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Editorial on the Research Topic

Impure Snow and Ice in Remote Areas: Arctic, Antarctica and High Mountains

Emissions of pollutants are transported to some of Earth’s most remote areas. Increasingly intensified
human activities into the industrial era, including industries, agriculture, transportation, and tourism
continue to enhance pollutant depositions onto the surface. Snow and ice at these remote places are
tainted with pollutants and are the carriers of such impurities. This topic issue, “Impure Snow and Ice
in Remote Areas: Arctic, Antarctica and High Mountains,” hosted by Frontiers in Earth Science,
presents ten important papers to demonstrate the kinds of pollutants deposited as well as how, and
where these pollutants get deposited and their impacts on the cryosphere.

The Arctic, home to snow and ice, is one of the most sensitive areas to climate change and a
natural reflection of the environmental impacts from human activities. Matoba et al. found insoluble
particles on the surface and in the deeper layers of the Qaanaaq Glacier, Greenland. The insoluble-
particle concentration in the glacier ice at intermediate sites was approximately ten times larger than
at low sites on this glacier. The resurfacing of the insoluble particles in ice due to ablation, and their
coexistence in surface snow, enhanced the surface absorption of solar radiation and favoured the
surface melting at the higher area of the glacier, an important climate feedback of such pollutants.
Anthropogenic and natural metal and metalloid elements were found deposited in the snow of
Svalbard (Koziol et al. and Spolaor et al.) via long-range transports. The on-site snow sampling in the
Finish Arctic and the lab modelling work revealed a median black carbon (BC) concentration of
21–57 μg kg−1 depending on the seasons deposited in the snow during 2009–2013.

In the mid-latitudes, the High Asian Mountains host a vast area of mountainous glaciers as the
vital water resources to the livelihood of billions of people. These mountainous glaciers are rich in
dust, BC, and debris in the surface snow and beneath ice. These impurities contribute to the surface
absorption of solar radiation and hence to the melting of glaciers. On Urumqi Glacier No. 1, there
were more than 300 g m−2 of insoluble particles or dust covering the glacier on average, of which
approximately 10% were organic matter. These particles largely darkened the glacier surface by
reducing its albedo from 0.62 to 0.32 in summer (Yue et al.). The average concentration of BC mixed
in the insoluble particles in snow reached as high as ∼600 μg kg−1, ten times more than that in the
Arctic, and may reduce the surface albedo by 13–23% (Zhang et al.). A more eastern glacier,
Yushugou Glacier No. 6, also preserved heavily dusty snow as Urumqi Glacier No. 1, and Ca2+ and
SO4

2− dominated the chemistry in the soluble components of the snow samples (Liu et al.). In the
Hunza Valley of Karakoram, the supra-glacial debris showed an upward expansion during
1990–2019, suggesting the glaciers here would be more extensively covered by the heat-absorbed
debris (Xie et al.).
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There is evidence that the impurities also influence the snow
albedo in Antarctica. However, the particle emissions from the
biomass burning in the Southern Hemisphere swept across the
peripheral snow-ice covered area only occasionally. The
reconstruction of biomass burning history relies largely on
deep ice cores, and the Chinese Taishan Station in East
Antarctica showed stable glaciology and ideal meteorology
for a super-deep ice core drilling (Tang et al.). The ice-core
explorations here will provide an essential background to
evaluate future climate and environmental changes in
Antarctica.
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Surface albedo is an important driver of surface processes that promote glacier melting
and is a key variable influencing glacier surface melt. Despite much focus in the literature
on variations in albedo and its influence on snow surfaces, little attention has been
paid to dust and its impact on bare-ice albedo with respect to glacier melting surfaces.
In this paper, spatial changes in glacier albedo were investigated using three Landsat
images taken during the ablation season in 2006; temporal variations in albedo were
measured by an automatic weather station (AWS) in the ablation zone between 26 June
and 1 August 2007 at Urumqi Glacier No. 1 in Tien Shan. Ice and snow samples and
reflection spectra at 325–1050 nm were collected in August, 2007 at Urumqi Glacier No.
1. The data suggested that spatial changes in glacier albedo are not prominent after
snowfall; however, once ice becomes exposed, glacier albedo varies remarkably and
generally increases with elevation, especially around the snow line. Temporal variations
are characterized by a large range and high frequency, and most are induced by
snowfall, changes in cloud conditions, and surface dust; snowfall and cloud increase
glacier albedo. Furthermore, the response of snow albedo is more sensitive to cloud
compared with the response of ice albedo. Over a bare ice surface, the albedo generally
decreases as the concentration of surface dust increases. Organic matter is a primary
factor in reducing the albedo over ice.

Keywords: albedo, temporal and spatial variations, surface dust, cloud, mountain glacier

INTRODUCTION

An important source of freshwater, it is well known that mountain glaciers are seriously threatened
by global climate change. A widespread decrease in the extent of glaciers and a continuous loss
of glacier mass have been observed over the past 50 years (Zemp et al., 2019). These phenomena
are particularly severe in semi-arid regions, where populations are heavily dependent on snow and
glacier melt for their water supplies (Farinotti et al., 2015). Shortwave radiation provides the main
energy source for glacial melting and consequently dominates the glacial surface melt magnitude
(Hock, 2005; Sun et al., 2017). The shortwave radiation absorbed by glaciers is controlled by surface
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albedo, which is highly variable in space and time. Therefore,
surface albedo is a critical variable affecting the energy and mass
balance at a melting glacier surface. The glacier surface mass
balance (the sum of accumulation and ablation) is extremely
sensitive to changes in albedo, varying, for example, by 36% when
the albedo changed by 0.1 in the ablation zone of Laohugou
Glacier No. 12 from 1 June to 30 September 2011 (Sun et al.,
2017, 2014). On the Peyto Glacier, Munro (1991) reported that
an increase of 0.05 in glacier albedo caused a change in mass
balance of 0.66 m w.e., while mass balance changed−0.83 m w.e.
with a decrease in glacier albedo of 0.05. This high sensitivity is
linked to a positive feedback mechanism between glacier melt
and surface albedo, involving enhanced melting and increased
exposure of bare ice; aggregated impurities and meltwater on
the glacier’s surface; and reduced surface albedo and increased
solar radiation absorption, consequently accelerating melt (Klok
and Oerlemans, 2004; Moustafa et al., 2015). Driven by surface-
atmosphere feedback, albedo reduction on a glacier’s surface
is considered responsible for accelerated recession (Li et al.,
2011). Therefore, significant motivation exists to investigate the
temporal and spatial variation in glacier albedo to reveal the
response mechanism of glaciers to climate change.

To date, most long-term studies on spatiotemporal changes in
glacier albedo have been generally based on point data recorded
by an automatic weather station (AWS) set up on the glacier’s
surface (Oerlemans et al., 2009) or coarsely spatial resolution
satellite data, such as that obtained by the Advanced Very
High Resolution Radiometer (AVHRR) (Stroeve et al., 1997) or
the Moderate Resolution Imaging Spectroradiometer (MODIS)
(Sirguey et al., 2016; Mortimer and Sharp, 2018). However,
for the limited size of mountain glaciers and the complex
surrounding topography, the spatial resolution of MODIS data
(500 m) and AVHRR data (1000 m) is not high enough,
and no appropriate high-resolution albedo product is readily
available (Naegeli et al., 2019). However, in order to capture
the more detailed spatiotemporal changes in surface albedo
on mountain glaciers, increasing numbers of researchers are
focusing on the retrieval of glacier albedo from high spatial
resolution satellite data. For example, Klok et al. (2003) first
proposed in detail glacier albedo retrieval methods using Landsat
images and found that, on average, satellite-derived albedos
exceed measured surface albedos by 0.03 over a glacier with
rugged topography. Fugazza et al. (2016) investigated the spatial
distribution of surface albedo at the Forni Glacier, Stelvio
National Park, Central Italian Alps, during the ablation season
between 2011 and 2013 using four satellite images from the
Landsat 7 ETM + images, and they showed that, over the ablation
tongue, the albedo is typical of debris-rich ice. Conversely,
over accumulation basins, albedo values were typical of old
snow for all Landsat images. Naegeli et al. (2019) assessed
the temporal evolution of shortwave, broadband albedo derived
from 15 end-of-summer Landsat scenes for the bare-ice areas
of 39 large glaciers in the western and southern Swiss Alps
and declared that trends in bare-ice albedo crucially depend
on spatial scales. They emphasized that no significant negative
temporal trend in bare-ice albedo was found on a regional
to glacier-wide scale, however, at grid cells scales of Landsat

images, they discovered significant darkening for the study period
of 1999–2016.

In addition, it is necessary to further quantify the dependence
of albedo on its influencing factors for the accurate simulation of
glacier energy and mass balance. Major factors affecting glacier
albedo were related to the surface itself physical properties and
the solar irradiance. The surface physical properties relate to
the grain size, liquid water, impurities, surface roughness, snow
depth, crystal orientation, and structure. The solar irradiance is
dependent on the solar incidence angle, cloud optical thickness,
cloud amount, aerosol extinction, and shadowing by terrain
(Hock, 2005; Gardner and Sharp, 2010). An important factor
driving change in glacier albedo is the occurrence of impurities
or cryoconite (dark-colored spherical aggregates of mineral
particles, organic matter, and microbes, including snow algae,
cyanobacteria, and bacteria) at the glacier’s surface (Takeuchi
et al., 2010). The quantities and characteristics of these impurities
vary spatially and temporally (Azzoni et al., 2016). For example,
wind-blown dust is usually deposited in spring on Asian glaciers
(Dong et al., 2009), and, on Alaskan glaciers, snow-algae bloom
is generally aggregated near the snowline in summer (Takeuchi,
2009). Previous studies have revealed that impurities substantially
decrease glacier surface albedo by absorbing incident radiation
in the visible region (300–700 nm), where absorption by the
glacier is weakest (Cutler and Munro, 1996; Yue et al., 2017; Li
et al., 2019). For example, black carbon can strongly enhance
absorption at visible and near-infrared wavelengths, whereas
iron oxides, the primary light-absorbing component in mineral
dust, reduce ultraviolet and visible waveband reflectance (Lafon
et al., 2006; Zhang et al., 2015). Cong et al. (2018) found that
organic materials in cryoconite were the most important light
absorbers at wavelengths of 450 and 600 nm and that goethite
played a stronger role than black carbon at shorter wavelengths
for most glaciers on the Tibetan Plateau. Moreover, the albedo-
reducing effect of biological impurities arises from their dark
pigmentation – impurities such as xanthophyll, chlorophyll, and
carotenoid, which absorb light with characteristic spectral profiles
across ultraviolet and visible wavelengths; ice, typical in these
areas, exhibits little absorption (Yallop et al., 2012).

Dust deposition on snowpacks has been well studied (Dumont
et al., 2014; Ming et al., 2016; Skiles and Painter, 2016; Niu
et al., 2017; Hu et al., 2018; Li et al., 2018). Variation in snow
albedo results from light-absorbing impurities (i.e., black carbon,
organic carbon, and mineral dust) and snow metamorphism.
Temperature since previous snowfall events is deemed as a proxy
for increasing grain size and impurity content, which leads to
lower albedo (Klok and Oerlemans, 2004). Thus, snow albedo
is best estimated from accumulated daily positive temperatures,
since previous snowfall (Brock et al., 2000; Hock and Holmgren,
2005; Pellicciotti et al., 2005). However, little attention has been
paid to the decreasing ice albedo caused by dust deposition
on the glacier’s melting surface. Moreover, in energy balance
melt models, the ice albedo is usually treated as constant in
time and space, about 0.3 (Oerlemans and Knap, 1998; Huintjes
et al., 2015; Zhu et al., 2015). Brock et al. (2000) attempted to
parameterize ice albedo using its relationship with elevation, and
Azzoni et al. (2016) found that fine coverage values were directly
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proportional to the natural logarithm of measured ice albedo in
the Forni Glacier, Italy.

In general, albedo parameterization within energy and mass
balance models cannot account for all spatial and temporal
variations in surface albedo, especially for the surface of ice, and
such parameterization is consequently regarded as a major source
of error (Arnold et al., 1996; Klok and Oerlemans, 2002, 2004).
Therefore, further studies are needed to combine measurements
of the impurity characteristics with systematic measurements
of ice albedo. Takeuchi et al. (2006, 2010) developed a field
procedure and further standardized lab analysis to quantify the
characteristics of surface dust and its effects on reflectance based
on studies in the Alaska Range (2009), Qilian Mountain (2005),
Altay (2006), the Himalayas (2000), Patagonia (2001), Russian
Siberia (2015), and Greenland (2014). However, these studies
were limited to monitoring changes based on several field points
during the study period.

In the current study, Urumqi Glacier No. 1 was selected.
Taking advantage of records provided by the AWS in the ablation
zone, between 26 June and 1 August 2007, and three satellite
images from the Landsat TM and ETM + in the warm season of
2006, high spatiotemporal resolution changes in surface albedo
were investigated. Reflectance spectra in the wavelength range
of 325–1050 nm were collected, and surface dust, as well as its
organic matter content, was measured at six different elevations
on 1 August 2007. The characteristics of surface dust and its role
on ice albedo reduction are analyzed. In addition, the influence
of cloud on surface albedo for snow and bare ice is discussed,
in terms of physical properties. The principal purpose of this
study was to investigate high spatiotemporal resolution variation
in albedo and its influencing factors over glacier melting surfaces
and to improve existing albedo parameterizations.

STUDY SITE DESCRIPTION

Urumqi Glacier No. 1 (UG1), located in an arid and semi-
arid region of central Asia, is surrounded by vast desert areas
(Figure 1A); it is a typical valley glacier with an area of
1.62 km2 and an axis length of nearly 2.1 km, as of August 2012
(Figure 1C). It flows northeastward from the highest elevation
of 4445 m.a.s.l to its terminal position of 3752 m.a.s.l. The
latest radar echo-sounding measurement was carried out on the
glacier in August 2012, indicating its maximum thickness to be
124± 5 m (WGMS, 2017).

Urumqi Glacier No. 1 is a reference glacier in the WGMS
glacier monitoring network and has provided the longest and
best glaciological and climatological monitoring records in China
since 1959. The records show that the glacier has been in constant
recession for the past 60 years, especially for the past 30 years –
the glacier has experienced a rapid and accelerated shrinkage.
Increased precipitation has not been sufficient to mitigate the
impact of temperature increase in this area (Li et al., 2011).
Consequently, the glacier divided itself into an eastern branch
and a western branch in 1993. Recent measurements revealed
that the cumulated mass balances of Urumqi Glacier No. 1 were
-20 334 mm w.e. and that the ELA averaged approximately 4050

m a.s.l. over the period 1960–2018. The glacier experienced two
accelerations in mass loss in the past 60 years, the first starting in
1985 and the second in 1996 (Li et al., 2011). Meanwhile, the ELA
increased from 3940 to 4240 m a.s.l.

The study region of the paper is dominated by the
westerly jet stream in the upper troposphere, the Siberian
anticyclonic circulation, and the cyclonic disturbances of west
wind circulation (Farinotti et al., 2015). The mean annual air
temperature is about −5.0◦C, and the annual precipitation
is generally 460 mm, measured at the nearby meteorological
station located at 3549 m.a.s.l (Daxigou Meteorological Station).
Seventy-eight percent of the annual total precipitation occurs
from May to August, predominantly as solid precipitation, as
snow, hail, or sleet, at higher elevations (Yang et al., 1992). For
Urumqi Glacier No. 1, accumulation and ablation both take place
primarily during the warm season.

DATA AND METHODS

Measurements at Meteorological Station
Measurement of continuous albedo was carried out by an AWS
in the ablation zone, between 26 June and 1 August 2007
(Figure 1B). The AWS was equipped with MS-402 pyranometers
(EKO Instruments Co., Japan) to measure shortwave incoming
(Gh) and shortwave reflected (Rh) radiation. The pyranometer
was mounted horizontally, 1.5 m above the surface. The
pyranometer error was about 5% in the wavelength range 0.3–
2.8 µm. A data logger (CR1000) recorded half-hourly mean
measurements taken every 10 s. During the measurement period,
we visited the station and checked the sensors every 3–5 days to
ensure the pyranometer remained at a height of 1.5 m.

In order to minimize the error introduced by installing
the pyranometer horizontally instead of parallel to the sloping
surface, the half-hourly albedo was corrected according to Jonsell
et al. (2003). The corrected formula is as follows:

α =
Rh

Gh(1− d) cos β cosZ+sin β sinZ cos(ϕ−θ)
cosZ + Ghd

(1)

Here, Rh is reflected shortwave radiation; Gh is incident
shortwave radiation in the horizontal plane; Z is the solar zenith
angle; ϕ is the solar azimuth angle; β is the slope angle of the
surface with azimuth angle θ; and d is the diffuse portion of Gh,
which is computed using an empirical relationship relating the
ratio of incoming shortwave radiation (Gh) and extraterrestrial
solar radiation (T). T can be calculated from solar geometric
relationships, and Gh is approximately equal to the incoming
shortwave radiation provided by AWS on the glacier.

In addition, the ratio Gh/T was taken as a measure of
cloud cover (Cutler and Munro, 1996; Brock, 2004). In the
current study, to quantify the effect of cloud on albedo, we
related the change in albedo between two successive half-hourly
measurements to the corresponding change in the diffuse portion
of incoming shortwave radiation, 1(Gh/T). The approach was
used by Jonsell et al. (2003) on Storglaciaren, Sweden. As
cloudiness increases, less solar radiation will reach the surface, the
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FIGURE 1 | Geographical location (A) and map (B) of Urumqi Glacier No. 1 in Tien Shan, China. Landscape photograph (C) of Urumqi Glacier No. 1 was taken on
20 July 2012.

ratio Gh/T will decrease, and d will tend to decrease. Thus, the
ratio is generally higher under clear-sky conditions than under
overcast-sky conditions. A positive change, 1(Gh/T), indicates
decreasing cloudiness, while a negative change corresponds to
increasing cloudiness.

Half-hourly broadband albedo values derived from measured
incoming shortwave radiation with values <4 W·m−2 and
zenith angle>65◦ were discarded, as instruments give unreliable
responses for very low incoming shortwave radiation values and
high zenith angles (Arendt, 1999). Moreover, albedo values that
exceeded 0.98 (a value generally assumed for fresh snow) (Cuffey
and Paterson, 2010) were also discarded.

Retrieval of the Surface Albedo
In this study, satellite images were used to investigate the spatial
variation in albedo over the whole glacier. Unfortunately, there
were no Landsat satellite images acquired of Urumqi Glacier No.
1 during the ablation period in 2007 because of cloud and timing.
Thus, three Landsat satellite images were selected over this area
between June and August 2006 (Table 1).

We adopted the methodology in Klok et al. (2003) to
retrieve the glacier surface albedo from Landsat images.
The methodology include geolocation, radiometric calibration,

TABLE 1 | Landsat images were used to retrieve the surface albedo of glacier.

Path/
row

Data Landsat
Sensor

Sun
azimuth

Sun
elevation

Horizontal
resolution

143/30 20060622 TM 131.23◦ 63.48◦ 30 m

20060716 ETM + 130.80◦ 60.78◦ 30 m

20060801 ETM + 134.39◦ 57.98◦ 30 m

atmospheric correction, topographic correction, anisotropic
correction, and narrow-to-broadband conversion. The process
of deriving surface albedo is described in detail by Yue et al.
(2017). The retrieval method considers all important processes
that substantially influence the relationship between satellite
signal and surface albedo. The method, therefore, has been
widely applied for a number of mountain glaciers, such as
Urumqi Glacier No. 1, China (Yue et al., 2017); Forni Glacier,
Italy (Fugazza et al., 2016); Morteratschgletscher, Switzerland
(Klok et al., 2003); and Haut Glacier, Switzerland (Knap
et al., 1999). In these studies, good agreement between the
Landsat-derived albedo and measured albedo suggests that the
retrieval methodology generally produces accurate estimates of
surface albedo and can be used quantitatively to research the
spatiotemporal evolution of glacier albedo.

Surface Dust Sample Collections and
Field Spectroscopy Measurements
In order to quantify the effects of surface dust and its organic-
matter content on albedo, field work was carried out on the east
branch of Urumqi Glacier No. 1 in August 2007. Ice and snow
samples on the surface layer were collected with a stainless-steel
scoop in an area of approximately 15 cm × 15 cm to a depth of
1–3 cm at five sites in the bare ice area (S1–S5) and one site in the
snow area (S6) (Figure 1B). Five samples were randomly selected
from the surface at each study site. The chosen sites were visibly
representative of the surface conditions around each site, in terms
of surface roughness and the amount of rocky debris. In the
laboratory, the samples were dried for 24 h at 60◦C. Then, they
were combusted for 3 h at 500◦C. After each processing step, the
samples were weighed to obtain the amount of surface dust and
its organic matter content. The amount of dust per unit area of
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the glacier was obtained based on measurements of the dry weight
and the sampling area. All samples were analyzed in a laboratory
of Chiba University, Japan. The process of sample collection and
analysis has been described in detail by Takeuchi and Li (2008).

Reflectance spectra were collected at 325–1050 nm using a
portable spectroradiometer (MS-720, Eiko Seiki, Japan), with
a spectral resolution of 10 nm. Reflectances were obtained by
dividing the surface radiances by the radiance acquired from a
white reference panel that is nearly 100% reflective and diffuse.
The distance between the sensor and the glacier surface was
approximately 20 cm and had a region size of ∼8.9 cm diameter
on surface. Under changing sky conditions, and before each
measurement, the instrument was recalibrated. To minimize
the influence of slope and solar zenith angle on albedo, all
measurements were conducted on a surface-parallel plane, 11:00–
14:00 local standard time in clear-sky conditions. At each
measuring location, three consecutive spectral measurements
were recorded and averaged.

The broadband albedo was calculated at wavelengths from 350
to 1050 nm. The associated expression is as follows:

αbroad =

∫ 1050
350 αnarrow(λ)i(λ)dλ∫ 1050

350 i(λ)d(λ)
(2)

where αnarrow(λ) denotes the measured spectral albedo using the
spectroradiometer, and i(λ) is incoming solar irradiance, which
is provided by the American Society for Testing and Materials
(ASTM G-173-03 data). A similar method was also adopted by
Wright et al. (2014); Moustafa et al. (2015), and Li et al. (2019).

To obtain a high-quality albedo data set, rigorous quality
controls were implemented. Outliers were removed – physically
unrealistic spectral albedo values (>0.98) and raw spectra
that were markedly different from other spectra across the
entire spectral range (visible and near-infrared wavelengths) for
the same sample.

RESULTS

Temporal Variation in Albedo
The half-hourly albedo recorded at the AWS in 2007 is shown
in Figure 2, revealing a variety of diurnal patterns. In general,
the half-hourly albedo value has a large range, from a maximum
of 0.98 on 18 July to a minimum of 0.075 on 23 July. There are
four “jumps” in the minimum albedo value between 1 day and
the next – the most obvious increases in albedo occur on 30 June,
10 July, 17 July, and 29 July, likely to have resulted from fresh
solid precipitation (Figure 3). Solid precipitation events were
recognized according to the results of Kang and Atsumu (1993)
on Urumqi Glacier No. 1. Specifically, when air temperature
was lower than 2.8◦C, the form of precipitation is classified as
solid. In addition, the gradual decreasing trends of minimum
albedo value are shown for during the day, from 10 July to 15
July, which reveal the transition in surface type from fresh snow
to old snow and bare ice. Different magnitudes of the diurnal
albedo cycle were observed, with little variation to considerable
variation over the course of a day. The largest range was to be

expected when the transitions between snow and ice happened
because of snowfall and melting, and the diurnal variation of
snow albedo was larger than that of ice (Table 2). Moreover, high
frequency and small-to-medium magnitude albedo variability
over all surfaces suggested that other factors were active, such
as solar zenith angle and cloud. Generally, albedo is higher in
the morning and afternoon than at noon, but asymmetry around
solar noon is more pronounced; this phenomenon is likely to
result from the change in solar zenith angle, while reduced
afternoon values result from snow metamorphism and surface
melt. However, minimal indications of diurnal albedo cycles were
found between 22 and 27 July over ice surfaces, which implies that
the effect of solar zenith angle<65◦ on ice albedo is negligible.

Spatial Variation in Albedo
Figure 4 shows the spatial variation in the retrieved albedo from
the satellite snapshots over the whole glacier. Missing data in
some of the Landsat ETM + images (due to the SLC failure, post
May 2003) occur in our albedo retrievals. However, compared
with the image on 22 June, the percentage of missing data is less
than 10% over the whole glacier on 16 July and 1 August, which
has a negligible impact.

On 22 June, spatial variation in the albedo was not obvious.
The average albedo values for the glacier-wide scale was rather
high, with a mean of 0.62 and a standard deviation of 0.13,
indicating that the physical composition of the glacier surface was
uniform. The frequency distribution of pixels has a peak around
0.70 (Figure 5). The glacier was, therefore, covered by snow,
perhaps fresh snow or snow in an early stage of metamorphism.

On 16 July, the glacier albedo showed considerable spatial
variation, markedly increasing with altitude. The mean of the
albedo was 0.49 with a standard deviation of 0.20 over the whole
glacier. Two distinct peaks corresponding to the albedo of ice
and snow are present in Figure 5 (Cuffey and Paterson, 2010).
The snow albedo distribution is positively skewed around a value
of 0.63, and the ice albedo is more normally distributed, with a
strong peak at 0.17 (Figure 5). The glacier was clearly divided
into a bare ice area and snow area by a snow line. The snow line
altitude was around 3900 m a.s.l. on the eastern branch and 4000
m a.s.l. on the western branch. The pattern of spatial variation
in albedo was slightly different between the eastern branch and
the western branch. On the eastern branch, below the snow line,
the albedo value was rather low, and variation with altitude was
almost absent; the albedo value significantly increased above the
snow line. On the western branch, the albedo fluctuated between
low and high values below the snow line, while a gentle increase
trend was shown above the snow line.

On 1 August, due to the expansion of ice surfaces, variation
in albedo with altitude over the whole glacier was remarkable,
while the mean albedo of the whole glacier decreased to 0.32
with a standard deviation of 0.19. The peaks corresponding to
the albedos of ice and snow are very distinct, and low values
occur more frequently than high values (Figure 5). The ice albedo
decreased slightly by an average of 0.04, but the snow albedo
decreased by an average of 0.18. The snow line retreated further
and reached around 4000 m a.s.l. on the eastern branch and 4050
m a.s.l. on the western branch. Differences in spatial variation
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FIGURE 2 | Half-hourly albedo (α, black line) and incoming shortwave radiation (R, blue line) records by AWS between 26 June and 2 August 2007. Half-hourly
values with solar zenith angle >65◦ were not considered.

in albedo remained between the eastern branch and the western
branch. On the eastern branch, below the snow line, 70% of the
albedo values were lower than 0.2, while above the snow line,
the albedo increased weakly, ranging from 0.4 to 0.6. However,
on the western branch, below the snow line, the fluctuations
disappeared: high values only occurred on the terminal part of
the glacier. Above the snow line, the albedo increased steadily and
reached a maximum of 0.8 at 4400 m a.s.l.

It is notable that the surface albedo is generally higher
on the western branch glacier than on the eastern branch
glacier during the study period. This may be attributed to
morpho-topographic variables, such as average altitude, slope
and aspect, as well as surface dust abundance. In addition,
on 1 August, in the same altitude zone, the albedo value was
lower on the west side than on the east side, mainly resulting
from the differential ablation due to terrain shadowing of
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FIGURE 3 | Daily variation of the air temperature and precipitation on Urumqi
Glacier No.1 between 26 June and 1 August 2007. The dashed line
represented the air temperature threshold of snowfall, which was 2.8◦C. The
meteorological data was from the Daxigou station (86◦50’ E, 43◦6’ N,
elevation: 3593 m a.s.l), which is located 3 km southeast of Urumqi
Glacier No. 1.

the eastern mountain. However, the above difference between
eastern and western sides is not shown on 22 June and 16
July, which may be linked to the retrieval accuracy of the
Landsat albedo. On 22 June and 16 July, differences between
the surface conditions of the eastern and western sides of the
glacier were so small that the retrieval accuracy was not high
enough to respond to the variation in albedo caused by different
surface conditions.

Characteristics of Surface Dust
Across the sampling sites of snow and ice, the considerable
variation in the dry weight of surface dust is shown in Figure 6A.
For the bare ice sites, the dry weight of dust varies between
228 g m−2 and 414 g m−2, with an average of 312 g m−2.
The altitudinal profile of such amounts shows that surface dust
content is higher in middle of the glacier than at the upper
(S5) and terminal (S1) of the study glacier, except for the snow
area. Meanwhile, the heterogeneous distribution of the dust is
revealed by large standard deviations of the mean dry weight
at each ice site – the largest value appears at site S4. The
variability in the dry weight of organic matter is similar to
that of surface dust (Figure 6B). The organic matter content
ranges from 16 g m−2 (S5) to 43 g m−2 (S4), and the mean
is 30.2 g m−2. However, on the bare ice surface, the altitudinal
variation in the percentage of organic matter is slightly different
from that the abundance of surface dust and organic matter
(Figure 6C). The highest value is at site S2 (10.9%), gradually
decreasing to site S5 (6.9%), with increasing altitude. Overall,
for all ice sampling sites, the dry weight proportion of organic
matter averages 9.4%.

The dry weight of surface dust and its organic matter
abundance, as well as the altitudinal variation agreed with the
results obtained in August 2006 for Urumqi Glacier No. 1 by
Takeuchi and Li (2008). This implies that the results of the present

TABLE 2 | Characteristics of variation in diurnal albedo records (1α) in AWS
between 26 June and 2 August 2007.

Surface type n 1 α range 1 α mean Standard deviation

Ice 20 0.027–0.295 0.119 0.066

Snow 7 0.112–0.229 0.180 0.048

Ice and snow 10 0.224–0.541 0.408 0.111

Statistics are based on diurnal variation in albedo (1α) and given for snow surface,
ice surface and the transition between snow and ice in terms of number of daily
albedo available (n), the range in 1α, mean, and standard deviation.

study are reliable, and that variation in the characteristics of
surface dust on Urumqi Glacier No. 1 are relatively weak on a
short timescale.

Compared with glaciers in polar or sub-polar regions, the
abundance of mineral particles and organic matter on Urumqi
Glacier No. 1 was markedly high (Figure 6D). The average
abundance of mineral matter on Urumqi Glacier No. 1 was about
16 times that on the Northwest Greenland (Takeuchi et al., 2014)
and eastern Russian Siberian glaciers (Takeuchi et al., 2015),
and the abundance of organic matter was approximately 24
times. However, the abundance of surface dust was comparable
that on the Asian mountain glaciers. The amount of total
surface dust has been reported to be 225 ± 121 g m−2 for the
Himalayas (Takeuchi et al., 2000) and 291 ± 166 g m−2 for the
Qilian Mountains in China (Takeuchi et al., 2005), indicating
that Asian glaciers may be typically characterized by a high
abundance of dust. High levels of mineral particles on these
glaciers are probably caused by exposure to abundant wind-
blown deposits of desert dust, while the organic components
may be the result of intensive biological productivity on the
glacial surface (Takeuchi and Li, 2008). In addition, the altitudinal
variation in dust abundance on Urumqi Glacier No. 1 was
also distinct from that of many other mountain glaciers, such
as Gulkana Glacier, the Alaska Range (Takeuchi, 2009), and
Xiaodongkemadi Glacier (Li et al., 2017). Generally, on an
ablation surface, dust or debris is more abundant in the low
part (or near the terminus) of the glacier because mineral
particles are mainly supplied from above by glacial flow or
from the basal bed by marginal shearing and concentrated on
the surface layer as glacier ice melts (Takeuchi et al., 2014).
However, compared with sites in the middle of the glacier
(S2, S3, and S4), a small amount of dust was discovered in
the area near the terminus of Urumqi Glacier No. 1 (S1).
The altitudinal variation in surface dust abundance may be
attributed to the removal of surface dust by meltwater in the
lower part of the glacier (Brock, 2004; Azzoni et al., 2016).
Moreover, in the middle of the glacier, the flatter surface terrain
is beneficial for the concentration of windblown deposits of dust
and microbial activity.

DISCUSSION

Surface Dust Effects
Recently, various research groups have revealed that surface
dust significantly reduces glacier albedo, thus accelerating glacier
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FIGURE 4 | Spatial distribution of the surface albedo of Urumqi Glacier No. 1 in the 2006 ablation season.

FIGURE 5 | The frequency distribution of the surface albedo over the whole Urumqi Glacier No. 1 in the 2006 ablation season.

melt (Takeuchi, 2002; Oerlemans et al., 2009; Gabbi et al., 2015;
Wittmann et al., 2017). In addition, as shown in Figure 4, albedo
values were higher in the low zone of the glacier than in the
middle zone of the glacier for the west branch, which contradicts
the general assumption that surface albedo increases with altitude
in mid-latitude mountain glaciers (Wang et al., 2014; Fugazza
et al., 2016). These distinctive albedo spatial distributions were
mainly attributed to surface dust concentration.

In order to quantify the effects of surface dust on albedo,
reflectance spectra were collected at ice and snow sampling sites
(Figure 1B). The large amounts of surface dust at S4 coincided
with a relatively low albedo (0.14), and small amounts of surface
dust at S5 coincided with a high albedo (0.27) except for the snow
area (S6). The albedo significantly decreases, and spectral curves
flatten, as the concentration of surface dust increases (Figure 7).
Thus, the amount of surface dust accounts for variation in glacier
albedo. We analyzed the correlation between the dry weight of
organic matter and mineral particles in surface dust and ice
albedos, respectively (Figure 8). The results show that ice albedo
follows a negative correlation relationship with the dry weight of

mineral particles and organic matter. Organic matter had a much
higher correlation with albedo than mineral particles (r = -0.94,
p = 0.016, n = 5 vs. r = -0.87, p = 0.055, n = 5, respectively),
although the mass proportion of organic matter was much less
than that of mineral particles (6.9–11.5% for organic matter
content). These relationships suggest that organic matter in the
cryoconite decreases the glacier albedo more effectively than do
mineral particles.

A microscopic study indicated that dust or cryoconite on
the glacier surface is composed of wind-blown desert dust and
organic matter. The latter is a product of microbial activity on the
glacier itself, including the activity of filamentous cyanobacteria,
dead bodies of microbes, and a dark-colored humic substance
(Takeuchi et al., 2010). For the ice-surface spectrum, a valley
at around 680 nm is clearly evident, which probably results
from the chlorophyll of snow algae and cyanobacteria on the
cryoconite (Figure 7).

For the snow albedo, the crude profile of the snow reflectance
spectrum is determined by the complex refractive index of ice,
which closely approximates that of liquid water at wavelengths
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FIGURE 6 | Variations in amount of surface dust (A) and organic matter (B), and percentage organic matter (C) on the Urumqi Glacier No. 1. Error bars indicates
standard deviation. (D) Is the comparison of amounts of surface dust and their components among various glaciers around the world. Snow line located between
site S5 and S6.

(λ) less than 5 µm (Wiscombe and Warren, 1980; Li et al., 2019).
Valleys at wavebands of ∼770–830, 870–920, and 1000–1050 nm
are shown, resulting from the strong absorption of ice and water.
In general, snow reflectance increases for λ < 600 nm and
decreases for λ > 850 nm (Li et al., 2019). Compared with pure
aged snow (S0), dust reduces spectral reflectance at wavelengths
shorter than 900 nm (Figure 7). According to the simulated
results by Ming et al. (2016) in Urumqi Glacier No. 1, dust and
black carbon contribute about 7% and 25% to the reduction in
albedo in the accumulation zone, respectively.

Cloud Cover Effects
An important factor driving variations in albedo is cloud-cover
fluctuations. Glacier albedo normally increases with increasing
cloudiness, and the visible wavelengths (300–695 nm) are more

sensitivity than the near-infrared wavelengths (695–2800 nm) to
the presence of cloud (Gardner and Sharp, 2010; Abermann et al.,
2014). Furthermore, there is a more sensitive response of snow
reflectivity to variation in cloud compared with ice reflectivity
(Jonsell et al., 2003; Brock, 2004).

In order to quantify the effect of cloud on glacier albedo,
the linear relationship 1α to 1(Gh/T) was fitted by scatter
of points, and analyses were performed separately for snow
and ice surfaces (Figure 9). A weak, but significant, negative
correlation between albedo change and cloud-cover variation
is evident. Furthermore, compared with snow surfaces, ice
surfaces have a correlation that exhibits more scatter, with a
lower slope of the linear fit. These results also suggest that
the sensitivity of ice albedo to cloud is much weaker. When
1(Gh/T) = 1, the linear fit predicts a maximum 1α of 0.18
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FIGURE 7 | The reflectance spectrum curves in wavelength ranged from 350
to 1050 nm on the surface of the Urumqi Glacier No. 1. S0 was collected over
the pure aged snow surface of Urumqi Glacier No. 1 (Yue et al., 2017). The
arrow shows absorption feature at 670–680 nm due to chlorophyll in the
surface dust. The gray bands mark the known absorption wavelengths for
ice/water.

that lies between 0.02 and 0.24 as a maximum value for cloud-
induced albedo change according to previous studies (Table 3;
Abermann et al., 2014).

The increase in reflectivity caused by clouds has several
causes. Clouds, which have similar optical properties to snow,
can alter the spectral distribution of incident shortwave radiation
by preferentially absorbing near-IR wavelengths and returning
near-UV and visible wavelengths. Consequently, this increases
the fraction of total shortwave radiation incident at shorter
wavelengths where the albedo of glacier is highest (Gardner
and Sharp, 2010). Moreover, the weaker sensitivity of ice albedo
to cloud due to the lower albedo of ice compared with that
of snow, and creating multiple reflections between the surface
and the cloud base to less efficient at increasing albedo (Jonsell
et al., 2003). In addition, the weaker sensitivity of ice albedo
to cloud may be related to the cloud base height, as observed
at Haut Glacier d’Arolla by Brock (2004). Clouds also alter
the effective solar zenith angle of the incident radiation due
to an increase in its diffuse fraction (Abermann et al., 2014).
In general, albedo increases with solar incident angle. This is
because, at large angles of incidence, on average, a photon travels
a path closer to the glacier surface, resulting in an increase
in the probability that it is scattered, moving it out of the
snowpack (Warren, 1982). However, diffuse radiation has an
effective solar zenith angle of ∼50◦ over a horizontal snow
surface (Warren, 1982; Gardner and Sharp, 2010). Below 50◦, an
increase in albedo is expected (as a result of an increased effective
zenith angle), whereas above 50◦, a decrease of albedo occurs
(Abermann et al., 2014).

In addition, for the ice albedo, the sensitivity of a
“clear” and “dark” ice albedo to clouds may be different.
Theoretically, as mentioned above, the proportion of visible
light is enhanced with the occurrence of clouds. However,
impurities substantially decrease the glacier surface albedo

in the visible region (300–700 nm) where absorption by the
glacier is weakest, and albedo decreases. Thus, the effects
of impurities on glacier albedo is contrary to the clouds.
Under cloudy conditions, the presence of impurities may
compromise the increase in albedo to some extent, and, as
with the increase in the impurity abundance, the degree
of its offset may be enhanced. In addition, because the
degree of decrease of glacier albedo caused by impurities
depends on the kinds of impurities, the sensitivity of dark
ice albedo to cloud needs to take into account the kind
of impurities. Of course, the above speculation requires
a sufficiently large and accurate albedo measurement
dataset to verify.

The Mechanism of Spatial Variation in
Albedo and the Spatial Relationship With
Dust
In a melting surface, the spatial distribution of surface albedo
primarily depends on the area of snow and bare ice. The
glacier is mainly covered by snow or firn in the accumulation
zone, and glacier ice is exposed in the ablation zone. Hence,
surface albedo generally increases with elevation. In particular,
around the snow line, the transition of ice to snow or firn
results in a rapid and distinct increase in albedo. Moreover, the
spatial change in surface albedo is related to slope and aspect,
which dominate the solar incident angle; glacier albedo clearly
increases with solar incident angle, even for uniform surface
coverage (Wang et al., 2014; Yue et al., 2017). In addition, there
are high concentrations of dust over a bare ice surface and
spatial variation in albedo is controlled by the abundance of
surface dust; albedo significantly decreases as the abundance of
surface dust increases.

In the current study, along the length of a glacier, the
dust abundance is higher at the middle elevation sites (S2,
S3, and S4) than at the higher elevation (S5) and lower
elevation sites (S1) except for the snow area. In the transverse
scale of the glacier, it is easy to accumulate dust or debris
on the left and right sides of the glacier because these
sides are close to bare soil surfaces. Thus, theoretically,
the surface albedo should be lower in the middle elevation
or near the left and right sides of the glacier. However,
these spatial variations in albedo were not obvious in the
retrieved surface albedo map taken from Landsat images. For
a bare ice area, the altitudinal variation in satellite-derived
albedo is slightly different from the measurement results of
Takeuchi and Li (2008). These differences likely result from
the retrieval accuracy of the Landsat albedo, which is not
high enough to respond well to variation in the albedo
caused by differences in dust abundance. In addition, it is
probably due to a contrast of spatial resolution between the
ground based and satellite-derived data (Yue et al., 2017).
The measurement albedo and dust abundance can have high
spatial variability over distances of only a few meters, evidenced
by the high standard deviation. Thus, it is very probable
that any abnormal sampling point has a significantly low
or high dust abundance and albedo. However, the albedo
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FIGURE 8 | Relationships between surface albedo and the number of mineral particles (A) and surface albedo and the amount of organic matter (B) on the ice
surfaces.

FIGURE 9 | The changes in albedo (1α) between successive half hour vs. the corresponding changes in diffuse portion of shortwave incident radiation, 1(Gh/T )
over ice (A) and snow (B) between 26 June and 2 August 2007.

derived from the Landsat image is the average value for a 30
m× 30 m area.

CONCLUSION

In this study, the temporal variations in albedo were investigated
using a data set of half-hour albedo measurements by AWS
between 26 June and 1 August 2007 over the ablation area
of Urumqi Glacier No. 1, a valley glacier in China. The data
suggested that glacier albedo changes were characterized by a
large range and very high frequency in the ablation season.
Moreover, variations in surface albedo were generally more
drastic for snow than ice, when solar zenith angle variations

were less than 65◦. The temporal variation in albedo emphasized
that snow and ice surfaces must be treated separately. Over
an ice surface, under the condition of more intense ablation,
almost no variation in diurnal albedo cycles implied that the
satellite-derived albedo represented short-term albedo values
if there was no snowfall. However, rapid albedo variation
caused by snowfall and snow metamorphism can quickly render
satellite-derived albedo measurements out of date, even over the
course of 1 day.

Spatiotemporal variation in albedo on a glacier-wide scale
was also studied using three Landsat images taken during the
ablation season in 2006. The retrieval results indicated that the
mean of the glacier albedo gradually decreased as the ablation
progressed, from 0.62 to 0.32. However, differences in the
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physical composition of the glacier surface gradually increased,
with a standard deviation of 0.13–0.20. Spatial variation in surface
albedo was not obvious after snowfall. However, once ice was
exposed, spatial variation became marked and generally increased
with elevation, especially around the equilibrium line. Moreover,
the patterns of spatial variation in the albedo on the eastern
branch and the western branch were slightly different, which
may be related to morpho-topographic variables, such as average
altitude, slope, and aspect.

