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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 Urumai Glacier No. 1 in Tien Shan. Ice and snow samples and
reflection spectra at 325-1050 nm were collected in August, 2007 at Urumai 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
etal., 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, Urumgqi 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

Urumgqi 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 km? 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.sl 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).

Urumgi 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 Urumgqi 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.] (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
Urumgi 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
(Gp) and shortwave reflected (Rj,) 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 um. 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:

Ry,
o= Gh (1 _ d) cos B cos Z+-sin f sin Z cos(¢—6) + Ghd

cosZ

(1)

Here, Rj is reflected shortwave radiation; Gj is incident
shortwave radiation in the horizontal plane; Z is the solar zenith
angle; ¢ is the solar azimuth angle; f is the slope angle of the
surface with azimuth angle 6; and d is the diffuse portion of Gy,
which is computed using an empirical relationship relating the
ratio of incoming shortwave radiation (Gj) and extraterrestrial
solar radiation (T). T can be calculated from solar geometric
relationships, and Gy, is approximately equal to the incoming
shortwave radiation provided by AWS on the glacier.

In addition, the ratio G,/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, A(Gy/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 Urumai Glacier No. 1 in Tien Shan, China. Landscape photograph (C) of Urumgji Glacier No. 1 was taken on

20 July 2012.
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ratio Gy,/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, A(G/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~? 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 Urumgqi 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/ Data Landsat Sun Sun Horizontal

row Sensor azimuth elevation resolution

143/30 20060622 ™ 131.23° 63.48° 30m
20060716 ETM + 130.80° 60.78° 30m
20060801 ETM + 134.39° 57.98° 30m

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
Urumgqi 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 Urumgqi 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 x 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:

o0 G arrow (A)i(2)dA

0 i(2)d(2)

2)

Uproad =

where aarr0w () denotes the measured spectral albedo using the
spectroradiometer, and i()) 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 Urumgqi 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 («, 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 Urumaj
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 Urumai

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~ % 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 Urumgi 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 (Aa) in AWS
between 26 June and 2 August 2007.

Surface type n A o range A o mean Standard deviation
Ice 20 0.027-0.295 0.119 0.066
Show 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 (Aw) 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 Ao, mean, and standard deviation.

study are reliable, and that variation in the characteristics of
surface dust on Urumgqi 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 Urumgqi
Glacier No. 1 was markedly high (Figure 6D). The average
abundance of mineral matter on Urumgqi 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 Urumgqi 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 Urumgqi 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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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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(%) less than 5 wm (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 A < 600 nm and
decreases for . > 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 Urumgqi 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 Ao to A(Gy/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
A(Gy/T) = 1, the linear fit predicts a maximum Ao of 0.18
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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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derived from the Landsat image is the average value for a 30
m X 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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