing state between BC,
dust, and other constituents, and (4) how impurities accumu-
late at the glacier surface over the course of the year and
how radiative forcing progresses. Considerably more work
is needed to address the relative absorption of dust, BC, and
colored organics. Ultimately, airborne and spaceborne imag-
ing spectrometers and field-based spectrometry and in situ
measurements will characterize the time variation of radia-
tive forcing. New methods are needed to infer spectral com-
plex refractive indices from bulk samples and to partition
them into BC, dust, and organics.

3.4 Implications for Himalayan glaciers, snowmelt, and
radiative forcing

Glaciers in the eastern Himalaya are summer accumulation
type glaciers. During summer, substantial precipitation falls
associated with the South Asian monsoon, and ablation is
also at a maximum (Ageta and Higuchi, 1984). If the high
impurity layers that form during the winter–spring period are
covered by fresh snowfall during the summer season, the ef-
fect of BC and dust on summer glacier melt would be largely
eliminated. Conversely, if the impurities are exposed at the
glacier surface during the melt season, glacier melt would
be accelerated. This could occur if melt results in the re-
exposure of impurities at the glacier surface, and/or if the
melt season is expanded due to a warming climate (Fujita,
2007; Fujita et al., 2011; Yasunari et al., 2010). The spa-
tial distribution of precipitation in this region is largely un-
known. However, remote sensing of the Himalaya suggests
that for elevations < 7000 m, the snow covered area does not
increase during summer (Maskey et al., 2011) and therefore
these impurities should remain exposed, whereas at higher
elevations summer snowfall would diminish the impacts of
winter/spring accumulation of BC and dust.

While this study documents substantial BC and dust at
5400 m to result in a reduction of the glacier albedo, it isn’t
clear if sufficient light-absorbing impurities are present at
higher elevations for a notable reduction in albedo to occur.
The maximumMBC in the snow pits sampled at Mera Col
at 6400 m a.s.l. in this study was 8.4 µg L−1, and the shal-
low Mera Peak ice core from 6376 m a.s.l. had maximum
and mean BC of 47.9 and 3 µg L−1, respectively (Ginot et
al., 2013).MBC concentrations in an ice core collected from
the col of the nearby East Rongbuk glacier (6518 m a.s.l.)
on the northeast side of Mt. Everest and analyzed for BC
by the same methods employed in this study were compa-
rable to BC concentrations at Mera Col, with lowerMBC
concentrations than the lower Mera elevation sites (Table 1;
Kaspari et al., 2011). Relatively lowMBC concentrations
on East Rongbuk and Mera glaciers at∼ 6400 m suggests
that, at least over short distances, a strong gradient in BC
deposition does not exist between the southern and north-
ern slopes of the Himalaya. As stated before,MBC reported
herein represent lower-limit BC values, so our results are not
conclusive regarding the contribution of BC to albedo re-
duction on glaciers and seasonal snow at elevations greater
than 6000 m a.s.l. Our results do, however, suggest that BC
contributes to a greater albedo reduction at elevations below
∼ 6000 m a.s.l., but when in the presence of large dust con-
centrations, BC contributes little forcing.

To assess potential impacts of BC and dust on snow and
ice, variations in the amount of snow and ice with ele-
vation needs to be considered. In the Nepalese Himalaya
at elevations greater than 6000 m, the fraction of land that
is snow covered is in excess of 60 % throughout the year,
whereas for elevations lower than 6000 m with the exception
of February–March, it is less than 40 % (Maskey et al., 2011).
Assuming that the elevation gradient in BC and dust concen-
trations observed in this study also exists on other glaciers in
the region, it can be inferred that in the regions with the great-
est fraction of snow-covered land, BC and dust concentra-
tions are relatively low. However, for land area above 3000 m
in the Nepalese Himalaya, the fraction at elevations greater
than 6000 m is less than 1 %, whereas 90 % of the land lies
in the elevation zone between 4000 and 6000 m (Maskey et
al., 2011). Thus, the largest areal extent of snow-covered area
lies in the 4000 to 6000 m zone, where BC and dust concen-
trations in snow and ice were observed to be highest.