The characteristics of surface dust and their effect on glacier
albedo were analyzed based on reflectance spectra and sampling
snow and ice. The study glacier was mostly covered by fine
brown dust in the ablation area. The dry weight of the surface
dust ranged from 228 to 414 g m−2 with a mean of 312 g
m−2, which was within the normal range for Asian glaciers but
significantly higher than that of glaciers of polar or sub-polar
regions. Organic matter content in the dust ranged from 6.9
to 10.9% (with a mean value of 9.4%) on the ice surface. The
abundances of dust and organic matter were greater in the middle
parts of the glacier compared with the lower and upper parts of
the glaciers. Glacier albedo was significantly reduced by surface
dust, and organic matter was more effective than mineral particles
in reducing albedo.

This study has discussed the influence of cloud on glacier
albedo, in terms of physical properties, and attempted to quantify
the dependence of variation in surface albedo on cloudiness over
snow and ice surfaces using the diffuse portion of shortwave
incoming radiation. The results indicated that a higher sensitivity
of albedo to cloud was shown over snow surfaces.
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In the Arctic areas, the influence of global climate change is enhanced. Enabling a better

understanding of the changes in the Arctic environment is of the utmost importance. The

deposition of local and long-range transported air pollutants includes light-absorbing

aerosols, such as black carbon (BC), which darken bright surfaces and induce snow

melt. In 2009–2013, surface snow was sampled on a weekly basis during autumn,

winter and spring at the Arctic Space Center of the Finnish Meteorological Institute in

Sodankylä, which is located north of the Arctic Circle (67.37◦ N, 26.63◦ E). Snow samples

were analyzed for BC with an Organic/Elemental Carbon Aerosol (OCEC) analyzer.

These data were combined with SILAM modeling (System for Integrated modeLing

of Atmospheric coMposition) to reveal the origin and temporal (weekly, monthly, and

seasonal) variability of black carbon in seasonal snow. Quantitative footprint calculations

for the BC observations were performed with the SILAM-model considering emission

sources at all heights and including also the sensitivity to the local and near-surface

sources. The median BC concentration in snow was 25 µg/kg (number of samples

n = 107, skewness γ1 = 0.12, 75th percentile Q3 = 42 µg/kg), determined as [µg-

EC/L-H2O]. During snow accumulation season, the median surface snow black carbon

concentration was 21 µg/kg (n= 78, γ1 = 1.5, Q3= 33 µg/kg), and during melt season,

it was 57 µg/kg (n = 29, γ1 = 2.2, Q3 = 85 µg/kg). The melt period was identified using

snow depth data from the Sodankylä station. The highest values in spring represented

the enrichment of BC to the snow surface due to seasonal snow melt. The spring melt

BC enrichment ratio was 2.7 (calculated as the ratio of median spring melt season

concentration to median accumulation season snow concentration). The results showed

that increased surface snow BC concentrations (>30 µg/kg) were due to air masses

originating from the Murmansk region in Russia, where smelting and mining industries are

located. The temporal variability of BC in snow was high and depended on atmospheric

and cryospheric processes, mostly the origin of BC due to atmospheric transport and

dry and wet deposition processes, as well as post-depositional snow processes.

Keywords: Arctic, BC, deposition, long-range transport, origin, seasonal, snow melt, thermal-optical OCEC

analysis
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INTRODUCTION

The influence of climate change is enhanced in the Arctic
in comparison to other areas (Serreze and Barry, 2011).
Enabling a better understanding of the changes in the Arctic
climate and environment is of the utmost importance. In
addition to temperature feedbacks, other feedbacks such as
ice-albedo feedback contribute to Arctic amplification (Boy
et al., 2019), i.e., greater warming in the region. Ice-albedo
feedback is greatly influenced by the deposition of local pollution
and pollution transported over long distances. This includes
light-absorbing aerosols, such as black carbon (BC), which
darken bright surfaces, induce snow melt, and enhance Arctic
climate change (IPCC, 2019). Black carbon is a light-absorbing
aerosol originating mainly from the incomplete combustion of
carbonaceous materials like fossil fuels and biomass. Various
cryospheric and climatic impacts of BC in snow and ice have been
widely investigated (e.g., Forsström et al., 2009; Doherty et al.,
2010; Meinander et al., 2014; Peltoniemi et al., 2015), and detailed
scientific assessments have been presented in Bond et al. (2013),
in the Arctic Monitoring Assessment Programme report (AMAP,
2015) and in the Intergovernmental Panel on Climate Change
report (IPCC, 2019).

Long-range transported industrial and biofuel burning
emissions, mostly outside the Arctic, i.e., from Europe, East Asia,
the former Soviet Union, and North America, contribute to the
black carbon observed in the Arctic region (Sharma et al., 2013;
Jiao et al., 2014). Half of the BC originating from biomass in the
Arctic is estimated to have come from Europe, North America,
and Russia, each contributing 10–15% (Koch and Hansen, 2005).
Also, Europe, Russia, and South Asia each contribute about
20–25% of BC to the low-altitude springtime “Arctic haze,”
which consists primarily of anthropogenic particles with high
sulfur concentrations and other components such as soot, with
a contribution from BC released in the atmosphere via gas flaring
(Stohl et al., 2013).

Black carbon is a short-lived climate forcer (SLCF) that
undergoes regional and intercontinental transport from source
regions during its short atmospheric lifetime. When emitted, BC
is mostly hydrophobic (Laborde et al., 2013) but can become
coated with water-soluble components through atmospheric
aging processes in which it changes from hydrophobic to
hydrophilic. The atmospheric removal of BC occurs within a
few days to weeks via precipitation and contact with surfaces
(Bond et al., 2013). The atmospheric lifetime of BC can be
largely determined by factors that control local deposition rates,
e.g., precipitation (Zhang et al., 2015), turbulence (Emerson
et al., 2018), and breakdown of temperature inversions in spring
(Stohl, 2006). Wet-scavenging processes (in-cloud and below-
cloud scavenging) are a major source of uncertainty in predicting
atmospheric BC concentrations over remote regions (Schwarz
et al., 2010). Arctic climate response has been found to be
sensitive to the vertical distribution and deposition efficiency of
black carbon reaching the Arctic (Flanner, 2013). Normalized
to the mass of emissions, BC emissions within the Arctic have
been shown to induce warming about five times greater than
emissions frommiddle latitudes because there is a higher fraction

of within-Arctic emissions deposited in snow and sea ice than
mid-latitude emissions (Sand et al., 2013). A significantly longer
BC impact takes place through deposition and accumulation
in the cryosphere, continuing until snow or ice has melted.
The deposition of BC in snow or ice reduces surface albedo
and contributes to earlier and more rapid snow and ice melt
(Warren and Wiscombe, 1980; Hansen and Nazarenko, 2004;
Flanner et al., 2007; Xu et al., 2009; Bond et al., 2013; Peltoniemi
et al., 2015). The widest Arctic data set for BC snow content is
presented in Doherty et al. (2010), with a pan-Arctic network of
observations using one sampling and analysis protocol for all the
sites. The origin of black carbon in snow has been studied, e.g., in
Wang et al. (2011), Eckhardt et al. (2017) and Mori et al. (2019).

Simple backward trajectories can be used for a qualitative
analysis of the origins of pollution in the air. The pollution
origin in the current study has been computed using the
adjoint dispersion formalism, which, unlike the often-used back-
trajectory approach, accounts for the full list of relevant processes
rather than a back-transport of the mean wind. In application to
the BC snow samples, the crucial processes were scavenging with
snow, dry deposition and sedimentation (for coarse aerosols).
The outcome of the adjoint computations, the footprints, allow
for quantitative analysis of the sources of pollution that affected
the specific observation. The observations were performed in
Sodankylä (67◦36N, 26◦62 E), Finland, north of the Arctic Circle,
with week-long sampling over inters 2009–2013 and subsequent
sprint-time snow-melt seasons. The SILAM-model (System
for Integrated modeLing of Atmospheric coMposition) was
subsequently applied to each sample computing its footprint. The
results were grouped and processed statistically thus revealing the
sources affecting the monitoring site.

MATERIALS AND METHODS

Site Description
Sodankylä is situated north of the Arctic Circle, in the boreal
forest zone (Figure 1). The Arctic Space Center in Sodankylä is
located at 67.37◦ N, 26.63◦ E, 7 km south of the Sodankylä town
center. The station area consists of coniferous forests and open
areas on mineral soil, as well as an open peat bog (Leppänen
et al., 2016). Snow falls in Sodankylä in October, and snowpack
reaches its maximum depth (79 cm on average) in late March and
melts in mid-May (Pirinen et al., 2012). The monthly average
air temperature is below 0◦C from November to April, and the
average annual precipitation is 527mm. The snow conditions
belong to the taiga class (Sturm andHolmgren, 1995). The station
sites include regular manual and automatic snow measurements.
Manual snow measurements cover snow depth and snow water
equivalent (SWE), as well as snow macro- and microstructures
at several sites for temperature, density, stratigraphy, grain size,
specific surface area (SSA), and liquid water content (LWC),
as detailed in Leppänen et al. (2016). Automatic observations
include, for example, snow height, SWE, broadband albedo, and
a snow temperature profile. More details about instrumentation
(description, coordinates, sensor types, and data availability)
can be found at http://litdb.fmi.fi. Snow-related Sodankylä
measurements also include the automatic weather station (AWS)
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FIGURE 1 | Map of the sampling location in Sodankylä, north-up map

orientation. All the snow samples represented one location, shown in the

photograph. The sampling site is inside the FMI Sodankylä Space and Earth

Observation Center area, 67.37◦ N, 26.63◦ E. (National Land Survey open

data Attribution CC 4.0 license).

data, themicrometeorological mast (Kangas et al., 2016), the road
weather station (Sukuvaara et al., 2016), the UV measurement
field (Meinander et al., 2013; Mäkelä et al., 2016), the distributed
soil moisture and frost stations (Ikonen et al., 2015), and the
optical laboratory (Lakkala et al., 2016). The area is characterized
with very low wind speeds, e.g., with a monthly wind speed
average of 2.5–2.9m s−1 above the treetops and a 2-year average
during the snow season at 1.5m height in a forest opening of 1.17
+/− 0.56 m/s−1 (Pirinen et al., 2012). The station is part of the
World Meteorological Organization (WMO) Global Cryosphere
Watch (GAW) network. Synoptic weather observations have
been made in Sodankylä since 1908; the first measurements were
taken in the town center, and since 1913, they have been taken
at the current research station area (Tietäväinen et al., 2010).
In this study, the daily snow depth measured at the Sodankylä
Tähtelä station during 2009–2013 was used (FMI-ARC database,
2020). These data are available from http://litdb.fmi.fi, under the
Creative Commons Attribution 4.0 International License (CC
BY 4.0).

Snow Sampling and OCEC Analysis
Between 21 January, 2009, and 3 May, 2013, during snow season,
surface snow was sampled on a weekly basis at the Finnish
Meteorological Institute’s Arctic Space Center in Sodankylä
(67.37◦ N, 26.63◦ E), 67 km north of the Arctic Circle (Table 1).
A total of 107 weekly samples of BC in snow were collected
from one location. These data were used to study the origin
and temporal variability of black carbon in surface snow. The

samples were collected at the end of the work week (Thursday–
Friday) to avoid contamination from wood-stove saunas, the
main local sources of BC in the air. First, two to three centimeters
of surface snow was collected, always from the same sampling
field (Figure 1) dedicated to weekly BC sampling, using the same
sampling tool and plastic container each time. The field was
located inside a fenced area in order to prohibit reindeer from
destroying or contaminating the snow pack. Sampling started
at the beginning of snow season in one spot in the sampling
field, and each week, the sampling spot progressed along a line,
one side after another, creating a path in the field. The site
is in the vicinity of the Arctic Space Center sounding station,
where the sample was taken immediately after sampling. The
snow sample was then melted in a microwave oven, after which
the meltwater was filtered through sterilized micro-quartz filters
(Munktell, 55mm diameter) using a hand pump attached to
the filtering system to create a vacuum during filtering. Filters
were dried and analyzed with a Thermal-Optical Carbon Aerosol
Analyzer (OCEC) [Sunset Laboratory Inc. (2018) Forest Grove,
USA] for their elemental carbon (EC), organic carbon (OC), and
total carbon (TC) concentrations. The volume of meltwater was
used for concentration conversions into µg/kg, which is equal to
parts per billion by mass (ppb), and is determined as µg-EC/L-
H2O in the OCEC method. The thermal-optical OCEC method
is the current European standard for determining atmospheric
BC (Brown et al., 2017; CEN-TC264, 2017). Here, the NIOSH
5040 protocol developed by Birch (2003) was used. The thermal-
optical method was created by Birch and Cary (1996), in which a
more detailed description of the method can be found.

SILAM Modeling
Possible origins of the snow sample impurities were estimated
through analyses of so-called footprints of the observations. This
approach is based on solving the adjoint dispersion equation
(Sofiev et al., 2015), which is done separately for each observation.
The problem is solved backwards in time; it starts from the end
of the observational interval so that the resulting field represents
the sensitivity distribution of that particular observation to the
emission sources located within the area covered by the footprint
and emits at the corresponding time period. In particular, the
observed values can be affected only by the emission fluxes
from the area when and where the footprint is non-zero. This
sensitivity field has certain analogies with the spatial-temporal
density of a continuum of backward trajectories. It should
be stressed, however, that the footprint is not a probability
distribution for the possible source locations: a higher sensitivity
to some area evidently does not imply a higher probability for the
source to be located in this area.

The simulations were performed with the System for
Integrated modeling of Atmospheric coMposition (SILAM,
http://silam.fmi.fi, accessed 24.03.2020; Galperin, 2000; Sofiev,
2002; Sofiev et al., 2015), which is an offline global-to-meso-scale
chemistry transport model. The operational evaluation of SILAM
had been performed on a regular basis for many years within
the scope of the Copernicus Atmospheric Monitoring Service
(CAMS) and its predecessors (http://atmosphere.copernicus.eu,
accessed 24.03.2020), as well as within several research projects
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TABLE 1 | Summary of snow and black carbon data for 2009–2013 around the Sodankylä Arctic Space Center area.

Year Snow on Snow off Day of ha
max BCenhanced spring melt observations MdBC; Q3 n

2009 8 Oct 5 May 31 March 19, 24, and 30 April 34; 45 22

2010 24 Oct 15 May 30 March 23 and 30 April; 7 and 14 May 25; 37 30

2011 17 Nov 2 May 22 March 8, 15, and 22 April 25; 42 21

2012 24 Oct 19 May 11 April 13 April; 4 and 11 May 16; 29 22

2013 23 Oct 9 May 29 March 19 and 26 April 31; 50 12

BC concentrations in snow are parts per billion in mass [µg/kg], which equals [µg/L], determined as [µg-EC/L-H2O]. Snow depth data are from the FMI Tähtelä weather station. The

day of snow height maximum, hmax , refers to the end of snow accumulation and the beginning of the melt, after which the snow depth decreases as a function of time, n = number of

weekly samples in 1 year, ntot = 107, MdBC = BC concentration median, Q3 = 75th percentile of BC concentrations.
aDuring snow accumulation periods in 2009–2013, MdBC was 21 µg/kg (n = 78), and during the melt period, it was 57 µg/kg (n = 29).

all over the world (Huijnen et al., 2010; Brasseur et al., 2019;
Petersen et al., 2019). In the current study, SILAM was used for
the footprint calculations following the approach we developed
and applied for source apportionment tasks (in, e.g., Saarikoski
et al., 2007; Siljamo et al., 2008; Prank et al., 2010; Veriankaite
et al., 2010).

Three-hourly meteorological fields from short-term
operational forecasts of the European Center for Medium-
Range Weather Forecasts (ECMWF) were used as a driver
for SILAM. The adjoint simulations were performed with a
resolution of 0.5 × 0.25 degrees on a domain of 10–60◦E,
55–75◦N with eight stacked layers of thickness (30, 70, 100, 200,
500, 1,000, 2,000, 2,000m) covering a height range from the
surface to 5.9 km. The simulations were separately run for each
observation 5 days back in time, with an internal time step of
30min and hourly output. Note, however, that the precision of
the snowfall timing in the simulations is controlled by the time
step of the driving meteorology.

To minimize the effect of dry deposition and to ensure
consistency between observed and modeled snowfalls, only such
cases were selected in which snowfall was reported by both the
weather station at Sodankylä and the meteorological driver to be
more than 1mm snowfall within 24 h before sample collection
and in which the amount of precipitation agreed within a factor
of two between them (Figure 2). The uptake of the soot by snow
was parameterized in a simple way: the in-snow BC content was
used as a proxy for the in-air concentration within the scavenging
height range. Two scenarios for scavenging were considered. The
first was “below-cloud,” where the in-snow BC was assumed to
be representative of the in-air concentration average within the
height range from the ground to 0.8 hcloud, the second was “in-
cloud,” 0.8–1.2 hcloud, where hcloud was the height of the center
of mass of the condensed cloud water from the meteorological
model. The temporal distribution of the sensitivity was weighted
according to the snowfall intensity from the meteorological
model so that the total sensitivity is unity.

To reduce the impact of uncertainty in the vertical distribution
of the sources of black carbon, the 3D adjoint-sensitivity
distribution was processed into the 2D footprint by taking
maximum of the vertical profile of the sensitivity in each grid cell
at each time. With such processing, all emission sources emitting
at all heights within the footprint were included and accounted
for their (potential) contribution to the observations.

FIGURE 2 | Illustration of the algorithm.

The volumetric content of black carbon was used as a tracer of
anthropogenic pollution. With the above criteria, “clean” (<20
µg/kg of BC based on Doherty et al., 2010, 2013) and “dirty”
(>30 µg/kg of BC) samples were selected, and the in-cloud and
sub-cloud footprints for both classes were calculated. Since the
size of airborne black carbon is unknown, the footprints were
calculated for passive gas with no deposition for 1.5µm (fine)
particles and for 20µm (coarse) particles. Since uncertainties in
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FIGURE 3 | Daily snow depth at Sodankylä during 21 January, 2009–3 May, 2013.

the input data and the parametrizations are very large, we limit
our considerations to comparisons of average “clean” and “dirty”
footprints, giving equal weight to the footprints in each class.

RESULTS

Snow Concentrations
The distribution of black carbon values was found to be positively
skewed (number of samples n = 107, skewness γ1 = 0.12).
Therefore, the results are reported using median and 75th
percentile, instead of average and standard deviation which are
valid for normally distributed data. From 21 January, 2009, to 3
May, 2013, the median BC concentration (n = 107) in surface
snow in Sodankylä was 25 µg/kg, and the 75th percentile was
Q3= 42 µg/kg (Table 1). In spring, increased BC concentrations
(ranging from 53 to 293 µg/kg) in seasonal snow melt (Figure 3)
were observed during each of the five consecutive springs
(Figure 4). The highest values represented the enrichment of BC
to the snow surface due to post-depositional snow processes.
The spring BC enrichment ratio was 2.7, calculated as the ratio
of 50th percentile (median) of spring melt season concentration
to accumulation season snow concentration, ntot = 107. The
melt period was identified using snow depth data from the FMI
Tähtelä weather station and was defined as the period in spring
starting from the day when snow depth begins to decrease as
a function of time (Table 1, snow accumulation period = from
“snow on” to “day of hmax;” snow melt period = from “day
of hmax” to “snow off”). The differences (d) in concentrations
between consecutive weeks (x) were calculated for each week
as di =|xi-xi+1|. The maximum difference was 252 µg/kg in
late spring and the minimum difference was 0 µg/kg, meaning
that the same concentration of BC was observed during two
consecutive weeks. The original black carbon concentration data
are presented in (Table 2).

SILAM Model Results
Figure 5 shows average footprints for in-cloud and sub-cloud
scavenging for “clean” and “dirty” snow for (i) passive gas, i.e.,

FIGURE 4 | Black carbon in snow [µg/L] in Sodankylä during five snow melt

seasons, taken each spring during 2009–2013, Julian day 1–141 (day of

the year).

substance with no deposition, decay; (ii) fine aerosol that has little
deposition; and (iii) coarse aerosol that is subject to intensive wet
and dry deposition. The deposition rate controls the extent of a
footprint for each species. The comparison of “clean” and “dirty”
patterns clearly reveals a sensitivity area at the Kola Peninsula
for “dirty” footprints that correspond to a gap in sensitivity for
“clean samples.” The gap is most pronounced for fine aerosol
particles (middle panels), which are likely to be responsible for
the snow pollution.

Hence, the modeling results showed that increased surface
snow BC concentrations (>30 µg/kg) were due to air masses
originating from the Murmansk region, Kola Peninsula, Russia,
where smelting andmining industries are located (Figure 5). The
passive in-cloud and fine-particle sub-cloud results also suggest
that Helsinki (Finland), St. Petersburg (Russia), and Western
Russia could also contribute to increased black carbon observed
in snow in Sodankylä during 2009–2013. These areas, however,
are covered by one or two individual dirty footprints, so no solid
conclusion can be made for these locations.
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TABLE 2 | Sodankylä observations in 2009–2013 on BC concentrations in snow [µg/kg], which equals [µg/L], determined as [µg-EC/L-H2O].

2009 2010 2011 2012 2013

21.1.2009 31,6

30.1.2009 38,2

6.2.2009 17,3

20.2.2009 23,6

27.2.2009 19,1

6.3.2009 22,7

13.3.2009 20,6

13.3.2009 38,5

17.3.2009 38,3

18.3.2009 31,6

18.3.2009 27,2

20.3.2009 18,8

27.3.2009 41,5

3.4.2009 48,1

10.4.2009106,3

17.4.2009 15,7

24.4.2009 87,1

30.4.2009 85,7

4.12.2009 16,9

12.12.2009 46,3

18.12.2009 55,0

25.12.2009 36,9

1.1.2010 52,8

8.1.2010 20,4

15.1.2010 22,6

22.1.2010 84,2

29.1.2010 54,7

5.2.2010 16,82

12.2.2010 16,1

19.2.2010 15,7

26.2.2010 22,0

5.3.2010 32,6

12.3.2010 15,1

19.3.2010 24,1

26.3.2010 9,4

2.4.2010 23,2

9.4.2010 32,3

16.4.2010 26,7

23.4.2010 59,3

30.4.2010 52,9

7.5.2010 56,8

14.5.2010 59,7

29.10.2010 14,6

5.11.2010 37,3

12.11.2010 34,4

3.12.2010 36,6

19.11.2010 29,8

26.11.2010 35,0

10.12.2010 14,4

17.12.2010 12,4

24.12.2010 15,5

31.12.2010 20,5

7.1.2011 16,7

14.1.2011 19,2

21.1.2011 24,7

28.1.2011 15,8

4.2.2011 10,3

11.2.2011 18,8

18.2.2011 37,6

25.2.2011 73,8

4.3.2011 9,5

11.3.2011 25,2

18.3.2011 24,7

25.3.2011 13,1

2.4.2011 23,6

8.4.2011 60,2

15.4.2011 79,9

22.4.2011 90,4

29.4.2011 51,5

6.5.2011 42,1

9.12.2011 33,0

16.12.2011 9,6

23.12.2011 12,0

5.1.2012 20,9

5.1.2012 10,0

13.1.2012 9,1

20.1.2012 28,3

27.1.2012 15,0

3.2.2012 32,5

10.2.2012 34,1

17.2.2012 29,2

24.2.2012 12,4

2.3.2012 3,1

9.3.2012 17,4

16.3.2012 16,2

23.3.2012 1,00

30.3.2012 3,5

5.4.2012 7,9

13.4.2012 103,8

20.4.2012 9,2

27.4.2012 9,9

4.5.2012 71,8

11.5.2012 239,3

2.11.2012 16,2

7.12.2012 21,6

11.1.2013 13,5

18.1.2013 25,5

1.2.2013 24,8

8.2.2013 17,7

15.2.2013 41,8

1.3.2013 12,8

28.3.2013 28,0

5.4.2013 45,8

12.4.2013 33,4

19.4.2013 63,3

26.4.2013 292,9

3.5.2013 291,0

The data are presented as day.month.year cBC. The detection limit of the OCECmethod is 0.2 ugC and the Uncertainty (UNC)= c(EC) x 0.05+ 0.1 [Sunset Laboratory Inc. (2018) Forest

Grove, USA, https://www.sunlab.com/]. The relative portion (± 5%) is composed not only of the instrument variation itself but also of slight variations of sample deposit in-homogeneity

and sample handling.

DISCUSSION AND CONCLUSIONS

Light-absorbing impurities in snow darken the surface and
enhance snow melt. The BC in Arctic snow can originate
from local, regional, or long-range transported BC aerosols,
which deposit as dry and wet deposition. Here, the aim was to
investigate the origin and temporal variability of black carbon
observed in surface snow in Sodankylä, north of the Arctic
Circle. For this purpose, BC observations were coupled with a
quantitative long-range transport modeling approach. The data
consisted of 107 weekly observations at one location in 2009–
2013 during the snow season, including five consecutive seasonal
spring melt periods. BC in the snow samples was analyzed using
the European Union standard for atmospheric black carbon
analysis, the thermal-optical OCEC.

SILAM-model was the key used to explain where the
detected black carbon can originate from. In this study, the
model-observation coupled approach included the sensitivity
to the local and near-surface sources for the first time.
The modeling results showed that increased surface snow
BC concentrations (>30 µg/kg) were due to air masses
originating from the Murmansk region, Kola Peninsula, Russia,
e-particle sub-cloud results suggested that Helsinki (Finland), St.

Petersburg (Russia) and Western Russia could also contribute
to increased BC observed in snow in Sodankylä during
2009–2013. The modeling result of the origin of increased
BC concentrations in snow is valid for the period of time
investigated here, i.e., 2009–2013. A new investigation is needed
for any other period to detect a possible change in emission
sources. Direct quantification of the footprint uncertainties is
not possible because footprint is not a measured quantity.
However, SILAM model itself is a very extensively evaluated
tool, both in operational and research context. The following
uncertainties and means of mitigation of their impact are
identified here:

i) The observed snow black carbon concentrations may vary
largely with snowfall intensity. In other words, higher BC
concentrations do not necessarily mean higher contributions
of BC sources. However, the intensity of the snowfall is
explicitly treated by SILAM as a part of adjoint dispersion
equation. The issue however remains because the intensity
of individual snowfalls has comparatively low accuracy. This
could influence the results and interpretation of the results.
Therefore, the consideration was limited to qualitative
comparison of the mean footprints.
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FIGURE 5 | (A) In-cloud and (B) sub-cloud SILAM footprint calculations. The footprints where smelting and mining industries are located. The passive in-cloud and fin

for “clean” (upper) and “dirty” snowfall (lower), on the basis of measured BC mixing ratio in surface-snow samples, for (i) passive gas (no deposition, decay, etc., left),

(ii) fine aerosol (middle), and (iii) coarse aerosol (right). Arbitrary unit (arb.unit) refers to procedure defined unit (abbreviated p.d.u.) of sensitivity.
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ii) Due to uncertainties in the parametrizations. The primary
contributor is the scavenging with snow, which is
comparatively less accurate than that with rain. However,
the operational evaluation of Copernicus Atmospheric
Monitoring Service (http://atmosphere.copernicus.eu)
shows that SILAM skills do not degrade in winter, confirms
the balanced parameterizations.

iii) To additionally reduce the impact of uncertainties in the
meteorology and scavenging processes, as well as of the
limited number of samples, the observed samples were
split to two groups—“clean” and “dirty.” Corresponding
footprints were also grouped and considerations were then
focused on these averaged footprints, giving equal weight
to the footprints in each class, which allowed more robust
statistical processing.

Earlier, with the focus on explaining the measured low snow
albedo values, a shorter and smaller data set of black carbon in
snow in Sodankylä was used to calculate the average footprints
with SILAM (Meinander et al., 2013), not including modeling
of local sources. Here, with two times more observational cases
fulfilling the footprint calculation criteria, the longer and bigger
data set allowed for separate calculations of in-cloud and sub-
cloud footprints and including also the sensitivity to the local
and near-surface sources. Hence, a more reliable analysis of the
origin of black carbon in snow was gained. The pattern found
using the footprint calculations agreed not only that the location
of the main air pollution sources in the region (Prank et al.,
2010) are smelting, mining and refining industries located on the
Kola Peninsula, but also with our earlier average footprint results
using a smaller data set (Meinander et al., 2013). These SILAM
model results can be further compared with the annual total EC
emission data of Figure 6 (CAMS-REG v3.1 for 2016, Granier
et al., 2019). These emission results also confirm that the area
around Murmansk is the major emitter in the region.

The observed snow BC concentrations may vary largely with
snowfall intensity. In other words, higher BC concentrations do
not necessarily mean higher contributions of BC sources. To
avoid the influence of this on the results and the interpretation of
results, our consideration was limited to a qualitative comparison
of the mean footprints. The idea of the method is to compare
the footprints in areas where they differ. Large uncertainties in
the meteorology and scavenging processes, as well as the limited
number of samples, make quantitative analysis hardly possible.
Yet, statistics were calculated using the current threshold values.
Given that the total number of footprints is 22 for each class,
the percentages would be more likely to represent the particular
data set rather than the contribution of different areas to local
pollution in general.

During snow accumulation, the median surface snow BC
concentration was 21 µg/kg, and during melt, it was 57 µg/kg.
The melt period was identified using snow depth data from
Sodankylä station. Themedian BC in surface snow concentration
in Sodankylä in 2009–2013 (n = 107) was 25 µg/kg. This is the
same magnitude reported by Svensson et al. (2018) for Pallas
in March–April 2015 (n = 10) and March 2016 (n = 2), with
an average of 40 µg/kg, and with Doherty et al. (2010) who

FIGURE 6 | Annual total EC emissions according to the CAMS-REG v3.1 for

2016 (Granier et al., 2019).

reported BC in European Arctic snow in Tromso, Norway, with
an average of ∼20 µg/kg and increasing to ∼60 µg/kg during
melt. Here, black carbon concentrations increased from 53 to 293
µg/kg during seasonal snow melt. The maximum concentrations
were found in spring, influenced by the combination of long-
range transported black carbon and spring melt. The highest
concentrations were observed in 2013 (two data points, Figure 4)
and 2012 (one data point, Figure 4). These highest values
represent the largest enrichment of BC to the snow surface
due to post-depositional snow processes. The multiannual data
showed that black carbon concentrations in surface snow in one
location can vary from 1 week to the next, from 0 µg/kg, i.e.,
concentration remaining the same for consecutive weeks, up to
a maximum of 252 µg/kg, as detected in 2013 during intensive
spring melt.

In this paper, it was also identified that these Sodankylä BC in
snow concentration data did not follow the normal distribution.
The distribution was skewed, and instead of using average and
standard deviation values in reporting the data, median values
were used together with 75th percentile values. The detection
limit of the OCEC method is 0.2 ugC and the Uncertainty
(UNC) = c(EC) × 0.05 + 0.1. The relative portion (± 5%) is
composed not only of the instrument variation itself but also of
slight variations of sample deposit in-homogeneity and sample
handling (Sunset Laboratory Inc., 2018; Sunset Laboratory Inc.,
Forest Grove, USA, https://www.sunlab.com).

Our data showed that the temporal variability of black carbon
in snow depends on atmospheric and cryospheric processes, such
as the origin of BC due to atmospheric transport and dry and wet
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deposition processes, as identified in the footprint calculations.
Black carbon concentrations are also dependent on snow melt,
which is evident in the data as a repeating pattern of the spring
enhancement of BC contents during each of the five springs.
These processes, in turn, are affected by meteorological factors,
such as rain, temperature, wind, cloudiness, solar irradiance
conditions, and other environmental factors, such as topography
and ground properties. The effects of meteorological factors on
Sodankylä snow albedo were studied earlier in Meinander et al.
(2008). Sodankylä is an ideal place for the approach presented
here, as it is characterized with flat terrain and low wind speeds,
where new falling snow easily remains on top of the existing
seasonal snowpack during the accumulation period. In addition,
when snow melt starts in Sodankylä, the snow height declines
almost monotonically through the spring melt season, making it
easy to sample new surface snow.

The quantitative observations modeling approach presented
here can be similarly applied to any location or period
without a priori knowledge of the pollution source. New
surface snow samples (sampled within 24 h of snow fall)
are the main requirement. Then, any unknown pollution
sources can be identified, and any later changes in emissions
or in long-range transport or deposition processes can be
detected by applying the coupled observations modeling method
presented here.
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Supra-glacial debris cover is key to glacier ablation through increasing (thin debris layer)
or decreasing (thick debris layer) melt rates, thereby regulating the mass balance of
a glacier and its meltwater runoff. The thickening or lateral expansion of supra-glacial
debris cover correlates with a reduction of glacier ablation and, consequently, runoff
generation, which is also considered to be an influential factor on the rheology and
dynamics of a glacierized system. Studies on supra-glacial debris cover have recently
attracted wide attention especially for glaciers in the Himalayas and Karakoram, where
the glaciers have heterogeneously responded to climate change. In this study, we
used 32 images from the Landsat Thematic Mapper, Enhanced Thematic Mapper Plus,
and Operational Land Imager archive, going back to 1990, which are available on the
Google Earth Engine cloud-computing platform, to map the supra-glacial debris cover
in the Hunza Valley, Karakoram, Pakistan, based on a band ratio segmentation method
(normalized difference snow index [NDSI] < 0.4), Otsu thresholding, and machine
learning algorithms. Compared with manual digitization, the random forest (RF) model
was found to have the greatest accuracy in identifying supra-glacial debris, with a Kappa
coefficient of 0.94 ± 0.01 and an overall accuracy of 95.5 ± 0.9%. Overall, the supra-
glacial debris cover in the study area showed an increasing trend, and the total area
expanded by 8.1–21.3% for various glaciers from 1990 to 2019. The other two methods
(Otsu thresholding and NDSI < 0.4) generally overestimated the supra-glacial debris
covered area, by 36.3 and 18.8%, respectively, compared to that of the RF model. The
supra-glacial debris cover has migrated upward on the glaciers, with intensive variation
near the equilibrium-line altitude zone (4,500–5,500 m a.s.l.). The increase in ice or
snow avalanche activity at high altitudes may be responsible for this upward expansion
of supra-glacial debris cover in the Hunza Valley, which is attributed to the combined
effect of temperature decrease and precipitation increase in the study area.
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INTRODUCTION

Glaciers are not only a diminishing natural freshwater resource
but also a sensitive indicator of global climate change (Yang, 1995;
Kaab et al., 2012; Kraaijenbrink et al., 2017; Zemp et al., 2019).
However, due to global warming, global glaciers are showing a
trend of retreat and thinning. Recent studies on mass balance
(Rowan et al., 2015; Lynch et al., 2016; Dehecq et al., 2018; Wu
et al., 2018; Wang et al., 2019a; Wouters et al., 2019; Zemp et al.,
2019), glacial area change (Paul et al., 2013; Patel et al., 2019;
Reinthaler et al., 2019), surface velocity (Wang et al., 2018; Altena
et al., 2019; Garg et al., 2019), glacio-hydrological modeling
(Shrestha et al., 2015), and glaciers’ response to climate change
(Scherler et al., 2011; Rowan et al., 2015) have revealed that
changes in glaciers are exerting an impact on socioeconomic
development in their downstream areas through changes in
glacial water resources in High Mountain Asia (Immerzeel
et al., 2010). Climate change may force geomorphological
processes on high mountain slopes (Tipper et al., 2012; Cook
et al., 2020) by accelerating the disintegration of rocks and
increasing the accumulation of debris on glaciers and mountain
slopes. As a result, the alpine glaciers widely distributed in the
Pamir, Karakorum, Kunlun, Nyainqentangula, and Himalaya
Mountains (Scherler et al., 2011; Khan et al., 2015; Zhang et al.,
2016; Shukla and Garg, 2019) have widespread supra-glacial
debris cover. Some studies have referred to glacier areas with
sporadic debris cover as “dirty ice” (Robson et al., 2015; Fyffe
et al., 2019a,b). The debris cover on glaciers affects the energy
exchange at the ice surface and therefore has an impact on
the surface mass balance of glaciers. It is therefore possible for
glaciers to gain more heat from the environment, increasing the
melt rate and causing the mass loss of glaciers.

Compared with clean ice or snow, the debris layer has a
unique thermal process due to differences in physical properties
such as reflectance, particle size, and color, which results in
different ablation processes in the underlying ice (Østrem, 1959;
Nicholson and Benn, 2006). Also, the differential ablation caused
by an uneven distribution of debris thickness makes it easy for
glaciers to form cliffs (Kindermann et al., 2008; Herreid and
Pellicciotti, 2018) and ponds (Miles et al., 2016; Chand and
Watanabe, 2019) in the ablation zone. Notably, these cliffs and
ponds are not only factors that affect the hydrological process but
also home to numerous glacial lakes, which can pose a serious
threat to downstream communities and lead to catastrophic
socioeconomic disasters in cases of glacial lake outburst flood
(Benn et al., 2012; Dubey and Goyal, 2020). Therefore, obtaining
information about the spatial distribution and temporal variation
of supra-glacial debris cover would enhance the understanding of
debris-covered glaciers and the glacial hydrological model. Some
studies have shown that the area of debris cover is increasing as,
overall, glaciers shrink and lose mass. For example, the supra-
glacial debris cover in the Greater Caucasus increased from
48.3 ± 3.1 km2 in 1986 to 79.0 ± 4.9 km2 in 2014, based on
Landsat and images from the years 1986, 2000, and 2014 (Tielidze
et al., 2020). Furthermore, the glaciers in Pamir, Karakoram,
and West Kunlun have moved forward or backward, either
in equilibrium or showing an increase in mass (“Karakoram

anomaly”) in recent years (Salerno et al., 2017; Farinotti et al.,
2020; Gao et al., 2020), and it is of great interest to know whether
this debris cover increase phenomenon exists for glaciers in
anomaly areas, such as the Hunza Valley. Although some studies
have mapped the spatial distribution of supra-glacial debris cover
in this area (Khan et al., 2015, 2020; Mölg et al., 2018; Gao et al.,
2020), they were limited to the extraction of spatial distribution
information and lack any analysis on the temporal dynamic
changes of supra-glacial debris.

Since the reflectance of supra-glacial debris is similar to
that of non-glaciated slopes (Paul et al., 2004) and there
is a lack of continuous, large-scale, high-quality cloud and
shadow-free optical images, obtaining the long-term supra-
glacial debris variations based on remote imagery is challenging.
Previous studies have attempted to distinguish clean ice from
debris-covered ice by using individual parameters such as the
normalized difference vegetation index (NDVI), normalized
difference snow index (NDSI), normalized difference water index
(NDWI), and spectral band ratio thresholds [e.g., near-infrared
(NIR)/short-wave infrared (SWIR)] or their combination from
optical remote sensing images (Bolch et al., 2010; Alifu et al.,
2015, 2016; Mölg et al., 2018). These methods can robustly
delineate clean ice or snow, but they cannot accurately and
automatically classify debris-covered ice as distinct from clean
ice and the surrounding land surface (Robson et al., 2015). This
has stimulated studies on the use of other parameters, such as
geomorphic parameters derived from digital elevation models
(DEMs) (Paul et al., 2004; Frey and Paul, 2012; Patel et al., 2019)
and thermal characteristics from the infrared band (Singh and
Goyal, 2018), as well as utilizing the coherence change between
two successive synthetic aperture radar (SAR) images (Janke
et al., 2015; Robson et al., 2015; Yang et al., 2016; Lippl et al.,
2018), and the recognition accuracy was improved. However,
complex preprocessing and severe terrain noise from SAR data
make large-scale applications difficult. In conclusion, especially
for the long-time series involved in debris monitoring, optical
images, with decades of continuous observations, such as the
Landsat archive, are more practical.

In recent years, machine-learning-based classification
methods have been applied to mapping glacier facies
(Racoviteanu and Williams, 2012; Shukla and Yousuf, 2016;
Zhang et al., 2019; Yousuf et al., 2020). Studies have shown
that machine learning has advantages in extracting land-surface
information from remote sensing images, which can effectively
improve the accuracy of object recognition (Lary et al., 2017;
Maxwell et al., 2018). However, mining large-scale and time
series land information from high spatiotemporal resolution
remote sensing data was found to be a computationally intensive
task, requiring powerful computing platforms for analysis.
Fortunately, some geospatial cloud-computing platforms are
emerging that meet this demand, such as Google Earth Engine
GEE, Amazon Web Services, Earth Server, and the Earth
Observation Data Centre (Guo et al., 2020). Among these,
GEE has advantages because it is an open-source, cloud-based
platform for planetary-scale geospatial analysis that integrates
mainstream free satellite data, such as the Landsat archive,
Sentinel series imagery, and other terrain products and climate
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data (Gorelick et al., 2017). It can remove the parts of cloud,
cloud shadow, and terrain shadow that affect each scene at
the pixel scale, compared with the local image processing and
analysis software, which takes the scene as a processing unit.
The GEE platform has been widely used for various high-impact
societal issues such as forest resources (Hazel et al., 2016), water
resources (Pekel et al., 2016; Wang et al., 2019b), and land-use
classification (Dong et al., 2016; Midekisa et al., 2017; Hao et al.,
2019_ENREF_18) and has achieved remarkable results.

The aim of this study was to develop an automatic algorithm
to identify debris-covered ice and map its spatiotemporal
distribution in order to explore the dynamic process of supra-
glacial debris cover by combining glacier inventory data and
remotely sensed images on the GEE geospatial analysis platform.
The study focused on glaciers in the Hunza Valley in the
Karakorum Mountains of Pakistan. Otsu’s method was utilized
to optimize thresholds of NDSI, and three machine learning
algorithms [random forest (RF), support vector machine (SVM),
and classification and regression tree (CART)] were used to
classify supra-glacial features, including debris-covered ice, at the
pixel level. Raw spectral information, band ratios, and color-to-
grayscale conversion from Landsat 5/8 optical satellite imagery
and the topographical components derived from DEM products
were extracted as feature variables in the machine learning
models. The same scheme was used to generate a time series of the
debris-covered and clean ice areas in the study area. Finally, the
results were comprehensively analyzed and discussed together
with other data derived at the same time.

STUDY AREA

The Hunza Valley is an area measuring ∼11,000 km2,
located in the western Karakoram, northern Pakistan
(36◦00′15′′ ∼ 37◦05′23′′ N, 74◦02′57′′ ∼ 75◦46′48′′ E) (Figure 1).
The topography across the Hunza Valley is characterized by
large altitudinal variations, from 1,341 to 7,831 m above sea
level (a.s.l.). The valley is home to glaciers with a total area of
∼3,600 km2 (1,878 glaciers, with ∼12% of them being larger
than 0.5 km2) that accounts for ∼33% of the basin area based
on the Randolph Glacier Inventory (RGI) 6.0 dataset (RGI
Consortium, 2017). Most of the glaciers (e.g., Hispar, Batura,
and Barpu) are debris-covered and in a state of surging and
advancing (Bhambri et al., 2017). Debris-covered glaciers are
potential factors driving glacial lake outburst floods (Bhambri
et al., 2019), which represent a major threat to local people,
their property, and infrastructure such as the Karakoram
Highway in the Hunza Valley. Climatologically, the study area
is arid to semi-arid, situated in the subtropical climate zone
and experiences significant variations in precipitation and
temperature (Immerzeel et al., 2012). Based on the Moderate
Resolution Imaging Spectroradiometer (MODIS) 1-km land-
surface temperature daily products, the mean land-surface
temperature for the entire region is −12.9◦C in January
and 20.1◦C in July. Precipitation is mainly controlled by
Indian monsoons and the westerlies, and the average annual
precipitation is between 180 and 690 mm (Qureshi et al., 2017).

