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Glacier albedo plays a critical role in surface-atmosphere energy exchange, the variability of which influences glacier mass balance
as well as water resources. Dongkemadi glacier in central Tibetan Plateau was selected as study area; this research used field
measurements to verify Landsat TM-derived albedo and MODI10A1l albedo product and then analyzed the spatiotemporal variability
of albedo over the glacier according to them, as well as its influence factors and the relationship with glacier mass balance. The spatial
distribution of glacier albedo in winter did not vary with altitude and was determined by terrain shield, whereas, in summer, albedo
increased with altitude and was only influenced by terrain shield at accumulation zone. During 2000-2009, albedo in summer
decreased at a rate of 0.0052 per year and was influenced by air temperature and precipitation levels, whereas albedo in winter
increased at a rate of 0.0045 per year, influenced by the level and frequency of precipitation. The annual variation of albedo in
summer during 2000-2012 has the high relative to that of glacier mass balance measurement, which indicates that glacier albedo

in the ablation period can be considered as a proxy for glacier mass balance.

1. Introduction

Ice and snow melting is the primary source of water for the
inland rivers of western China, and the increased melting of
ice and snow is contributing to sea level rise [1]. It is therefore
very important to conduct research on glacier mass balance.
Under continental climate conditions, glacier mass balance
is influenced by surface energy balance processes during the
ablation period, and solar radiation provides the primary
energy source for glacier melting [2]. Albedo determines the
amount of solar radiation energy absorbed by the glacier
surface, so it is the key parameter in glacier energy balance
models and hydrological models for cold and arid regions.
Even small changes in regional climate can cause marked
variations of glacier albedo and consequently affect energy
balance processes over entire glaciers [3]. Glacier albedo
therefore plays a crucial role in glacier mass balance, and
variations in albedo caused by changes in climate, as well as

aerosols (e.g., black carbon), could change the rate of ice and
snow melting, consequently affecting glacier runoff.

In the past, glacier albedo was measured using instru-
ments placed on the glacier, including automatic weather
stations (AWS) [4-8] and portable albedometers [2, 9, 10].
Because of the spatiotemporal variability of glacier albedo,
measurements from limited points cannot reflect the variabil-
ity of albedo over entire glaciers for long period. However,
ground-based measurements do provide accurate datasets
with high temporal resolution and still have a place in glacial
research today.

Satellite-based remote sensing systems can acquire
images of entire glaciers at regular intervals over time and are
valuable for research into the variation of glacier albedo on a
broader spatiotemporal scale [11]. Landsat thematic mapper
(TM) data, with a high resolution of 30 meters, have been
used to investigate the spatial variation of albedo on single
glaciers and ice caps [2, 12, 13]. Landsat TM-derived albedos
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FIGURE 1: The location map of Dongkemadi glacier, indicating the AWS on the glacier and four national weather stations nearby.

have also been incorporated into a distributed mass balance
model to calculate mass loss for six glaciers in the European
Alps [14]. The high temporal resolution Moderate Resolution
Imaging Spectroradiometer (MODIS) albedo product was
used to estimate annual anomalies in the surface mass
balance of 18 glaciers on Svalbard for the period 2000-2005
[15]. However, there are limitations to the use of remote
sensing systems for measuring glacier albedo because the
sensors may not be able to acquire data through cloud cover,
and data retrieval methods are still being refined. Therefore,
it is important to combine ground-based measurements with
remote sensing methods for research into the variation of
glacier albedo.

The Dongkemadi glacier in the Tanggula Mountains of
the central Tibetan Plateau was selected as our study area.
We used field measurements on the glacier to verify the
accuracy of TM-derived albedo and the beta-test MODIS
(MOD10A1) daily albedo product firstly. We then investigated
the spatial variation of albedo over the glacier using high
spatial resolution TM-derived albedo data and studied the
temporal variation of glacier albedo during 2000-2009 using
the high temporal resolution MODI10A1 daily albedo product.
Lastly, the key factors that affect variation characters of glacier
albedo and the influence of glacier albedo on glacier mass
balance were further investigated in our research.