That BC and dust-induced albedo reduction and the con-
centrations of snow and ice varies with elevation has impli-
cations for glacial mass balance, water resources, and radia-
tive forcing. At elevations above∼ 6000 m lie the accumu-
lation zones of glaciers, and a large fraction of the land area
is snow covered. However, the small fraction of land at ele-
vations greater than 6000 m combined with minimal surface
melt and relatively low BC and dust concentrations suggest
that light-absorbing impurities in the high Himalaya do not
affect water resources and radiative forcing to the degree that
is likely at lower elevations. While our results are described
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in a binary fashion due to sampling logistics, the impact of
BC and dust on glacier melt and water resources occurs in a
continuous convolution of surface concentrations, spatial ex-
tent, snow water equivalent, and energy fluxes. At higher ele-
vations, concentrations are lower, area is smaller, and energy
fluxes are smaller in composite, while snow water equivalent
(SWE) is relatively high. Nevertheless, BC and dust anoma-
lies, however small, increase net solar radiation and warm the
snowpack. At lower snow-covered elevations, concentrations
are higher, spatial extent is larger, and energy fluxes are gen-
erally larger. The greatest impact on glacier melt comes from
the rising of the equilibrium line altitude (ELA) from earlier
removal of snow cover, and glacier ice then being subject to
markedly greater energy fluxes.

BC and dust have the potential to accelerate glacial and
seasonal snowmelt, which could impact water resources if
the timing and magnitude of runoff is altered. Using a nu-
merical model applied to BC observed on a Tibetan glacier,
Yasunari et al. (2010) estimated that a 2.0–5.2 % albedo re-
duction from BC deposition could result in a 11.6–33.9 %
increase in annual discharge if the reduced albedo snow
layer remained at the glacier surface. While this increase in
discharge likely overestimates actual increases in discharge
since snow with a lower BC concentration and higher albedo
is deposited during the summer monsoon, it nevertheless
highlights that BC has the potential to accelerate snow/ice
melt. However, our findings suggest that in the presence
of high dust concentrations, the efficacy of BC to induce
melt is lessened. Thus, further research is needed to parti-
tion light-absorbing impurities into their various components
(BC, dust, organics) along with a more holistic treatment of
light-absorbing impurity-induced melt. This is particularly
important in the context of determining the degree to which
snow and glacier melt is being driven by increased deposition
of light-absorbing impurities from anthropogenic activities.
Since a substantial portion of dust originates from natural
sources, partitioning the contribution of BC and dust depo-
sition from anthropogenic as opposed to natural sources is
challenging.

4 Conclusions

This study provides the first observational data of BC and
dust concentrations from the southern slope of the Himalaya.
A strong elevation gradient is observed, with BC and dust
concentrations substantially higher at elevations < 6000 m
than > 6000 m due to post-depositional processes including
melt and sublimation, and likely greater deposition at lower
elevations. This elevation gradient has important implica-
tions for spatial variations in impurity deposition, radiative
forcing, and melt. Because the largest areal extent of snow
and ice resides at elevations < 6000 m, the higher BC and
dust concentrations at these elevations can reduce the snow
and glacier albedo over large areas, accelerating melt, affect-

ing glacier mass balance and water resources, and contribut-
ing to a positive climate forcing.

Radiative transfer modeling and calculations of the rela-
tive absorption of dust vs. BC constrained by the observa-
tional data indicate that the snow albedo and radiative forc-
ing of dust is considerably greater than BC. When dust con-
centrations are high, dust dominates absorption, snow albedo
reduction, and radiative forcing, and the impact of BC may
be negligible. When impurity concentrations are low, the ab-
sorption by BC and dust may be comparable; however, due
to the low concentrations albedo reductions will be consider-
ably less. However, there are several sources of uncertainty,
including particle size; the amount of dust that is light ab-
sorbing; the mixing state between BC, dust and other con-
stituents; and the presence of other light-absorbing impuri-
ties including colored organics, humic-like substances, snow
algae, and bacteria. Further observational studies are needed
to assess the relative contribution of different absorbing im-
purities to albedo reductions and snow and ice melt, includ-
ing the temporal evolution of how impurities accumulate and
radiative forcing progresses throughout the year. If further in-
vestigation confirms that dust is the dominant light-absorbing
impurity, the amount of dust originating from natural vs. an-
thropogenic sources will require further attention. Lastly, in
addition to light-absorbing impurities, there are several other
factors that also contribute to changes in the cryosphere in
the Himalaya include higher air temperatures (Yang et al.,
2011), changes in snow accumulation (Kaspari et al., 2008),
and variations in glacier velocities (Quincey et al., 2009).
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