Snow cover occupies approximately 80% of the basin’s land
surface in the winter, decreasing to 30% in the summer (Tahir
et al., 2011). The types of land cover in the basin include forest
(0.4%), shrubland (16.1%), farmland (0.7%), and barren land
(82.8%). The main soil types include Leptosols (type LP), rock
outcrop soil (type RK), and glaciated soil (type GG). The primary
soil component in the region is highly active clay, followed by
rock outcrops and glacial soil (Garee et al., 2017; Ali et al., 2018).

DATA AND METHODS

Landsat Imagery and Preprocessing
The Hunza Valley is covered by three WRS2 path/rows (149/034,
149/035, and 150/034) of Landsat images. We collected all
the available standard level 1 terrain-corrected products of
the Landsat raw scenes that were consistent in geometry
and radiometry on the GEE platform, representing the years
1990–2019, including 10 Landsat TM images, four Landsat
Enhanced Thematic Mapper Plus (ETM+) images, and 18
Landsat Operational Land Imager (OLI) images (see Table 1).
The selection of images was constrained by the acquisition time
during the ablation season (e.g., during July, or 200–270 days)
when the images showed minimum snow cover, with little or
no cloud cover. Mosaics of three path-row images within the
same year in the research domain has been processed ready for
debris extraction except for 2010 which were the mosaic from
TM images acquired in 2008 (149/034), 2009 (149/035), and
2011 (150/034), respectively, due to wide snow cover of images
in 2010. The Landsat 7 ETM+ data from 2000 only were used
because of data gaps caused by scan line corrector failure since
June 2003. Spectral bands with 30-m resolution were used in
this study. All the data were publicly available, for free, on the
United States Geological Survey (USGS) website.1 We applied a
standard top-of-atmosphere calibration, which is available on the
GEE platform, to all the USGS Landsat Raw Scenes, converting
the pixel digital number values to top-of-atmosphere reflectance
(Chandera et al., 2009). Then, we assigned a cloud score to
each pixel, using the Landsat simple cloud score algorithm,2

which computes a simple cloud-likelihood score from 0 (not
cloudy) to 100 (most cloudy), using a combination of brightness,
temperature, and NDSI. We used a <10 threshold on the cloud
score to mask cloudy pixels and took the per-band median
values from the accepted pixels. Whole-image data preprocessing
and the subsequent classification process were implemented by
coding on the GEE platform.

Supra-Glacial Debris Extraction
Debris-Covered Ice Extraction
In this work, we used three algorithms to map the debris-covered
outlines of glaciers. A detailed framework for debris-covered
ice extraction is presented in Figure 2. The first algorithm was
a machine-learning algorithm including SVM (Suykens and
Vandewalle, 1999), RF (Liaw and Wiener, 2002), and CART

1https://www.usgs.gov/land-resources/nli/landsat
2https://developers.google.com/earth-engine/landsat
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FIGURE 1 | (a) Location of the Hunza Valley (blue area) in the Karakoram. (b) Major cities, rivers, and road (Karakoram Highway) in the Hunza Valley, RGI 6.0
glaciers, and region-of-interest sample sites for various land types used in the machine-learning classification model (2019).

(Breiman et al., 1984). Default parameters were used, but 500
trees were set for the RF classification model, and the kernel
type of radial basis function that is suitable for the case of linear
inseparability was applied in the SVM model. It is obvious that a
single spectrum cannot fully solve the problem of the similarity of
ice covered with debris to the surrounding terrain. We generated
14 feature variables: original spectrum (Band 1 ∼ 7); band
ratios (NIR/SWIR1); NDVI ([NIR − Red]/[NIR + Red]);
NDSI ([Green − SWIR1]/[Green + SWIR1]); NDWI
([Green − NIR]/[Green + NIR]); and luminance
(0.3∗Red + 0.59∗Green + 0.11∗Blue); and geomorphic
parameters (slope and aspect). The training data were visually
sampled, based on Landsat images at coincident times, combined
with high-resolution images from Sentinel-2 and Google Maps.
Samples in the regions of interest were divided into clean ice
or snow, debris-covered ice (or supra-glacial debris), bare land,
and other (e.g., vegetation, villages, rivers, lakes, and shadows),
according to the land cover types pertaining to the Hunza Valley
(Ali et al., 2018). For example, for 2019, 1,024 samples (shown
in Figure 1) were selected, including 373 debris, 356 ice/snow,
270 bare land, and 205 other. The second method was a band
ratio segmentation method (NDSI < 0.4) (Dozier, 1989) for
eliminating the clean ice/snow part, under the restrictions of the
RGI 6.0 outlines. However, a fixed NDSI threshold of 0.4 may
not have been applicable to all periods. Therefore, we developed
an optimization method based on Otsu algorithms to optimize
the NDSI threshold to better distinguish between clean ice/snow
and debris-covered ice in different periods. The Otsu algorithm
is an automatic non-parametric and unsupervised method
for thresholding that is used to automatically detect targets in
computer vision and image-processing fields (Ng, 2006). It is a

global threshold method, and its principles are the following:
assume that the gray value of an image is 1 ∼ N, divide it into
two groups at value k, G0 = [1 ∼ k], and G1 = [k+ 1 ∼ N],
and calculate the probability of the two groups, ω0 and ω1, the
average values for each group (µ0 and µ1), and the entire image
(µ). Then, the variance of the two groups can be calculated by
the following equation:

σ2 (
k
)
= ω0(µ0 − µ)2

+ ω1(µ1 − µ)2

where σ2 (
k
)

is a threshold selection function. By changing the
k-value in 1 ∼ N, the k-value at which σ2 (

k
)

is maximized is the
required threshold.

Slope Delimitation and “Salt and Pepper Effect”
Removal
Topographic parameters are a key factor in delineating glacier
areas with debris cover. The spatial distribution of supra-
glacial debris depends on the geomorphology and elevation
gradient (Paul et al., 2004). Thus, parameters such as slope,
aspect, and plan curvature derived from DEM were applied
to improve the accuracy of classification of the debris cover
and clean ice on the glacier surfaces. Some previous studies
proposed various thresholds for the slope; for example, a
slope < 24◦ (Paul et al., 2004) or smaller values [<12◦ (Alifu
et al., 2015) or <14 ∼ 16◦ (Robson et al., 2015)] were used
to distinguish debris-covered glaciers from the surrounding
terrain. We hypothesized that the slope threshold would
show spatial heterogeneity for various glacierized mountains.
We used the slope gradient derived from the Shuttle Radar
Topography Mission DEM void-filled version, known as
“SRTM Plus,” at a resolution of 1 arc-second (approximately
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TABLE 1 | List of Landsat scenes used to map the dynamics of supra-glacial debris.

Time stage WRS2 path-row Date LANDSAT_SCENE_ID Sensor Cloud cover (%)

1990s 150–034 July 05, 1993 LT51500341993186ISP00 TM 5

149–034 August 07, 1990 LT51490341990219ISP00 TM 1

149–035 August 07, 1990 LT51490351990219ISP00 TM 1

1998s 149–035 August 13, 1998 LT51490351998225XXX01 TM 4

149–034 August 29, 1998 LT51490341998241BIK03 TM 4

150–034 August 20, 1998 LT51500341998232BIK00 TM 3

149–035 August 16, 1999 LT51490351999228AAA02 TM 8

2000s 149–035 September 11, 2000 LE71490352000255SGS00 ETM+ 5

149–034 September 11, 2000 LE71490342000255SGS00 ETM+ 3

150–035 September 16, 1999 LE71500351999259SGS00 ETM+ 1

149–034 September 02, 2000 LE71500342000246SGS01 ETM+ 4

2010s 149–034 September 25, 2008 LT51490342008269KHC01 TM 2

150–034 August 24, 2011 LT51500342011236KHC00 TM 1

149–035 August 27, 2009 LT51490352009239KHC00 TM 3

2013s 149–035 September 07, 2013 LC81490352013250LGN01 OLI 2

149–034 September 07, 2013 LC81490342013250LGN01 OLI 4

150–034 July 28, 2013 LC81500342013209LGN02 OLI 3

2014s 150–034 September 17, 2014 LC81500342014260LGN01 OLI 2

149–035 July 24, 2014 LC81490352014205LGN01 OLI 3

149–034 September 26, 2014 LC81490342014269LGN01 OLI 2

2015s 150–034 August 19, 2015 LC81500342015231LGN01 OLI 2

149–034 September 13, 2015 LC81490342015256LGN01 OLI 2.5

149–035 September 13, 2015 LC81490352015256LGN01 OLI 12.5

2017s 150–034 September 09, 2017 LC81500342017252LGN00 OLI 1.6

149–034 August 01, 2017 LC81490342017213LGN00 OLI 4.7

149–035 August 01, 2017 LC81490352017213LGN00 OLI 3.6

2018s 150–034 September 12, 2018 LC81500342018255LGN00 OLI 1.7

149–035 August 04, 2018 LC81490352018216LGN00 OLI 2.6

149–034 August 04, 2018 LC81490342018216LGN00 OLI 10

2019s 149–034 September 24, 2019 LC81490342019267LGN00 OLI 0.5

149–035 September 24, 2019 LC81490352019267LGN00 OLI 1.1

150–034 September 12, 2018 LC81500342018255LGN00 OLI 1.7

30 m), which was available from the National Aeronautics
Space Administration Jet Propulsion Laboratory. To obtain a
typical slope threshold for this region, we evenly selected 713
slope samples from the glacier areas covered by debris in
the Hunza Valley using visual interpretation. Our statistical
results indicated that slopes of <25◦ dominated 99% of
the debris-covered glacier areas with an average slope of
6.7◦ (Figures 3A,B). Therefore, a slope threshold of 25◦,
which is consistent with suggestions in Paul et al. (2004),
was used to distinguish the glacier debris areas from the
surrounding debris areas.

The “salt-and-pepper” effect is a common noise problem
in pixel-based remotely sensed imagery classification, occurring
when the same features (adjacent pixels) on the image
are divided into different categories. Usually, median or
morphological filtering is considered as a method for noise
reduction (Serra and Vincent, 1992; Jassim, 2013). To remove
this noise (also known as island pixels), we applied a
morphological reducer filter to classified images using a custom
kernel. We found that a 5 × 5 square kernel, with 50

connected pixels, was the best format for removing this effect,
after a comparison of different kernel sizes (kernel radii of
3 × 3, 5 × 5, 7 × 7, 9 × 9, 11 × 11, 13 × 13,
15 × 15, and 25 × 25) (Figure 3C) and types (square, circle,
octagon, diamond, cross, and plus) and maximum number
of connected pixels (5, 10, 20, 30, 40, 50, 100, 200, 300,
400, 500, and 1000).

Definition of Glacier Outlines
At present, there are several datasets defining glacier outlines
of the world including Global Land Ice Measurements from
Space (GLIMS) (Raup et al., 2007), RGI (Pfeffer et al., 2014),
Glacier Area Mapping for Discharge from the Asian Mountains
(GAMDAM) (Nuimura et al., 2015), and the Second Glacier
Inventory of China (Liu et al., 2015). In our study, the
glacier outlines consisted of clean ice and supra-glacial debris
outlines. We automatically extracted the clean ice outlines
robustly using the classification algorithm, while relying on
the existing RGI 6.0 outlines for the supra-glacial debris
outlines, as in previous studies (Mölg et al., 2018; Scherler
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FIGURE 2 | Framework used for mapping debris cover on the GEE platform.

et al., 2018; Tielidze et al., 2020). For terminus-advancing
or retreating glaciers, however, it is not reasonable to use
a fixed glacier outline in time series of supra-glacial debris
mapping. Therefore, we manually improved the RGI 6.0 outlines
by visually interpreting glacier boundaries based on historical
images of Landsat, Sentinel-2, and Google Maps, especially
for the surging glaciers proposed by Bhambri et al. (2017)
(Figure 1) and debris-covered glaciers. A total of six glacial
outlines were modified based on the historical images of
1990, 1998, 2014, 2018, and 2019. We found that although
the Karakoram contains a large number of surge-type glaciers
(Quincey et al., 2011; Bhambri et al., 2017), there were no

significant terminus-advancing or retreating glaciers in our
study area. Thus, we assumed that the limiting effect of RGI
outlines did not affect the dynamic analysis of supra-glacial
debris. Nevertheless, there were voids or missing data in the
glacier outlines mapped by RF modeling, possibly due to some
darker pixels on the glaciers being misclassified, with so much
attention being paid to these in the process during “salt and
pepper effect” removal. Also, we found that the clean ice/snow
automatically mapped by NDSI < 0.4 and Otsu thresholding
contained some water pixels located outside the glacier area,
so the results were masked using a 500-m buffer of the
RGI 6.0 outlines.
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FIGURE 3 | (A) 3D distribution of slopes in the debris-covered areas of the glaciers. (B) Histogram of slope statistics. (C) Comparison of removal effects (e.g., red
rectangles) under different kernel radius and square kernel types. A 5 × 5 square type and 50 connected pixels were selected for this study.

TABLE 2 | Comparison of debris cover area values (2019) derived from automatic extraction algorithms and manual digitization.

Glacier Multiple digitizations (km2) RF NDSI < 0.4 Otsu thresholding

1 2 3 4 5 Std. Mean

Kukki Jerab 15.7 16.1 15.0 15.1 14.0 0.8 15.2 12.8 14.3 14.6

Virjerab 21.7 21.9 21.5 21.0 21.6 0.4 21.5 20.1 25.9 27.1

Yashkuk Yaz 25.9 27.3 26.2 30.2 24.3 2.2 26.8 25.2 27.5 28.5

Evaluation of Classification Accuracy
We used two methods to assess the accuracy of the classification
results. For machine learning, a cross-validation method was
used, where the total sample was divided into two parts, and
70% of the sample points from each class were randomly
selected to train the model while 30% were withheld to form
a validation dataset. Using the validation dataset, a confusion
matrix was generated to assess the accuracy of the predictions
across the classes, and the overall accuracy through the Kappa
coefficient. The confusion matrix prediction versus the validation
data based on the RF model and 2019 Landsat 8 OLI image
are shown in Table 2. The prediction accuracy of the RF

model for different land types exceeded 89%, especially for
clean ice/snow with user and producer accuracy of 100%.
Therefore, for this study, we used the RF model because
it had the greatest accuracy compared with the SVM and
CART models. Another evaluation tool is the “round robin”
method proposed by Paul et al. (2017), which is based on
multiple manual digitizations. Based on high-resolution Sentinel-
2 and Google Earth images, we selected three glaciers (Kukki
Jerab, Virjerab, and Yashkuk Yaz) and performed manual
digitization five times, using the average value for evaluating
the automatically derived extent and standard deviation for
digitization accuracy. Table 3 shows the debris-covered area
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on three debris-covered glaciers derived by machine learning
algorithms and by manual digitization.

RESULTS

Changes in Supra-Glacial Debris Cover
From 1990 to 2019
Overall, the supra-glacial debris-covered area in the Hunza Valley
showed a trend of slowly increasing from 1990 to 2019. This
increasing trend has been seen in other major glaciers during the
same period, as indicated in Figure 4. Considering the accuracy
of the RF model for satellite data acquired at different times,
the Kappa coefficient of the RF model was within a range of
0.92–0.96 (0.94 ± 0.01), the overall accuracy was 95.5 ± 0.9,
and the estimated debris coverage was 410.9 ± 25.9 km2. The
debris cover estimated by the Otsu thresholding method was
559.1 ± 23.4 km2, with an optimized threshold of 0.53 ± 0.04.
The NDSI < 0.4 method gives a value of 487.1 ± 16.9 km2.
The detailed estimates of supra-glacial debris cover are shown
in Table 4 and Figure 5. The total area of supra-glacial debris
cover in the Hunza Valley has expanded by about 8.1–21.3% from
1990 to 2019. In comparing the estimated values from the three
methods, we found that those based on Otsu thresholding were
the largest, followed by the NDSI < 0.4 method and the RF model,
while the estimated standard deviation based on the RF model
was the largest, with a value of 25.9 km2. The results indicated that
the supra-glacial debris cover in this region has been expanding
slowly since the 1990s, due to an increasing number of clean ice
areas being covered by impurities, such as rock and dust, which
reduce the albedo, resulting in a debris-covered ice classification.

In order to further explore the variations in supra-glacial
debris cover, we drew the spatial distribution of supra-glacial
debris in the Hunza Valley from 1990 to 2019 using spatial overlay
analysis, as shown in Figure 6A. The supra-glacial debris has
migrated up-glacier, and the main area of change is located in the
middle and upper regions of the glacier, close to the altitude of the
equilibrium line (4,500–5,500 m a.s.l.). The variation in debris on
the slopes showed a normally skewed distribution, with ∼60%
of the variation in coverage being located in the area below a
slope of 10◦ (Figure 6B). The maximum variation in supra-glacial
debris was at an altitude of 5,000 m a.s.l. (Figure 6C) and with
a northeast aspect. Also, We mapped the distribution of supra-
glacial debris and clean ice/snow cover in the Hunza Valley at
elevation gradient and aspect based on the estimation results by

TABLE 3 | Confusion matrix for random forest model classification in 2019 [model
prediction (top) and validation data (left)].

Debris Ice/snow Bare Other Total Producer accuracy

Debris 101 0 5 0 106 95.3%

Ice/snow 0 104 0 0 104 100%

Bare 2 0 65 1 68 95.6%

Other 3 0 3 66 72 91.7%

Total 106 104 73 67 350 Overall accuracy: 96.0%

User accuracy 95.3% 100% 89.0% 98.5% – Kappa: 0.95

RF model on images acquired in 2019. More than 78% of the clean
ice/snow area lies higher than 5,500 m a.s.l., while about 80% of
the debris-covered ice was distributed between 4,000 and 5,000 m
a.s.l. The median elevations were approximately 5,365 m for clean
ice/snow and 4,075 m for debris-covered ice (Figure 7A). The
median elevation of glaciers is 5,230 m a.s.l., which is sometimes
referred to as the equilibrium line altitude of glaciers in the Hunza
basin (Qureshi et al., 2017). This means that supra-glacial debris
is extensively distributed in the lower part of the ablation area
of glaciers. Most glaciers have a north (N) and northeast (NE)
aspect, accounting for 38.7% of the glaciers’ area, with only a few
glaciers having a west-facing aspect (Figure 7B).

Status of Glaciers in the Hunza Valley
Over the past 30 years, the glacier area in the Hunza
Valley has shown a downward trend. The glacier area
estimated by the NDSI < 0.4, Otsu thresholding, and the RF
model is 4,355.5 ± 210.2 km2, 4,104.8 ± 167.6 km2, and
3,810.8± 321.7 km2, respectively. The clean ice/snow and supra-
glacial debris areas of the Hunza Valley for the years 1990, 1998,
2000, 2010, 2013, 2014, 2015, 2017, 2018, and 2019 are included in
Table 4 and Figure 5. The results presented in this study indicate
a 9.311.6% decrease in clean ice/snow area in this region between
1990 and 2019. This decrease may be due to the retreat of glaciers
and the overall expansion of debris-covered areas on glaciers
(8.1–21.3%). According to the estimates from the RF model, the
total glacier area of the Hunza Valley was 3,497.1 km2 in 1990 and
3,286.6 km2 in 2019. Overall, there was a 6.0% decrease in glacier
area from 1990 to 2019.

DISCUSSION

Uncertainty Analysis
Uncertainty, including that stemming from measurement errors,
models, and scale effects, is an important step in validating
the mapping results of supra-glacial debris. In this study, the
quality of the satellite imagery was the most important factor,
as this directly determined the classification results, especially
in the high mountain areas with clouds and steep terrain. To
exclude the impact of fresh snow, images from previous and
subsequent years were used for some periods when there were
few cloud-free images, such as in 2010, and this may inevitably
have added to the uncertainty. Besides, the uncertainty mainly
stemmed from the ground observational data (such as the counts
and spatial distribution of the samples for the machine learning
model), the classification methods, including the model types, the
selected feature variables, model parameters or thresholds, and
the postprocessing process. We analyzed this uncertainty from
the following two aspects.

Uncertainties in Mapping Glacier Outlines
Uncertainty of supra-glacial debris extraction is a major source
of uncertainty in mapping glacier outlines compared with the
uncertainty from the extraction of the clean ice/snow part.
The mapping uncertainty for the clean-ice areas was mainly
affected by the seasonal snow cover. Seasonal snow cover has
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FIGURE 4 | RF-classifier-based supra-glacial debris mapping of five typical debris-covered glaciers. Column 1 (left) illustrates the variation curves for the
supra-glacial debris area, indicating the expansion of supra-glacial debris cover from 1990 to 2019. The next columns show examples of supra-glacial debris
extraction for each glacier, including the Landsat 8 OLI image from 2019 (Column 2), the RF classified results (Column 3), and the debris extent passed through
post-classification processing (Column 4).

a greater impact on small glaciers, and the uncertainty may
exceed 50% or even more (Mölg et al., 2018). From 2010 to
2014, the clean ice/snow area estimated by the three methods
was on the high side, which may be caused by seasonal snow
cover. In addition, we compared the glacier area estimated by
Mölg et al. (2018), hereafter called the Mölg dataset, with our

inventory to determine the main differences between them. The
RF-based classification accuracy for clean ice/snow was 100%
with an estimated glacier area of 3,810.8 ± 321.7 km2, which
is ∼6% larger than the Mölg dataset (3,617.1 km2). The glacier
area estimated by NDSI < 0.4 and Otsu thresholding tended
to be overestimated, being 738.4 km2 and 487.8 km2 higher
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TABLE 4 | Debris cover area change in Hunza valley between 1990 and 2019.

Time stage NDSI < 0.4 Otsu thresholding RF model

Clean ice/snow
(km2)

Supra-glacial
debris (km2)

Thresholds Clean ice/snow
(km2)

Supra-glacial
debris (km2)

Kappa Overall
accuracy (%)

Clean ice/snow
(km2)

Supra-glacial
debris (km2)

1990 3951.7 ± 220.7 483.9 ± 16.9 0.52 3629.0 ± 179.5 542.0 ± 23.4 0.93 95.2 3118.0 ± 330.0 379.2 ± 25.9

1998 3694.0 ± 220.7 486.9 ± 16.9 0.49 3442.3 ± 179.5 540.7 ± 23.4 0.94 95.6 3175.0 ± 330.0 439.1 ± 25.9

2000 3722.7 ± 220.7 487.9 ± 16.9 0.49 3502.8 ± 179.5 534.1 ± 23.4 0.94 95.8 3344.3 ± 330.0 390.0 ± 25.9

2010 3992.9 ± 220.7 481.9 ± 16.9 0.49 3744.2 ± 179.5 529.6 ± 23.4 0.93 94.9 3738.7 ± 330.0 405.4 ± 25.9

2013 4086.0 ± 220.7 483.2 ± 16.9 0.57 3717.2 ± 179.5 548.4 ± 23.4 0.93 94.9 3704.8 ± 330.0 434.4 ± 25.9

2014 4267.0 ± 220.7 484.7 ± 16.9 0.60 3822.9 ± 179.5 559.8 ± 23.4 0.96 96.7 3853.2 ± 330.0 397.6 ± 25.9

2015 3788.0 ± 220.7 515.3 ± 16.9 0.51 3447.0 ± 179.5 582.7 ± 23.4 0.95 96.3 3675.2 ± 330.0 394.7 ± 25.9

2017 3804.0 ± 220.7 518.9 ± 16.9 0.55 3457.6 ± 179.5 593.0 ± 23.4 0.92 93.8 3307.7 ± 330.0 416.1 ± 25.9

2018 3782.2 ± 220.7 503.6 ± 16.9 0.55 3466.7 ± 179.5 574.7 ± 23.4 0.95 96.1 3255.8 ± 330.0 392.1 ± 25.9

2019 3493.0 ± 220.7 524.8 ± 16.9 0.53 3227.8 ± 179.5 586.0 ± 23.4 0.95 96.0 2826.7 ± 330.0 459.9 ± 25.9

Average 3858.4 ± 220.7 487.1 ± 16.9 0.53 ± 0.04 3545.7 ± 179.5 559.1 ± 23.4 0.94 ± 0.01 95.5 ± 0.9 3399.9 ± 330.0 410.9 ± 25.9

FIGURE 5 | Time-varying trend of the clean ice/snow and supra-glacial debris area estimated by the random forest model.

than the Mölg dataset, respectively. Unfortunately, there were
still voids or missing data in the glacier outlines mapped by
the RF model, which also lead to the underestimation of glacier
area in some years.

Uncertainties in Mapping Supra-Glacial Debris
Figure 8A shows that the results from the machine learning
algorithms generally had high accuracy, with Kappa coefficients
ranging from 0.82 to 0.95. In comparison, the classification
accuracy for the SVM model was slightly lower than for the
RF model, where the Kappa coefficient was 0.9 and the overall
accuracy was 96.0%. The manual digitization for each glacier by
five professionals showed decreasing standard deviations from
the largest to the smallest glaciers, specifically Yashkuk Yaz
(26.8 ± 2.2 km2), Kukki Jerab (15.2 ± 0.8 km2), and Virjerab
(21.6 ± 0.4 km2) glaciers. The linear fit between the mean of
the digitizations and the automatic estimates indicated that all
the machine learning algorithms could produce results close to

reality but that the RF model was better than the other two, in
terms of the determination of an R2 coefficient of 0.99 for the
RF model, 0.87 for the NDSI <0.4 method and 0.86 for the Otsu
thresholding algorithm (Figure 8B).

As shown in the results, there were differences in the supra-
glacial debris cover area estimated by the three methods, with the
Otsu thresholding tending to overestimate the debris coverage,
while the RF model gave the smallest estimated value. To verify
the reliability of these estimates, we compared the results with
those from other works. For example, the supra-glacial debris
area extracted from the 2007 and 2009 ALOS-1 PALSAR-1
coherence images in the Mölg dataset was 583.6 km2, which was
larger than the debris area estimated by our study for 2010–
481.9 km2 (NDSI < 0.4), 529.6 km2 (Otsu thresholding) and
405.4 km2 (RF model). Another comparative dataset is one
obtained by extracting regions with NDSI < 0.4 and clipping
them with RGI 6.0 outlines (Scherler et al., 2018), the same
as method 2 of this study. In this work, the automatically
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FIGURE 6 | (A) Spatial distribution of supra-glacial debris cover variance from 1990 to 2019. (B,C) Variations in supra-glacial debris cover area (%) at different slopes
and for different elevations, respectively.

extracted areas, using Landsat 8 composite images from 2013
to 2017 and Sentinel-2 composite images from 2015 to 2017,
were 465.1 and 453.3 km2, respectively. For the same period,
the estimated results from the RF model in this study were
comparable (408.9 ± 22.2 and 405.4 ± 13.2 km2, respectively).
However, the supra-glacial debris results for the NDSI < 0.4
and Otsu thresholding were higher than those of Scherler et al.
(2018). It is difficult to evaluate the estimated results from
this study in terms of previous results because they derive
from different remote sensing data, and the methods used for
data processing and classification are different; however, the
supra-glacial debris-covered area falls within a reasonable range,
in terms of magnitude.

Uncertainty from complex surfaces debris-covered glaciers,
such as stagnant ice in glacier tongue areas, cliffs, and ponds on
the surfaces of debris-covered areas, and boulders and dirty ice,
have extensive effects on pixel-based classification. The supra-
glacial ponds or lakes widely distributed on glaciers such as
Batura, Hispar, Yashkuk Yaz, and Kukki Jerab frequently emerge
or disappear, demonstrating obvious supra-glacial characteristics

with time. We used salt-and-pepper-effect removal, as described
above, to compare these effects. By comparison, we found that
convolution kernel and maximum-connected pixel counts have
to be properly decided in order to avoid the removal of correctly
classified patches, or vice versa. In this study, a 5 × 5 kernel with
50 connected pixels was used, but this may not have been optimal.
The problem of the salt-and-pepper effect is unavoidable in pixel-
based classification. Although some studies have pointed out that
the object-based classification method can effectively solve this
problem and improve the accuracy (Rastner et al., 2014; Robson
et al., 2015; Kraaijenbrink et al., 2016; Sahu and Gupta, 2018),
its universality and operability on a large scale need to be
further considered. Also, the stagnant ice at glacier tongues,
such as the Batura and Hispar Glaciers, tend to have thick
overlying debris layers with signs of vegetation (shrub) growth on
their surfaces. Parts of these regions are classified as non-debris
cover regions, which increases the uncertainty of estimating
supra-glacial debris coverage, especially for RF models. Vezzola
et al. (2016) showed that the number of debris-covered glaciers
featuring supra-glacial trees is increasing globally as a response
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FIGURE 7 | (A) Distribution of supra-glacial debris and clean ice/snow areas by altitude, based on the 2019 random forest model classified result. The light blue area
represents the equilibrium-line altitude of glaciers in the Hunza Valley (4,500–5,500 m a.s.l.). (B) Percentage of supra-glacial debris and clean ice/snow distribution by
aspect.

FIGURE 8 | (A) Model accuracy of three machine-learning algorithms (the bar plot shows the overall accuracy; the lines link the Kappa coefficients). (B) Linear fit of
estimated values to manually digitized values. The black dashed line represents the 1:1 line.

of the alpine environment to climate warming. They found
supra-glacial trees present on the Miage Glacier when a debris
thickness threshold (≥19 cm) was exceeded, and where there
was a gentle slope (≤10◦) and a low glacier surface velocity
(≤7.0 m yr−1) and where the vertical changes due to glacier
dynamics were positive.

Additionally, although the image acquisition time was limited
to 200–270 days, there may still be snow cover at high altitude,
which is one of the significant uncertainties in mapping debris-
covered ice. Due to the annual difference in temperature and
precipitation, the melting limits of seasonal snow on the upper
part of glaciers in summer are different each year, which may
lead to an underestimation of the supra-glacial debris area.
Similarly, the effects of shadows and cloud coverage inevitably
pose challenges to the mapping of supra-glacial debris.

Characteristics and Possible Causes for
Supra-Glacial Debris Cover Changes
Overall, the supra-glacial debris cover migrated up-glacier.
Similar patterns of up-glacier migration have also been described
for the Zmutt Glacier, Swiss Alps (Mölg et al., 2019) and the
Greater Caucasus (Tielidze et al., 2020). Variations in supra-
glacial debris cover were mainly observed in the middle and
upper parts of the glacier, while the distribution of supra-glacial
debris from the lower part to the glacier tongue remained stable.
In the middle of the glacier, the area showing the most intensive
variation was at the junction between the clean ice and the
debris-covered ice. We found that the expansion of debris-cover
over clean ice was slow. Due to the characteristics of glacier
movements, the spatial distribution of supra-glacial debris cover
in the downstream part of the glacier changes with time, while the
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FIGURE 9 | (a) Location of the landslide area (green rectangle), shown on Google Earth images. (b) Emergence of landslide sediments and its position changes on
the glacier from 1999 to 2019. The base image is from the Landsat TM, ETM+ and OLI sensors.

area changes slightly. This redistribution of the surface moraine
is a key factor in the diversification of glacier surface types, and it
also changes the debris coverage. Recycled material from lateral
moraines may be the source of this debris. As the glacier lowers
and the permafrost melts, the lateral moraines become unstable,
causing moraine material to fall onto the glacier (Nakawo et al.,
1986). Debris eroded from the glacier bed may also be entangled
in the ice. The degree of under-ice entrainment mainly depends
on the thermal conditions at the base of the glacier and the
substrate erodibility.

Previous studies have indicated that the main sources of debris
are mass movements such as rockfalls, rock avalanches, debris-
laden ice, and snow avalanches from the surrounding slopes
(Hambrey et al., 2008). These sudden and sometimes massive
debris migration/relocation events are common in alpine areas.
For example, between September 1999 and June 2000, a landslide
occurred in the upper region of the Batura Glacier, possibly as a
result of slope failure. The accumulated rock fragments covered
the glacier surface and moved downstream with the glacier ice,
following a dynamic change in their shapes and sizes (Figure 9).
Such phenomena play a key role in the increase and fluctuation
of supra-glacial debris-covered areas.

Figure 10 shows the hypsometry of the supra-glacial debris
coverage, and the five representative debris-covered glaciers, in
1990, 1998, 2010, 2014, and 2019. The zone at 4,500 ∼ 5,500 m
a.s.l. displayed the greatest variation in supra-glacial debris
(Figure 10A) and is within the altitude equilibrium line zone of
glaciers in the Hunza Valley (Scherler et al., 2011; Kaab et al.,
2012; Gardelle et al., 2013). These areas have steep topography
and are prone to rockfalls and rock avalanches, in which there
is an abundant release of supra-glacial debris. The amount of
debris reaching a given glacier depends on the characteristics and
extent of the catchment area, and especially its weathering and
erosion rates (Haeberli et al., 2006). These are also affected by
the lithology of the bedrock (Singh et al., 2011). Not all glaciers
have experienced an increase in supra-glacial debris cover, with
minor changes in supra-glacial debris having been recorded

for the Batura, Parpik, and Gharesa glaciers (Figures 10B,C,E),
which differ significantly from the obvious increases reported
for the Kukki Jerab and Yashkuk Yaz glaciers (Figures 10D,F),
especially between 1990 and 1998. In addition to subjective
factors, the apparent increase in supra-glacial debris cover on
Kukki Jerab and Yashkuk Yaz glaciers is mainly attributed to the
evolution of ice ponds and cliffs and the upward expansion of
surface moraines.

Impact of Climate Change
Thinning of glaciers and a warming atmosphere can lead to
permafrost melting and slope instability at higher altitudes
(Deline et al., 2015). Glacier changes in the Karakoram
Mountains have been attributed to the dynamics of the
Indian monsoon and the westerlies (Qureshi et al., 2017).
To demonstrate the relationship between supra-glacial debris
and climate change, we analyzed temperature, albedo, and
precipitation datasets taken from MODIS products and Terra
Climate Monthly3 and Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS) products.4 The
temporal changes in temperature, albedo, and precipitation
derived from this data are shown in Figure 11. It is clear
that warming and wetting have been a dominant phenomenon
in the Hunza Valley in recent decades (Figures 11A,C,D).
Temperature had a downward trend in 1990–1998; however,
since 2000, the temperature derived from both MODIS and
the Terra Climate products have shown a slight increase.
Albedo on the ice surface is decreasing (Figure 11B)—-a
sign of supra-glacial debris increase. The amount of absorbed
solar radiation on a glacier’s surface increases where the ice
is covered by supra-glacial debris or discontinuous debris
(dirty ice); such debris causes an increase in glacier surface
temperature and a decrease in albedo (Singh et al., 2011). As
shown in Figures 11E,F, we also analyzed the relationships

3http://www.climatologylab.org
4https://chc.ucsb.edu/data/chirps
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FIGURE 10 | Hypsometry of the supra-glacial debris cover in the studied regions, alongside data from five typical debris-covered glaciers in 1990, 1998, 2010,
2014, and 2019. (A) Study area. (B) Batura Glacier. (C) Gharesa Glacier. (D) Kukki Jerab Glacier. (E) Parpik Glacier. (F) Yashkuk Yaz Glacier. The locations of the five
glaciers are indicated in Figure 6A.

between temperature or precipitation and supra-glacial debris
cover. Decreasing temperature and increasing precipitation have
a positive relation with supra-glacial debris increase. This is
particularly evident in the period 1990–1998. Global warming

has accelerated the melting of glaciers resulting in changes
in ice surface morphology and the redistribution of surface
moraine material. A positive mass balance under decreasing
temperatures and increasing precipitation may be caused by an
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FIGURE 11 | Average land-surface temperatures (A) and albedo (B) for 200 ∼ 270 days per year, derived from MODIS products (MOD11A2006 and MCD43A3006,
respectively) in the glacier areas from 2000 to 2019 [k-value refers to the slope of the trend line (red dashed line), the same below]. (C) Precipitation for
200–270 days per year in the glacier area, generated from CHIRPS Pentad product data. (D) Trend map of average annual maximum temperatures in the Hunza
River Basin, derived from the TerraClimate dataset, with a monthly temporal resolution and ∼4-km (1/24th of a degree) spatial resolution. Correlation of the
supra-glacial debris area estimated by the RF model with temperature (E) and precipitation (F) [for a description of the data used, see (C,D)] in the Hunza Valley.

increase in the production of material triggered by snow/ice
avalanches or rockfalls.

CONCLUSION

The expansion of supra-glacial debris and decrease of glacier
surface albedo have been reported widely in several parts of
the word (Ming et al., 2012; Jiang et al., 2018; Fugazza et al.,
2019; Tielidze et al., 2020). In this study, we mapped the
dynamics of supra-glacial debris cover in the Hunza Valley,
using 34 Landsat images (10 TM, four ETM+, and 18 OLI)
acquired from 1990 to 2019. Firstly, an image composite
method was applied, and sequential Landsat images with
less cloud and snow cover at the pixel level were used to
generate annual images of supra-glacial debris on glaciers. Then,
the Otsu algorithm was utilized to optimize thresholds of
NDSI segmentation, and the supra-glacial features (e.g., clean
ice/snow and debris-covered ice) were classified on the state-
of-the-art GEE cloud computing platform together with three
machine learning algorithms (RF, SVM, and CART). All the
training and validation datasets were derived from the visual
inspection of freely available, high-spatial-resolution satellite

imagery (Landsat, Sentinel-2, and Google Earth). Among these,
the RF model produced the best classification accuracy, with
a Kappa coefficient of 0.94 ± 0.01 and an overall accuracy
of 95.6 ± 0.9%. Based on these estimates, we found that
significant increases in areal supra-glacial debris cover had
occurred during the last 30 years. The total area of supra-
glacial debris cover in the Hunza Valley has expanded by about
8.1–21.3% from 1990 to 2019. It has migrated up-glacier, and
the main area of change is located in the middle and upper
regions of the glacier, close to the altitude of the equilibrium
line (4,500–5,500 m a.s.l.). We also found that the interannual
temperature decrease and precipitation increase had positive
relations with the supra-glacial debris increase. This supra-
glacial debris areal change information can also be used in mass
balance, glacier hydrology, glacier hazard, and glacier response to
climate change models.

The identification of debris is a fundamental, and yet still
challenging field in studying glacier change and water resources.
With the effects of global warming, clean glaciers in the high
mountains of Asia are increasingly changing into debris-covered
glaciers, which leads to changed discharge in rivers mainly
supplied by glacial meltwater, resulting in the water resources
in basins, and their future trends, likely to be greatly affected.
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To explore the response of debris-covered glaciers
to climate change, and their effect on hydrology
and water resources, future work should focus on
extracting information about debris thickness and other
surface features (e.g., glacial ponds and cliffs) using
high-resolution aerial or satellite imagery and deep-
learning techniques.
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The glacio-meteorological characteristics of Princess Elizabeth Land in East Antarctica
are poorly known due to a lack of measurement. This is problematic given the
importance of this area for understanding ice sheet dynamics and climate change.
We present a comprehensive approach (including field surveys, reanalysis data, remote
sensing, and ice flow models) to investigate the glaciological and meteorological
conditions in the vicinity of the new Chinese Taishan Station (73.864◦S, 76.974◦E)
in Princess Elizabeth Land. We collected the datasets of satellite-derived ice surface
velocities, surface mass balance, and wind field; mapped the ice thickness and internal
layers around the Taishan Station site; and constructed profiles of the surface snow
temperature and snow density. Also, we used a transient 1-D thermodynamical model
to simulate the age of ice and the basal temperature with surface meteorological
data and subglacial topography as boundary conditions. These investigations showed
that Taishan Station is subject to a relatively high wind velocity, low temperatures
(about −36◦C), and simple ice flow. The well-behaved internal layer stratigraphy implies
that the ice flow of Taishan Station has been relatively stable, possibly for a long
time. The fact that the internal layers are conformal with bed topography—there is a
relatively old basal age from ice modeling—and that the site lies over a bed depression
filled with ice 1,900 m thick, suggests that Taishan Station may be a good location
for obtaining undisturbed old ice at depth. The combination of glacio-meteorological
parameters suggests that Taishan Station is a potential drill site for the Chinese Antarctic
Research Expedition and an ideal logistical support location for proposed scientific field
activities in the East Antarctic ice sheet (e.g., Dome A, Grove Mountains, and Princess
Elizabeth Land).

Keywords: Chinese Taishan Station, glaciological and meteorological conditions, internal layer, mass balance,
age-depth profile

INTRODUCTION

The Antarctic ice sheet has been losing ice mass to glacier dynamic thinning in recent decades,
and the mass losses in 2012–2016 were likely greater than those from 2002 to 2011 (Meredith
et al., 2019). Surface and subglacial processes transport mass and energy underneath continental
ice sheets and influence ice sheet structure. Changes in surface and basal conditions are responsible
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for a wide range of dynamic ice sheet behaviors (Cuffey and
Paterson, 2010). However, the extent to which the mass loses is
affected by the dynamic processes on the surface and under the
ice sheet remains uncertain.

Princess Elizabeth Land (64.93◦–90◦S, 73.58◦–87.72◦E) is
located in East Antarctica with an area of about 4.37 km× 105 km
and an overall fan shape extending outwards from the South Pole.
It is bounded in the west by the Amery ice shelf, in the southwest
by the Lambert glacier, in the east by Wilhelm II Land, and in
the south by Dome A. The Lambert basin-Amery ice shelf is one
of the largest glacial drainage systems in Antarctica (Figure 1),
and the impact of Princess Elizabeth Land in this system is
clearly significant. However, at present, little is known about
the local and large-scale surface glaciological conditions and
meteorological parameters (Li et al., 2009), especially subglacial
topography and dynamics in this region (Fretwell et al., 2013;
Tang et al., 2016).

The Chinese Taishan Station (Figures 1, 2) was established
during the 30th Chinese Antarctic Research Expedition
(CHINARE 30) in the middle of Princess Elizabeth Land in
East Antarctica in 2013/2014. The station is about 522 km from
Zhongshan Station and 715 km from Kunlun Station at Dome
A (Tang et al., 2016). As the Chinese component of the ITASE
(International Trans-Antarctic Scientific Expedition), Princess
Elizabeth Land was first investigated by the CHINARE in the
1996/1997 austral summer (Qin et al., 2000). The CHINARE
transect goes from Zhongshan Station to Kunlun Station at Dome
A, the summit of the East Antarctic ice sheet, with a distance of
∼1,250 km (Figure 3). Taishan Station is located at the transect.

