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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.
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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

Frontiers in Earth Science | www.frontiersin.org October 2021 | Volume 9 | Article 5249633

Zhang et al. Light-Absorbing Impurities on Glacier

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


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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