FIGURE 1 | The Moderate Resolution Imaging Spectroradiometer (MODIS)
image of the new Chinese Taishan Station (73◦51′50′′S, 76◦58′28′′E),
including the drainage system of the Lambert glacier–Amery ice shelf,
Princess Elizabeth Land, the Chinese Zhongshan Station, and the Australian
Davis Station.

FIGURE 2 | Aerial view of the Taishan Station site, January 2013.

Along the transect, some glaciological and meteorological
parameters have been collected, e.g., shallow snow stratigraphy,
snow accumulation rate (Ren et al., 2001), ice velocity (Zhang
et al., 2008), surface mass balance (Ding et al., 2015), shallow
ice cores (Li et al., 2013; Ding et al., 2015), chemical elements,
and particles (Li et al., 2009, 2014). By summarizing these
published data, we can obtain a better understanding of the
basic characteristics of environmental information. Zhang et al.
(2008) showed that the ice of Taishan Station flows downward
into the Amery ice shelf along the altitude gradient with a
surface speed of ∼20 m year−1. Ding et al. (2011) measured the
surface snow temperature at Taishan Station. Ma et al. (2010)
measured the annual average wind speed (∼8 m s−1) near the
station site. Tang et al. (2016) mapped a radar profile of the
internal layer, and suggested that the ice sheet under Taishan
Station may have undergone a complex deposition process. Wu
et al. (2017) found that the intensity of optical turbulence in the
near-surface atmosphere of Taishan Station has obvious diurnal
variation characteristics, which are stronger at night than during
the day, and the minimum values appear around sunrise and
sunset. However, in addition to the few parameters mentioned
above, due to the lack of systematic research around the site,
we have little knowledge of the glaciological and meteorological
characteristics in the area of Taishan Station.

Here, we collect and analyze the data from field observations
by CHINARE and present the glaciological and meteorological
results obtained at Taishan Station. The glacio-meteorological
parameters allow us to establish the fundamental environment
characteristics at the site.

SURFACE MASS BALANCE AND ICE
FLOW

Surface mass balance is usually used to represent snow
accumulation on the Antarctic ice sheet. Along the transect from
Zhongshan to Dome A, CHINARE have installed a series of
stakes, which were used to measure the surface mass balance
during the expeditions in 1999, 2005, 2008, 2011, and 2013.
Ding et al. (2011, 2015) discussed the temporal trend of the
surface mass balance based on the morphological, geographical,
and meteorological conditions of the CHINARE transect. Their
studies showed that the average surface mass balance values
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FIGURE 3 | (A) Area map showing the transect routes from Zhongshan to Dome A, East Antarctica. (B) Location of Taishan Station (the red triangle) and orientation
of the radar line (black) around the Taishan Station site. (C) Radar profiles in a 2 km × 2 km square area centered on the Taishan Station. The yellow line denotes the
radar line from Zhongshan Station to Dome A. Bed elevation (background image), surface elevation (green line), and grounding line (black line) are from Bedmap2
(Fretwell et al., 2013; Tang et al., 2016; Greene et al., 2017). The white arrows represent the vector of the surface ice velocity which was derived from the
interferometric synthetic aperture radar (InSAR) data (Rignot et al., 2011; Shepherd et al., 2018).

in 1999–2013 in a section with a length of 300 km covering
the Taishan Station site was 65.5 kg m−2 a−1, and wind-driven
processes had a great impact on surface mass balance.

Here, the regional surface ice velocity data are collected in the
satellite-derived MEaSUREs database from the National Snow
and Ice Data Center (NSIDC; Rignot et al., 2011; Shepherd
et al., 2018). The ice flow of Princess Elizabeth Land and Dome
A of the East Antarctic ice sheet moves toward the Lambert
glacier and finally enters the Amery ice shelf (Figure 3A).
The ice flow directions along a radar line across the Taishan
Station site are approximately perpendicular to the ice surface
elevation contours (Figure 3B), and the ice velocities are 12.5–
18 m year−1. The average ice flow speed near Taishan Station is
16 m year−1 (Figure 3C).

RADAR SURVEYS

Previous radar measurements along Zhongshan Station to Dome
A were performed in 2004/2005 using an ice penetrating
radar system with a center frequency of 60 MHz (Cui

et al., 2010; Tang et al., 2011), which produced detailed maps
of the ice thickness and bed topography along the traverse
(close to the Taishan Station site) (Figure 3C). Subsequent
radar measurements were made in 2012/2013 on an ice-
penetrating radar (IPR) traverse from Zhongshan Station
(69.449◦S, 76.311◦E) to Dome A covering Taishan Station
(Figure 3A). The main technical parameters of deep IPR are
given in Table 1. The ice-penetrating radar was designed as
a linear frequency modulated pulse system by the Institute of
Electronics of the Chinese Academy of Sciences with a center
frequency of 150 MHz and a bandwidth of 100 MHz. For deep
ice measurements over 3,000 m, the radar operates with long
8 µs chirped pulses, a pulse repetition frequency (PRF) of 8 kHz,
and a peak transmitting power of 500 W. The data acquisition
system digitizes the received signal at a sampling frequency
of 500 MHz and simultaneously acquires the GPS signal. Two
logarithmic period antennas were mounted 2 m above the ice
surface on the specialized versatile mobile observation cabin. The
spacing between the antennas was 20–30 dB. The specialized
cabin was carried by a snow vehicle at a speed of 12–15 km h−1

(Tang et al., 2016; Liu et al., 2018). To evaluate the subglacial
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TABLE 1 | The parameters of the ice-penetrating radar.

Parameter name Value Units

Radar style Linear frequency modulated (LFM) pulse –

Antenna Log-periodical –

Center frequency 150 MHz

Transmitted pulse duration 2/4/8 µs

Signal bandwidth 100 MHz

Peak power 500 W

PRF 8 kHz

Sampling frequency 500 MHz

Dynamic range >110 dB

Antenna gain 9 dBi

Antenna beamwidth 60 deg

PRF, pulse repetition frequency.

internal stratigraphy at Taishan Station, we selected a radar
profile of about 50 km on the cross section near Taishan Station,
which is from (73.7228◦S, 76.9671◦E) to (74.1683◦S, 77.0075◦E)
(Figure 3B). We also selected four radar profiles (G–H, B–K, C–
D, and C–G) in a 2 km × 2 km square area centered around
Taishan Station (Figure 3C).

For radar data processing, we first removed 2,000 sampling
points of the raw data, which is the blind area caused by
the receiver-blanking switch in order to avoid data receiver
saturation. Then, the processes, including eliminating redundant
traces, coherently stacking 150 traces, pulse compression, and
mean filtering, were conducted. Finally, the conversion of
time to depth was used to estimate the ice thickness by the
electromagnetic wave speed of 0.168 m ns−1 within the ice sheet
(Zhang et al., 2006).

Ice Thickness and Bed Topography
High-resolution ice radar profiles can effectively evaluate the
subglacial topography, ice thickness, and internal structure of
ice sheets (Figures 4, 5). Those profiles allowed us to establish
the fundamental glaciological characteristics of the ice surface
and bedrock in the vicinity of Taishan Station (Figures 4A, 5A).
Figure 4A shows a profile through Taishan Station. The profile
reveals that the ice surface is flat, with an elevation of 2,620 m a.s.l.
at Taishan Station. In the first 25 km, the bed elevation difference
of the undulating subglacial topography is about 300 m, and the
ice thickness is between 1,400–1,700 m. Within 25–50 km, the
bed elevation is between 600 and 900 m a.s.l., and the average
ice thickness is 1,900 m (Figure 5B). Along the radar profile,
the ice-surface speed is about 15 m year−1 (Figure 5C), which
is in good agreement with the previous estimation from stake
observations (Zhang et al., 2008). The average ice thickness
of the echo free zone is about 400 m, where echo free zone
is a layer in the lowest hundreds of meters above bedrock
more or less free of radar echoes. Around the station site,
the variation of the ice thickness along the profiles is between
1,860 and 1,953 m, and the bed topography varies from 664
to 773 m a.s.l. and is about 750 m a.s.l. at the Taishan Station
site, revealing a subglacial mountainous landscape. Compared
with the previous study of the ice thickness and bed elevation,
Tang et al. (2016) used a ground-based radar dataset over this

area from 2004/2005 to 2012/2013 and GPS measurements
to establish a two-dimensional map of ice thickness and bed
topography. However, due to the poor denoising of the radar
data, the radar profiles only show part of the subglacial bedrock
and fail to identify the internal layer around Taishan Station.
Therefore, they can only obtain a low-resolution map of the ice
thickness by interpolation.

Internal Layers
Internal layers recorded in radar images can provide additional
local information about bed, surface and internal reflections, and
inform ice-flow modeling (Cavitte et al., 2016). The profile reveals
that the ice surface is flat (Figure 5A), and the ice deformation
pattern of the internal layer changes with the subglacial bed
topography. As the internal layer is closer to the surface, the
amplitude of the undulation gradually decreases. Excluding the
blind zone data that is cut off near the ice surface, we can pick
up about 60% of the visible isochronic layers. Figure 4B shows
a bright isochronous layer with a minimum thickness interval
of 5 m between adjacent layers. It can be seen from the four
profiles in Figure 4C that the topography near Taishan Station is
flat and the internal layering structure is intact. The ice thickness
is 1,900 m, and the thickness of the visible isochronous layers is
about 1,150 m. The bright layers of the radar profile are important
for future ice core age estimation.

Modeling the Age–Depth Relationship
and Ice Temperature
The dynamics process of the ice flow below Taishan Station is
unknown. To determine the temperature–depth profile and the
age distribution, we use different flux shape functions to simulate
the ice flow. In principle, it is assumed that the mass balance
of ice flow is given based on the incompressibility condition.
The flux shape function depends on a non-dimensional vertical
coordinate and is the combination of one sliding term and one
deformation term (Parrenin et al., 2007). It can be expressed in
the following form:

ω(ξ) = sξ + (1− ξ) ωD (ξ) (1)

ωD(ξ) =
1

n+ 1
[
(1− ξ)n+2

+ (n+ 2)ξ − 1
]

(2)

where ωD(ξ) is the deformation term, ξ = z−B
H is the normalized

vertical coordinate (oriented toward the ice surface, ξ = 0
denotes the bedrock), B is bedrock elevation, H is the ice
thickness elevation, z is the vertical coordinate of the ice particle,
and n is the exponent of Glen Law.

Assuming the basal ice is not melting, the flux shape
function approximately represents the vertical compression,
which describes the ratio of the layer thickness to its initial
thickness at the surface (Parrenin et al., 2007). We can calculate
the age of the ice by integrating along the particle trajectories of
the vertical compression. The age at ξ (at depth z) is given by

A(ξ) =
∫ 1

ξ

H
ω(x)a(x)

dx (3)

where a(x) is the accumulation.
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FIGURE 4 | Radargrams of ice-penetrating radar from CHINARE (Chinese Antarctic Research Expedition) 29. The red star marks the position of Taishan Station.
(A) Profile of high resolution (150 MHz) corresponding to the black line though Taishan Station in Figure 3B. (B) Radar profile of the selected red rectangles in (A).
(C) Radar profiles around Taishan Station (corresponding to Figure 3C).

In the following text, we use three flux shape functions to
estimate the temperature-depth and age-depth relationship. The
three functions are described as (1) the exponent of the value n= 3
in Glen’s flow where the ice fabric was induced by isothermal
internal deformation under the shallow-ice approximation, i.e.,
no sliding ω(ξ) = ωD(ξ) (s = 0, n = 3) (Glen, 1952); (2) the
plug flow, i.e., all sliding ω(ξ) = ξ (Parrenin et al., 2007); and
(3) the non-linear rheology of ice (Raymond–Reeh model), i.e., a
parabolic profile for the plug flux shape function ω (n = 3), where
shear stresses are negligible (Raymond, 1983; Reeh, 1988). The
melting point of ice decreases linearly as a function of the depth
(Huybrechts and Payne, 1996).

The input data for the models were the accumulation rates,
surface temperature, and geothermal heat flux in the region of
Taishan Station. The temperature string data shows that the
annual mean temperature is−35.5◦C. The average accumulation
rate is 53 kg m−2 a−1 (13 cm depth of snow), and the
average snow density is 389 kg m−3, as determined from the
measurements of the stake arrays estimating the surface mass

balance along the traverse route from Zhongshan to Dome A
(Ding et al., 2011). For solid ice, the density is 917 kg m−3 (Cuffey
and Paterson, 2010). Then, present day accumulation rates are
estimated as about 58 mm ice equivalents every year. The largest
uncertainty in calculating the temperature profiles is the value of
the geothermal heat flux (G). No direct measurements for G exist
in this area, and from the studies by Van Liefferinge and Pattyn
(2013), we consider the values for G to be 50, 55, or 60 mW m−2.
From the radar profiles, the ice thickness of the site at Taishan
Station is shown to be 1,870 m.

The age–depth, and temperature–depth relationships derived
from the model results with the input data are shown in Figure 6.
The result of the ice flow modeling makes it possible to estimate
the age and temperature of the ice in the bottom part of
Taishan Station, where no age markers are yet available. All three
age–depth profiles from the three flux shape functions closely
agree about the basal age of the ice: approximately 50–150 kyr
(kiloyear). Note that the “Raymond–Reeh” model is valid for
the ice-divide region, where longitudinal stress gradients cannot
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FIGURE 5 | (A) Surface and subglacial topography elevation, (B) ice thickness, and (C) ice velocity, from Rignot et al. (2011). The radar profile is shown in
Figure 4A. The red star marks the position of Taishan Station.

FIGURE 6 | Profiles of age depth and temperature depth at Taishan Station
calculated for the input parameters of the ice thickness H, surface
temperature Ts, and accumulation a, and geothermal heat flux values G of
50 mW m−2 from modeling using three flux shape functions in the ice model.

be ignored (Raymond, 1983), and Taishan Station is clearly not
located in a region of ice divide. Thus, in the age–depth profile
of this model, at the same depth, the age may be overestimated.
The temperature profiles (Figure 6) predict that the basal ice

may reach the melting point (Raymon–Neeh model), or the basal
ice freezing point (Plug flow model). While no basal melting
corresponding to the bright reflector was found in radar profiles
and because the region of Taishan Station is not an ice divide,
the one-dimensional assumption of the Raymon–Neeh model
is probably invalid in this region. For the temperature profile,
it should be noted that below the threshold of zero melting,
a slight decrease in the geothermal flux has no impact on
the basal melting.

SNOW TEMPERATURE

Accurate and reliable near-surface ice temperature is an
important factor in numerical models for assessing the mass
balance and energy balance of polar ice sheets. Because the ice
flow of Taishan Station is relatively stable and preserves the
complete layered structure, to analyze its vertical variation along
the temperature profile is of great value.

A 10 m temperature chain was installed at a site with
initial coordinates of (73◦51′50′′S, 76◦58′28′′E) at Taishan Station
(Figure 2) during CHINARE 32nd on January 31, 2016.
The string of temperature sensors was used to monitor the
temperature change in the shallow near-surface snow layer.
Figure 7 shows the daily average snow temperatures at six typical
depths (0.1, 2, 4, 6, 8, and 10 m) from February 2016 to January
2017 at Taishan Station. The daily average temperature was
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FIGURE 7 | Daily average snow temperatures at different depths at Taishan
Station from February 2016 to January 2017.

chosen as the average of four representative times (2:00, 8:00,
14:00, and 20:00).

Figure 7 shows that the high frequency change from the
surface to the snow layer gradually disappears when heat is
conducted in the snow layer. The amplitude of snow layer
temperature fluctuation from the surface decreases with depth,
and the phase of snow layer temperature fluctuation from the
surface lags with depth.

The snow temperature at a depth of 0.1 m from the surface
is greatly affected by changes in the surface temperature, and
the high frequency of the surface temperature wave decreases
sharply from the surface downwards. At the depth of 2 m, the
snow temperature has clear seasonal fluctuations, and the daily
temperature variation is weak. The seasonal fluctuations of snow
temperature at depths of 4, 6, and 8 m decrease gradually and the
seasonal fluctuation of snow temperature at the depth of 10 m
basically disappears. From a phase point of view, the temperature

at the surface reached the lowest value on September 8, 2016, and
the date that the temperature at various depths from the surface
downwards reached the lowest value lagged behind slightly. The
temperature at the depth of 10 m reached the lowest value on
December 19, 2016, 101 days behind from the date at the surface.

The snow temperature at the depth of 10 m is an important
indicator in glaciology. It is commonly accepted that the snow
temperature at the depth of 10 m is equivalent to the mean annual
air temperature at the surface in the dry-snow zone (Chen et al.,
2010). It can be seen from Figure 7 that the snow temperature
at the depth of 10 m is almost constant—it is maintained at the
−35.5◦C baseline. The value is close to the annual average snow
temperature at the depth of 10 m at LT790 (−36.1◦C) which is
46 km away from Taishan Station (Ding et al., 2010).

SNOW DENSITY PROFILES

The surface temperature of the Antarctic ice sheet is extremely
low, and the surface of the ice sheet does not melt, even in
summer. It is named as the dry-snow zone in glaciology. The
Taishan Station is a cold-type densification zone (Qin, 1987).
We drilled a 10 m snow core at Taishan Station during the
2012/2013 CHINARE field season. The snow density at each
depth was calculated by the length and weight data. The result
is shown in Figure 8, and the fitting curve of the snow density
data is also shown. The fitting curve of the snow density
data was constructed by referring to the densification model
(Cuffey and Paterson, 2010):

ρ = ρi − (ρi − ρs) exp (−Cz) , (4)

where ρ is the snow (firn) density at depth z, ρi is the pure ice
density, and ρs is the snow density at the surface. According to the
fitting curve, it can be seen that the density shows an exponential
change with depth. The density fluctuation range of the 10 m
snow core is 0.35–0.60 g cm−3, and the surface snow density at
Taishan Station is 0.381 g cm−3.

FIGURE 8 | Snow density profile of Taishan Station from a 10 m shallow snow core.
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FIGURE 9 | Monthly variation of the average wind speed at Taishan Station from an Automatic Weather Station at Taishan Station from February 2016 to February
2017.

FIGURE 10 | Frequencies of the average wind direction at Taishan Station.

Previous studies have suggested one (ρ = 0.55 g cm−3) or
even two (ρ = 0.83 g cm−3) critical values to proclaim different
densification processes that occur in the snow column (Salamatin
and Lipenkov, 2008). In the upper part (ρ < 0.55 g cm−3),
the dominant densification processes are the grain settling and
packing of snow grains. Thereafter, the densification process
is slower and is mainly due to sublimation, diffusion and
deformation processes until the density reaches the pore close-
off depth (ρ = 0.83 g cm−3). From Figure 8, we can conclude that
the depth corresponding to the first critical value of ice density in
Taishan Station is 5.8 m. This result is similar to that shown in the
simulation results (Ligtenberg et al., 2011).

From the characteristics of the snow profile, the composition
of the 10 m snow core has experienced the transition from firn
(wind panels) to fine snow, hard fine snow, medium snow, coarse
snow, and then snow with an ice lens from top to bottom. The

snow profile of Taishan Station is more complex and the hardness
of the snow is greater than at other sampling points.

METEOROLOGICAL CONDITIONS

From February 2016 to February 2017, an Automatic Weather
Station (AWS) was operational at Taishan Station. Figure 9 shows
the monthly variation in the average wind speed observed from
the AWS. It can be seen that the maximum monthly average wind
speed occurs in June, up to 13.1 m s−1, and the minimum of
monthly average wind speed occurs in January, up to 7.1 m s−1.
The annual average wind speed of Taishan Station is about
11 m s−1. It is clear that there are notable seasonal changes in
wind speed at Taishan Station, and the wind speed in winter is
significantly higher than that in summer.
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FIGURE 11 | Seasonal variation of wind speed (Unit: m s−1) and wind direction from the Automatic Weather Station at Taishan Station, (A) January 2016,
(B) July 2016.

Figure 10 shows the frequency of the average wind direction
at Taishan Station. The dominant wind direction at Taishan
Station is east with a frequency of 60.37%. The secondary wind
directions are north-east and east-north-east winds, accounting
for 22.64 and 3.77%, respectively. The wind direction is relatively
concentrated, and the frequency of easterly winds can reach
86.78% of the total.

Rose diagrams of the wind direction at Taishan Station are
shown against both wind direction and wind speed in Figure 11.
Figure 11A shows the wind direction in January, and Figure 11B
shows the wind direction in July. It can be seen that the
main wind force is at levels 3–5 (Beauford scale) in January,
accounting for nearly 80% of the wind force. The frequency of
wind force at levels 1–5 is close to 90%, and the lower wind
speed is conducive to the safety of summer observations at
Taishan Station.

In July, the main wind force is at levels 5–7, accounting for
more than 90% of the wind force. It is difficult to work outdoors
in such windy weather. Wind speeds are significantly different
in winter and summer, and the wind force in January (Southern
hemisphere summer) is significantly lower than that in July
(Southern hemisphere winter). The seasonal difference in wind
speed at Taishan Station may be related to its positioning as a
summer scientific expedition station.

In January, the dominant wind direction at Taishan Station
is east-north-east winds, with a frequency of 41.99%. The
secondary wind directions are north-east winds and north-east-
north winds. The sum of these three wind directions can reach
81.70% of the total. In July, the dominant wind direction at
Taishan Station is also east-north-east winds with a frequency
of 60.37%. The secondary wind directions are north-east winds
and east winds. The sum of these three wind directions can reach
94.89% of the total. The distribution of the wind direction in
July is relatively concentrated; the frequency of east winds in July
increases significantly compared with that in January, and the
wind direction in July has an obvious shift toward east relative

to that in January. This is similar to the conclusion reached by
Yang et al. (2007) at the LGB69 station (70◦50′S, 77◦04′E) in East
Antarctica. Strong winds can carry a large amount of surface
snow, and the stability of the wind direction determines the
surface topography, which has a great influence on the credibility
of local observation.

The annual average wind direction stability of Taishan Station
is 0.89, which is higher than that of 0.78 in Dome A, which
is related to the slope of Taishan Station being higher than
that of Dome A (Ma et al., 2010). The large wind direction
stability appears in the strong descending wind area with a
large surface slope. In general, the wind at Taishan Station is
obviously affected by the katabatic wind, and the wind direction
is prevailing easterly winds. The observations of wind speed and
wind direction provide a theoretical support for further analysis
of the replenishment capacity at Taishan Station.

The spatial pattern of the surface pressure shows minimum
values over the plateau of East Antarctica and maximum values
over the Ross Sea (Figure 12A). The spatial pattern is mainly
attributed to the Antarctic topography. The surface pressure at
Taishan Station is approximately 700 hPa. In contrast to the
surface pressure, the mean sea level pressure (MSLP) can reflect
the realistic surface circulation. A high-pressure ridge occurs over
the plateau of East Antarctica where the maximum value exceeds
1025 hPa (Figure 12B). Two low pressure troughs occur over
the Amundsen Sea and the Southern Indian Ocean (120◦E). The
former usually corresponds to an Amundsen low. Taishan Station
has a MSLP of 1000 hPa. Corresponding to the high pressure
over East Antarctica, the surface wind field here shows a large
anticyclonic circulation (Figure 12C). The steep topography over
coastal regions drives a strong katabatic wind. The anticyclonic
circulation enables the prevailing wind at Taishan Station to
be an easterly wind. The surface air temperature over the
Antarctic continent shows a similar pattern to the topography
(Figure 12D). Namely, the higher terrain corresponds to the
lower temperature and vice versa. The surface air temperature
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FIGURE 12 | (A) Spatial patterns of the averaged surface pressure (Unit: hpa), (B) mean sea level pressure (Unit: hpa), (C) 10 m wind field, and (D) 2 m air
temperature (Unit: K). The asterisk denotes the site of Taishan Station. All data are derived from the National Center for Environmental Prediction (NCEP)-DOE
(Department of Energy) Reanalysis II dataset (ftp.cdc.noaa.gov/Projects/Datasets/necp.reanalysis2.derived/).

at Taishan Station is nearly 250 K (−23◦C), which is apparently
higher than the observational value (−36◦C). It indicates that
the reanalysis data overestimate the surface air temperature at
Taishan Station.

SNOW ISOTOPES

The stable isotopes of water (δD and δ18O) are important
climate proxies that are commonly interpreted in terms of

temperature. The measured results from the surface snow along
a section from Zhongshan Station to Dome A during the 31st
CHINARE show that the spatial variation range of δ18O at
Taishan Station is around −35 to −45h, and the δD variation
range is −260 to −360h (Ma et al., 2017). The δD record
exhibits detectable seasonal cycles through ice core, providing a
method to obtain a timescale by annual layer counting. Nitrate
(NO3−) is one of the main chemical ions in Antarctic snow
ice, which can account for more than 40% of the total ions
in snow ice. The isotopic fractionation associated with nitrate
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volatilization at Taishan Station was minor. The snow mass,
concentration, and isotopic composition of NO3− (δ15N and
δ18O) near the site are constant during a 16-day experiment,
and volatilization of NO 3− is estimated to decrease δ15 N
and δ18 O in the snowpit by 0–3h and 0–6h, respectively
(Shi et al., 2019).

CONCLUSION

We conducted an integrated glaciological and meteorological
investigation around the site of the Chinese Antarctic Taishan
Station, focusing on the potential deep ice core drilling and
supporting field activities in the East Antarctic plateau. We
deduced the surface mass balance and ice velocity from
the published data and derived the surface topography, ice
thickness, internal layers and bed topography from radar data.
The age control and englacial temperature from the internal
layers seen in the radar data and ice modeling suggested
a range of 50–150 kyr (kiloyear) and no melting over the
basal ice. The internal layer structure also indicated that the
ice around the Taishan Station site has been stable, with
smaller undulations and disturbances at the shallower depth.
The stratigraphical character of the internal layers offers an
outstanding opportunity to improve our understanding of ice
dynamics and to accurately infer the ice sheet history with the
accompanying climatic change.

The snow temperature at the depth of 10 m was determined to
be−35.5◦C from a 10 m temperature chain, which can provide an
estimate of the mean annual air temperature at the surface. The
10 m snow density profiles showed that different densification
processes occur in the snow column. The annual average wind
speed of Taishan Station is about 11 m s−1 from an AWS, and the
wind direction is relatively concentrated and can redistribute the
surface snow. The atmospheric reanalysis data showed that the
site has a prevailing easterly wind and is sensitive to the strong
katabatic wind over coastal regions. Furthermore, the surface
air temperature around the station showed a similar pattern
to the topography.

A significant way of selecting drilling locations is to trace the
continuous internal layers along the radar profiles. Of interest
in site selection is the smoothness of continuous internal layers
and the geometric lengths of ice column (Tang et al., 2012).
The properties that internal layers are relatively stable and
conformal with bed topography and that the site has an ice
thickness of 1,900 m suggest that Taishan Station may be a
good location for drilling older and undisturbed ice. A deep
ice core at Taishan Station would be expected to improve
our understanding of past East Antarctic climate. It would be
a better complement to the existing records (e.g., Dome A,
Dome Fuji, Dome C) from the East Antarctic ice sheet. Taishan
Station is considered as ideal logistical base because of the
uniqueness of its location and glacio-meteorological conditions.
Taishan Station can provide strong support for proposed ground-
based and airborne investigations in the Antarctic ice sheet
(e.g., Grove Mountains, Dome A, Ridge B, and Vostok, etc.).
In fact, CHINARE has used Taishan station as its logistics

base to investigate a large-scale area from the coastal to the
interior of the East Antarctic ice sheet, including Prydz Bay,
Amery Ice Shelf, Grove Mountains, Princess Elizabeth Land,
Ridge B, Vostok and Dome A (Cui et al., 2018). Our study is
potentially valuable for an ice dynamics investigation associated
with the East Antarctic ice sheet in response to sea level and
climate forcing.

Potential climate proxy data from ice cores at the Taishan
Station site would be helpful for understanding changes in
the East Antarctic climate variability and may provide new
information for the evolution of the Antarctic ice sheet. In the
future, to date the ice column of Taishan Station, it will be
necessary to obtain a more continuous and direct stratigraphic
link between the site and the Antarctic ice cores. However,
our radar surveys failed to detect some deeper layers, possibly
because the ice stream of Lambert glacier flowing into the
Amery ice shelf disturbs the deeper layers and removes the
surface troughs and their effects, affecting the layer geometries
as the ice flows over them. It requires additional ground-
based or airborne geophysical observations and modeling studies
to aid in englacial structure mapping and determination of
ice–bedrock interactions in the vicinity of Taishan Station.
Additional glaciological and meteorological data on the present
and past environment are also needed to evaluate the field work
around the site.
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Chemical ions and dust particles deposited in snow can be used as indicators of climatic and
environmental processes. Understanding their sources, energy transfer, and evolutionary
mechanisms is extremely important in tracking regional climate and environmental changes.
We collected snow samples from three pits at different altitudes and from the surface of
Yushugou Glacier No. 6, Tian Shan Mountains, China, in the summers of 2017 and 2018.
Sea-salt tracing, correlation analysis, and factor analysis were used to determine the
characteristics and sources of the major ions and mineral dust particles in the snow. We
found obvious seasonal variations, with high concentrations of dust particles and major ions
deposited during the dust period, and relatively low concentrations deposited during the
non-dust period. The concentrations peaked within two distinct dust layers in the snow pits.
There was a significant correlation between the peak values and the dust layer. The ionic
concentrations were ranked from highest to lowest as Ca2+ > SO4

2− > Cl− > Na+ > NO3
− >

NH4
+ > Mg2+ > K+. Therefore, SO4

2− was the dominate anion and Ca2+ was the dominate
cation. The major ions in the snow at Yushugou Glacier No. 6 are mainly derived from
terrestrial mineral dust but also include limited inputs from human activities and sea salt.

Keywords: Yushugou Glacier No. 6, accumulated snow, chemical characteristics, seasonal variation, ionic sources

INTRODUCTION

The cryosphere is a part of the Earth’s surface where temperatures are continuously below the
freezing point of water. It can be divided into continental, marine, and aerial components, consisting
of glaciers, ice sheets, frozen ground, snow, sea ice, etc. (Qin et al., 2017). It is well known that the
cryosphere is very sensitive to climate change and is therefore considered a barometer of it (Qin et al.,
2006; Koven et al., 2013; Kraaijenbrink et al., 2017). Snow and ice in alpine glaciers contain a record
of the chemistry of the atmosphere (Fuhrer et al., 1996; Olivier et al., 2006). Chemical studies on ice
and snow in alpine glaciers are important because snow and glaciers can provide crucial information
about climatic and environmental change as they are sites where atmospheric chemical components
are deposited; for example, chemical ions, aerosol dust particles, trace metals, δ18O, greenhouse gases,
and black carbon (Ming et al., 2009; Massling et al., 2015; Sugimoto et al., 2015; Du et al., 2016;

Edited by:
Khanghyun Lee,

Korea Polar Research Institute,
South Korea

Reviewed by:
Yong Zhang,

Hunan University of Science and
Technology, China

Jizu Chen,
Chinese Academy of Sciences (CAS),

China
Parmanand Sharma,

National Centre for Polar and Ocean
Research (NCPOR), India

*Correspondence:
Zhongqin Li

lizq@lzb.ac.cn

Specialty section:
This article was submitted to

Cryospheric Sciences,
a section of the journal

Frontiers in Earth Science

Received: 16 January 2020
Accepted: 30 September 2020
Published: 12 November 2020

Citation:
Liu F, Li Z, Hao J, Zhou X, Wang F,

Zhang H, Wang P, Zhang X, Song M
and Chen T (2020) Records of

Inorganic Ions and Dust Particles in
Snow at Yushugou Glacier No. 6 in the

Desert Belt of Northwestern China.
Front. Earth Sci. 8:527493.

doi: 10.3389/feart.2020.527493

Frontiers in Earth Science | www.frontiersin.org November 2020 | Volume 8 | Article 5274931

ORIGINAL RESEARCH
published: 12 November 2020

doi: 10.3389/feart.2020.527493

61

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.527493&domain=pdf&date_stamp=2020-11-12
https://www.frontiersin.org/articles/10.3389/feart.2020.527493/full
https://www.frontiersin.org/articles/10.3389/feart.2020.527493/full
https://www.frontiersin.org/articles/10.3389/feart.2020.527493/full
https://www.frontiersin.org/articles/10.3389/feart.2020.527493/full
http://creativecommons.org/licenses/by/4.0/
mailto:lizq@lzb.ac.cn
https://doi.org/10.3389/feart.2020.527493
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.527493


Van der A. et al., 2017). Identification of the origins and seasonal
changes of the chemical components in snow may provide
information about changes in the atmosphere, lithosphere,
hydrosphere, and cryosphere (Prospero et al., 2002). Generally,
chemical ions and dust particles deposited in snow reflect the
influences of both atmospheric circulation patterns and the
regional environment (Eichler et al., 2001; Li et al., 2007; Ming
et al., 2009). Taking the Tibetan Plateau as an example, under the
influence of a southwest monsoon climate and northwest drought
climate, distinct regional climate patterns are formed. Similarly,
differences in the geographical environment are also reflected in
the snow and ice on the Tibetan Plateau (Liu et al., 2010;Wu et al.,
2011). For example, the amount of dust particles in snow tends to
decrease from north to south.

There has been comprehensive research on dust particles, their
chemical compositions, and related topics in the snow and ice of
the Tian Shan Mountains. Wu and Yao (2005) used HYSPLIT
back-trajectory modeling to suggest that westerly winds, the
arctic air mass, and local prevailing winds are the main ways
that dust is brought to the eastern Tian Shan Mountains. Wang
et al. (2013) studied the distribution and environmental
significance of nitrate and ammonium in snow on glaciers in
the Tian Shan Mountains. They proposed that the spatial
distribution of nitrogen-containing ions is influenced by long-
distance pollution and atmospheric dust, local anthropogenic
outputs such as industry and agriculture, as well as the sampling
conditions. You et al. (2019) studied the relationship between ion
leaching and meteorological elements on Urumqi Glacier No. 1,
finding that the ionic concentration in snow cover decreased with
increases in temperature, while precipitation had a relatively weak
influence. In addition, some scholars have achieved useful results
by studying other glaciers in the Tian Shan Mountains, such as
Bogda Glacier (Zhang and Edwards, 2011), Haxilegen Glacier No.
51 (Dong et al., 2011), and Miaoergou Glacier in Hami Prefecture
(Chen et al., 2015). These achievements have laid a foundation for
the study of snow and ice chemistry in the western alpine
mountains of China.

Dust particles are also an important indicator of atmospheric
changes associated with changes in temperature, precipitation,
and atmospheric circulation (Dong et al., 2011). Central Asia is a
major dust source region of the Northern Hemisphere (Dong
et al., 2013), from which large amounts of dust are transported to
North China, Japan, Korea, the North Pacific, North America,
and even the Arctic Greenland ice sheet by atmospheric
circulation such as westerly winds (Dong et al., 2014; Wang
et al., 2014). The dust concentrations observed in ice or snow
result from a combination of interrelated mechanisms, ranging
from dust mobilization in source areas by uplift and long-range
transport, to deposition onto ice sheets (Ruth et al., 2003; Niu
et al., 2017). Long-range transport of contaminants via
atmospheric circulation is an important pathway for the
accumulation of environmental pollutants in remote regions
(Jackson, 1997; Fitzgerald et al., 1998; Niu et al., 2017).

The study area was located in the center of an arid region
surrounded by many deserts, such as the Gulbantonggu Desert,
Kumtag Desert, and other desertified regions, where dust storms
are the main atmospheric phenomenon. Regional differences in

the distribution of the geographical environment and
atmospheric circulation system determine regional differences
in the chemical composition of snow and ice. Dust particles in
snow and ice can change the albedo of glaciers, thus affecting their
energy balance, accelerating melting and, ultimately, affecting
regional water cycles. Therefore, research into the characteristics
of dust deposition and its seasonal changes in glacierized regions
has become an urgent scientific mission. So far, there has been
little in-depth study of the dust layer formation process and
variations in particles in the snow of Yushugou Glacier No. 6.
Furthermore, the connections between dust storm activity and
the deposition mechanisms of particles and ions in snow remain
unclear. Therefore, it is necessary to conduct research on particles
and ions in snow and ice in Yushugou Glacier No. 6 and compare
the results with existing research on other glacierized regions in
Tian Shan. This will have two main benefits. 1) It has important
theoretical significance for improvingmodels of atmospheric dust
circulation and deposition in arid regions of northwest China. 2)
It will have extremely important practical significance for
exploring regional climate change, water resource dynamics,
and ecology construction. This study analyses the chemical
characteristics of and seasonal variations in dust particles and
major ions in snow collected from Yushugou Glacier No. 6 in the
eastern Tian Shan Mountains in the summers of 2017 and 2018.
Furthermore, backward trajectory analysis is employed to
examine the air mass transport processes relevant to this glacier.

MATERIALS AND METHODS

Study Area and Sampling Strategy
The eastern Tian Shan Mountains lie in the center of arid and
semi-arid areas in northwest China. They are surrounded by
many deserts, which are source areas for dust activity in central
Asia. Yushugou Glacier No. 6 (43°03′N, 94°57′E) is located on the
southern slope of Harrick Mountain at the end of eastern Tian
Shan (Figure 1). It is a typical alpine glacier with an area of
4.06 km2 (Wang et al., 2017). According to meteorological data
from Yushugou Station, the annual maximum temperature in
Yushugou Basin is 34.2°C and the annual minimum temperature
is −25.8°C, with an average annual temperature of 5.9°C (Ming
et al., 2009). Affected by westerly winds, the precipitation in this
area is mainly concentrated in summer (79.6% of annual
precipitation). From October to March, precipitation is rare
(14.5% of annual precipitation) and mainly falls as snow (Luo
et al., 1999).

Three snow pits were excavated at different altitudes in
Yushugou Glacier No. 6. Samples were collected from Snow
pit 1 (Sp-1) in August 2017, Snow pit 2 (Sp-2) in August
2018, and Snow pit 3 (Sp-3) in early June 2018. The sampling
depths were Sp-1 � 1.2 m, Sp-2 � 1.2 m, and Sp-3 � 1.0 m. A total
of 102 snow samples were obtained from the three snow pits.
Additionally, 42 surface snow samples were taken at altitudes of
3,800–4,500 m in August 2018. The sampling process was carried
out in strict accordance with snow and ice sampling procedures
(Wake et al., 1994; Niu et al., 2013). The selection of snow pit
sampling points is very important. We selected relatively flat,
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shaded surfaces receiving low sunshine, as such conditions benefit
the preservation of snow records (Wang et al., 2017). Sample
collection was carried out in strict accordance with purification
and pollution prevention requirements. Before sampling, all
sample bottles, sampling tools, processing equipment, work
clothes, and other equipment were cleaned with deionized
water. Polyethylene gloves and face masks were used to avoid
contamination of samples. Operators wore cleanroom clothes
and the sampling tubes were inserted and removedmanually. The
sampling tubes had been previously acid-washed (0.05% HNO3)
and individually checked by inductively coupled plasma mass
spectrometry (ICP-MS) to ensure there was no significant
contamination. Immediately after sample collection, the tubes
were sealed inside polypropylene bags and stored at −18°C until
analysis. In addition, records were made of the weather
conditions, snow pit depth, sampling interval, snow layer
characteristics (e.g., dust layer, snow grain size, and hardness),
etc. (Qin et al., 1999; Zhang et al., 2007; Wang et al., 2008).

Sample Transportation and Instrument
Analysis
Alpine glaciers are mostly distributed in inaccessible
mountainous areas. Care must be taken to ensure the integrity
of snow samples, particularly in relation to maintaining a
constant temperature. Samples were transported in an
incubator containing ice cubes. The temperature in the
incubator was checked every 4 h and ice cubes were added as
necessary to avoid temperature increases. Transport of samples
from the field to the laboratory freezer usually took 1–3 days. All
samples were analyzed at the State Key Laboratory of Cryospheric
Science. Particle analysis was performed using an optical particle
detector (Accusizer 780 A) equipped with a 120-orifice by the
single-particle optical sensing (SPOS) method (Zhu et al., 2006; Li
et al., 2010). Measurements were performed under class 100
conditions on sample aliquots diluted with a pre-filtered NaCl

solution to obtain a 2% vol. electrolyte concentration. The range
of measurable diameters was 0.57–400 μm. Routine analysis of
filtered deionized water blanks showed background counts to be,
on average, 10 times lower than those in samples. Background
counts were subtracted from the sample data. All samples were
analyzed in triplicate in random order. Results were then
averaged for individual samples, yielding an estimated error in
particle concentration of ≤10% (Steffensen, 1997; Li et al., 2010).
The concentrations of cations (Ca2+, Mg2+, Na+, K+, and NH4

+)
were detected by an ion chromatograph (Dionex-600) and the
concentrations of anions (SO4

2−, NO3
−, and Cl−) were detected by

a similar machine (Dionex-300) with a measurement accuracy of
10−9 g ml−1 and a measurement error of <5%.

Research Methods
Factor analysis is a multivariate statistical method. A
mathematical model of factor analysis is established on the
basis of mass conservation. The basic idea is as follows:
According to the analysis of the loading of each factor on each
variable, the main factor is determined and the source of the load
ion is judged according to its chemical properties (Blifford and
Meeker, 1967). The study area was located downwind of the
Central Asian sand and dust area, which is strongly affected by
westerly winds. Therefore, this study used sea-salt tracer methods
to explore the sources of ions. The core of this method is the
selection of sea-salt tracer ions (Church et al., 1982; Keene et al.,
1986). The determination principle is as follows:

(1) If the equivalent ratios of Mg2+/Cl− and Na+/Cl−

concentrations are greater than those of standard seawater
(Na+/Cl− � 0.859, Mg2+/Cl− � 0.195), then Cl− can be used as
the sea-salt tracing ion.

(2) If the equivalent ratios of Na+/Mg2+ and Cl−/Mg2+

concentrations are greater than those of standard seawater
(Na+/Mg2+ � 4.403, Cl−/Mg2+ � 5.126), then Mg2+ can be
used as the sea-salt tracing ion.

FIGURE 1 |Regional setting of Yushugou Glacier No. 6: (A) location in China; (B) satellite image with the glacier outlined; (C) topographic map of the glacier and the
sampling sites in 2017 and in 2018, contour interval � 100 m.
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(3) If the equivalent ratios of Cl−/Na+ and Mg2+/Na+

concentrations are greater than those of standard seawater
(Cl−/Na+ � 1.165, Mg2+/Na+ � 0.227), then Na+ can be used
as the sea-salt tracing ion.

After selecting a sea-salt tracer ion, we use the formula:

NNNA � CA − R · CM, (1)

whereNNNA is the non-marine source part of A,CA represents the
measured concentration of A, M is the sea salt tracer ion, CM

represents the measured concentration of M, and R is the ratio of
A to M in standard sea salt.

In addition, the HYSPLIT back-trajectory model was used to
simulate the trajectories of air masses reaching Yushugou Glacier
No. 6. This model has been widely used in source analyses of
aerosols, dust particles, and ions (Mukai and Suzuki, 1996;
Lammel et al., 2003; Ming et al., 2009). The analysis is based
on the HYSPLIT 4.8 model, which includes the vertical motion
pattern of the atmosphere. The backward transport trajectory of
the atmospheric air mass at the glacier sampling sites was
analyzed and calculated within 3 days.

RESULTS AND DISCUSSION

Characteristics of Ions and Dust Particles
Table 1 shows the pH, EC (electrical conductivity), dust, and
concentration values for the major ions found in Yushugou
Glacier snow pits and surface snow, as well as their
composition characteristics. The ranking of ionic
concentrations was, from high to low, Ca2+ > SO4

2− > Cl− >
Na+ >NO3

− >NH4
+ >Mg2+ > K+, in which SO4

2− and Ca2+ were
the main anions and cations, respectively. Dibb et al. (2007)
found that the main cations and anions in snow on the Greenland
Ice Sheet were NH4

+ and NO3
−. This is quite different from our

result, reflecting regional differences in the chemical ions
deposited in snow. Alkaline Ca2+ in glacial snow is an
indicator of Asian dust, and its concentration usually has a
good correlation with the concentration of mineral dust in
snow. In particular, the concentrations of SO4

2− and Ca2+ in
glacial snow in the Asian dust source area are higher than those in
marine glaciers and polar regions. The average concentrations of
ions in the snow pits were higher than those in the surface snow.
Similarly, the conductivity of the snow pits was higher than that
of the surface snow. This is most probably because the surface

snow contains the recent snowfall in the glacier area, while the
snow in pits represents the accumulation of snow and
atmospheric chemicals over a long period of time (Niu et al.,
2013).

The concentrations of ions and dust particles in different snow
pits also differed. According to Table 1 and Figure 2, the
elevations of the three snow pits were different. Sp-1 was
highest (4,200 m) and its concentrations of ions and dust
particles were the lowest. Sp-2 was at the middle elevation
(4,000 m) and its concentrations were moderate. Sp-3 had the
lowest elevation (3,900 m) and the highest concentrations of ions
and dust particles. This phenomenon shows an obvious altitude-
related effect. Generally, the ions and dust particles in snow pits
are deposited by a combination of precipitation and dry
deposition. According to the analysis, the concentrations of
dust particles and ions from the Earth’s surface and ions
carried by vapor from the Atlantic and central Asian lakes will
gradually decrease with increasing elevation of the glaciers. On
the one hand, this may be related to the altitude that vapor
transport can reach. Liu used TRMM precipitation data to
calculate that the maximum precipitation on the south slope
of Harrick Mountain occurred at elevations of 3,500–3,900 m
(Liu et al., 2011). When vapor moves from Sp-3 (3,900 m) to Sp-1
(4,200 m), as the altitude increases, precipitation first increases
and then decreases. On the other hand, dust and ions carried by
the atmosphere are also affected by elevation as they fall to the
surface of the glacier as dry deposition. Numerous studies have
shown that the higher the altitude, the lower the concentration of
dust particles. For instance, the concentration of dust particles in
snow pits in Rongbuk Glacier in the Everest Mountains (6,000 m)
is significantly lower than that of eastern Tian Shan (4,000 m),
while the concentration of dust particles on glaciers of Tian Shan
is much lower than that of Tateyama Mountain (2,100 m) in
central Japan (Osada et al., 2004; Wu and Yao, 2005; Dong et al.,
2009).

In addition, at different depths in the snow pits, the
concentrations of dust particles and ions also showed obvious
variation. The influencing factors may include the water vapor
source for the glacier area, sand and dust activity, and meltwater
leaching of the snow layer (Wake et al., 1994). Taking Sp-3 as an
example (Figure 3), the concentration of dust particles and ions
increased significantly from depths of 40–60 cm in the snow pit
where it peaked. There was also an upward trend from 80 to
100 cm. Analysis suggests that this phenomenon must be closely
related to the distribution of the dust layer in the snow pits.

TABLE 1 | Properties of dust, pH, EC, and main ionic concentrations in snow pits and surface snow at Yushugou Glacier No. 6.

Sampling site Altitude
(m)

pH EC
(μs cm−1)

Dust
(103 ml−1)

Ion concentrations (μg·L−1)
Ca2+ SO4

2− Cl− Na+ NO3
− K+ Mg2+ NH4

+

Snow pit 1 4,200 5.6 3.3 302 74.7 62.1 50.4 52.1 36.5 26.5 24.7 37.1
Snow pit 2 4,000 5.7 3.5 425 135.7 126.1 80.2 55.5 49.0 27.0 26.5 48.8
Snow pit 3 3,900 5.7 3.3 894 172.7 158.2 107.6 85.4 64.8 29.6 28.1 66.6
Mean value 4,033 5.6 3.4 540 132.5 124.6 85.2 69.8 56.4 28.7 27.4 51.4
Surface snow 3,800–4,500 5.5 2.9 342 142.0 72.7 51.2 45.1 42.6 23.1 27.3 58.5
Non-marine source (%) 99 96 66 59 95 91 90 89
Marine source (%) 1 4 34 41 5 9 10 11
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During sampling in Sp-3, we found a thick fouling layer between
40 and 60 cm. There was also a dust layer at the bottom of Sp-3
that extended to the ice surface, which reflected the occurrence of
atmospheric dust activity events. The annual period of sand and
dust presence is from March to April each year in the Tian Shan
Mountains, Xinjiang, with the frequency of sandstorms being
highest in April (Li et al., 2014). Therefore, we suppose that the
formation time of the dust layer at 80–100 cm depth in Sp-3 is
likely to be the spring of 2017, while the 40- to 60-cm dust layer
may well have formed in the spring of 2018. After the dust layer
formed in spring 2017, the peak melting period occurred
(July–August), and the concentrations of dust particles and
ions in the snow layer were greatly depleted due to leaching.
Because pit Sp-3 was excavated in early June 2018, the
temperature had warmed, and the dust particles and ions in

the upper layer (40–60 cm) were subject to some leaching,
although the leaching effect was far less than that in the lower
layer (80–100 cm). Although leaching of ions from the upper
layer may also be a potential cause of the increased ion
concentration in the lower layer, the contents of dust particles
and ions in the upper layer (40–60 cm) were still higher than in
the lower layer (80–100 cm). At the same time, we also analyzed
the vertical gradient in dust particle concentration in pit Sp-3,
which showed a trend of rising–falling–rising between 0 and
100 cm. Therefore, the vertical gradient in dust particles needs to
be described in two stages: 1) from 0 to 40 cm, the concentration
increased by 0.32 ml−1 × 104 ml−1 for every 10–cm increase in
depth, reaching a peak at 40–60 cm. 2) From 60 to 80 cm, the
concentration increased by 0.15 ml−1 × 104 ml−1 for every 10 cm,
reaching a peak at 80–100 cm.

FIGURE 2 | Concentrations of ions and dust particles in snow pits at the study area.

FIGURE 3 | Variations in dust and ions with depth in Snow pit 3.

Frontiers in Earth Science | www.frontiersin.org November 2020 | Volume 8 | Article 5274935

Liu et al. Physicochemical Characteristics of Snow Deposition

65

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


In addition, we conducted a regression analysis on dust
particle and major ion concentrations (Figure 4). Dust
concentration was linearly related to the concentrations of
Ca2+, Na+, K+, Mg2+, SO4

2−, and Cl− ions, most strongly for
Ca2+ (R2 � 0.70). Previous research has found that the
concentrations of Ca2+, Mg2+ and SO4

2− in snow pits in
Urumqi Glacier No. 1 (Tian Shan Mountains) vary seasonally
and in relation to dust activity (Li et al., 2010). In this study, the
concentrations of dust particles and major ions in pit Sp-3 peaked
in the dust layer, and the dust particle concentrations were highly
correlated with those of Ca2+, Mg2+ and SO4

2− (Figure 4). It also
can be seen that the Na+ and dust particles varied in very similar
ways in Sp-3. According to analyses of the environment
surrounding the Tian Shan Mountains (Olivier, 2003; Wu and
Yao, 2005; Zhang and Edwards, 2011), it was concluded that most
Na+ in the snow comes from a sand-dust source area of inland
Central Asia that is rich in salt mines. In addition, Ca2+ is a tracer

of mineral particles from the deserts and loess regions of the
Asian continent and an indicator of dust from the Asian source
region (Kazuo et al., 2004). In addition, the concentrations and
sizes of particles are greater in the dust layer and lesser in the non-
dust layer. Meanwhile, the settling of particles in the dust layer
brings many chemical components to the land surface and
atmosphere, which makes the ionic concentration in the snow
layer appear to be very high. The significant correlation between
the high concentrations of dust particles and main ions.
Therefore, seasonal variation in the regional atmospheric
environment is the main reason why the concentrations of
chemical ions and dust particles in snow at Glacier No. 6 vary
with depth.

Seasonal Variation of Dust Particles
The study area is located in the center of the arid and semi-arid
regions of northwest China and the source area for Central Asian

FIGURE 4 | Relationships between concentrations of dust and each of the major ions in snow, with linear models fitted.
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dust activity. Sandstorm activity is an important feature of the
atmospheric environment in this area. Due to the geographical
location, the ions and dust particles in high-altitude snow and
ice differ significantly between the springtime dust period and
the non-dust period. The mean diameter of dust particles in the
dust layer always reflects the dust mass concentration, because
greater mean diameters are associated with more coarse
particles and a greater dust mass concentration. Figure 5
shows the variation in dust diameter along the longitudinal
section of the Sp-3. It can be seen that the dust diameter differs
significantly with depth; that is, the mean diameter is high in the
dust layer and low in the non-dust layer. This variation indicates
that the Yushugou Glacier area is significantly affected by the
dust activity of Central Asia.

Figure 6 shows that the mass–size distribution of dust
particles in the snow can be approximated by a single model
in the non-dust period and a multi-structure model in the dust
period. The single distribution model reflects a single source,
while the multi-structure distribution model indicates a complex
source. Dust particle size distributions are not only related to the
transporting winds but also the material sources. In snow samples

collected in the non-dust period, dust particle sizes were
concentrated in the range of 0.6–40.7 µm (mean � 10.8 µm);
when the size is 9.5 µm, the particle mass tends to be the greatest
(Figure 6A). It is concluded that particles in snow samples from
the non-dust period are fine particles transported by westerly
winds with long-distance transport. Some studies have proven
that in the process of atmospheric dust transport, longer distances
result in better particle size separation, causing lower particle
concentration and deposition flux in snow and ice (Zdanowicz
et al., 1998). For example, it takes a long time for dust to travel
from the source to the North Pole, which causes atmospheric
aerosol particle concentrations to drop to fairly low levels (Wake
et al., 1994; Wei et al., 2005). The multi-structure distribution
model refers to the samples taken during the dust period (Snow
samples collected from dust layers; Figure 6B, in which particle
diameters range from 0.3 to 72.6 μm). When the diameter is 10
and 40 μm, the concentration of dust particles reaches a peak. The
results show that particles from the dust period samples were
mainly coarse mineral dust (18.7–72.6 μm), which is mainly
controlled by dust activity. The study area has high wind
speeds during the dust period, which can bring a large
number of dust particles. For example, the Taklimakan Desert
and the Mongolian Desert near the Tian ShanMountains provide
material for the coarse particles found in snow and ice (Dong
et al., 2009; Zhang and Edwards, 2011; Chen et al., 2015). In
addition, there was a small amount of fine dust (0.3–18.7 μm),
which comes from long-distance dust that is present year-round
and is mainly controlled by westerly winds. In general, the snow
of Yushugou Glacier No. 6 is significantly affected by Central
Asian dust activity, and the particle size distributions of insoluble
particles differ significantly between the dust and non-dust
periods.

Source Analysis of Major Ions in Snow Pits
We used factor analysis to analyze the source of the major ions.
The results show that the chemical composition of glacier No. 6
can be divided into three groups: group 1 (Cl−, Na+, and K+),
group 2 (NH4

+, NO3
−, and SO4

2−), and group 3 (Ca2+, Mg2+, and
dust; Table 2).

FIGURE 5 | Image of snow pit (A) and variation in dust diameter with
depth (B).

FIGURE 6 | Mass–size distributions of dust in snow at Yushugou Glacier No. 6 during the (A) non-dust and (B) dust periods.
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Factor 1 loadings are the highest in Cl−, Na+, and K+, which
have good correlations with each other (Table 3). In the
northwestern Tian Shan Mountains, there are large salt
lakes (Alar Lake, Aibi Lake, Isek Lake, etc.) with high salt
contents, and surrounding salt mineral resources are
abundant. Under dry, high-temperature climatic conditions,
salt lakes evaporate and salt particles rich in Na+, Cl−, and K+

are carried to glacier areas by westerly winds. There are
conflicting opinions on the sources of Na+ and Cl− in the
typical glacier snow cover at the Tian Shan Mountains. One
study suggests that the Na+ and Cl− ions are mainly derived
from terrestrial dust and evaporation of surrounding salt lakes
(Olivier, 2003). Other studies have found that at least half of
the Na+ and Cl− originates from sea salt (Dong et al., 2011;
Zhang and Edwards, 2011). In this study, the sea salt tracer
method was used to calculate the marine sources of Na+ and
Cl− (41 and 34%). It was concluded that the Na+ and Cl− in the
snow at Yushugou Glacier No. 6 have not only terrestrial
sources (terrestrial dust and salt lake evaporation) but also
some sea salt input.

Factor 2 loadings were highest for NH4
+, NO3

−, and SO4
2−,

which also had good correlations with each other (Table 3).
This factor is explained as a component with anthropogenic
sources, including burning of fossil fuels and biomass,

emissions from livestock and poultry waste, and natural
fertilizers. Mineral dust is usually the carrier of such
pollutants (Bernabe et al., 2005). Although the area is
relatively sparsely populated, glacier No. 6 is only 80 km
from Hami Prefecture in the Xinjiang Uygur Autonomous
Region, which has more than 600,000 residents. Air
pollutants in Hami Prefecture may have been transported
to the glacier through low-level regional atmospheric
circulation. According to the sea salt calculation formula,
non-marine sources accounted for 85 and 89% of the NO3

−

and NH4
+ in the snow cover at No. 6 glacier, respectively.

Combined with the coefficient of correlation between NO3
−

and NH4
+ (0.86), it can be inferred that the source of these

ions is mainly terrestrial. It is generally believed that
atmospheric NO3

− and NH4
+ are generally caused by the

combustion of biological and fossil fuels (secondary
reactions of NOX), chemical fertilizers, motor vehicle
exhaust, industrial emissions, and other human activities
(Van der A. et al., 2017). The study area is located in the
eastern Tian Shan Mountains, which is a typical continental
climate area. The westerly winds play a leading role in this
area. The air mass passes through central Asia and Xinjiang
from west to east, carrying NO3

−, NH4
+, and SO4

2− along the
way, and eventually reaches the glacier area. In addition,
natural pastures are widely distributed around the Tian Shan
Mountains, which have a high livestock load, frequent
agricultural and animal husbandry activities in summer
and autumn, and high rates of biomass combustion (straw
and firewood), decomposition of animal excreta and
corpses, and fertilizer use, which all produce NOX and
NH3. The ions SO4

2−, Ca2+, and NO3
− were also

significantly correlated. Moreover, the non-marine source
accounted for 96% of the SO4

2−, indicating that SO4
2− in

glacial snow is not only derived from input of sand and
minerals (such as central Asian dust containing large
amounts of CaSO4 and other sulfates) but also from
anthropogenic emissions of sulfur pollutants (such as
from coal and oil combustion).

Factor 3 loadings were highest in Ca2+ and Mg2+, which were
also significantly correlated. Many studies have shown that the
main chemical components in Asian dust are Ca2+ and Mg2+,
and their concentrations are closely related to the dust
concentration. The analysis shows that Ca2+, Mg2+, K+, and
particles are transported by atmospheric circulation and, after
reaching the glacier area, become attached to the snow layer by
dry and wet sedimentation, finally forming a dust layer with
obvious seasonal characteristics. This phenomenon is similar to
the sandstorm weather process occurring in winter and spring,
at which time the major chemical ions were observed to peak in
the snow pits at glaciers No. 72 and No. 1 in the Tian Shan
Mountains. The study area is mainly influenced by westerly
winds and is surrounded by large deserts. As the westerly winds
pass through the deserts and Gobi, sand, gravel, and dust
particles are transported to the surfaces of glaciers by the
airflow. Therefore, the Ca2+, Mg2+, and K+ ions in the snow,
which are attached to the dust layer, can be classified as having
relatively remote sand and dust sources.

TABLE 2 | Factor loading matrix for ions in snow pits at Yushugou Glacier No. 6.

Element Communality Factor loadings

Factor 1 Factor 2 Factor 3

Dust 0.922 0.376 0.345 0.857
Ca2+ 0.765 0.714 0.254 0.789
SO4

2− 0.783 0.357 0.736 0.237
Cl− 0.841 0.784 0.432 0.313
Na+ 0.862 0.803 0.238 0.341
NO3

− 0.716 −0.065 0.769 0.283
Mg2+ 0.842 0.364 0.031 0.836
K+ 0.733 0.745 0.139 0.368
NH4

+ 0.751 0.522 0.624 0.031
Fraction of variance (%) 39.3 27.8 19.2
Cumulative (%) 86.3

Notes: principal component loadings >0.6 shown in bold.

TABLE 3 | Correlations between ion and dust concentrations in snow pits at
Yushugou Glacier No. 6 (Person correlation coefficient).

Cl− NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+

NO3
− 0.75

SO4
2− 0.78** 0.9

Na+ 0.91 0.53* 0.62
NH4

+ 0.81 0.86 0.93 0.64
K+ 0.71* 0.32 0.46* 0.75* 0.68
Mg2+ 0.7** 0.34 0.65** 0.67** 0.82** 0.92**

Ca2+ 0.55* 0.4* 0.82** 0.49* 0.86** 0.81** 0.94**

Dust 0.78 0.47 0.76 0.58 0.55 0.71 0.77 0.93

*p < 0.05.
**p < 0.01.
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DISCUSSION

Comparison of the Chemical
Characteristics of Snow in Different Glacier
Regions
To explain the regional characteristics of chemical ion deposition
in the snow pits, this study compared and analyzed the ion

contents and compositions of glaciers in other regions. Table 4
shows that the concentrations of chemical ions in the snow cover of
glaciers in the Tian Shan Mountains and Altai Mountains are
generally higher, while those at the East Rongbuk Glacier (6,450 m)
and Marine Baishui Glacier No. 1 are lower. This reflects spatial
differences in chemical ion deposition in snow. In particular, the
concentrations of ions in glacial snow cover within the Asian dust
source area are generally higher, while those in the Marine Glaciers
are lower. This indicates that land-sourced minerals may have a
significant influence on the chemical characteristics of the snow
cover. Figure 7 shows the percentages of chemical ions in different
glacier regions. The cationic percentage characteristics of
Yushugou Glacier No. 6 are extremely similar to those of
Urumqi Glacier No. 1 and Belukha Glacier. The percentages of
Ca2+, Mg2+, and Na+ + K+ in the snow pits of Yushugou Glacier
No. 6 are higher than those of East Rongbuk Glacier and Baishui
Glacier No. 1, indicating that land minerals have a great influence
on the chemical characteristics of glacier snow. In the anion
composition diagram, the percentages of anions in the snow of
different glaciers are significantly different. The percentages of
SO4

2− and Cl− in the snow of Yushugou Glacier No. 6 are higher
than those of other glaciers, while the percentage of NO3

− in
Yushugou Glacier No. 6 is lower and close to that of Rongbuk
Glacier. This reflects the regional differences in the chemical
compositions of snow in different glaciers. Overall, the
proportions of NH4

+ and NO3
− in the snow of Yushugou

Glacier No. 6 are very low, which indicates that the glacier area
is relatively unaffected by regional anthropogenic pollution (such
as biomass combustion and fertilization).

Air Mass Transport Path During Dust Events
Figure 8 shows the results of the backward trajectory analysis of
air mass transport to the sampling sites at Yushugou Glacier No. 6
during the dust period. According to the observational data of
many meteorological stations (Hami Station, Alashan Station,
Urumqi Station, etc.), we counted several large-scale sandstorm
events from 2017 to 2018 and simulated their air mass transport
paths to Yushugou Glacier No. 6. Figure 8A shows the track of
the sandstorm air masses on August 30, 2017, in which the upper
air mass from the southwest originated in Afghanistan, while the

TABLE 4 | Concentrations of major ions (μeq L−1) in snow at various glaciers in China.

Site Yushugou Glacier
No. 6

(this study)

Altai, Belukha
Glacier (Olivier,

2003)

Tian Shan,
Urumqi Glacier

No. 1
(Li et al.,
2010)

Himalayas, East
Rongbuk Glacier

(Gen et al.,
2007)

Yu Long,
Baishui Glacier

No. 1
(Li et al.,
2007)

Elevation (m a.m.l.) 4,177 3,800 4,130 6,450 4,600
Ca2+ 13.6 3.9 33.9 5.3 1.8
Na+ 3 1.6 4.2 0.5 0.02
Mg2+ 2.3 0.7 7.8 0.4 0.04
K+ 0.7 0.9 0.8 0.2 0.02
NH4

+ 2.6 4.7 8.1 3.0
SO4

2- 2.9 4.0 8.6 1.9 0.4
Cl− 2.4 1.4 4.5 0.5 0.1
NO3

− 0.91 3.5 4.0 0.7 0.3
Total 28.41 20.7 71.9 12.5 2.68

FIGURE 7 | Proportions of major ions in snow pits at various glaciers.
YG6, Yushugou Glacier No. 6; BG, Belukha Glacier; UG1, Urumqi Glacier No.
1; RG, Rongbuk Glacier; BG1, Baishui Glacier No. 1.
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lower air mass from the east originated in Mongolia. In the
sandstorm event on December 25, 2017, the long-path air mass
originated in Kazakhstan, while the short-path air mass came from
the local deserts and Gobi (Figure 8B). Figure 8C shows the dust
storm air masses on March 15, 2018. These air masses originated
from the Caspian Sea coast and crossed Central Asia from west to
east until they reached glacier No. 6. The sandstorm air mass on
December 25, 2017, originated from the Taklimakan Desert
(Figure 8D). In conclusion, when sandstorms occurred at
Yushugou Glacier No. 6, the air masses mainly came from

Mongolia, the Tarim Basin, and Central Asia. It is surrounded by
the Taklimakan Desert, Gulbantonggu Desert, and Kumtag Desert
(Chen et al., 2015), which are important sources of the dust particles,
Ca2+ and Mg2+, found in the snow at Yushugou Glacier No. 6.

CONCLUSIONS

This study analyzed the chemical ion characteristics and
environmental significance of snow samples from pits and the

FIGURE 8 | Backward trajectory analysis of several large-scale sandstorm air masses that reached Yushugou Glacier No. 6 during the study period (2017 and
2018).
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surface of Yushugou Glacier No. 6, Tian Shan, based on field
sampling, experimental detection, and data processing. We draw
the following conclusions.

The ionic concentrations in snow at Yushugou Glacier No. 6
were ranked in order of highest to lowest as Ca2+ > SO4

2− > Cl− >
Na+ > NO3

− > NH4
+ > Mg2+ > K+. Hence, SO4

2− was the
dominate anion and Ca2+ was the dominant cation. The major
ionic average concentrations, pHs, and electrical conductivities in
snow pits were higher than those in surface snow. This is because
surface snow is formed from recent snowfall in the glacier area,
while the snow in snow pits represents the accumulation of
snowfall and atmospheric chemical deposition over a long period.

The concentrations of particles and ions in the snow had
obvious seasonal variations, with high concentrations in spring
(dust period) and low concentrations in summer (non-dust
period). There was a significant difference in the mass–size
distribution of particles in snow between the dust and non-
dust periods, which indicates that sandstorm activity in
Central Asia has a significant influence on the concentrations
of chemical ions and dust particles in the snow at Yushugou
Glacier No. 6.

The sources of the ions in the snow at Yushugou Glacier No. 6
were mainly land mineral dust and human activities, with a small
influence of marine sources. The Ca2+, Mg2+, and K+ ions in snow
pits were generally classified as long-distance land-sourced
mineral dust. The Na+ and Cl− ions had a terrestrial source
with partial sea salt input. The NO3

−, NH4
+, and SO4

2− ions were
mainly sourced from human industrial and agricultural activities

(combustion of biological and fossil fuels, industrial emissions).
In addition, a small amount of SO4

2− was sourced from sand and
dust minerals.
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Spatial Distribution of the Input of
Insoluble Particles Into the Surface of
the Qaanaaq Glacier, Northwestern
Greenland
Sumito Matoba1*, Ryo Hazuki1,2, Yutaka Kurosaki 1,2 and Teruo Aoki3,4

1Pan-Okhotsk Research Center, Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan, 2Graduate School
of Environmental Science, Hokkaido University, Sapporo, Japan, 3National Institute of Polar Research, Tachikawa, Japan,
4Meteorological Research Institute, Japan Meteorological Agency, Tsukuba, Japan

From glaciological observations, we found spatial variation in the input of insoluble particles
(ISP) on a glacier surface from atmospheric deposition and outcropping at the surface of
the glacier by surface ablation at the ablation area of the Qaanaaq Ice Cap in northwestern
Greenland. Possible sources of ISP input to the glacier surface were outcropping at the
surface of the glacier by ablation at intermediate and low elevations, and from atmospheric
deposition at high elevations. The annual atmospheric deposition of ISP was larger at high
elevations than at intermediate and low elevations. The annual abundance of outcropping
ISP was larger at intermediate elevations than at low elevations, where the annual ablation
rate of the glacier surface was 1.5 times larger than at intermediate elevations. The ISP
concentration in the glacier ice at intermediate sites was approximately 10 times larger than
at low sites. The water stable isotopes of glacier ice at intermediate sites indicated that
glacier ice at the intermediate sites did not form since the last glacial maximum, possibly the
Holocene Thermal Maximum. Therefore, the accumulation of the ISP, which is outcropping
at the intermediate site, occurred at high elevations after Holocene Thermal Maximum.

Keywords: Greenland, insoluble particles, Qaanaaq, dark ice, albedo reduction

INTRODUCTION

Ice loss from the Greenland Ice Sheet (henceforth referred to as ice sheet) and local glaciers and ice
caps surrounding Greenland (henceforth referred to as glaciers) is one of the largest contributors to
the current global sea level rise (Meier et al., 2007; Rignot et al., 2011). Bolch et al. (2013) estimated
that the mass loss of glaciers from 2003 to 2008 is responsible for 10% of the global sea level rise.
Glaciers are sensitive to recent climate change because they are at relatively low elevations (Hanna
et al., 2012). Themass loss of an ice sheet and glaciers is drivenmainly by rising air temperature and a
reduction in surface albedo (Box et al., 2012). Remote sensing data show the reduction in albedo in
recent decades (e.g., Tedesco et al., 2011; Shimada et al., 2016). As the albedo of the ice surface
decreases, the absorption of solar radiation at the glacier surface increases, and surface melting is
enhanced. The albedo of the surface of glaciers and ice sheets is controlled by snow grain size and the
concentration of light-absorbing impurities in snow (henceforth referred to as LAI), such as mineral
dust, black carbon, and organic compounds. Snow grain size has increased via accelerated snow
metamorphism under recent warm conditions, and coarse snow grains reduce the albedo in the near-
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infrared range. LAI reduce the albedo in the visible range. If LAI
exist with coarse snow grains, the albedo reduction is enhanced
(Warren andWiscombe, 1980; Aoki et al., 2011; Aoki et al., 2003).

LAI are added to a glacier surface via 1) atmospheric
deposition, 2) outcropping at the surface of the glacier during
glacier surface ablation, and 3) microbial products and
metabolites, and is reduced by 4) meltwater run-off and 5)
the decomposition of organic substances via microbial
activities and chemical reactions, such as photo-oxidation
(e.g., Takeuchi et al., 2018). The main constituent of
atmospheric deposition is mineral dust, with a minor
contribution of black carbon in Greenland (Aoki et al.,
2014a). Several papers show that atmospheric mineral dust
deposited on the interior of the ice sheet is mainly
transported from Asian deserts by long-distance transport
and that atmospheric mineral dust deposited on the ablation
area of the ice sheet and glaciers is from local windblown
sediment or englacial debris. Asian dust, generated when the
surface soil in the arid region of the Asian continental landmass
is lifted by winds into the free troposphere, can be transported a
long distance (e.g., Uno et al., 2001; Sasaki et al., 2016). Bory et al.
(2002) showed that mineral dust in the snow in the last decade at
the North GRIP in the central ice sheet was originated from
eastern Asia using mineralogical analyses and isotopic analyses
of Sr and Nd, which are used for tracer of mineral dust sources.
Svensson et al. (2000) showed that the predominant source of
mineral dust deposited at Summit of the ice sheet for Younger
Dryas, Bølling, Last Glacier Maximum, and the cold and mild
glacial periods back to 44 kyr B.P. is found most likely to be
eastern Asia. Nagatsuka et al. (2016) showed that mineral dust in
the snow at the ablation area of the glacier and the ice sheet in the
Qaanaaq region in northwestern Greenland, and the
Kangerlussuaq area in western Greenland is originated from
moraines and around each glacier using isotopic analyses of Sr
and Nd. Windblown sediment or englacial debris in the coastal
region of Greenland cannot be lifted up to high elevation where
aerosol can be transported a long distance, because the strength
of air convection is not enough in the cold region. Moreover, the
stability of the atmosphere over the ice sheet developed by
anticyclone restricts the transportation of substances from the
coastal region of Greenland to inland (e.g., Davidson et al., 1993;
Matoba et al., 2014). Therefore, the dominant source of mineral
dust in the inland of the ice sheet is a remote area such as Asian
deserts. On the other hand, the ablation area of the ice sheet and
glaciers locate the coastal region of Greenland and the elevation
is low. Thus, the windblown sediment or englacial debris, even
coarse particles, can be transported to the low elevation site.
Therefore, dominant sources of mineral dust in the ablation area
of the ice sheet and glaciers are the windblown sediment or
englacial debris in the coastal region of Greenland. Wientjes et al.
(2011) indicated that the contribution of outcropping dust to
albedo reduction is comparable to that of atmospheric dust.

The spatiotemporal variation in surface albedo and its effects
on surface melting in the ablation zone of the ice sheet and
glaciers are complex. Field data are insufficient to discuss the
regional variation in Greenland, especially for glaciers. Several
studies in northwestern Greenland have examined the mass

balance and variation in surface albedo at the Qaanaaq Glacier
and Ice Cap. Aoki et al. (2014b) installed an automatic weather
station at site SIGMA-B (944 m elevation) on the Qaanaaq Ice
Cap in 2012 and made glaciological observations; they reported
temporal changes in snow height, air temperature, and surface
conditions. In 2012, the surface at site SIGMA-B was slushy and
was covered with snow or ice grains containing dark material,
whereas the surface of large areas at elevations higher than about
700 m a.s.l. was covered with snow in 2013. Sugiyama et al. (2014)
observed the surface melt rate, ice flow velocity, and ice thickness
along a survey route on an outlet glacier (Qaanaaq Glacier) from
the Qaanaaq Ice Cap, and showed that the degree-day factor was
larger on the dark surface in the middle of the glacier than on
relatively clean surfaces at lower and higher parts of the glacier.
They suggested the importance of darkening on the increased
surface melting of glaciers. Tsutaki et al. (2017) reported the
surface mass balance, ice velocity, and ice temperature along the
flow line of the Qaanaaq Glacier and site SIGMA-B. Takeuchi
et al. (2018) showed the mechanisms for the development and
collapse of cryoconite holes based on observations on the
Qaanaaq Ice Cap. Nagatsuka et al. (2014) indicated that
mineral dust in cryoconite on the Qaanaaq Glacier was
supplied from englacial dust and moraines near the glaciers
rather than from distant areas based on analyses of strontium
and neodymium isotopes in mineral dust in the cryoconite.
Søndergaad et al. (2019) reported the glacier history of the
Qaanaaq Ice Cap using geomorphological mapping, 10Be
exposure dating of boulders, and lake sediment cores and
suggested that the Qaanaaq Ice Cap survived the Holocene
Thermal Maximum, although the ice cap was smaller than at
present between 3.3 ± 0.1 and 0.9 ± 0.1 kcal BP, and it advanced
again at the Little Ice Age.

Uncertainty about the spatiotemporal variation in dark
material on the Qaanaaq Ice Cap and the processes that
increase or decrease these materials persists. Here, we focused
on the processes inputting materials to the surface of the Qaanaaq
Ice Cap and report the spatial variation in the input of materials
from atmospheric deposition and outcropping from the inside of
the glacier at the ice cap based on investigations conducted on the
glacier in 2017.

METHOD

The Qaanaaq Ice Cap (77°28′N, 69°14′W), located in
northwestern Greenland, covers an area of 312 km2 and an
elevation range of 30–1,110 m a.s.l. over the central part of a
peninsula (Figure 1). Since 2012, several field campaigns have
been conducted on the Qaanaaq Glacier, which flows southwest
from the southern part of the Qaanaaq Ice Cap, and six
observation sites were established along the flowline of the
Qaanaaq Glacier (Aoki et al., 2014b; Sugiyama et al., 2014;
Tsutaki et al., 2017) (Table 1). We conducted field
observations at these sites and the SIGMA-B site, where an
automatic weather station was installed in 2012 (Aoki et al.,
2014b). We made snow pit observations at each observation site,
observed stratigraphic features by eye using a loupe, and
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measured snow density using a 100-cm3 snow sampler and an
electric balance, and snow temperature using a PT100 sensor. The
observations were conducted on June 12, 2017, at sites 1 and 2,
June 14 at site 3, June 9, and 14 at site 4, June 17 at sites 5 and 6,
and June 9 at the SIGMA-B site.

We collected snow samples from full depth seasonal
snowpack at each site to estimate the amount of
atmospheric deposition during snow season. We also
collected ice samples from the glacier under the seasonal
snowpack at each site to estimate the amount of
outcropping substance by surface ablation of the glacier.
We took snow and ice samples using a stainless sampler
and then stored them in polyethylene bags, melted the
samples in the bags at ambient temperature, and decanted
the sample into polypropylene bottles. In this research, we did
not consider the increase in the mass of the concentration of

insoluble particles (ISP) due to biological activity on the
glacier surface. To avoid contamination by material that
covered the glacier surface the previous summer, we
collected only ice underneath the glacier surface of the
previous summer. To confirm that the ice sampled could be
collected from the inside of the glacier, and not from
superimposed ice formed within the past few years or
glacier surface in last summer, we measured the tritium
concentration using a liquid scintillation counter (LSC-LB1,
Aloka). If the ice had formed within a few decades, tritium
from natural sources produced by the reaction with cosmic
rays should be detected. We examined only samples in which
no tritiumwas detected. To determine whether the sampled ice had
formed in the Holocene or last glacial period, we measured the
stable isotopes of water in ice samples using wavelength-scanned
cavity ring-down spectroscopy (L2130i, Picarro).

We also collected atmospheric depositional materials
using buckets filled with pure water tied to wooden stakes.
The bucket samplers were set at site 4 and on a moraine near
site 3, where surface albedo reduction by LAI had been
observed by Sugiyama et al. (2014), from June 6 to July 4,
2017. The diameter of the open mouth of each bucket was
0.2 m. After the sampling period, we recovered the materials
and liquid in the buckets. To avoid contaminations from the
snow surface and ground surface, the buckets were set 1.5 m
height.

We measured the ISP concentration in both snowpack and
bucket samples using a Coulter counter (Multisizer 3, Beckman
Coulter) using standard analytical conditions.

FIGURE 1 | Locations of the study area and the observation sites showing measurement sites (solid circles) and places of atmospheric deposition sampling (white
circle). A square indicates Qaanaaq village. The contour interval is 100 m.

TABLE 1 | Elevation, surface mass balance (SMB), and annual abundance of
atmospheric deposition and outcropping of ISP.

Site Elevation
m a.s.l.

SMB
m w.e. yr–1

Annual atm. dep Annual
outcropping

mm3 m–2 yr–1

1 243 –1.65 5.0 1,585.7
2 427 –1.67 62.1 5,589.4
3 584 –1.07 211.5 48,810.8
4 739 –0.86 223.2 13,109.7
5 839 –0.49 2382.4 1,501.0
6 968 –0.05 1013.6 5.0
Bucket 739 44.5
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RESULTS AND DISCUSSIONS

Figure 2 shows the vertical profiles of snow density, snow
stratigraphy, and snow temperature of the seasonal snowpack
at sites 2–6 and SIGMA-B on the Qaanaaq Glacier. Most of the
snowpack of seasonal snow at sites 3 and 4 consisted of melt
forms. At site 3, the snow density exceeded 300 kg m−3 at the
surface, decreased with snow depth to 0.2 m, and then increased
with snow depth below 0.4 m. The snow temperature was 0°C

from the surface to 0.1 m depth and below 0°C at greater depths.
At site 4, the snow density above 2.5 m was approximately
300 kg m−3, increased with snow depth to 0.4 m, and then
decreased with snow depth to 0.55 m. The snow temperature
was 0°C from the surface to 0.4 m depth and below 0°C at greater
depths. These profiles from sites 3 and 4 indicate that the upper
parts of the snowpack had already melted but that the amount of
melting was not remarkable, and no meltwater had been washed
out of the snowpack. At sites 5, 6, and SIGMA-B, most of the

FIGURE 2 | Snow stratigraphy and vertical profiles of snow density and snow temperature in snow pits at sites 2–6 (A–E) and SIGMA-B site (F). The characters
showing snow classification of stratigraphy are following by the snow classification by Fierz et al. (2009). Shading areas represent glacier ice under seasonal snow layer.
“hard” represents relatively hard snow layer. “wet” in figure c represents a snow layer containing liquid water.
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seasonal snow snowpack consisted of rounded grains. The snow
temperature at all depths was below 0°C. These profiles indicate
that the snowpack at sites 5, 6, and SIGMA-B had not melted
before the observations. We calculated the snow water
equivalent (SWE) depth of seasonal snow at each site from
the snow depth and density.

Figure 3 shows the ISP concentrations in seasonal snow and
glacier ice at each site. The ISP concentration in seasonal snow
ranged from 490 to 4,710 mm3 m−3 and was highest at site 5. The
ISP concentrations were higher in glacial ice than in the seasonal
snow and had a wider range from 1,320 to 34,300 mm3 m−3. The
glacial ice ISP concentrations were highest at intermediate
elevations (sites 3 and 4) on the Qaanaaq Glacier.

We calculated the annual flux of atmospheric deposition of
ISP from the ISP concentrations in the snowpack as:

Fair(snow) � Csnow · Hsnow/tsnow,

where Fair(snow) is the annual flux of atmospheric ISP, Csnow is
the ISP concentration in the snowpack, Hsnow is the SWE at the
site, and tsnow is the period from the first day of snow
accumulation in this season to the day of the observation.
We set August 17, 2016, as the first day of snow
accumulation in this season based on the variation in snow
height at site SIGMA-B recorded by the automatic weather
station (Aoki et al., 2014b; Aoki et al., 2014c).

We also calculated the annual flux of the atmospheric
deposition of ISP with the amount of ISP collected by the
bucket samplers as:

Fair(bucket) � Cbucket · Vbucket/Sbucket · tbucket ,
where Fair(bucket) is the annual flux of atmospheric ISP, Cbucket is
themeasured concentration of ISP in the water in a bucket,Vbucket

is the volume of water in the bucket at the end of sampling, Sbucket
is the area of the open mouth of the bucket, and tbucket �
0.071 years (26 days) is the period of bucket sampling from
June 6 to July 4, 2017. Table 1 shows the calculated annual
fluxes. Fair(bucket) was comparable to Fair(snow), although the period
of bucket sampling differed from the snow cover period used for
the Fair(snow) calculations.

The annual abundance of ISP outcropped from the glacier
surface is the abundance of ISP contained in the glacier ice which
melts in an ablation season at each site. We calculated the annual
abundance of outcropping ISP at glacier surface at each site as:

FIGURE 4 | (top) Annual flux of atmospheric ISP estimated from ISP concentration in seasonal snowpack in site 1–6 (st1 - st6), and from ISP concentration
collected by bucket samplers set in sites 3 and 4 (right most). Value estimated by the bucket samplers is average of those in site 3 and site 4. Numbers of bar graphs
indicate the estimated annual flux of atmospheric ISP (mm3 m−2 yr−1). (bottom) Annual abundance of outcropping ISP at the surface of the glacier estimated by ISP
concentrations in the glacier ice and annual surface mass balance at each site 1–6. Numbers of bar graphs indicate the estimated annual abundance of
outcropping ISP (mm3 m−2 yr−1) in each site.

FIGURE 3 |Mass concentrations of ISP in snowpack (solid circle) and
the glacial ice (open circle) at site 1–6.
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Fout � Cice · Aice,

where Fout is the annual abundance of outcropping ISP, Cice is the
ISP concentration in glacial ice, and Aice is the annual ablation
rate of the glacier surface at the site. We used the Aice averages of
the annual surface mass balance from 2012/13 to 2015/16
reported by Tsutaki et al. (2017). Table 1 shows the calculated
annual values of the outcropped ISP.

Figure 4 shows the annual flux of atmospheric ISP and the
annual abundance of outcropping ISP at each site. The dominant
source of ISP input to the glacier surface was atmospheric
deposition at sites 5 and 6 and outcropping from glacial ice at
sites 1–4, where it exceeded 97%. The annual flux of atmospheric
ISP was higher at sites 5 and 6. The annual abundance of
outcropping ISP was higher at sites 3 and 4.

We consider the cause of the spatial distribution of
atmospheric deposition of ISP, which was higher at sites 5 and
6. Hashimoto et al. (2018, 2019) reported that occasional events of
intense winds in winter and early spring in this region. Numerical
simulation results show that the intense wind is driven by a
northerly lee side downward wind from the ice sheet when low
pressure exists over the northern Baffin Bay. We speculate that
the northerly intense wind from the ice sheet to the Qaanaaq Ice
Cap can blow up mineral dust from glacier moraine between the
ice sheet and the Qaanaaq Ice Cap, and transport the mineral dust
over the Qaanaaq Ice Cap from north to south. Therefore, the ISP
concentrations in the snowpack at the more northern and higher
elevation sites (5 and 6) are higher than at lower sites (1–4)
(Hashimoto et al., 2018).

Next, we considered the cause of the spatial distribution of
outcropping ISP, which was very high at sites 3 and 4, where dark
material covered the glacier surface (Sugiyama et al., 2014).
Although the annual ablation rate of the glacier surface was
1.5 times higher at sites 1 and 2 than at sites 3 and 4, the
abundance of outcropping ISP at sites 1 and 2 was lower
because the ISP concentrations in the glacial ice at sites 3 and
4 were approximately 10 times higher than those at sites 1 and 2.

We consider why the ISP concentrations in the glacial ice at
sites 3 and 4 were higher than those at sites 1 and 2. The

equilibrium line altitude (ELA) of the Qaanaaq Glacier is
approximately 900 m a.s.l. (Tsutaki et al., 2017). The ice in
the present ablation zone formed in a higher accumulation zone
in the past and flowed to the present position with the glacier
dynamics. Therefore, the ISP at sites 1, 2, 3, and 4 accumulated
at high elevation areas in the past. One possible mechanism to
accumulate the high ISP concentration at higher elevation areas
is the high atmospheric deposition of mineral dust in the past.
During the glaciation period, water circulation in the
atmosphere weakens, and airborne dust can be transported
over long distances. Therefore, the mineral dust concentration
in the upper troposphere increases (e.g., Lambert et al., 2008).
The rate of mineral dust deposition on land and ocean also
increased in the glaciation period (e.g., Lambert et al., 2008).
The concentration of mineral dust in an ice core obtained from
the Greenland Ice Sheet was more than 10 times higher during
the glaciation period than in the Holocene (e.g., Ruth et al.,
2003). To identify whether glacier formation and ISP
deposition, which is occurring at sites 3 and 4 at present,
had occurred at higher elevations in the glaciation period,
we measured the water stable isotopes of the glacial ice
sample at sites 3 and 4. Generally, the water stable isotope
ratio is smaller at cold temperatures. In Greenland ice cores,
δ
18O was 5–8‰ lower during the glaciation period than at
present (Svensson et al., 2008). However, the δ

18O in the glacial
ice sample was comparable with that in seasonal snow at
present (Figure 5). Therefore, we concluded that ISP
contained in the inside of the glacier at sites 3 and 4 was
deposited in the Holocene. We postulated the following
mechanism for the high ISP concentrations deposited on the
glacier surface at higher elevations in the Holocene (Figure 6).
In a warmer period, the ELA was higher than at present, and the
ablation zone expanded to higher areas. In this higher ablation
zone, ISP accumulated annually via atmospheric deposition,
outcropping substances at the surface of the glacier by ablation,
and microbe activities. Then, the air temperature decreased,
and ELA descended to the present elevation. The area where the
ISP had accumulated became the accumulation zone, and the
ISP was transported into the inside of the glacier with
accumulated snow. Then, the ISP flowed up to the glacier
surface at sites 3 and 4 at present. Søndergaad et al. (2019)
believed that the Qaanaaq Ice Cap survived the Holocene
Thermal Maximum, but was smaller from 3.3 ± 0.1 to 0.9 ±
0.1 kcal BP than at present, before expanding in the Little
Ice Age. The ISP accumulation in higher areas may have
occurred in the warm period before the Little Ice Age. To
verify this mechanism, further studies need to include glacier
flow dynamics and quantitative evaluation of the contribution
of microbe activities.

CONCLUSION

We conducted glaciological observations in the ablation zone
of the Qaanaaq Glacier in northwestern Greenland to reveal
the spatial variation in the input of insoluble particles (ISP)

FIGURE 5 | δ18O of snow of the seasonal snow (solid circle) and the
glacial ice (open circle) at site 1–6.
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on the glacier surface from atmospheric deposition and
outcropping at the surface of the glacier by ablation. The
annual abundance of atmospheric depositions of ISP was
estimated from ISP concentrations in the seasonal snowpack
before the snowmelt season at low (sites 1 and 2),
intermediate (sites 3 and 4), and high (sites 5 and 6)
elevation sites. ISP was collected by bucket samplers at site
4 and a side moraine. The annual abundance of atmospheric
ISP at site 4 estimated using the seasonal snowpack was
comparable to that based on bucket sampling. The annual
atmospheric ISP was higher at sites 5 and 6 because the
intense wind from the Greenland Ice Sheet blows over the
Qaanaaq Ice Cap and transports mineral dust to higher areas
on the Qaanaaq Ice Cap. The annual abundance of
outcropping ISP was higher at sites 3 and 4 because the

ISP concentrations in the glacial ice at sites 3 and 4 were
higher, although the annual ablation rate was higher at sites 1
and 2 than at sites 3 and 4. Because the water stable isotopes
of the glacial ice at sites 3 and 4 were not the values found in
the glaciation period, we propose that concentrated ISP,
which accumulated at higher elevations in a warmer
Holocene period, is flowing up at sites 3 and 4 at present.
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Seasonal and Spatial Differences in
Metal and Metalloid Concentrations in
the Snow Cover of Hansbreen,
Svalbard
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Żaneta Polkowska1*
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Metals and metalloids in snow on glaciers, depending on the season of deposition, may
come from various sources: local rock dust (erosion of the geological substratum), marine
aerosol, local human activity (e.g., impurities in combusted fuel and waste incineration),
and long-range atmospheric transport. Hansbreen, a glacier located close to the Polish
Polar Station in southern Svalbard, is a perfect site to study metals and metalloids: it has a
complex geological substratum, has a year-round presence of a small group of people,
and is near the coast. We analyzed a snapshot of metal and metalloid concentrations in
snow samples from shallow cores corresponding to autumn, winter, and spring deposition
on Hansbreen. Eighteen cores of snow were collected across the glacier, revealing the
influence of potential local sources of metals and metalloids. In these samples, we
predominantly found Na, Mg, and K, followed by Zn, Ca, Al, and Fe. Heavy metals,
such as Bi or Hg, were also detected. Cluster analysis of the determined elemental
concentrations divided them into three distinct groups: Group 1: Ag, As, Bi, Cd, Hg, Mo,
Sb, Se, and Zn—the most diverse cluster, representing mostly long-range transported
volatile elements, with possible extra local geological sources; Group 2: Al, Fe, Cu, and
Mn—elements with crustal sources; and Group 3: Na, Ca, Mg, K, and Sr—with the main
source in sea spray aerosol. The latter interpretation was confirmed by the calculation of
sea salt contribution based on the composition of mean seawater and the positive
significant correlation between their concentrations and the electrical conductivity of
snow samples. In the study site, snow was up to six times more efficient in bringing
metal pollution into terrestrial environment, when compared to rain.

Keywords: Svalbard, Arctic, spatial distribution, snow, heavy metals, trace elements

INTRODUCTION

Metal andmetalloid impurities in the Arctic snowmay come from both local and distant sources, and
only some are supplied by human activities (Kozak et al., 2015). Pollutants can be delivered to
Svalbard along fast and slow transport routes, and the cold climate favors accumulation of some
contaminants (Ruman et al., 2012). Metals and metalloids can occur from background to excessive
levels in the Arctic environment and cause harmful effects in people and animals at the latter
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(AMAP, 2005). Arctic snow captures atmospheric dust efficiently,
through dry and wet deposition, and thus forms an archive of the
seasonal contamination of the Arctic atmosphere. It transfers the
pollutants to glacier surfaces, where they may be incorporated
into ice (Lehmann-Konera et al., 2017) and cryoconite matter
(Łokas et al., 2016). Snow upon glaciers in Svalbard has only
rarely been sampled for metal and metalloid concentrations
(beyond the major ion chemistry, as performed by, e.g.,
Virkkunen et al., 2007; Nawrot et al., 2016) and when it was
sampled, the focus was either on one element, usually mercury
(Ferrari et al., 2008; Larose et al., 2010), or on one location
(Spolaor et al., 2020a). There has also been a study conducted on
firn cores across one Svalbard glacier (Singh et al., 2015). Further
studies report on the elemental composition of ice samples
(Yevseyev and Korzun, 1985; Simoes and Zagorodnov, 2001;
Drbal et al., 1992; Lehmann et al., 2016).

The spatial distribution of elemental deposition upon glacier
surfaces may be modified by the influence of local sources of
metals and metalloids, snow redeposition patterns (e.g., Grabiec
et al., 2011), and other postdepositional processes (Larose et al.,
2010; Avak et al., 2019). Here, we focus on the spatial distribution
of elemental impurities in the snow on one glacier in southern
Svalbard, in light with these processes. The site is located in the
vicinity of the Polish Polar Station, a well-monitored area which
may be considered a natural science laboratory for complex
system observations. The area is subject to intensive
glaciological research (Błaszczyk et al., 2019), especially
Hansbreen (Kosiba, 1963; Pälli et al., 2003; Grabiec et al.,
2006; Oerlemans et al., 2011; Petlicki et al., 2015; Laska et al.,
2017; Decaux et al., 2019), which forms a perfect basis for the
understanding of biogeochemical processes in glacial
environments. This can be also enhanced through
comparisons with metal and metalloid distribution, as was
investigated in various environmental components of the area,
such as surface waters (e.g., Kosek et al., 2019), plant tissue (e.g.,
Wojtuń et al., 2018), or fjord sediments (Frankowski and Zioła-
Frankowska, 2014; Zaborska et al., 2017). In the context of
glaciers, cryoconite matter has been subject to metal content
studies (Łokas et al., 2016), as was the aluminum export from the
nearby Werenskiöldbreen (Stachnik et al., 2019). Since the
deposition of chemical elements may change seasonally (as
was observed, e.g., for Ni and Pb by Berg et al. (2004)),
additional temporal information is added in this study
through the subdivision of the collected snow cores into
layers. These correspond to a snapshot of autumn, winter, and
spring deposition of metals and metalloids in the accumulation
season of 2017/2018.

METHODS

Field Site
Hansbreen is a medium-sized tidewater glacier (56 km2) located
in SW Spitsbergen (Wedel Jarlsberg Land). It is approximately
16 km long and 2.5 km wide on average; it terminates into
Hansbukta (Hornsund). Bordered by mountains, it is
nevertheless linked to other glaciers (Paierlbreen,

Vrangpeisbreen, and Werenskiöldbreen) (Szafraniec, 2002;
Grabiec et al., 2011). Four tributary glaciers (Staszelisen,
Deileggbreen, Tuvbreen, and Fuglebreen) are located in its
western bank and one small tributary glacier in its eastern
bank (Figure 1). The glacier’s elevation range is ca. 550 m
(Grabiec et al., 2012).

Every year on Hansbreen, new firn is built from the remaining
snow cover (Błaszczyk et al., 2019; Uszczyk et al., 2019), yet the
entire glacier records a negative mass balance due to the losses
from ice melt and calving. The maximum depth of the snow cover
at the end of accumulation season (April/May) occurs in the
highest parts of the glacier (upglacier from H10, Figure 1).
During the last 8 years, it reached 5.99 m in the accumulation
season of 2010/2011. At the same point in the season, the
minimum snow cover depth of 0.66 m was noted in 2012/2013
in the lower parts of Hansbreen (downglacier fromH2, Figure 1).
On average, the end-of-accumulation-season snow cover depth
was 2.58, 2.01, and 2.22 m (in the 2010/2011, 2012/2013, and
2013/2014, respectively) (Grabiec, 2017). In general, the
distribution of snow cover is linked to weather conditions
(solid precipitation and temperature). Therefore, the altitude
of the glacier determines the snow cover pattern and the snow
cover thickness is modified further by the wind. As indicated by
Grabiec et al. (2006), the eastern part of the glacier, which has
relatively low accumulation, is the place where strong winds
occur. Contrastingly, the west side (including tributary
glaciers) is the typical place for the higher accumulation of
snow cover.

The snow density on Hansbreen depends on snow depth
(Uszczyk et al., 2019) and weather conditions (Grabiec et al.,
2011; Łupikasza et al., 2019). The highest snowpack density
occurred in the higher parts of the glacier, while the low
density was nearer its front. A significant factor influencing
the snow cover structure and its density is rain-on-snow
events (Łupikasza et al., 2019). These events (more frequent
than winter thaws) increase the density of snowpack through
the formation of hard ice layers and may also leave a chemical
footprint (Spolaor et al., 2020b). According to observations in
2010 and 2014 (Laska et al., 2016, 2017; Uszczyk et al., 2019), the
snow cover density reached on average 398 kg/m3 at the end of
accumulation season and 528 kg/m3 in the ablation season.

Hansbreen terminus lies approximately 3 km from the Polish
Polar Station Hornsund, the only human settlement within a
radius of 100 km (approximately 10 permanent staff live there).
The biggest centre of human activity in Svalbard, Longyearbyen,
is located about 140 km north from the study site. Its pollution
sources include an airport, a functioning coal mine, local coal-
fired power plant, a landfill and untreated sewage outflow
(Granberg et al., 2017), a harbor, and local road and
snowmobile traffic (e.g., Reimann et al., 2009). Barentsburg,
another important settlement in Svalbard, lies over 120 km
north from Hansbreen, harboring an active coal mine, a
heliport, and a dumpsite where garbage has been burnt
repeatedly (Granberg et al., 2017). The local human activity in
Hornsund is from the small year-round team and up to 42 people
during the peak research season (parts of the summer). It causes
the following contamination sources: two arrivals of a supply
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ship, a diesel power plant, waste incineration, and sewage
processing; ship traffic also exists in the nearby Hornsund
fjord. In the spring, there is occasional local snowmobile
traffic for research purposes.

The glacier is surrounded by diverse geological formations,
with ore-bearing veins, which may be a source of metals and
metalloids such as Al, As, Bi, Ca, Cd, Co, Cu, Fe, Mg, Mn, Ni, Pb,
S, and Zn (Birkenmajer, 1990; Kieres and Piestrzyński, 1992;
Czerny et al., 1993). In the wider area (within 15 km radius), there
exist geological sources of Al, B, Ba, Be, Ca, Cr, Cs, Cu, Fe, K, Li,
Mg, Mn, Na, Nb, Pb, Rb, Sn, Sr, Ta, Th, Ti, U, V, Zn, Zr, and rare-
earth elements (cf. Koziol et al., 2020; Spolaor et al., 2020a).

Sampling
Snow samples were collected on 22nd and 25th April 2018. The air
temperature during those field trips was approximately −5 and
−10°C, respectively; on both days, there was a moderate wind
speed of 5 m/s and little-to-no direct solar radiation. A snow core,
with 9 cm diameter, was hand-drilled at each point shown on the
map in Figure 1. To avoid external contamination entering the
snow samples, an outer layer of the collected core was scraped
with a precleaned polyethylene scraper. Only selected layers from
the core were sampled, representing the bottom, middle, and top
of the annual snowpack, which most likely belonged to the
seasons autumn 2017, winter 2017/2018, and spring 2018,
respectively. In particular, the autumn samples were
characterized by an increased density (as compared to the rest
of the snow core). The sampled layers spanned between 9 and
32 cm, averaging 17 cm (±4.3, 1 SD), while their density ranged
from 0.287 to 0.655 g cm−3 (mean: 0.460 ± 0.0874 g cm−3). Each
sampled layer differed from its neighboring layers in terms of
hardness and/or grain size. The total thickness of the snow cover
has been measured at each sampling site with a graduated
avalanche probe, averaging 202 cm (±51.7, 1 SD; full range:
115–337 cm).

Laboratory Analysis
We analyzed potassium, calcium, magnesium, and iron, with
inductively coupled plasma optical emission spectrometry (ICP-
OES 9820, Shimadzu, Japan). Twenty-one other elements (Ag, Al,
As, Ba, Bi, Cd, Co, Cr, Cu, Hg, Li, Mn, Mo, Na, Ni, Pb, Sb, Se, Sr,
V, and Zn) were analyzed using inductively coupled plasma mass
spectrometry (ICP-MS 2030, Shimadzu, Japan). Before analysis,
the samples were acidified with high-purity nitric acid and trace
metal basis (Sigma-Aldrich). Analyses were run in triplicate (with
a mean CV 3.82% and 6.43% for ICP-OES and ICP-MS
measurements, respectively). The specific measurement
conditions and parameters are listed in Supplementary Table
S1 (Supplementary Information). All measurements were
quality-assured. The ICP-MS was calibrated with the ICP IV
multielement standard (Merck) and the single-element standards
of As, Sb, Se, Mo, and V (Sigma-Aldrich). Solutions of Sc, Rh, Tb,
and Ge in suprapure 1% HNO3 (Merck) were applied as internal
standards. Samples were diluted (if necessary) using deionized
water (from Milli-Q Direct 8 Water Purification System, Merck
Millipore). The ICP-OES was calibrated with single-element
standards (Sigma-Aldrich) of 1000 mg L−1. Analytical accuracy
was verified with two certified reference materials (CRMs): Trace
Metals ICP-Sample 1 and Trace Metals ICP-Sample 2 (Sigma-
Aldrich). CRM recovery ranged from 96% to 104%. Further
analytical parameters, including the detection and
quantification limits of the method, are listed in
Supplementary Table S2 (Supplementary Information).

Total organic carbon (TOC) was determined through catalytic
oxidation with oxygen at 680°C, with a nondispersive infrared
spectroscopy detector (Analyser TOC-VCSH/CSN, Shimadzu).
The pH and electrical conductivity were measured with a
microcomputer pH meter and conductivity meter (inoLab®
Multi 9310 IDS pH), fitted with a Tetra-Con® 925
conductivity sensor and a SenTix®940 electrodes. The

FIGURE 1 | Study area: Hansbreen. The snow sampling locations are
marked with red dots. Capital letters indicate tributary glaciers: D,
Deileggbreen; F, Fuglebreen; N, Nørdstebreen; S, Staszelisen; T, Tuvbreen.
The map is plotted in transverse Mercator projection, WGS84 datum,
UTM 33X zone, with northing and easting marked on the map frame.
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analytical qualitative parameters of the basic physicochemical
characteristics are given in Supplementary Table S3
(Supplementary Information). Metal and metalloid
concentrations measured have been corrected by the
subtraction of a mean blank value, calculated from five
procedural blanks. In the rest of the assays, the blank
correction was not required, as background contamination was
negligibly low.

Statistical Procedures
Before statistical analyses, results below the limit of detection
were assigned 1/3 of its value (to approximate their probable level
according to the data distribution curve, approximated best as
log-normal for most of the studied variables). All statistical
analyses were performed using Statistica, version 13.3
(TIBCO). The first tool used to explore our data was cluster
analysis applied to variables. The cluster analysis procedure links
elements with concentrations of the most similar variability. In
brief, concentrations of elements are standardized (transformed
to have a mean of 0 and standard deviation of 1), which means
that the concentrations of predominant and minor chemical
components of the snow samples can be safely compared.
Then, they are plotted upon a dendrogram, and the closer
they are on the graph, the more similar is their distribution
around their mean. Admittedly, the mean and standard deviation
are parameters typical for normally distributed datasets, yet as an
exploratory method, cluster analysis can also be used for non-
normal data distributions. For the clustering, we used Ward’s
method, with squared Euclidean distance. The correlations
mentioned further in the text were calculated using two
nonparametric indices, Spearman rank ρ, and Kendall τ, due
to the non-normal distribution of data.

RESULTS AND DISCUSSION

Cluster analysis results (Figure 2) show, at a 33% relative distance
level (a typical cutoff point for the most similar items), there are
three distinct groups of metals and metalloids: cluster 1: Ag, Bi,
Cd, Sb, As, Hg, Zn, Se, and Mo; cluster 2: Al, Cu, Fe, and Mn;
cluster 3: Ca, K, Mg, Sr, and Na. Since the snow in the area has
been shown to contain a relatively high proportion of sea spray
aerosols (Nawrot et al., 2016), cluster 3 is likely connected to this
source. Cluster 2 is likely representing local geological substratum
variability, with the local metamorphic rocks containing ore-
bearing veins with Cu and Fe, while Al and Mn are also generally
abundant elements of the Earth’s crust (Birkenmajer, 1990; Kieres
and Piestrzyński, 1992; Czerny et al., 1993). Cluster 1 is the most
diverse, with elements at very low concentrations, some of which
are typically transported to Svalbard from remote anthropogenic
sources (e.g., Hg and Cd; Carlsson et al., 2016). Furthermore, the
elements in this cluster have volatile forms, which are easily
transported over long distances (especially Hg, Zn, As, Cd, Sb,
and Se, and likely also Ag, Bi, and Mo; Steinnes and Friedland,
2006). However, in the Hansbreen surroundings, both Hg and
Cd, as well as Ag, As, Bi, Sb, and Zn, all occur in ore-bearing veins
on the western side of Hansbreen (Kieres and Piestrzyński, 1992),

either as their minerals or as admixtures (Cd mainly in sphalerite,
Ag in galena, Hg in sphalerite, pyrite, and pyrrhotite).
Interestingly, Se occurred as an admixture in rock samples
from ore-bearing veins (especially of pyrite, pyrrhotite, and
galena), yet at a much lower content level (at least 10 times
less than the other elements in the cluster). Furthermore, there
was no significant mineral source of Mo found in those rocks,
despite this element being included in the geological composition
study (Kieres and Piestrzyński, 1992).

The spatial and temporal distribution of elements from each
cluster is exemplified by one of the cluster members in Figure 3.
Additional information on the seasonal distribution of elemental
concentrations and on elemental fluxes calculated in this study is
also given in Supplementary Tables S4 and S5, respectively
(Supplementary Information). The sea spray cluster 3 was
characterized by generally lower concentrations of its elements
in the winter season layers (Figure 3A), while the highest
concentrations of these elements were noted in the spring
layers nearest to seawater (Burgerbukta to the east). The
concentrations of elements from cluster 3 decreased also up
the glacier, which could reflect a decreasing supply of sea
spray from the Hornsund fjord. The rock dust in cluster 2
showed a more even distribution of concentrations across the
glacier (Figure 3B). Occasionally, elevated concentrations of its
elements could be found, especially in the autumn layer. Such
concentrations could be interpreted as an effect of rock dust
abundance in the period when snow cover only starts forming
and does not cover fully themountain slopes or themoraines. The
volatile element cluster 1 (Figure 3C) was patchily distributed,
with higher concentrations on the western side of the glacier,
where the snow cover was accumulated by wind redeposition
(Grabiec et al., 2006), and at higher elevations, perhaps due to the

FIGURE 2 | Dendrogram resulting from cluster analysis of the metal and
metalloid concentrations in the snow cover of the Hansbreen, based on the
samples collected in spring 2018. Clustering was performed based onWard’s
method, with squared Euclidean distance, on z-transformed
(standardized) values.
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FIGURE 3 | Spatial and interlayer distribution of selected metal concentrations [µg L−1] in the snow cover of Hansbreen in the accumulation season of 2017/2018.
Each figure concerns a member of a different variable cluster in Figure 2: (A) Na, (B) Cu, and (C) Zn. All maps are plotted in the WGS84 datum, in transverse Mercator
projection, UTM 33X zone, with northing and easting marked on the map frame.
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exposure to long-distance-transported air pollution. However,
this side of the glacier is also closer to the elemental sources in
rock dust, so their concentrations may only be elevated very near
to such areas (due to the generally lower concentrations of these
elements in the said rocks and their irregular spatial distribution
as ore-bearing veins).

To further explore the possible sources of various elements
in the snowpack, we calculated correlation coefficients
between their concentrations and the pH, electrical
conductivity, and total organic carbon (TOC)
concentration in the collected samples. Both Spearman ρ
and Kendall τ showed the same pairs of variables to
correlate significantly at the p level <0.05 (and only the
correlations with electrical conductivity were significant at
p < 0.01). Electrical conductivity correlated positively and
strongly with the concentrations of Ca, K, Mg, Na, and Sr,
grouping again the sea salt-related elements in one cluster.
Also, the concentration of Fe correlated negatively with pH of
the samples, likely indicating the origin of Fe from sulphide
minerals, which oxidate producing SO4

2- ions which acidify
the snow (Moses et al., 1987). If we assume that TOC
concentration is a sign of likely pollution from
snowmobile tracks, then this factor appears as
unimportant in shaping the metal and metalloid
composition of snow upon the glacier: the highest positive
Spearman ρ between any metal concentration and TOC
equaled 0.096 for Mo.

Multiple elements seem to be supplied from sea spray on
this glacier, which merits the calculation of sea salt
contribution (ssC) into the elemental concentrations in the
snow cover. This has been performed assuming that all Na

was derived from sea salt and that sea spray has the same salt
composition as average seawater (Turekian, 1968) (Table 1).
In this procedure, all data records with values below the
detection limit were omitted. The occurrence of sea salt
contributions exceeding 100% indicates either that there
were extra sources of Na besides sea salt or that Na may
be enriched in sea spray, as compared to mean seawater
composition, or else that these elements’ concentrations
were depleted postdepositionally. The elements with the
highest sea salt contributions were Ca, Mg, Sr, and K
(median ssCs >25%), which confirms the origin of the first
variable cluster in Figure 2 from sea spray. In isolated cases
(maximum ssCs >5%), sea spray seemed to be a significant
source of also Mo and Hg.

Crustal fractions of elements were also estimated
(Supplementary Table S6, Supplementary Information),
assuming all Al was of crustal origin, and using
geochemical background composition after the
Geochemical Atlas of Svalbard (Ottesen, 2015). Whenever
the Geochemical Atlas supplied two different values derived
from two different analytical methods, we used the
concentrations determined by the analytical method most
similar to the one used here. The calculations highlighted the
crustal origin of Fe in the collected samples; in certain
samples, Mg and As could also be supplied from the
general geochemical crustal background (max crustal
fractions >5%). However, the very low crustal fractions of
other elements calculated in this way do not exclude their
origin from local ore-bearing veins. This is because the locally
occurring veins would not influence the Svalbard-wide
geochemical background concentrations, which were the
basis for the calculations. The low crustal fractions of
calcium support the interpretation that Ca from rock dust
was negligible in the collected snow samples.

Since the deposition of impurities in snow is generally
considered very efficient (Błaś et al., 2010), we compare the
obtained median concentrations in the snow with the median
concentrations measured in the rain at the nearby Polish
Polar Station Hornsund (Kozak et al., 2015). Available for
comparison were the concentrations of Al, As, Cu, Mn, Se, Sr,
and Zn. All these elements were found at higher median
concentrations in the snow on Hansbreen, exceeding the
concentrations in rain from 1.02 to 5.88 times (for Zn and
Al, respectively). The maxima of metal and metalloid
concentrations in summer precipitation, published by
Koziol et al. (2020), were also mostly lower than
maximum concentrations in the snow studied here (for Al,
Cu, Sb, and Se). Mn, Sr, and Zn showed the opposite
proportion, but the difference between the two maxima
was very small for Zn. Overall, the snow cover seems a
more important medium than rain for the transfer of
metal and metalloid impurities from the atmosphere to the
terrestrial system on this glacier. The snow cover also holds
such impurities for longer and may release them in different
temporal patterns, depending on their abundance in the
snowpack (Avak et al., 2019). Thus, snow appears to be a
crucial component for the supply of metals and metalloids to

TABLE 1 | Sea salt contribution (ssC) to the elemental composition of snow on
Hansbreen, calculated from the proportional concentration of each element to
sodium.

ssC [%] Q2 Q1 Q3 min max

Ag 0.03 0.01 0.2 0 2.5
Al 0 0 0 0 0.01
As 0.11 0.04 0.23 0 1.04
Bi 0 0 0 0 0
Ca 308 236 395 61.5 763
Cd 0.02 0.01 0.03 0 0.07
Cu 0.01 0 0.01 0 0.02
Fe 0.01 0.01 0.01 0 0.03
Hg 0.04 0.02 0.06 0 7.1
K 26 18.1 39.7 6.2 58.7
Mg 61.3 57.6 66.4 46.3 103
Mn 0 0 0.01 0 0.02
Mo 0.28 0.16 0.78 0.03 22.5
Sb 0.01 0.01 0.02 0 0.11
Se 0.01 0.01 0.03 0 0.07
Sr 39.1 32 44.1 12.1 58.1
Zn 0.01 0 0.02 0 0.21

The data in the table describe the distribution of sea salt contribution across the whole
glacier and seasons (vertically distributed samples within the snow core, i.e., n � 54 snow
samples for each element). Q1–3 are quartiles, i.e., Q2 � median; min and max show the
full range of sea salt contribution calculation results. Values below the limit of detection
were excluded from ssC calculations. Fractions >100% signify depletion in a certain
element against the typical composition of seawater.
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the surface waters of the area, which warrants its further
investigations to understand the element mobility and long-
term concentration changes.

CONCLUSION

Weinvestigated the concentrations of metal and metalloid
impurities in the annual snowpack on a glacier in southern
Svalbard, focusing on their spatial variability. We attempted to
determine their main sources by the application of statistical
analysis and a comparison to seawater and crustal
composition. As a result, we found that Na, Mg, Ca, K, and
Sr had a significant source in the sea spray aerosol. Al, Fe, Cu,
and Mn could be attributed to crustal sources. Multiple
elements likely come from long-range transport, with
potential secondary sources in the local geological
substratum (ore-bearing veins): Ag, As, Bi, Cd, Hg, Sb, Se,
and Zn; however, Mo is likely to come from atmospheric
transport alone. In comparison to summer rains, snowfall
showed higher median concentrations of metals and
metalloids (between one and six times higher). The studies
on metal and metalloid admixtures in the Arctic snow are
important means of measuring the supply of impurities to
surface waters and downstream ecosystems, and their long-
term changes should be studied in the future.
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We present a thorough evaluation of the water soluble fraction of the trace element
composition (Ca, Sr, Mg, Na, K, Li, B, Rb, U, Ni, Co, As, Cs, Cd, Mo, Se, Eu, Ba, V, Ge, Ga,
Cr, Cr, P, Ti, Mn, Zr, Ce, Zn, Fe, Gd, Y, Pb, Bi, Yb, Al, Nb, Er, Nd, Dy, Sm, Ho, Th, La, Lu,
Tm, Pr, Tb, Fe, In, Tl) and their fluxes in the annual snowpack and the firn of the Hansbreen
(a tidewater glacier terminating in the Hornsund fjord, southwest Spitsbergen). The trace
element samples were obtained from a 3m deep snow pit dug at the plateau of the glacier
(450 m a.s.l.), and from a 2m deep firn core collected from the bottom of the snow pit. The
comparison of elemental fluxes and enrichment factors allowed us to constrain specific
summer and wintertime deposition patterns of water soluble trace elements in the
southern part of the Svalbard archipelago. Our results suggest that the chemical
composition of the Hansbreen (and likely other glaciers where the summit is close to
the equilibrium line) is mainly affected by summertime deposition of trace elements from
local sources and some volatile elements, which may be transported into the Arctic when
polar vortex is weak. The melting of the annual snowpack seems to have a minor influence
on the overall chemical signature of the glacier ice.

Keywords: svalbard, snowpack, firn, trace element, transport

INTRODUCTION

The climate of the Svalbard archipelago is characterized by a marked thermal gap between summer
and winter periods (Maturilli et al., 2013). As a consequence, high variability in snow accumulation
between the coastline and the interior of the archipelago exists (Winther et al., 1998). The annual
snowpack covers almost the entire archipelago between October and May, but the recent air
temperature increase, estimated at 1.3°C per decade (Maturilli et al., 2013), is affecting its onset,
evolution and duration. The snow season has been shortening from 250 to 220 days per year at
Longyearbyen and Ny-Ålesundmeteorological stations (www.mosj.no), with similar trends observed
at Barentsburg (−4.6 days decade−1) and Hornsund stations (−10.0 days decade−1) (Osuch and
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Wawrzyniak, 2017). Both the warming and the change in snow
season duration have direct consequences for glacier mass
balance, which has registered a constant decrease over the past
years (Kohler et al., 2007; Aas et al., 2016; Van Pelt et al., 2019),
despite the recorded rise in the amount of precipitation (from 400
to 600 mm; www.mosj.no) and a potential increase in the annual
snowpack thickness. The decrease in glacier mass balance is
shifting the equilibrium line altitude upwards, i.e. the altitude
above which winter snow survives summer melting and can
contribute to positive mass balance (Möller and Kohler, 2018).
Besides being crucial for glacier mass balance, the annual
snowpack is a sink and a reservoir for a wide range of
inorganic and organic elements naturally present and/or
released by human activities. The presence of impurities in the
annual snowpack, in the form of either insoluble dust particles
(Barbante et al., 2017), soluble chemical species (Barbaro et al.,
2017b) or organic compounds (Vecchiato et al., 2018), can be
used to study the transport processes from polluted source areas
at mid-latitudes and constrain the potential impact of human
activities on the Arctic environment (Barbante et al., 2001;
Ezerinskis et al., 2014; Nawrot et al., 2016).

The chemical composition of the annual snow depends on
various factors including the source of air masses (local,
regional, long-range) and impurities (natural, anthropogenic)
(Barbante et al., 2017; Vecchiato et al., 2018; Conca et al., 2019).
Considering the location of Svalbard, marine processes and
oceanic emissions contribute markedly to the deposition flux of
multiple elements, next to the crustal components (Spolaor
et al., 2013; Barbaro et al., 2017a). However, the long-range
transport of atmospheric dust and wildfire emissions from
Eurasia can significantly impact the elemental composition of
the annual snowpack (Moroni et al., 2016; Feltracco et al., 2020).
A recent study investigating the lead isotope composition of
aerosol samples suggests a predominant contribution of air
masses from North Eurasia during spring, and the main
influence during summer coming from North America
(Barbaro et al., 2016; Zielinski et al., 2020). Furthermore, the
anticipated shortening of the snow season, combined with
glacier retreat, will increase the time and extent of soil
exposure locally, thus likely enhancing the impact of dust on
snowpack composition. The annual snowpack is a critical
component of the cryosphere and interfaces with most
environmental spheres (hydrosphere, atmosphere,
pedosphere and ecosphere) in Svalbard (Gallet et al., 2019).
For example, the impact of the release of elements and
compounds during the melting season, in particular
biologically active elements such as iron and phosphorus, on
the surface oceanic water composition, highlights the
importance of snowmelt on ecosystems (Stachnik et al.,
2019). Therefore, investigating the chemical composition of
snow and the underlying processes controlling it is
fundamental for constraining the impact of snowpacks on
down-stream ecosystems. Trace elements could be a good
indicator of human contamination of remote areas. As
previously reported by Siudek et al. (2015), the major
sources of trace elements are associated with natural
processes (rock weathering, mineralization, dust storm,

volcanic eruption), although industrial activities have also
been shown to influence their abundance in the
environment. Industrial processes such as fossil (As, Cu, Co,
Cr, V, Ni, Sb, Fe, Mn, Zn, Sn) and oil combustion (Mn, Pb, Fe,
Ni), motor vehicle exhausts (Pb, Cu, Cr, Sn, Sb), smelting (Ni,
Cu, As, Pb, Cd), iron/steel manufacturing (Cr, Mn, Ni, Co),
waste incineration (Pb, Zn), and cement production lead to the
release of trace elements to the atmosphere. The Svalbard
archipelago can almost be considered as a pristine
environment since industrial activities are mostly limited to
coal extraction and oil combustion through ship and snow
mobile traffic. Therefore, potential sources of trace elements
could also be ascribed to long-range transport in addition to
natural emissions.

Few studies on the elemental composition of the Svalbard
snowpack exist (Spolaor et al., 2013; Pedersen et al., 2015; López-
Moreno et al., 2016; Nawrot et al., 2016; Spolaor et al., 2016;
Barbaro et al., 2017a), and they are mostly geographically limited
to the western side of the Archipelago. There is a general lack of
data on trace element concentrations and their fluxes in the
southern part of the Svalbard archipelago. Here, we present the
first characterization of the water-soluble fraction of trace
elements in the annual snowpack in the Hansbreen, a
tidewater glacier terminating in the Hornsund fjord. We
focused on the water-soluble fraction being that mostly
affected by the melting episodes that occur in the Hansbreen.
The element concentrations and deposition fluxes in both snow
and ice were evaluated to better characterize their sources
(marine, crustal or anthropogenic) and impacts. In addition,
considering the moderate altitude of the summit of the
Hansbreen (500 m a.s.l) and the glacier equilibrium line
(370 m a.s.l., Laska et al., 2016) (Schuler et al., 2020), this
study provides an important piece of information evaluating
the effect of the annual snow pack chemical composition on
the glacier firn trace element abundance in a low elevation
Svalbard glacier.

CLIMATIC AND GEOLOGICAL SETTING OF
HANSBREEN

The southern part of the Svalbard archipelago is characterized by
higher winter snow accumulation and higher temperatures as
compared to the Svalbard average and in particular to those
measured in the northern territory of the archipelago. The
Hansbreen covers an area of about 56 km2 with a length of
approximately 15 km (Laska et al., 2016). The glacier
terminates in the Hornsund fjord and its summit is located
approximately at 500 m a.s.l in connection with
Vrangpeisbreen (Figure 1). Due to the moderate altitude of
the glacier summit and the calculated glacier equilibrium line
(370 m a.s.l., Laska et al., 2016), the annual snowpack covering the
Hansbreen is strongly affected by summer melting. Hansbreen
lies over a mosaic of metamorphic rocks. The eastern flank of the
glacier laps the Sofiekammen (mainly calcitic and dolomitic
marbles) and the Sørkapp Land group (quartzite-dominated)
formations (Birkenmajer, 1990): Sofiekammen (mainly
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carbonates: marbles and dolomites) and Sørkapp Land group
(quartzite-dominated). The western side of the glacier (Czerny
et al., 1993) is surrounded by the Deilegga and Eimfjellet groups.
Deilegga is a formation built of metasedimentary rocks (phyllites,
calcitic and dolomitic marbles). It contains pyrite, pyrrhotite,
chalcopyrite, and subordinately, marcasite, galena, sphalerite,
arsenopyrite, and chlorite accessory minerals. At Slyngfjellet
(the mountain ridge to the side of the Hansbreen) siderite,
ankerite and quartz veins have also been found (Kieres and
Piestrzyński, 1992). This group can, thus, supply significant
concentrations of major (Fe, S, Cu, Pb, Zn, As, Ca, Mg and
Mn) and, likely, minor elements (e.g., Ni from chlorites) to the
glacier. The Eimfjellet group, situated ∼3 km west from

Hansbreen, is built of quartzites, schists, and amphibolites.
These rock types include the minerals pyrite, chalcopyrite,
pyrrhotite, hematite, galena, arsenopyrite, marcasite, sphalerite,
and mackinawite. Native bismuth has also been found in these
rocks. Thus, it can be a source, besides the aforementioned
elements, of Ni and Bi in atmospheric dust of the area. Some
of the listed minerals were also found to contain Cd and Co as
vicariant elements of Zn and Fe, respectively (Kieres and
Piestrzyński, 1992).

Snow pack proprieties and methodological details on sample
collection, preparation and analysis for the water-soluble fraction
of the elements are detailed reported in the Supplementary
Material.

FIGURE 1 | Location of the Hansbreen (inset panel) and the sampling site during the summer season (both marked with a star marker) (Norwegian Polar Institute/
USGS Landsat). The red contour indicates the glacier basin (see https://toposvalbard.npolar.no/ for a detailed map).
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RESULTS AND DISCUSSION

In the Hansbreen snowpack, Na concentration was the highest
(1,016 ng g−1 on average), followed by Mg (122 ng g−1 on
average), K (44 ng g−1 on average) and P (14 ng g−1 on
average). Compared to the elements of marine origin (Millero

et al., 2008; Weller et al., 2008), crustal element (Gabrielli et al.,
2005) concentrations were at least one order of magnitude lower
in the snow pack and firn samples (Table 1). For example, average
Al, Fe and Zn concentrations in the snow pack were 4.2, 2.6, and
2.0 ng g−1, respectively. Specific trace elements, that has already
been associated with human activities such as Pb, Cr, Cd and As,

TABLE 1 | Average elemental concentration order based on its sea spray contribution in the snowpack (SP Ave. Conc) and the firn core (FC. Ave Conc) expressed both as
ng g−1.

ssC-SP
(%)

ssC-FC
(%)

SP-Ave.
Conc

FC-
Ave.
Conc

Snowpack
(flux)

Firn
core
(flux)

FC\SP
flux
ratio

Snowpack
EFBa

Firn
core
EFBa

Ca 100.000 100.000 6.876 3.270 0.265 0.389 1.466 0.3 0.8
Sr 100.000 100.000 0.729 0.113 0.028 0.014 0.511 3.1 3.2
Mg 100.000 100.000 121.423 16.233 4.705 2.132 0.453 12.2 11.2
Na 100.000 100.000 1,061.465 297.278 41.058 40.596 0.989 55.8 139.1
K 87.406 49.129 44.079 21.963 1.706 2.912 1.707 2.1 7.1
Li 80.440 21.050 0.021 0.022 0.001 0.002 3.084 1.3 8.4
B 57.928 61.722 0.755 0.198 0.029 0.027 0.929 59.3 180.2
Rb 36.784 14.777 0.032 0.022 0.001 0.003 2.361 0.4 1.6
U 20.825 12.751 0.002 0.001 0.000 0.000 1.760 0.8 3.8
Ni 2.131 0.327 0.030 0.056 0.001 0.007 5.822 1.8 31.1
Co 1.861 0.437 0.002 0.002 0.000 0.000 3.567 0.2 1.7
As 1.836 2.236 0.014 0.003 0.001 0.000 0.831 9.4 18.3
Cs 1.600 1.508 0.002 0.001 0.000 0.000 1.078 0.4 1.1
Cd 0.805 <0.1 0.001 0.003 0.000 0.000 8.052 16.5 294.6
Mo 0.488 2.976 0.202 0.009 0.008 0.001 0.188 156.6 84.1
Se 0.408 0.361 0.022 0.007 0.001 0.001 1.274 354.2 1,112.5
Eu 0.370 0.369 0.000 0.000 0.000 0.000 1.042 0.1 0.3
Ba 0.333 0.549 0.620 0.105 0.024 0.015 0.643 1 1
V 0.313 0.330 0.060 0.016 0.002 0.002 0.980 1.4 3.8
Ga 0.119 <0.1 0.002 0.001 0.000 0.000 2.131 2.3 10.1
Cr <0.1 <0.1 0.021 0.029 0.001 0.004 5.103 0.7 14.3
P <0.1 0.134 14.952 1.807 0.567 0.235 0.415 27.6 32.3
Ti <0.1 <0.1 0.181 0.050 0.007 0.007 1.036 0.1 0.2
Mn <0.1 <0.1 0.090 0.173 0.003 0.017 5.132 0.2 1.9
Zr <0.1 <0.1 0.006 0.004 0.000 0.001 2.356 0.0 0.2
Ce <0.1 <0.1 0.099 0.028 0.004 0.004 1.068 1.8 4.2
Zn <0.1 <0.1 2.004 3.330 0.078 0.427 5.476 42.0 459.0
Fe <0.1 <0.1 2.550 0.760 0.097 0.101 1.049 0.1 0.3
Gd <0.1 <0.1 0.007 0.002 0.000 0.000 1.157 2.8 5.6
Y <0.1 <0.1 0.013 0.004 0.001 0.001 1.020 0.8 1.5
Pb <0.1 <0.1 0.052 0.028 0.002 0.004 1.980 4.1 19.9
Bi <0.1 <0.1 0.048 0.015 0.002 0.002 1.203 560.2 1,563.5
Yb <0.1 <0.1 0.002 0.001 0.000 0.000 1.349 N\A N\A
Al <0.1 <0.1 4.235 0.672 0.162 0.087 0.539 0.1 0.1
Nb <0.1 <0.1 0.102 0.012 0.004 0.002 0.488 4.4 6.9
Er <0.1 <0.1 0.008 0.003 0.000 0.000 1.372 N\A N\A
Nd <0.1 <0.1 0.030 0.006 0.001 0.001 0.823 1.4 2.2
Dy <0.1 <0.1 0.117 0.044 0.004 0.006 1.333 48.3 120.5
Sm <0.1 <0.1 0.008 0.002 0.000 0.000 1.063 2.0 3.7
Ho <0.1 <0.1 0.004 0.001 0.000 0.000 1.262 7.4 16.0
Th <0.1 <0.1 0.010 0.001 0.000 0.000 0.492 1.1 1.2
La <0.1 <0.1 0.077 0.018 0.003 0.003 0.859 3.3 6.3
Lu <0.1 <0.1 0.007 0.003 0.000 0.000 1.406 29.9 77.4
Tm <0.1 <0.1 0.009 0.004 0.000 0.000 1.403 N\A N\A
Pr <0.1 <0.1 0.176 0.034 0.007 0.005 0.733 33.4 49.1
Tb <0.1 <0.1 0.044 0.015 0.002 0.002 1.179 105.1 224.2
In <0.1 <0.1 0.001 0.001 0.000 0.000 3.573 19.1 198.5
Tl <0.1 <0.1 0.001 0.001 0.000 0.000 3.025 2.1 18.5

Percentage of sea spray contribution (ssC-%) has been calculated using sodium as a reference element, based on the average elemental concentration in surface water (Millero et al.,
2008). Average flux, expressed in mg m−2, has been calculated using the snow\firn density from the snowpack and the shallow core samples. The last column shows the ratio between the
average firn core (FC) flux and average snowpack (SP) flux. Enrichment factor (EF) for the analyzed elements calculated based on the UCC (Wedepohl, 1995) abundance and using barium
as a reference element (EFBa) in both Snowpack and firn Core. The elements have been order based on the relative sea spray contribution in the snow samples.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5360364

Spolaor et al. Hansbreen Glacier Snowpack Chemical Composition

93

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


showed concentrations in the snow pit of 0.052, 0.021, 0.039, and
0.014 ng g−1, respectively. Assuming that Na is primarily derived
from sea spray aerosols (Rhodes et al., 2018) and using the
average elemental concentration in seawater (Millero et al.,
2008), we can distinguish the elements with predominant sea
spray contribution (ssC) from those that are mainly of crustal
origin (Table 1 and Supplementary Material). In the Hansbreen
snowpack, Mg, Ca and Sr were completely derived from sea spray
emissions, while the sea-spray contribution rates for Li, K, B, Rb
and U were 80, 87, 58, 37, and 20%, respectively (Table 1). Ca and
Sr can also have crustal sources (e.g. Sofiebogen Ridge, Slyngfjellet
peak, Deillega Ridge), but due to the high sea spray emission and
the short distance between the sampling site and coastline
(15 km), those seem completely overwhelmed by the marine
contribution. The firn samples reveal an overall high ssC for
elements such as Na, Mg and K (Table 1), however, the lower ssC
for Li, U, K and Rb, in the firn with respect to annual snow pack
suggests a rather likely increased contribution of dust deposition
during snow-free season.

While the annual snowpack is representative of a single year,
the firn is a result of several years of accumulation. In the
Hansbreen, it is particularly difficult to date the firn, since
percolation of liquid water might mix the layers and re-
distribute the water-soluble fraction of chemical species across
them. Therefore, in order to compare snow and firn, the
elemental concentration in each snow and shallow core sample
was multiplied by the water equivalent to obtain a deposition flux
for each element expressed as mg m−2 (see Supplementary
Material and Supplementary Table S1). This flux is
representative of the mass deposition for each studied layer/
sample (Table 1). We used the average flux per m2 calculated
from each sample instead of the annual flux to avoid the
inaccurate dating problem.

Based on the firn\snow flux ratio, three main groups of
elements can be distinguished. Snow pit and firn profile of
representative elements for each group are reported in
Figure 2. The first group includes Mo, P, Mg, Th, Sr, Al, Ba
and As. These elements showed an average deposition flux that is
higher in the annual snowpack than in the firn (firn\snow ratio
<1). The second group includes B, V, Na, Ti, Fe and Ce, whose
average depositional fluxes in the two compartments were not
different (firn\snow ratio ≈1). The third group included Bi, Se, Ca,
K, U, Pb, Rb, Tl, Li, Co, In, Cr, Mn, Zn, Ni and Cd; which had a
higher average depositional flux in the firn samples (firn\snow
ratio >1) (Figure 3).

Elements in the first and second group seem mainly related to
sea spray aerosols and more water-soluble since they are mainly
present in the salt form. However in this two groups exception are
presence since Al, V, Ti and Mo are mainly crustal origin
elements (Gabrielli et al., 2005). Snowmelt has an effect on the
concentration of soluble elements (Brimblecombe et al., 1987;
Spolaor et al., 2016) such as Na, P, Mg, Ca, K, Ba and B, by
washing them out of the snowpack. For Mg, P and Ba, in
particular, the lower average flux in the firn suggests a strong
wash out from snowpack and likely a subsequent glacier surface
run-off during melting season. The fact that Na and Ca do not
show differences in the average deposition flux between firn and

snow possibly indicates constant/similar deposition throughout
the entire year. Molybdenum shows a significantly higher flux in
the snowpack as compared to the firn (Figure 3). The natural
presence of Mo is commonly associated with the occurrence of
the mineral molybdenite (MoS2). This latter mineral is typical of
granitoid rocks outcropping in different Arctic regions (e.g,
N-Norway and E-Greenland), and only small outcrops of
these rocks were found in the northernmost Svalbard
(Johansson et al., 2002). In coal mining regions, however, Mo
is usually present in trace amounts in ore deposits, but it can be
enriched due to exploitation (Frascoli and Hudson-Edwards,
2018). Also, Mo associated with over bank deposits from
Triassic rocks has low content in sediments. In this respect,
the lower average depositional flux of Mo in the firn
compared to the snowpack suggests a medium to long-range
transport of molybdenite to Svalbard. Mo can also be derived
from coal combustion (Harkness et al., 2017). Therefore, its
presence in the snowpack might be related to long-range or
regional transport, since coal is used in the Svalbard archipelago
for energy production since its marine contribution is less than
1% in the snow-samples (Table 1). Aluminum is a crustal element
and the sea spray contribution is relatively low. Aluminum has a
poor solubility, as supported by the EF << 1, and its total
abundance could be determined only after complete
mineralization of the particulate fraction. The lower amount of
water-soluble fraction in the firn core compared to the snow pit
(FC\SP < 1) could be the result of removing the soluble fraction
during snow pack melting. The late spring melting could remove
the soluble Al fraction (Stachnik et al., 2019), leaving the insoluble
Al fraction trapped in the ice. This might also occur for Fe, which
is abundant in the mineral particle lattice.

The third and largest group of elements (Table 1), suggests the
occurrence of different specific processes which can strongly
influence their concentrations in the firn as compared to the
snowpack, such as 1) the retention of dust particles in the
annual accumulated firn, 2) their increase weathering due to
water presence during summer 3) the contribution of human
activities, 4) the change in dust transport pathways, and 5) the
activation of different, local sources during summer. The retention
(hypothesis a) of the insoluble dust particles in firn due to snow
mass reduction during summer can play an important role. If this
were the main process contributing to elemental load, we would
expect that their abundance should be similar to that of the
snowpack. However as observed in Table 1 and Figure 3, this
is not the case, therefore the reduction of snow mass during the
melting season cannot explain the observed difference alone. We
should note that we are considering the water-soluble fraction of
the investigated elements, and not the whole composition of
insoluble dust particles. We cannot exclude that summer
weathering process (hypothesis b) could act diversely for each
element and partially contributing to the difference observed but
crustal elements are present in the mineral lattice and only a minor
fraction could be released\converted in the water-soluble fraction.
Human activities can also impact elemental deposition in the
Arctic/Svalbard region. As a first approximation, and with
caution (Reimann et al., 2005), we used the Enrichment Factor
(EF) approach to disentangle possible anthropogenic contributions
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from natural ones. We calculated the EFs using barium as crustal
tracer (EFBa) for its solubility, abundance and the negligible effect
of sea spray emissions on its concentration. The enrichment factor
was calculated based on the chemical element abundance in the
Upper Continental Crust (UCC) as reported in (Wedepohl, 1995).
Considering the low contribution of sea spray for almost all the
crustal elements (no sea spray corrections were applied for the
elements in this group), the EF was calculated for the average
deposition flux in the snow pit and the firn samples (Table 1). Since
only the soluble fraction of elements was determined, these values
of EF might actually result from a combination of: 1) specific
composition of the incoming material; 2) different in situ

distribution between particulate and dissolved fraction due to
different solubility; and 3) different mobility of the elements
also due to their different solubility. Given that these processes
cannot be disentangled with the available data, particular care must
be taken in the interpretation of EFs. However, useful indications
on the elemental sources can be extracted even so.

As a rule of thumb, an element is considered enriched when EF
> 100. The enrichment factor is a method frequently adopted to
evaluate possible extra sources, in addition to natural ones, that
contribute to the deposition of a specific element. In this respect,
Bismuth (Bi) is the most enriched element with values of 560 and
∼1,560 in the annual snowpack and the firn samples, respectively.

FIGURE 2 | Snowpack sample flux (left panels) versus firn sample flux (right panels) of selected elements for the three groups. Lithium, Ni, Cr, and Pb are
representative of the third group (Bi, Se, Ca, K, U, Pb, Rb, Tl, Li, Co, In, Cr, Mn, Zn, Ni, and Cd), Fe and Na of the second (B, V, Na, Ti, Fe, and Ce ) and Al and P of the third
(Mo, P, Mg, Th, Sr, Al, Ba, and As). The left and right axis units are both mg m−2, lower axis represents the depth (in cm) from the annual snowpack surface.
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The higher EFBa of Bi is difficult to assess and additional
investigation must be considered but, in the surrounding area
of the Hansbreen, pegmatite outcrops might contribute to the
snow\ice load (Majka and Kośmińska, 2017) and native bismuth
was also found in mountain peaks (Kieres and Piestrzyński,
1992). However, the presence of such rocks might not explain
fully the high EFBa determined. Bismuth might also have an
anthropogenic contribution from coal and oil combustion, as well
as from aluminum production (Ferrari et al., 2000). A higher
enrichment was also found for Se, probably resulting frommarine
(Amouroux et al., 2001) and terrestrial (Aastrup et al., 2000)
biological emissions, although anthropogenic influences cannot
be excluded (Tan et al., 2016). Lead had an EF of 19.9 in the firn
samples and 4.1 in the snow. The increase in EFBa for several
elements in firn might suggest that during the summer period, the
extent of air mass transport from lower latitudes increases due to
the breakdown of the polar vortex. Another hypothesis is that the
local ship emissions contribute significantly to the amount of
these specific trace elements in the aerosol. However, we sampled
close to the equilibrium line altitude that is surrounded by snow-
free mountain peak in summer (e.g. Skilryggen, Strypegga), which
contain galena (PbS) bearing rocks (Kieres and Piestrzyński,
1992; Czerny et al., 1993), therefore local dust might also be a
non-negligible source and might become the most important
source for impurities in the glacier. This last hypothesis is
supported by the REEs relative abundance and specific ratios
that do not show significant differences between snow and firn
samples (Supplementary Figure S1) suggesting a negligible
change of the long range transport mainly affecting this group

of elements. Zinc and In both had a relatively high flux and EFBa
in the firn as compared to the snowpack (five and three times
higher, respectively). This increased depositional flux in the firn
can be associated with the common presence of sphalerite (ZnS)
in the metamorphic basement outcropping in the Hornsund
region (Kieres and Piestrzyński, 1992; Czerny et al., 1993).
Nickel, Cr and Co, which had higher firn/snow flux ratios
(Figure 3; Table 1), are frequently associated with minerals
such as iron sulphides, sphalerite, magnetite found in Svalbard
bedrock, including the study area (Kieres and Piestrzyński, 1992).
This could suggest that the activation of local rock dust sources
during summer significantly impacts the glacier firn elemental
concentrations. The other elements with a positive firn/snow
ratio are associated with several minerals that are widespread in
Svalbard and other geological regions, thus rendering the
identification of specific source regions difficult. However,
out of fifteen elements in this third type of EF behavior,
seven were found in rocks in the direct vicinity of
Hansbreen, and further five could be sourced from rock
erosion within 15 km radius from there (Kozak et al., 2015;
Kosek et al., 2019a; Kosek et al., 2019b).

The highest difference between firn and annual snowpack
depositional flux was determined for Cd, with firn values eight
times higher than in the snow. Although we cannot exclude a
local contribution (e.g. in range of 0.3–3% in sphalerite), Cd is
generally considered a marker for long-range dust transport,
since it is mainly anthropogenically produced from the
smelting of non-ferrous metals (Łokas et al., 2019). Its increase
in the firn samples might be associated with transport fromNorth

FIGURE 3 | Firn and snow flux and their ratio for the analyzed elements. The upper panel shows the firn\snow ratio for each element. The enrichment of elements in
firn is represented on a color scale from light\yellow (low) to the dark red (high). The lower panel shows the average flux in the annual snowpack (grey bars) and in the firn
samples (black bars).
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America and Siberia during the summer, following the
breakdown of the polar vortex.

CONCLUSION

The results obtained in the present work suggest that the
Hansbreen snowpack is strongly influenced by marine
emissions with a higher depositional flux of marine-related
elements as compared to crustal elements. Significant
differences between the composition of the annual snowpack
and the firn samples were observed. In particular, elements
present in the sediment\rocks in the Hornsund region and
characterizing the Svalbard geology showed a higher
depositional flux in the firn as compared to the annual snowpack.

The annual snowpack showed higher depositional flux for a
few elements (for instance, Mo) not abundant in the mineralogy
of the area and might associate with local human activities or
long-range transport. The higher depositional flux for a large
number of crustal elements in the firn and, in particular, for Ni,
Cr and Co are likely associated with minerals and rocks abundant
in the Hornsund region. The higher abundance of the latter
elements suggests that, during the summer periods, the local dust
sources are predominant, although some anthropogenic
contamination (such as for Cd), derived from long-range
transport, might influence the total deposition.

The results presented suggest that Svalbard glaciers, like
Hansbreen, whose summit is close to the equilibrium line, are
prone to predominant local dust deposition during summer (late)
when some freezing is possible after summer melting. Local dust
deposition may, thus, affect the chemical composition of the
glacier ice. On the other hand, elements released from annual
snowpack during the melt season seem to have minor influence
on the overall chemical signature. Quantitative evaluation of the
whole composition compared to the water-soluble fraction is
necessary to obtain a clear picture of deposition versus melting
effects. In addition, the impact of cryoconite as a trap for dust and
on the efficiency of dust particle transfer from surface to the
glacier ice should also be considered in future studies.
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Physicochemical Impacts of Dust
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To analyze the impacts of dust storms on the atmospheric and meltwater environment,
intensive and simultaneous sampling for aerosols and meltwater on the terminal moraine
(41°73′ N, 79°88′ E, 3,789 m a.s.l.) of Qingbingtan Glacier No. 72 (Glacier No. 72) on the
northern margin of the Taklamakan Desert were conducted during the summer of 2008.
Aerosol and meltwater chemistry (including the species of Na+, K+, Mg2+, Ca2+, NH4

+, Cl−,
SO4

2−, and NO3
−) was analyzed by ion chromatography. The results indicated that the

major anions and cations in the samples were SO4
2− and Ca2+, respectively. In the dust

event, the average value of aerosol ions was 566.91 neq·m−3, which was nearly five times
that under nondust conditions (115.58 neq·m−3). In addition, in the meltwater samples, the
sum of ion concentrations ranged from 31.26 to 180.98mg·L−1, with an average of
76.40 mg·L−1. When a dust storm occurred, the ion concentrations in these two media
increased significantly and simultaneously, but with different trends due to the different
influencing factors. That is, the atmospheric environment was significantly affected by the
dust storm. According to the correlation analysis and principal component analysis, the
water-soluble ions, such as SO4

2−, Cl−, Na+, K+, Mg2+, and Ca2+, originated from natural
sources, while NH4

+ and NO3
− originated from anthropogenic sources. The results of the

air mass trajectory suggested that the regional dust storms caused by the air masses
originating from Eastern Europe and Siberia had a significant influence on the glacial
environment.

Keywords: qingbingtan glacier No 72, dust storms, atmospheric aerosol, meltwater, sources

INTRODUCTION

Dust aerosols contribute nearly 75% of the global aerosol mass load and 30% of the global aerosol
optical thickness. It is highly emphasized that dust aerosols play an important role in connecting the
atmosphere, biosphere, and lithosphere, making them a critical factor in global mass circulation
(Tang et al., 2018). The Earth’s radiation budget can be perturbed by dust aerosols through their
direct (scattering as well as absorbing solar and terrestrial thermal radiation), semidirect (changing
the evaporation rate of cloud droplets), and indirect (modification of cloud optical properties and
lifetimes) effects (Seinfeld et al., 2016; Kedia et al., 2018). Dust aerosols also have a significant impact
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on global climate change (Wang et al., 2015), deterioration of air
quality, visibility reduction and human health (Goudie, 2014),
marine ecosystems, and biogeochemical cycles through their
transportation mechanisms. The transportation mechanisms
are highly dependent on the composition, concentration, and
particle size distribution of dust aerosols (Ramanathan et al.,
2001; Chow et al., 2008; Seinfeld and Pandis, 2012). The radiative
forcing of aerosols is considered to be especially important at the
regional scale because their lifetime is relatively short, which is
different from the radiative forcing of greenhouse gases. Aerosols
are removed from the atmosphere through dry and wet
deposition. Dust aerosols can also mix with anthropogenic
aerosols while they are being transported hundreds to
thousands of kilometers away, which play a crucial role in the
atmospheric chemistry and biogeochemical cycles in the
Northern Hemisphere (Duce et al., 1991; Arimoto et al., 1996;
Griffin, 2007). Dust aerosols deposited on glacial surfaces can
decrease snow albedo by enhancing lighting absorption, which is
a vital factor influencing glacial melt (Wang et al., 2013; Kaspari
et al., 2015). Dust particles also have a significant impact on the
chemistry of glacial meltwater. The hydrochemical characteristics
of meltwater runoff will be affected by dust particles. Analyzing
meltwater chemistry is of great significance to studying dramatic
glacial change influences on meltwater (Dong et al., 2014).
Moreover, glacial meltwater is an essential water resource in
arid and semiarid areas of Northwestern China. Some dust
particles stored in glaciers will be released with glacial
meltwater into glacial runoff and eventually incorporated into
downstream aquatic ecosystems (Zhang et al., 2019).

The Tianshan area is located in the arid and semiarid region
of Central Asia, which is in a significant dust source region of the
Northern Hemisphere (Li et al., 2011; Dong et al., 2014); a great
quantity of dust has been transported to the North Pacific and
the western coast of America or even globally under the action
of strong winds each year. The information of aerosol dust can
be recorded in the snow and ice of high mountains and polar
regions. During the past few decades, dust particles in glaciers of
Central Asia have been of widespread concern. In the early
stage, the studies of dust storms in the glacial region mainly
focused on the properties of dust particles in snow and ice.
Wake et al. (1994) analyzed the concentrations and size
distributions of insoluble particles in snow and ice samples
and discussed the spatial and seasonal distributions of eolian
dust deposition in Central Asia. Subsequently, Dong et al.
(2009) measured the deposition of atmospheric dust in snow
deposited on Haxilegen Glacier No. 51 in Kuitun, Glacier No.1
at the headwater of Urumqi River, and Miaoergou Glacier in
Hami in East Tianshan Mountains. Dong et al. (2010)
researched the characteristics of aerosol dust in fresh snow
during Asian dust and nondust periods at Urumqi Glacier
No. 1 of eastern Tian Shan. Dong and Li, (2011) and Dong
et al. (2013) analyzed the characteristics of atmospheric dust
deposition in snow on Glacier No. 72 and Glacier No. 4, Mt
Bogeda. Dong et al. (2014a) studied and compared the
deposition of atmospheric dust in snow deposited on Glacier
No. 12 at the Laohugou River, Shiyi Glacier in Yeniugou of the
western Qilian Mountains, China. In recent years, Asia dust

provenance in snow and ice of glacier regions was analyzed by
researchers (Xu et al., 2012; Yu et al., 2013; Du et al., 2015; Dong
et al., 2016; Du et al.,2017). These studies mainly focus on the
characteristics of Asia dust particles in snow and ice, as well as
the spatial and temporal distribution and source analysis.
However, there are few studies on the impact of dust storms
on aerosols and meltwater. You and Dong (2011) also studied
samples collected from aerosols, fresh snow, and snow pits on
Urumqi Glacier No. 1 and determined the deposition processes
and characteristics of mineral dust microparticles from aerosols
to fresh snow and then the evolution to snow pits. Little research
has been carried out regarding dust particle effects on the
physicochemistry of glacial meltwater runoff. Dong et al.
(2014b) discussed the temporal variations in various
physicochemical species in the meltwater runoff of Laohugou
Glacier No. 12 in Central Asia and their correlation with dust
particles based on two-year field observations in the summers of
2012 and 2013.

However, there are few studies on the coupling relationship
between the atmospheric environments and meltwater
environments of glaciers during dust storms. In addition, there
has been little research on aerosols of Glacier No. 72. Therefore,
aerosol samples and meltwater samples were collected on Glacier
No. 72 during 2008. The purposes of this research were to
comprehend the water-soluble ion chemical characteristics of
aerosols in the region and the coupling relationship between
aerosols and meltwater on both dust and nondust days. Although
the field experiment was carried out for only seven days,
inorganic ion chemistry and individual analyses of aerosols
were investigated in this study for the first time. Thus, it is
essential to investigate the chemical characteristics of aerosols
and glacial meltwater at Glacier No. 72 in the southern Tianshan
Mountains.

MATERIALS AND METHODS

Site Description
Glacier No. 72 (41°45.51′N, 79°54.43′E) is a compound valley
glacier located in the southern foot of the Tianshan Mountains
and the southern part of Tomur peak in the northern margin of
the Tarim Basin in Xinjiang. This glacier is representative of
many other glaciers on Mount Tomur, with the highest elevation
of 5,986 m a.s.l. The glacier is surrounded by vast deserts and
Gobi (Figure 1). The climate in this area is typical of the
continental climate and mainly affected by the westerlies. The
aerosol sampling point is located at the lateral moraine at the east
end of Glacier No. 72 at an altitude of 3,789 m. The bedrock is
exposed without vegetation coverage. The salt contents of
crystalline rocks, such as granite and metamorphic rocks, in
the alpine zone, are difficult to dissolve. The soluble salt is
mainly bicarbonate, some of which included marble and
limestone. The low mountain zone is composed of the salt
bearing rock series of the Tertiary system, with soluble salts.
The area of mobile sand dunes in the Taklimakan Desert is as
high as 85%. Evaporites such as the gypsum layer, Glauber’s salt,
halite, and sylvite are widely developed in the underlying strata.
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Sample Collection and Analyses
Aerosol samples were collected for seven days from July 30 to
August 14, 2008 (Figure 2). Four samples were collected on July
30, July 31, August 1, and August 3 before the dust storm on
August 5. Three samples were collected after the dust storm on
August 6, 9, and 14, respectively. Zefluor™ Teflon filters, 47 mm
diameter with 2.0 μm pore size (Gelman Sciences), were used to
collect the aerosol samples. The sampler was driven by a 24 V
diaphragm pump powered by solar cells. The filters were
mounted face-down approximately 1.5 m above the ground
surface. Sampling usually started at 11:00 in the morning
(Beijing time). No samples were collected during rainy or
foggy weather. The air extraction volumes of aerosol samples

varied from2.71 to 6.25 m3; for details, see (Zhao et al., 2011). The air
volume through the filter wasmeasured by an in-linemeter and then
converted into standard conditions according to local environmental
pressure and temperature. Based on the average flow rate of
1.27m3·h−1 on the filter, the particle collection efficiency was
greater than 97% for aerosol particles with the diameter larger
than 0.035 μm (Liu et al., 1984; Li et al., 2011). After sampling,
the filters were removed from the filter holder and placed into
cleaned airtight plastic containers and stored at 4°C before analysis.
When loading and unloading the filters, the operator should wear
plastic gloves and face the upwind side to minimize pollution.

Nine days of meltwater samples were collected from July 30 to
August 9, 2008. The sampled hydrological section was 1.1 km
away from the end of the No.72 glacier. The SWY-20 type
monthly self-metering water level and water gauge were
adopted to measure the water level and flow rate, and there
was an automatic weather station in the area to measure wind
speed and direction, air temperature, air pressure, precipitation,
and relative humidity. Meltwater samples were collected at 14:00
every day. All samples were kept frozen and transported in the
condition of −18°C until laboratory measurement at the State Key
Laboratory of Cryospheric Science of Chinese Academy of
Sciences. Before testing and analyzing, the sample melted
naturally at room temperature.

Both samples and field blank filters were analyzed in a class
100 clean room at the State Key Laboratory of Cryosphere
Sciences, Chinese Academy of Sciences (Lanzhou). In order to
efficiently extract the water-soluble species from the filters, the
sample and blank filters were first wetted with 200 μL ultra-pure
methanol. The soluble components were then extracted with
25 ml of deionized water for about 30 min using an ultrasonic
water bath device (Zhao and Li, 2004; Zhao et al., 2011; Zhang
et al., 2016). Dionex model 320 ion chromatograph (Thermo
Fisher Scientific, Inc.) was used to determine the major ion

FIGURE 1 | Map showing the location of Qingbingtan Glacier No. 72 (A,B) and automatic weather station at the end of glacier 72 (C).

FIGURE 2 | Temporal variation in the concentration of soluble ions in
aerosol samples in 2008.
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concentrations in the aqueous extracts. Zhao and Li (2004) and
Zhao et al. (2011) have described the detailed experimental
methods. Mean concentrations of five field blank filters were
Cl− (3.66 ng/g), NO3

− (17.31 ng/g), SO4
2− (2.60 ng/g), Na+

(2.61 ng/g), NH4
+ (3.35 ng/g), K+ (0.04 ng/g), Mg2+ (2.44 ng/g),

and Ca2+ (6.41 ng/g). These were obviously lower than the
concentrations detected in the aerosol samples. The average
blank values were subtracted from the sample concentrations.

In addition, the scanning electron microscopy-energy
dispersive X-ray spectrometer (SEM-EDX) was used to analyze
individual particles. For each membrane, a part of the total filter
was cut and mounted on an electron microprobe stub, and a thin
gold film (16 nm) was coated to obtain a high-quality secondary
electron image. The operating conditions were listed as follows:
the accelerating voltage is in the range of 5–10 kV; and the
spectral acquisition time is 60 s. Noran TM System software
(Thermo Fisher Scientific Inc.) for energy dispersive
microanalysis was used for the quantitative analysis of
individual particles. The morphological characteristics of
aerosol samples were classified, and the detailed analytical
techniques of aerosols are described in the literature (Zhao
et al., 2011).

RESULTS AND DISCUSSION

Impact of Dust Storms on the Atmospheric
Environment of Glacial Areas
On August 5, 2008, there was a strong dust storm event in
southern Xinjiang, http://www.duststorm.com.cn/. According
to the field records obtained during sampling, there was strong
dusty weather at Glacier No. 72 on the afternoon of August 5,
and there was floating dust in the air all day on August 6.
Therefore, the three aerosol samples collected from August 6 to
August 14 were affected by dust storms with varying degrees,
which was helpful for understanding the impact of dust storms
on the atmospheric environments in high-altitude areas.
According to the sampling time, the seven aerosol samples
were divided into two parts: before the dust storm event of
July 30 to August 3 and after the dust storm event of August 6 to
August 14. Supplementary Table S1 presents the mean
concentrations of the water-soluble primary inorganic ions
(Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Mg2+, and Ca2+). Of all
seven samples, the sum of anions and cations in the aerosols
ranged from 63.66 to 808.29 neq·m−3, with an average of 309.

01 neq·m−3. Table 1 showed that the total number of cations
measured in the aerosols [∑+ � (Na+) + (NH4

+) + (K+) +
(Mg2+) + (Ca2+) ] was 4.82 times the total number of anions
measured [∑- � (Cl−) + (NO3

−) + (SO4
2−) ]. This phenomenon

existed in all samples, indicating that aerosol particles on that
day were more alkaline (Yang et al., 2016). Most of the excess
cations in the samples could be balanced by carbonate ions
(HCO3

−/CO3
2− � ∑+−∑− � ΔC) that were not detected in the

experiment (Zhao et al., 2008). Ca2+ and ΔC were the main ions
in the aerosols, accounting for 78.88% of the total measured
anions and cations.

Before the dust storm occurred, the sum of anions and cations
in the aerosols ranged from 63.66 to 154.99 neq·m−3, with an
average of 115.58 neq·m−3. The order of ion concentrations was
Ca2+ > NO3

− > SO4
2− > Na+ > Mg2+ > Cl− > NH4

+ > K+, which
represented the background value of the atmospheric
environment in the region. However, after the dust storm, the
sum of anions and cations in the aerosols ranged from 425.35 to
808.29 neq·m−3, with the average of up to 566.91 neq·m−3, which
was 4.9 times the average before the dust storm. The order of ion
concentrations was Ca2+ >Mg2+ > Na+ > SO4

2− > Cl− > NO3
− >

NH4
+ > K+. According to the orders of ion concentrations, Ca2+

and SO4
2- were the most important cations and anions in this

area, whether affected by dust storms or not. Dust storm events
could bring much Mg2+ and Na+, so that the relative positions of
the two ions in the sequence were advanced. During the sampling
period, except for the nonobvious change in K+, the other seven
ions showed a significant increasing trend, especially after the
occurrence of the dust storm on August 5. In particular, with
Ca2+, the average ion concentration after the dust storm event was
5.21 times that before the dust storm event, which showed that
the dust storm event had a great impact on the atmospheric
environment in the glacial area.

In previous studies, Ca2+ and Mg2+ were thought to be the
index of dust substitution in studies of crustal sources on snow
and ice chemistry (Wake et al., 1994; Dong et al., 2009; Zhang
et al., 2016). Glacier No. 72 was surrounded by desert and located
in the source area of Asian dust. There were many minerals, such
as quartz, feldspar, calcite, yellow flash, and black mica, in the
sand of the desert, which was also rich in CaCO3, CaSO4, and
NaCl. When dust storms occurred, a large amount of dust was
carried to the glaciers. Therefore, the concentrations of Ca2+ and
Mg2+ increased significantly. Simultaneously, the debris at the
southern foot of Mt. Tomur was rich in limestone, amphibole,
and other minerals, and these minerals were also abundant in Ca,
Mg, Na, and other substances. In addition, the concentrations of
Na+, Cl−, and K+ also increased significantly. This was because the
air masses that passed by the salty sea and Issky Kul Lake could
bring more salt particles with high concentrations. These factors
contributed to the concentrations of water-soluble ions increases
in the atmospheric environment of the glacial area after a
dust storm.

To calculate the relative contributions of each ion to aerosols
before and after the dust storm, the percentage value was
calculated based on each sample. Then the average value was
calculated (Figure 3). In general, Ca2+ and HCO3

−/CO3
2− were

the most abundant ions in aerosols, accounting for 39.26% and

TABLE 1 | Correlation coefficients of the soluble ions in aerosol samples.

Cl− NO3
− SO4

2− Na+ NH4
+ K+ Mg2+ Ca2+

Cl− 1.00 0.51 0.99** 0.99** 0.56 0.79* 0.95** 0.93**
NO3

− 1.00 0.62 0.48 0.73 0.09 0.65 0.68
SO4

2− 1.00 0.99** 0.60 0.78* 0.98** 0.98**
Na+ 1.00 0.53 0.83* 0.95** 0.94**
NH4

+ 1.00 0.05 0.62 0.62
K+ 1.00 0.77* 0.76*
Mg2+ 1.00 0.99**
Ca2+ 1.00

*indicates correlation significant at p � 0.05; ** indicates correlation significant at p � 0.01.
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39.62%, respectively, of the ion balance. The contributions of
Ca2+, HCO3

−/CO3
2−, NO3

−, and SO4
2− to the ion balance were

39.73%, 34.75%, 7.99%, and 5.27%, respectively, from July 30 to
August 3 (nondust days). The contributions of HCO3

−/CO3
2−,

Ca2+, Mg2+, Na+, and SO4
2− to the ion balance were 40.59%,

39.43%, 4.89%, 4.54%, and 4.15%, respectively, from August 6 to
August 14 (dust days). Based on the contributions of the above
ions, CaCO3/Ca (HCO3)2 was the main dust material during the
sampling period.

The SEM-EDX technique is an important method to analyze
the characteristics of aerosol particles, which can supply detailed
information about the shape and size of particulate matter, such
as morphology, element composition, surface load, and
agglomeration (Li et al., 2011; Zhang et al., 2016), and this
method used to analyze aerosol samples is able to more
intuitively understand the effects of dust storms on the
atmospheric environment. The single-particle analysis for
aerosols at Urumqi Glacier No. 1 and Mt. Bogda indicated
that natural sources of dust and mineral particles usually
appeared irregular, and then, the particles produced by
artificial sources of pollution usually appeared as surface light
sliding spherical or floc aggregates (Li et al., 2011; Zhao et al.,
2011). According to Figure 4, most of the particles enriched on
Teflon sampling filters were irregular, mainly minerals and dust
particles. There may be aluminosilicate, quartz, feldspar, gypsum,
and calcite in these particles. This indicated that the atmospheric
environment of the glacier area was mainly affected by natural
sources. By comparing the samples for August 6, August 14, and
August 3, it could be found that the particles attached to the

membrane showed an increasing tendency due to the August 5
dust storm incident. Thus, the occurrence of dust storms could
bring large quantities of mineral particles, causing the
concentrations of water-soluble ions in the atmosphere of the
glacier area to increase sharply.

For comparison, the average soluble ion concentrations of
aerosols in this work and other glaciered areas are summarized in
Supplementary Table S2. When analyzing the spatial difference
in aerosol chemical composition, the average concentration of the
four samples before the dust storm event at Glacier No. 72
represented the background concentration of aerosols. Bogda
glacier is close to Glacier No.72; both of them are affected by the
prevailing westerly. The sampling period was the same, all in
summer; thus it had certain comparability. In general, the ion
concentration of Glacier No. 72 was higher than that of Bogda
glacier, especially Ca2+ and Mg2+. Compared with Bogda glacier,
the average temperature (5.4°C) and humidity (72%) of Glacier
No. 72 were higher than those of Bogda glacier (4.7°C, 57%), but
the average wind speed (2.6 m·s−1) was lower than that of Bogda
glacier (4.8 m·s−1). Wake et al. (1990) and Sun et al. (1998) have
also pointed out that Na+ and Cl− originated from the extensive
evaporate deposits in the arid regions surrounding these
mountain ranges. When the temperature was higher, it
contributed to evaporating the sediment; thus the
concentrations of Na+ and Cl− were relatively high. When the
wind velocity was low, it was not conducive to the local emission
of dust (Dong et al., 2013). The concentrations of Ca2+ and Mg2+

should be lower, but the ion concentrations of Glacier No. 72 were
much higher than that of Bogda glacier. The main reason was that

FIGURE 3 | (A) Before and (B) after dust storms.

FIGURE 4 | Scanning electron microscope (SEM) images of typical aerosol samples. (A) 3 August 2008 before the dust storm; (B) 6 August 2008 after the dust
storm; (C) 14 August 2008 after the dust storm.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5276635

Zheng et al. Physicochemical Aerosol and Glacier Meltwater

104

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


Glacier No.72 was located in the northern edge of the desert,
which was closest to the Taklimakan Desert, and was greatly
affected by the Taklimakan Desert.

Impact of Dust Storms on Meltwater in
Glacial Areas
Glacial meltwater is an important part of the terrestrial
hydrosphere, and the change is the result of the water-energy
balance in the basin, which can accurately reflect the river basin
information on climate change at different time scales and human
activities in the region. The sum of ions in the samples from
Glacier No. 72 ranged from 43.65 to 78.48 mg·L−1, with an
average of 60.77 mg·L−1 (Supplementary Table S3). Ca2+ was
the main ion in the measured samples, with a mean value of
17.62 mg·L−1, followed by SO4

2−, with a mean value of
9.89 mg·L−1. Besides, the standard deviation also showed that
the change in the concentration of these two ions was very large,
while the concentrations of K+ and NH4

+ were low and relatively
stable. In general, the meltwater ions were mainly composed of
the sulfate-calcium type, which was consistent with the
characteristics of the atmospheric environment of the glacial
area. The order of ion concentration was SO4

2− > Ca2+ > Cl−

> NO3
− > Na+ > Mg2+ > K+ > NH4

+. After the dust storm, ion
concentrations significantly increased; the sum of ion
concentrations ranged from 31.26 to 180.98 mg·L−1, with an
average of 76.40 mg·L−1, the mean concentration of Ca2+ was
approximately 21.94 mg·L−1, and SO4

2− was approximately
18.95 mg·L−1, which were 1.25 and 1.92 times greater,
respectively, than before. Dust storms could bring more Ca2+,
SO4

2−, Mg2+, and so on. Figure 5 also showed that the
concentrations of various meltwater ions increased
significantly on August 6 and August 7, especially Ca2+, Mg2+,
and SO4

2−. According to the field records of sampling, there was
strong dust weather on Glacier No. 72 in the afternoon of August
5, and there was floating dust all day on August 6. After the dust

storm, the dust particles fell onto the surface of the glacier and
meltwater through a dry and wet deposition. The dust
composition changes from one chemical state to another.
Different chemical substances dissolved into the meltwater,
which led to the higher ion concentration in meltwater. We
find that the higher concentration of cations and anions is of
Ca2+, Mg2+, Na+, and SO4

2−, Cl− in meltwater samples,
respectively. The total ion concentration also increased on the
sixth and seventh. Considering the dust storm on August 5, we
can infer that the chemical constituents mainly reflect the
apparent effects of mineral dust input on glacier meltwater.

As for the concentration of ions in glacial meltwater, it was not
only affected by the dry and wet deposition of glacial dust but also
affected by the erosion effect of glacial meltwater on the channel
bed, namely, the water-rock interaction. Water-rock interaction
is related to geological conditions and flow velocity, and various
ions in rocks and weathering materials around the river bed are
brought into the meltwater mainly through the erosion of the
water. The geological conditions are relatively stable in a long
time series, so it has little effect on the ion species in the river
water (Zhang and Chen, 2000). The higher discharge of meltwater
will affect the erosion rate, thereby affecting the process of
physical and chemical weathering, making it higher than the
continental average (Kumar et al., 2019). The discharge of
meltwater mainly depends on meteorological factors. Due to
the increase in temperature or precipitation, the discharge
volume increases (Li et al., 2019). After the dust storm
occurred on August 5, the temperature dropped, there was no
significant precipitation, the flow velocity tended to decrease, the
water-rock interaction weakened, and the ion concentration in
the sample would not increase rapidly. Therefore, after excluding
relevant factors that may cause ion changes in meltwater, it is
concluded that the sudden increase in ion concentrations during
this period is mainly related to the occurrence of dust storms.

After the dust storm, the temperature rose, the glacier melted
faster, the runoff increased, and the flow velocity increased. The
contact time between the water and the channel bed was relatively
short; the soluble salts in the soil and rocks less dissolved in the
water. At the same time, during the sampling period, there was
precipitation on August 9. Atmospheric precipitation is one of the
water bodies with the lowest soluble matter content. Therefore,
when there was more precipitation replenishment to the river,
due to the dilution of precipitation, there is a negative correlation
between the total amount of meltwater ions and the
corresponding regional rainfall (Zhang and Chen, 2000). After
the ninth, the amount of precipitation increased, and the runoff of
river water recharged from atmospheric precipitation increased,
which could lead to increased erosion of glacial moraine and
lateral moraine, and increased interaction of river water and rock,
resulting in increased river water ion concentration.

Coupling Relationship of Typical Dust
Concentrations in Aerosol and Meltwater
Samples
The effect of dust storms on the glacial environment was based on
dry and wet deposition. To observe the effect of the dust storm on

FIGURE 5 | Temporal variations in the concentrations of chemical ions in
meltwater samples in 2008.
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the atmospheric environment and water environment in the
glacial area, the four main ions carried in the dust (SO4

2−,
Na+, Mg2+, and Ca2+) were selected as the research objects.
There was a significant increase between August 3 and August
6 (Figure 6) in both the aerosol samples and meltwater samples.
The concentrations of SO4

2−, Na+, Mg2+, and Ca2+ increased by
1.95, 1.44, 3.42, and 3.17 times in the aerosol samples and
increased by 1.82, 2.35, 1.91, and 1.59 times in the meltwater
samples, respectively. The increases in Mg2+ and Ca2+ in the
aerosol samples were the largest, indicating that dust storms
largely influenced the chemical composition of the atmosphere
and water environment of the glacial area, especially in the
atmospheric environment.

In the process of a dust storm, if there was no precipitation, a
large amount of dust would remain in the atmosphere, and the
horizontal diffusion rate would be extremely slow. Approximately
one week after the end of the dusty weather, the air cleanliness
could be restored to the level it was before the dust storm, so the
ion concentration in the atmosphere would not decrease over a
short time (Shen and Wen, 1994). However, due to the limited
collection of samples, we did not observe that the aerosol returned
to the normal levels, and the ion concentration was still high on
the 14th.

However, the trend in ion concentration in the meltwater
runoff was inconsistent with the change in ion concentration in
atmospheric aerosols because of the different factors affecting ion
concentration in the two media. The flow of meltwater gradually
weakened the effect of dust storms on the water environment, so
the ion concentration decreased in a stepwise manner. Also, the

sampling point was surrounded by a large number of moraines
composed of rocks and sand, and the erosion of the meltwater
would continuously bring a large amount of sulfate, such as
calcium sulfate, dissolved in the water, which hydrolyzed into
Ca2+ and SO4

2−, so there was no significant reduction in SO4
2−.

After August 9, the temperature rose, the upstream glaciers
ablated dramatically, the amount of meltwater increased, the
flow rate also increased, and the river water erosion on the
riverbed strengthened; those caused the ions in the river to
increase again. The concentrations of SO4

2−, Na+, Mg2+, and
Ca2+ increased by 3.38, 4.68, 1.54, and 1.22 times, respectively.
Among them, the increases in SO4

2− and Na+ were greater than
when the dust storm occurred. This result indicated that when the
dust storm event occurred, although the chemical compositions
of both the atmospheric environment and water environment in
the glaciers were greatly affected by dust storms, the effect of the
dust storm on the atmospheric environment was strong, and the
impact on the water environment mainly because of temperature
rise would cause more glacier melting and then more dust
deposited on glacier surface was moved to glacial river by
meltwater.

Source Analysis of Water-Soluble Ions in
Aerosols
Dust storms had a substantial impact on the atmospheric
environment of the glacial area because the materials in the
area would be carried to the glacial area by air masses,
including some sources of anthropogenic pollution, such as

FIGURE 6 | Temporal variations in typical ions in aerosol and meltwater runoff samples in 2008. (A) SO4
2-; (B) Na+; (C) Mg2+; (D) Ca2+.
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NO3
− and NH4

+. Subsequently, the chemical composition of the
water environment in the glacial area was affected by the dry and
wet deposition of dust aerosols. Therefore, the primary sources of
dust aerosols were analyzed by correlation analysis and principal
component analysis.

Correlation coefficients among the main water-soluble ions
are presented in Table 1. Significant positive correlation
coefficients were found between Ca2+ and Mg2+ (r � 0.99) and
Ca2+ and SO4

2− (r � 0.98), which indicated that these two species
might come from the same source. High Ca2+ was a tracer of dust
from desert and loess areas in Asia (Dong and Li, 2011; Zhao
et al., 2011). For Ca2+ and SO4

2−, because the Tianshan
Mountains were surrounded by a large number of deserts and
Gobi, the calcium-richminerals in the desert were usually CaCO3,
CaSO4, or a mixture of CaCO3, CaSO4, and silicates. Meanwhile,
when the air masses passed from west to east or from south to
north through the desert, these air masses would bring a large
amount of sand and stone grains rich in Ca2+ and Mg2+ (Okada
and Kai, 2004). In addition to the surrounding desert and soil, the
soil in the middle of the Caspian Sea and the Aral Sea west of the
Tianshan Mountains may also be one of the primary sources of
Ca2+ in this area (Claquin et al., 1999). Furthermore, there were
many evaporite sedimentary zones between the Aral Sea and
Kuzul KumDesert in theWestern TianshanMountains, in which
the sulfate (including gypsum) content was relatively rich (Kreutz
and Sholkovitz, 2000). Besides, the oxidation of sulfur dioxide
from coal combustion for industrial production was another
possible source of SO4

2−. The equivalent concentration ratio of
SO4

2-/Ca2+ described by Ming et al. (2007) was calculated to
distinguish SO4

2− from anthropogenic sources or natural sources.
The values of SO4

2−/Ca2+ in our study only ranged from 0.08 to
0.19. Thus, the SO4

2− in our samples mainly originated from
natural processes.

In addition, significant positive correlation coefficients were
also found among Ca2+, Na+ and Cl−, Ca2+, and Cl− (r � 0.93),
Ca2+ and Na+ (r � 0.99), and Na+ and Ca2+ (r � 0.94), suggesting
that they may have had the same desert source as Ca2+. An
analysis of aerosol samples collected in the Taklimakan Desert
found that halite (NaCl) particles were more commonly
discovered in sand and dust (Okada and Kai 2004). Early
research also showed that Na+ and Cl− rich dust originated
from extensive evaporate deposits from surrounding salt lakes.
K+ might also be derived from the same source because it was
more highly correlated with Na+ (r � 0.83).

NH4
+ and NO3

− showed significant positive correlation
coefficients (r � 0.73) but had a weak correlation with other
ions. NH4

+ came from wet or dry deposited gaseous NH3 or was
neutralized with sulfuric acid, nitric acid, and hydrochloric acid to
form ammonium hydrogen sulfate (NH4HSO4), ammonium
nitrate (NH4NO3), and ammonium chloride (NH4Cl). The
neutralization progress was accomplished by particle gas
formation and gas-to-particle conversion (Ianniello et al.,
2011). The potential sources for NH4

+ near the glacier areas
were human agriculture activities such as fertilizer use, animal
farming, and organic matter decomposition (Verma et al., 2010).
NO3

− was almost the reaction product of NOx emissions, while
NOx emissions were mainly caused by biomass burning and fossil

fuel combustion (Wang et al., 2006; Wu et al., 2006). Wensu
County, where Qingbingtan Glacier No. 72 is located, was
dominated by agriculture, and animal husbandry was the
second most important factor. NOx and NH3 were produced
by frequent farming and animal husbandry activities, strong
decomposition of animal excreta, the use of chemical
fertilizers, and traffic emissions. Therefore, in this study, the
weaker correlation between the two and other ions may indicate
that they had different sources compared to other ions, mainly
related to anthropogenic pollution.

To further determine the possible sources of various ions, the
principal component analysis (PCA) was performed. SPSS 22.0
software was used to conduct PCA analysis for water-soluble ions
for Glacier No. 72. Detailed information is presented in Table 2.
Principal components (PCs) extracted with Varimax rotation
provided a clearer variable loading mode in factors, making data
easier to interpret (Xu et al., 2017). Two PCs were extracted from
the rotated component matrix for the PCA. The first factor
displayed high loadings of Ca2+, Mg2+, K+, Na+, Cl−, and
SO4

2−, with a total variance of 78%. Studies have shown that
these soluble ions may come from natural sources such as deserts
and loess soils (Zhang and Edwards, 2011). The second factor was
related to NO3

− and NH4
+, with a total variance of 17%. The

result indicated that the two ions were derived from
anthropogenic activities and had a strong correlation
coefficient. This finding was consistent with the correlation
analysis results.

Transport Path and Potential Sources of
Aerosols
Hybrid Single-Particle Lagrangian Integrated Trajectory from the
Air Resources Lab of National Oceanic and Atmospheric
Administration has been widely used (Draxler and Rolph,
2003; Zhang et al., 2016) to identify potential source regions
and transport pathways of aerosols. To interpret the source of
water-soluble ions in aerosols before and after the dust storm in
this study, the five-day backward trajectory analysis started at
500 m from the sampling site was performed by using GIS-based
software TrajStat model (Wang et al., 2009). The backward air
trajectories were simulated with a daily resolution. Trajectories
were calculated at the end of 00:00, 06:00, 12:00, and 18:00 (UTC)

TABLE 2 | Rotated component matrix for soluble ions in aerosol samples.

Ions Factor 1 Factor 2

Cl− 0.90 0.39
NO3

− 0.22 0.90
SO4

2− 0.88 0.47
Na+ 0.93 0.35
NH4

+ 0.21 0.91
K+ 0.98 -0.16
Mg2+ 0.86 0.50
Ca2+ 0.84 0.52
Initial eigenvalue 6.25 1.35
Variance explained 78% 17%
Cumulative variance explained 78% 95%

Note: PCA loadings >0.6 are shown in italics.
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each day. The Global Data Assimilation System (GDAS) date
(1.0° × 1.0°) of the corresponding time period provided by NCEP
was adopted to simulate the daily backward trajectories. The
trajectories for air masses reaching the sampling site are plotted in
Figure 7. During the dust event, air masses originated from the
arid regions of the Eastern European plains, Kazakhstan and
Kyrgyzstan. Affected by the westerlies, the cold air masses that
were further developed by the low pressure in the southern
Xinjiang basin invaded from the Eastern European Plain to
the southeast. This meteorological condition led to the

occurrence of the dust storm event (Yang et al., 2006). In
addition to dust storms, the air masses descended from the
northwest could bring more sand and dust to the glacial area.
This was because there were a large number of deserts in the area
where the air masses passed, including the Muyunkum desert and
Sary Ishkotrau desert. In addition, the pollutants produced by
human activities could be carried to the Tomur peak glacial area,
including Glacier No. 72, by the air masses. Thus, the
concentrations of Ca2+, Mg2+, SO4

2−, and NO3
− were very

high. To corroborate the inference, the variation of wind

FIGURE 7 | Analysis of the 5-day air mass back trajectories with beginning heights at 500 m above ground level at Glacier No. 72 during the sampling periods (July
2008 to August 2008).

FIGURE 8 | The wind stream of the 700 hPa isobaric surface (August 5–7, 2008) over Glacier No. 72 and the surrounding regions, based on NCEP/NCAR
reanalysis (shadowing indicates the wind speed, and arrows indicate the wind direction).
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direction on different isobaric surfaces was calculated in Figure 8.
Figure 8 indicated that the prevailing wind at Glacier No. 72 was
northwesterly with a higher wind speed, which further confirmed
the impact of Central Asia on the glacier.

In the nondust period, according to their origins and paths, all
the trajectories could be divided into two categories: northwest
and southeast. The northwest route mainly originated from
Kazakhstan, and the deserts were widely distributed in the
route area. The air masses mainly transported a lot of dust
particles to the glacial area of Mount Tomur through low-
altitude transmissions. The southeast route was mainly
affected by the summer monsoon. Although the water vapor
carried by the northward movement of the summer monsoon
decreased gradually, the dust from the Taklimakan Desert could
still be brought to the glacier area during the northward
movement of the summer monsoon. Moreover, when they
passed through some areas with intensive human activities
and heavy industries, such as Kashi, Karamay, and the other
regions, some anthropogenic pollutants in these areas could still
be carried to the surfaces of the glaciers at high altitudes, which
would lead to increases in the concentrations of SO4

2−, NO3
−, and

Ca2+. However, overall, the impact on the glacial environment
was relatively nonsignificant.

In this study, the backward air mass trajectory analysis
indicated that, in both dust and nondust periods, although the
origins of the air mass trajectories were different, they mainly
originated from both the northwest and southeast directions,
which was consistent with the prevailing westerly circulation in
the region.

CONCLUSION

In situ and intensive measurements of aerosol and meltwater
samples conducted from July 31 to August 14, 2008, provide the
first information of aerosols over Glacier No. 72 on Mount
Tomur in southern Tianshan and further our understanding
of the characteristics of dust aerosol in this region. Although
Dong and Li, (2011) and Zhang et al. (2012) studied the chemical
composition of the snowpack at Glacier No. 72, no aerosols data
in Mount Tomur were found. Dust storms caused the ion
concentrations in both the atmosphere and meltwater of
Glacier No. 72 to increase significantly, but the subsequent
change trends were different, mainly because of the various
influencing factors. The change of ion concentration in
atmospheric aerosol was mainly affected by dust storm, while
the change of ion concentration in glacial meltwater was mainly
affected by the change of temperature.When the dust storm event
occurred, although the chemical compositions of both the
atmospheric environment and the water environment in the

glaciers were affected, the atmospheric environment was more
affected by dust storms. During the dust storm period, the
backward trajectory analysis showed that air masses originated
from Eastern Europe and Siberia. Strong wind and cold weather
could not only bring dust and anthropogenic pollutants from
Central Asia to the glacial areas but also cause regional dust
storms due to the formation of unstable temperature stratification
in southern Xinjiang, which would lead to the further increase in
natural source ions in the glacial areas. During the nondust storm
period, the air masses originated from Kazakhstan and
Kyrgyzstan in Central Asia. These air masses could bring part
of the dust material to the glacial area, but the extent was not large
and could not cause strong regional dust storm events.
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Light-absorbing impurities (LAIs) in surface snow and snow pits together with LAIs’
concentrations and their impacts on albedo reduction and sequent radiative forcing
(RF) have been investigated in the past. Here, we focused on temporal–spatial
distributions of LAIs, especially on the albedo reduction and radiative forcing caused
by the LAIs in Urumqi Glacier No.1. Various snow samples, including fresh snow, aged
snow, and granular ice were collected between 3,770 and 4,105m a.s.l of Urumqi Glacier
No.1 during the snowmelt season of 2015. For the surface snow samples, BC and OC
concentrations were 582 and 1,590 ng g−1, respectively. Mineral dust (MD) concentrations
were 110 μg g−1. Due to the different ablation status of the glacier surface, LAIs
accumulate at the lower altitude of the glacier. The estimation by the Snow, Ice, and
Aerosol Radiative (SNICAR) model indicated that BC and MD could reduce the albedo by
12.8 and 10.3% in fresh snow, aged snow by 23.3 and 5.9%, and granular ice by 22.4 and
26.7%, respectively. The RF of MD was higher than that of BC in fresh snow and granular
ice, whereas the RF of BC exceeded MD in aged snow. These findings suggested that BC
was the main forcing factor in snow melting and dust was the main forcing factor in
accelerating glacier melt.

Keywords: Urumqi Glacier No.1, surface snow, radiative forcing (RF), albedo, light-absorbing impurities (LAIs)

INTRODUCTION

Light-absorbing impurities (LAIs) play a vital role in melting snow and glaciers in High Asia
(Ming et al., 2012; Qian et al., 2015) and across the globe (Warren and Wiscombe, 1980; Hansen
and Nazarenko, 2004; Flanner et al., 2007; Painter et al., 2013). LAIs include black carbon (BC),
organic carbon (OC; in this study, only water-insoluble OC is considered), and mineral dust
(MD). As for BC, it is derived from the incomplete combustion of fossil fuels and biomass
(natural and anthropogenic). BC can influence global warming and change cloud formation
processes in the atmosphere (Jacobson, 2001; Ramanathan et al., 2007; Gertler et al., 2016),
which is a significant agent of climate warming (Ramanathan and Carmichael, 2008; Bond et al.,
2013). LAIs deposited on glacier surface via precipitation and dry deposition may accelerate
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glacier melting by absorbing solar radiation (Bond et al., 2013;
Gabbi et al., 2015). Therefore, it is critical to assess their
contributions to glacier melting and get a picture of glacier
runoff and water resources in glacierized catchments.

Glacier and snow cover are important water resources on
the earth. There are nearly 8,000 glaciers in Tien Shan, which
are the life-depending water sources maintaining both human
living and the ecosystem. However, a large number of glaciers
in Tien Shan are influenced by human activities (Schmale et al.,
2017). Prior studies have reported LAIs record in surface snow,
ice cores, and snow pits of glaciers, including the Tibetan

Plateau and Tien Shan (Ming et al., 2013a; Zhao et al., 2013; Qu
et al., 2014; Yang et al., 2015; Ming et al., 2016; Schmale et al.,
2017). However, in situ data of LAIs on glacier surface during
the melt season in Tien Shan are still scarce, which is important
for understanding the temporal variability and spatial
distribution of LAIs of glacier surface and essential for
evaluating the contribution of LAIs to glacier melting.
Furthermore, studies paid little attention to quantify the
LAIs’ effect on albedo reduction in different melting
conditions (fresh snow, aged snow, and granular ice) in
Tien Shan.

FIGURE 1 | Location and sampling sites on Urumqi Glacier No.1.

FIGURE 2 | Time series of daily-averaged temperature, precipitation, and equivalent black carbon (EBC) concentrations. EBC data came from the Tian Shan
Glacier Station (43°12′N, 87°07′E, 2,100 m), about 30 km northeast of Urumqi Glacier No.1.
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Much work so far has focused on variability of LAIs’
concentrations and the effect of LAIs on snow albedo (Ming
et al., 2013b; Yasunari et al., 2013; Kaspari et al., 2014; Qu et al.,
2014; Zhao et al., 2014; Li et al., 2017; Niu et al., 2017; Wang et al.,
2017). Flanner et al. (2007) used the Snow, Ice, and Aerosol
Radiative (SNICAR) model and suggested that BC could cause
the RF more than 20Wm−2 on TP in spring. Using the same
model, it was found that BC could cause an average RF of
6Wm−2 in High Asia glaciers (Ming et al., 2013b). Ming et al.
(2009), suggesting that black carbon deposited on the surface may
accelerate the melting of these glaciers by analyzing BC
concentrations from seven glaciers in west China. Qu et al.
(2014) studied the spatial distribution of BC and MD on
Zhadang Glacier and estimated the RF caused by BC and MD.
Xu et al. (2012) analyzed snow samples in Tien Shan and
indicated that BC could influence glacier melting when BC
concentrations were as much as 400 ng g−1 in the summer.
Ming et al. (2016) indicated that snow aging, BC, and dust
could reduce albedo by 44, 25, and 7%, respectively, in the
accumulation zone of Urumqi Glacier No.1. These recent
results suggest that LAIs have great variations in quantity and
are critical for albedo reduction and glacier melting, and further

studies need to reveal the spatial–temporal variability and spatial
distribution of LAIs on the glacier surface and quantify the
contribution of LAIs to albedo reduction and glacier melting.
He et al. (2018) updated the SNICAR model and quantified the
effects of snow grain shape and BC–snow mixing state on
BC–snow albedo effects over the TP, which advanced the
understanding of BC effects on snow albedo reduction and
associated uncertainties in the TP. In addition, many recent
studies have shown that snow grain shapes and BC–/
dust–snow mixing states have important effects on snow
albedo and radiative effects (Flanner et al., 2012; He et al.,
2014; Dang et al., 2016; He et al., 2019), and this may lead to
a large change in the value of the estimates of the albedo reduction
caused by LAI.

Here, snow and ice samples were collected from the
ablation and accumulation zones of Urumqi Glacier No.1.
Meanwhile, the physical characteristics were also in situ
observed, such as spectral albedo and snow density. The
objectives of this study were 1) to depict the
spatial–temporal variation of BC and other LAIs’
concentrations in the snow and ice of Urumqi Glacier
No.1, 2) to investigate the changes of the OC/BC ratios,

TABLE 1 | Input parameter of the SNICAR model.

Date Code Site BC (ng g−1) Density (kg/m3) Solar
zenith angle (°)

Snow grain (mm) MD (μg g−1)

2015/8/12 TS2015-04 C1 79 268 59 50 2
2015/8/12 TS2015-06 D1 26 296 62 50 3
2015/8/12 TS2015-07 D3 25 292 38 50 21
2015/8/12 TS2015-08 E1 10 291 62 50 3
2015/8/12 TS2015-09 E3 18 200 41 50 3
2015/8/12 TS2015-10 F1 5 266 61 50 1
2015/8/12 TS2015-11 F2 9 223 45 50 9
2015/8/12 TS2015-12 F3 13 242 43 50 5
2015/8/12 TS2015-13 G1 14 219 60 50 2
2015/8/12 TS2015-14 G2 13 213 46 50 2
2015/8/12 TS2015-15 G3 15 232 49 50 2
2015/8/12 TS2015-16 H1 5 209 57 50 0
2015/8/12 TS2015-17 H2 25 200 55 50 0
2015/8/12 TS2015-18 H3 19 203 50 50 0
2015/8/12 TS2015-19 I 11 222 51 50 4
2015/8/12 TS2015-20 J 13 199 53 50 12
2015/9/12 TS2015-29 A 212 270 35 200 10
2015/9/12 TS2015-30 B2 153 270 35 200 6
2015/9/12 TS2015-31 C1 229 270 36 200 3
2015/9/12 TS2015-32 C3 210 270 36 200 10
2015/8/12 TS2015-01 A 274 379 35 200 44
2015/8/12 TS2015-02 B1 88 374 35 500 11
2015/8/12 TS2015-03 B2 90 363 35 500 16
2015/8/12 TS2015-05 C3 30 342 36 500 10
2015/8/2 TS2015-48 E3 681 480 45 800 681
2015/8/2 TS2015-49 F1 510 480 43 800 735
2015/8/2 TS2015-50 F2 927 480 60 800 878
2015/8/2 TS2015-51 F3 475 480 46 800 784
2015/8/2 TS2015-52 G1 342 480 49 800 453
2015/8/2 TS2015-53 G2 289 480 57 800 439
2015/8/2 TS2015-54 G3 414 480 55 800 402
2015/8/2 TS2015-55 H1 284 480 50 800 517
2015/8/2 TS2015-56 H2 254 480 51 800 222
2015/8/2 TS2015-57 H3 224 480 53 800 687
2015/8/2 TS2015-58 I 193 480 53 800 158
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and 3) to simulate snow albedo reduction and RF caused by
measured BC and MD, using the SNICAR model.

EXPERIMENT AND METHODS

Site Description
Urumqi Glacier No.1 (43°08′N, 86°82′E) is located in the
headwaters of the Urumqi River in Tien Shan (Figure 1).
Urumqi Glacier No.1 is the best monitored glacier with the
longest data series in China and one of the reference glaciers
in the World Glacier Monitoring Service (WGMS). Urumqi
Glacier No.1 represents a large number of glaciers in
northwest China (Che et al., 2019). This glacier is a
northwest-facing valley glacier and has an elevation ranging
from 3,743 to 4,484 m a.s.l. Urumqi Glacier No.1 consists of
the east branch (1.086 km2) and the west branch (0.591 km2), and
the total area is 1.667 km2.

The total annual precipitation was 549 mm, and the daily
mean air temperature was −3.6°C in 2015. During the ablation
period (May–September), the daily average temperature was
3.6°C. The precipitation was 454 mm, which accounts for 83%
of the yearly total (Figure 2). For the past decades, the air
temperature caused the glacier ablation to exceed
accumulation. Urumqi Glacier No.1 was melting rapidly
and separated into two branches in 1993 (Xu et al., 2011).
Equivalent black carbon (EBC) was measured with a seven-
wavelength Aethalometer (AE-31) at the Tian Shan
Glaciological Station (43°12′N, 87°07′E, 2,100 m) located at
the northeast of Urumqi Glacier No.1, approximately 30 km
from Urumqi Glacier No.1. Daily mean EBC was in the range
of 287–2080 ng/m3 with a mean of 1,011 ng/m3 during the
study period.

Sampling and Field Observations
A total of 96 surface samples were collected from Urumqi Glacier
No.1 cover 9 days during the ablation period (May–September) in
2015. Sample collections and spectral albedo measurements were
carried out at 23 sites on the east branch and 22 sites on the west
branch (Figure 1). The snow line was approximately 4,050 m on
the east branch during the study period. Whirl-Pak™ bags were
used to collect 5 cm surface snow and ice samples on the surface
of the glacier in a 50 cm × 50 cm square. All the samples were kept
frozen and transported to the State Key Laboratory of
Cryospheric Science (SKLCS) of Northwest Institute of Eco-
Environment and Resources in Lanzhou. Furthermore, to
simulate the radiative effect of LAIs with the SNICAR model,
the physical characteristics of the snow were also observed. It
should be noted that it was hard to distinguish the grain size for
snow and ice by lens-based methods, so we assumed 50 μm for
fresh snow (Nolin and Dozier, 2000) and 200–800 μm for aged
snow and granular ice in central estimates (Schmale et al., 2017).

A spectroradiometer (Model ASD® Handheld 2) was used for
spectral albedo observation of the glacier, which covers a radiative
wavelength of 325–1,075 nm with a 1 nm spectral resolution. The
accuracy of this spectroradiometer was ±1 nm. The
spectroradiometer was held at the height of approximately
50 cm above the surface of the glacier to measure spectral
reflectance. We used a whiteboard for whiteboard reflection
correction and to calibrate every 10 min to prevent the sensor
from responding to the drift of the system and the influence of
changes in the sun’s incident angle. We calculated the broadband
albedo of the snow ice surface by dividing the sum of the reflected
irradiances of all spectral wavelengths as follows:

α � ∫
1075nm

325nm
a(λ)i(λ)dλ

∫
1075nm

325nm
i(λ)dλ

, (1)

where α denotes the broadband albedo, λ denotes the wavelength,
and i denotes the reference incoming solar irradiance. A more
detailed description of albedo could be seen in former work
(Ming et al., 2013a; Ming et al., 2015). The incoming shortwave
radiation was measured from the radiometer (Kipp & Zonen NR
LITE; spectral range, 305–2,800 nm) with 10 µV/Wm−2

sensitivity, which was mounted on the automatic weather
station (AWS) at 3,782 m.

Sample Analysis
In the laboratory, snow and ice samples were placed at room
temperature and melted in a clean room. When the samples were
completely melted, we used the quartz fiber filters (0.45 μm pore
size, 47 mm in diameter, Whatman) to filter the samples. A
vacuum pump was used to accelerate melting, and the Whirl-
Pak bag and filter devices were flushed to allow full filtration (Xu
et al., 2006; Wang et al., 2012). We dried the filter in a desiccator
at 550°C for 6 h and washed the filter and samples twice with
ultrapure water during the filtration process to remove the
possible carbonaceous matters. The MD was weighed by using
a microbalance (Liang You FA2104, accuracy: 0.1 mg). We
calculated the difference between the weight before filtering

FIGURE 3 | The diurnal variations of incoming shortwave radiation at
Urumqi Glacier No.1.
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and the weight after filtering. The sample deposited on each filter
covered an area of approximately 12.56, and 0.5 cm2 punches of
the filter were used for BC and OC analysis. We used the thermal/
optical reflectance carbon analyzer (Desert Research Institute
Model 2001) to measure BC and OC at the Institute of Arid
Meteorology in Lanzhou. This analyzer followed the Interagency
Monitoring of Protected Visual Environments (IMPROVE)
protocol and used the thermal/optical reflectance (TOR)
method (Chow et al., 2004). The OC was gradually heated in
a nonoxidizing atmosphere at 120, 250, 450, and 550°C, and BC
was heated in an oxidizing atmosphere of 98% He and 2% oxygen
at 550, 700, and 800°C. The uncertainty of analysis was
approximately 15% for BC and 16% for OC (Xu et al., 2009).

SNICAR Model and Radiative Forcing
We evaluated BC and MD in the snow of glaciers using the
Snow, Ice, and Aerosol Radiative (SNICAR) model (Flanner
et al., 2007; Zhao et al., 2014; Wang et al., 2017), which can
simulate the change of snow albedo for a given BC and MD
concentration. Details concerning the simulations of albedo
have been introduced in the previous work (Yasunari et al.,
2010; Ming et al., 2013a). Snowpack depth was considered as
0.05 m. The solar zenith angle was calculated according to the
local sampling time and geographic locations. The albedo of
the underlying ground was taken as 0.2–0.6 in the visible band
and 0.1–0.4 in the near-infrared band in situ. The mass

absorption cross section (MAC) of BC was set as 11.3
(Ming et al., 2016), the median of typical MAC values
(Hadley and Kirchstetter, 2012). The modeling results
cover the spectral albedo from 350 to 2,500 nm. Here, we
are only concerned with the range of 325–1,075 nm. Snow
densities and snow grain size were taken as measured. Clear
sky and direct radiation were chosen for the very low cloud
amount (∼1).

To research the RF and the role in climate change of LAIs, the
SNICAR model was used to simulate the varying of snow albedo
induced by BC and MD. It should be noted that the SNICAR
model could not simulate the effect of OC in snow because the
optical properties of OC cannot be reliably estimated (Flanner
et al., 2007). The detailed input parameter of the SNICAR model
is listed in Table 1.

The sensitive analysis was as follows: 1) The concentrations of
BC andMD in the model were set to 0, to simulate albedo of snow
and ice without the effect of BC and MD; 2) BC data were input
into the model, and the MD concentrations were set to 0 to
simulate the effect of BC on snow and ice albedo; and 3) BC and
MD data were input into the model to simulate the effect of BC
and dust on albedo. The contribution of BC and MD to the
reduction of albedo was calculated by a series of sensitivity
analyses.

Based on the albedo simulations, RF was defined using the
following equation:

FIGURE 4 | Temporal variations of LAIs’ concentrations during the snowmelt period, 2015.
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RF � Rin−shortΔα, (2)

where Rin-short denoted the incident solar radiation observed by
using the radiometer and Δα denoted the reduction of albedo. For
example, the highest incoming shortwave radiation was observed
at the noon on 12th August, and the average incoming shortwave
radiation was 250Wm−2 (Figure 3).

RESULTS

Temporal Variability of LAIs
As can be seen from Figure 4, LAIs’ concentrations of surface
snow had obvious changes with time. BC concentrations were in
the range of 32–2,258 ng g−1 with an average of 582 ng g−1, while
OC concentrations were in the range of 102–5,712 ng g−1 with an
average of 1,590 ng g−1. ForMD, concentrations were in the range
of 2–484 μg g−1 with an average of 110 μg g−1. The highest BC
concentrations were associated with the areas of strong
glacier melt.

On 28 June, BC concentrations were 2,258 ± 2,887 ng g−1 and
OC concentrations were 5,712 ± 4,820 ng g−1 on the east branch.
These relatively high values could be associated with the
pollutants from cities and deserts and the glacier surface
melting conditions of the glacier (Dong et al., 2016). BC and
OC concentrations on the east branch were larger than those on

the west branch due to the lower elevation. However, the west
branch of Urumqi Glacier No.1 is enriched with more dust at
3,900 m due to the local dust. In July, the pollution from the
atmosphere was getting worse and LAIs could deposit on the
glacier surface. The glacier surface was covered with aged snow
and granular ice. The scarce precipitation and higher temperature
have further enriched the LAIs in the surface snow (Figure 2). On
2 August, the glacier surface was dominated by granular ice, and
LAIs were easily removed by melt water. On 12 August, the
glacier surface was buried by fresh snow, and the mean BC
concentrations were 39 ± 61 ng g−1 and then increased to 94 ±
9 ng g−1 after 5 days of melting. Snow fell again on 27 August,
and BC concentrations were 97 ng g−1. In September, snowmelt
weakened, and LAIs stayed at a low level. Even though no more
data were taken afterward, combined with the prior results, we
could infer that LAIs were still present at a low level due to a lower
temperature and fewer emissions until the next melt period in
2016 (Xu et al., 2012). Therefore, the temporal variability of LAIs
in surface snow was mainly dependent on the melting state of the
glacier surface.

The highest OC/BC ratio was 8.77 on the east branch and
19.99 on the west branch in mid-August. Higher OC/BC ratio
indicated that local emissions were mainly caused by biomass
combustion, not fossil fuel combustion. By the end of August, the
OC/BC ratio gradually decreased, which suggested OC accounted
for a large proportion of fresh snow, but with the process of snow

FIGURE 5 | Correlations between LAIs and the sampling elevations on the east branch of Urumqi Glacier No.1. Note that the scales were different for different
sampling dates.
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melting, OC was easier to be removed than BC by meltwater (Xu
et al., 2012; Yang et al., 2015). OC/BC ratios held steady at about
1.69 during the first half of September, which suggested that the
scavenging efficiency of BC and OC both remained stable.

Spatial Variability of LAIs
Figure 5 shows the correlations between LAIs and the
sampling elevations on the east branch of Urumqi Glacier
No.1. Note that LAIs and the sampling elevations have a poor
correlation on the west branch during June 29 and August 13

due to the special terrain of Urumqi Glacier No.1. On June 28,
LAIs enriched at the elevations of 3,800 m–3,850 m causing a
negative correlation between the MD and elevations (r �
−0.64, p < 0.05). On August 2, enriched LAIs were found
towards the terminal of the glacier, and the glacier surface was
mainly granular ice. Since more intense melting was likely to
occur at lower elevations, there is a strong negative correlation
between the BC and OC concentration and the sampling
elevations. On August 12, the glacier surface was mainly
fresh snow. LAIs decreased with the increasing elevation,

FIGURE 6 | Spatial variations of BC in the surface snow/ice. (A), (C), and (E) BC, OC, and MD concentrations on 2 August, glacier surface mainly covered by
granular ice; (B), (D), and (F) BC, OC, and MD concentrations on 12 August, glacier surface mainly covered by fresh snow.

TABLE 2 | Concentrations of BC, OC, and dust in Urumqi Glacier No.1.

Date Site Number of
samples

BC (ng g−1) OC (ng g−1) Dust (μg g−1) OC/BC

2015/6/28 East branch 10 2,258 ± 2,887 5,712 ± 4,820 202 ± 137 3.67
2015/6/29 West branch 8 1,479 ± 2,501 4,255 ± 5,214 239 ± 278 3.11
2015/8/2 East branch 21 676 ± 435 2,726 ± 1,270 484 ± 299 4.47
2015/8/12 East branch 20 39 ± 61 214 ± 193 8 ± 10 8.77
2015/8/13 West branch 20 32 ± 38 567 ± 634 29 ± 22 19.99
2015/8/17 East branch 2 94 ± 9 161 ± 26 8 1.69
2015/8/21 East branch 5 397 ± 208 296 ± 157 14 ± 7 0.78
2015/8/27 East branch 1 97 102 2 1.05
2015/9/12 East branch 9 166 ± 47 280 ± 87 10 ± 4 1.69
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with a significant negative correlation. On September 12, the
glacier melting slowed down, and LAIs began to accumulate
on the glacier surface. The BC and OC concentrations were
still negatively correlated with elevations. The correlation
between MD and elevations was poor during autumn,
which was different from that on August 12. This is due to
the weakening of melting in autumn, while MD was gradually
decreased.

To investigate the distribution of LAIs on glacier specifically,
we used sites of stakes for measuring mass balance as sample
points, and LAIs’ concentrations were analyzed over the glacier
area of east branch on Glacier No.1 by using spline interpolation
method. BC concentrations varied significantly with elevations,
and the maximum concentrations depended on the glacier front
(Figure 6). On 2 August, a large number of LAIs were exposed on
the surface of the glacier in low-altitude areas, and the LAIs’
concentration was higher. OC and BC were removed by melt
water in the main stream line of glacier, which might restrict the
effect of LAIs on the melting of the glacier, although a darkening
on glacier terminus was observed. On 12 August, the glacier was
covered by fresh snow and BC concentrations were the lowest
(39 ± 61 ng g−1), which could be considered as typical BC
concentrations for fresh snow.

As for the entire glacier, a strong elevation gradient was
observed, and the LAIs’ concentrations were significantly
higher at altitudes below 4,000 m than above 4,000 m. LAIs’
enrichment mainly occurred on the central part of the glacier
and the terminus of the glacier, and the enrichment was weak
at the top of the glacier. There was a decreasing trend in LAIs
with increasing elevation, which suggested that LAIs’
concentrations were mainly dependent on the melting state
of the glacier surface. In general, when elevation decreased, the
ablation of the glacier increased. In addition, the elevation
gradient has significant implications for spatial variations in

LAIs’ deposition, thus resulting in spatial variations of RF with
glacier melting.

Comparison of BC Concentrations in Snow
and Ice
We compared our observed BC, OC, and MD concentrations in
Urumqi Glacier No.1 (Table 2) with previous research from snow
and ice in High Asia. For fresh snow, BC concentrations of Urumqi
Glacier No.1 were similar to those of Muji Glacier (25 ng g−1) in the
western Tibetan Plateau; OC concentrations were higher than those
for Xiao Dongkemadi Glacier (157.97 ng g−1); and MD
concentrations were also higher than those for Xiao Dongkemadi
Glacier (1.89 μg g−1) (Yang et al., 2015; Li et al., 2017). For aged
snow, BC and MD concentrations of Urumqi Glacier No.1 were
similar to those of glaciers at the edge of Tibetan Plateau (e.g.,
Laohugou Glacier No.12 and Baishui Glacier No.1) and significantly
higher than those of glaciers in the Tibetan Plateau hinterland (e.g.,
Zhadang Glacier) (Qu et al., 2014; Niu et al., 2017; Zhang et al.,
2017a). It may be due to the relatively low altitude of glaciers at the
edge of TP. As the temperature rises, ice and snowmelt more easily,
and LAIs are concentrated on the glacier surface. In addition, these
glaciers are more susceptible to the spread of pollutants over long
distances. By comparison, it could be concluded that BC
concentrations of Urumqi Glacier No.1 were at a relatively high
level in High Asia, and this might be attributed to regional and local
emissions (Dong et al., 2016b; Zhang et al., 2017b).

Previous research has suggested that local emissions and long-
distance transported pollutants from Central Asia could also be
potential contributors to black carbon and dust in Urumqi River
Valley (Dong et al., 2016a; Zhang et al., 2020). BC concentrations
in this work showed a small difference relative to the reported
concentrations on Urumqi Glacier No.1; for example, BC
concentrations were in the range of 250–500 ng g−1 in the

FIGURE 7 | The mean albedo of surface snow/ice measured by the Analytical Spectral Devices (ASD) on 12 August, along with BC and dust concentrations at the
sampling sites.
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summer of 2004 (Xu et al., 2012). The discrepancy was mostly
mainly due to previous studies focusing on snow pits in the
accumulation zone of glaciers and less attention to the ablation
zones. The differences in concentrations of BC and dust among
different glaciers may indicate the differences of deposition,
enrichment, and reexposure of impurities over different regions.

Effects of LAIs on Albedo
The albedo in different sample sites on August 12 is shown in
Figure 7. For fresh snow (C1-J), the albedo showed smaller
variability. For aged snow (A-C3), the albedo was increased with
the decrease in LAIs’ concentrations. As for the entire glacier, the
albedo was higher at a higher elevation. It should be noted that the
albedo at C1 was much higher than the albedo at C3, and the main
cause was the different air temperatures at the different sampling
time. With the increase in temperature, snow grain size gradually
increased, which could change the albedo of snow. Parameters for
sensitivity analysis with the SNICARmodel for Urumqi GlacierNo.1
are listed in Table 3. Given the current data, uncertainties by BC
measurements were estimated to be about 3–6%.

Based on the melting conditions of the glacier surface, the
samples were divided into three types: fresh snow, aged snow, and

granular ice. The influence of BC and MD on reducing albedo of
Urumqi Glacier No.1 in three melting conditions is shown in
Figure 8. The sensitivity analysis suggested that BC and MD in
fresh snow could reduce the albedo by 12.8 and 10.3%, in aged
snow could reduce the albedo by 23.3 and 5.9%, and in granular
ice could reduce the albedo by 21.5 and 29.8%. BC exceeded MD
which contributed a major portion of the albedo reduction in
fresh snow and aged snow. BC played a vital role in the process of
snow melting on Urumqi Glacier No.1. However, with the
disappearance of snow on the glacier surface, most of the
glacier surface was covered with MD, which played a key role
in glacier melting (Takeuchi and Li, 2008). Therefore, the
reduction of albedo by surface BC and MD was the main
factor that accelerated glacier retreating in the context of
global warming.

DISCUSSION

We calculated the RF in three scenarios, only BC, only MD,
and both MD and BC on Urumqi Glacier No.1, using Eq. 2.
As shown in Figure 9, the RF induced by BC only in fresh

TABLE 3 | Parameters for sensitivity analysis with the SNICAR model for Urumqi Glacier No.1.

Date Code Site Observed
albedo

Pure
snow

Pure
snow
+ BC

Pure
snow + BC +

dust

BC% MD%

2015/8/12 TS2015-04 C1 0.805 0.847 0.839 0.838 19.106 1.454
2015/8/12 TS2015-06 D1 0.837 0.851 0.848 0.847 21.575 8.078
2015/8/12 TS2015-07 D3 0.810 0.828 0.824 0.815 20.660 48.892
2015/8/12 TS2015-08 E1 0.837 0.851 0.850 0.849 8.744 8.850
2015/8/12 TS2015-09 E3 0.813 0.826 0.824 0.823 15.695 8.849
2015/8/12 TS2015-10 F1 0.838 0.849 0.849 0.848 5.114 3.609
2015/8/12 TS2015-11 F2 0.818 0.831 0.830 0.826 8.406 27.609
2015/8/12 TS2015-12 F3 0.818 0.830 0.828 0.826 13.814 17.781
2015/8/12 TS2015-13 G1 0.835 0.846 0.845 0.844 12.445 6.085
2015/8/12 TS2015-14 G2 0.823 0.833 0.829 0.829 30.320 7.777
2015/8/12 TS2015-15 G3 0.806 0.835 0.833 0.832 6.010 2.739
2015/8/12 TS2015-16 H1 0.840 0.842 0.842 0.841 23.214 4.357
2015/8/12 TS2015-17 H2 0.802 0.839 0.837 0.837 6.301 0.083
2015/8/12 TS2015-18 H3 0.794 0.834 0.832 0.832 4.883 0.612
2015/8/12 TS2015-19 I 0.807 0.836 0.835 0.834 4.211 5.169
2015/8/12 TS2015-20 J 0.808 0.837 0.836 0.832 4.353 13.017
2015/9/12 TS2015-29 A 0.610 0.730 0.701 0.698 24.316 2.717
2015/9/12 TS2015-30 B2 0.650 0.774 0.756 0.754 14.432 1.627
2015/9/12 TS2015-31 C1 0.660 0.774 0.748 0.747 22.453 0.806
2015/9/12 TS2015-32 C3 0.691 0.774 0.750 0.747 28.564 3.707
2015/8/12 TS2015-01 A 0.534 0.653 0.604 0.587 41.350 13.681
2015/8/12 TS2015-02 B1 0.574 0.652 0.634 0.629 22.375 6.914
2015/8/12 TS2015-03 B2 0.583 0.649 0.632 0.625 25.977 11.292
2015/8/12 TS2015-05 C3 0.567 0.646 0.640 0.636 7.073 6.079
2015/8/2 TS2015-48 E3 0.230 0.626 0.514 0.416 28.147 24.874
2015/8/2 TS2015-49 F1 0.200 0.622 0.531 0.414 21.563 27.635
2015/8/2 TS2015-50 F2 0.190 0.661 0.537 0.444 26.327 19.663
2015/8/2 TS2015-51 F3 0.220 0.628 0.543 0.421 20.763 30.049
2015/8/2 TS2015-52 G1 0.280 0.634 0.570 0.515 18.037 15.724
2015/8/2 TS2015-53 G2 0.290 0.653 0.601 0.509 14.372 25.286
2015/8/2 TS2015-54 G3 0.420 0.648 0.577 0.498 31.290 34.725
2015/8/2 TS2015-55 H1 0.400 0.636 0.582 0.475 22.980 45.492
2015/8/2 TS2015-56 H2 0.350 0.639 0.590 0.529 16.987 20.836
2015/8/2 TS2015-57 H3 0.450 0.646 0.600 0.468 23.500 67.249
2015/8/2 TS2015-58 I 0.350 0.643 0.605 0.557 12.950 16.390
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snow, aged snow, and granular ice was 1.38, 22.76, and
46.66 W m−2, respectively. The RF induced by MD only in
fresh snow, aged snow, and granular ice was 1.52, 5.47, and
59.63 W m−2, respectively. The RF induced by BC and MD in
the granular ice and aged snow was higher than that in fresh

snow. The RF of MD was higher than that of BC in fresh snow
and granular ice, whereas the RF of BC exceeded MD in aged
snow, which indicated that BC was the dominant factor in the
melting of snow and MD caused higher RF when the glacier
surface was without snow distribution.

FIGURE 8 | The reduction of albedo by BC and MD on Urumqi Glacier No.1 under three different melting conditions: fresh snow, aged snow, and granular ice.

FIGURE 9 | The contribution of RF of BC and MD on Urumqi Glacier No.1 under three different melting conditions: fresh snow, aged snow, and granular ice.
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Many studies of RF caused by BC have been conducted in
High Asia (Qu et al., 2014; Yang et al., 2015; Li et al., 2017; Niu
et al., 2017). For surface snow from glaciers in High Asia, RF
induced by the effect of BC and dust ranged from several Wm−2

to more than 100Wm−2 (Zhang and Kang, 2017). The
RF caused by BC in Urumqi Glacier No.1 was higher than
that in a large number of glaciers in High Asia, such as
Dongkemadi Glacier, Qiyi Glacier, and Laohugou No.12
Glacier (Ming et al., 2013b; Zhang et al., 2017). This was
because the concentrations of BC and MD over Urumqi
Glacier No.1 in the atmosphere were much higher than
those over other glaciers in High Asia.

CONCLUSION

This study provides the observational data of LAIs’ concentrations of
the glacier surface on Urumqi Glacier No.1 during the ablation
season of 2015. BC concentrations ranged between 32 and
2,258 ng g−1, and the concentrations of OC and MD were 1,590
and 110 μg g−1, respectively. Temporal distributions of LAIs
suggested that LAIs’ concentrations gradually increased as the
snow melting progressed. Temporal distributions of LAIs were
mainly dependent on the different melting state of the glacier
surface. LAIs were early enriched at lower elevations of the
glacier. BC and MD could significantly reduce the albedo of
snow at the glacier surface, and we found BC and MD at the
glacier surface reduced the albedo 12.8 and 10.3% in fresh snow,
reduced the albedo 23.3 and 5.9% in aged snow, and reduced the
albedo 21.5 and 29.8% in granular ice, respectively. BC played a vital
role in the process of snow melting on Urumqi Glacier No.1. MD
may play a key role in glaciermeltingwhen the snow disappears. The
calculated result showed that the average RF induced by BC in fresh
snow, aged snow, and granular ice was 1.38, 22.76, and 46.66Wm−2,
respectively. Average RF induced by MD only was 1.52Wm−2 for

fresh snow, 5.47Wm−2 for aged snow, and 59.63Wm−2 for granular
ice. It was suggested that BC played an important role in snowmelting
and dust was the main forcing factor in accelerating glacier melt.
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