2. Materials and Methods

2.1. Study Area. The Dongkemadi glacier in the Tanggula
Mountains was selected as a representative glacier in a region

with a semiarid climate. It is a composite glacier formed by
the convergence of a trunk glacier stretching southward and
a tributary glacier extending toward the southwest (Figure 1).
The trunk glacier, named Da Dongkemadi (DD), covers an
area of 14.63 km?, has a length of 5.4 km, a terminal altitude
of 5275 m, an average equilibrium line altitude of 5600 m, and
a smooth, even surface. The tributary glacier, named Xiao
Dongkemadi (XD), covers an area of 1.77 km?, is 2.8 km long
and 5926 m high at its peak, has an average equilibrium line
altitude of 5620 m, and also has a gently sloping, clean surface
without surface moraines [16].

The Dongkemadi is classified as a subcontinental glacier
[17], and the annual average temperature and precipitation
levels are around —8.4°C and 659 mm, respectively. One mass
balance year can be divided into two periods: the summer
season and the winter season. During the summer season,
from May to September, the glacier is under the control
of the Indian monsoon, with warm temperatures and high
precipitation. During the winter season, from October to
April, the weather is under the control of the Westerly
Circulation and is sunny, dry, and cold [18].

2.2. Field Observation. In August 2007, an AWS was installed
at 33°04'14.24"'N, 92°04'53.41"E, and 5620 m a.s.l. near the
equilibrium line of Xiao Dongkemadi glacier. The AWS was
equipped with sensors for temperature, air pressure, humid-
ity, wind speed, and wind direction. It was also equipped
with a net radiometer (with upward- and downward-facing
pyranometers), and the recording interval was set at 10 min.
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TaBLE 1: The difference between TM-derived albedo and AWS-measured albedo.
Date acquired Path/row TM-derived values Measured values Bias
2008-2-2 137/37 0.6283 0.6705 —-0.0422
2008-3-5 137/37 0.8308 0.8507 -0.0199
2008-6-16 138/37 0.6613 0.6231 0.0382
2008-10-22 138/37 0.8217 0.7596 0.0670
2008-10-31 137/37 0.6737 0.6383 0.0354
2008-11-16 137/37 0.7113 0.6877 0.0236
2008-11-23 138/37 0.7713 0.7159 0.0554
2008-12-9 138/37 0.6730 0.6628 0.0101
2009-3-8 137/37 0.6538 0.5885 0.0653
2009-4-16 138/37 0.7096 0.6695 0.0400
2009-4-25 137/37 0.6866 0.6497 0.0369
2009-5-2 138/37 0.6211 0.5469 0.0743
2009-5-18 138/37 0.6750 0.7182 —-0.0431
2009-8-31 137/37 0.5418 0.5425 -0.0007

The solar radiation flux measured by the net radiometer was
used to calculate the surface albedo at the AWS location,
and the distance between the net radiometer and the glacier
surface remained close to 1.2m throughout the ablation
period.

2.3. Validation of Remote Sensing Albedo Products

2.3.1. TM-Derived Albedo. Landsat TM images have the
advantage of high spatial resolution in the shortwave range
of 0.3-4.0 ym [19-21]. Therefore TM-derived albedo data
can be used to analyze the spatial distribution of albedo
over entire glaciers. The process of deriving albedo data
from the original images consists of four steps: radiometric
calibration, topographic correction, atmospheric correction,
and narrowband to broadband conversion. For the last step,
the formula developed by Knap et al. [11] is used:

Kgort = 0.726 % ) — 0.322 % a)” — 0.051 * o, + 0.581 * ax,”.
o

Here, oy, represents the shortwave albedo and «, and
a, represent the spectral albedo in bands TM 2 and TM 4,
respectively.

To verify the accuracy of the above method for retrieving
albedo from Landsat TM images, 14 Landsat ETM+ scenes, all
acquired around noon and covering the entire glacier, were
downloaded from the USGS website (http://glovis.usgs.gov/)
during 2008-2009. Shortwave albedo images were retrieved
from the downloaded ETM+ scenes according to the above
method, and the results were compared with noontime AWS-
measured albedo values by extracting pixel values at the AWS
location. Results are shown in Table 1.

The difference between the albedo values retrieved from
Landsat TM images (TM-derived albedo) and AWS-meas-
ured values ranged from —0.05 to 0.07 (average error (AE) =
0.024, RMSE = 0.046, and R* = 0.74). The discrepancy

was mainly a result of the atmospheric correction process
because, to account for the lack of actual atmospheric
parameters when the Landsat TM images were acquired, we
used a standard atmospheric model proposed by the 6S
code (the middle latitude summer/winter model) to estimate
atmospheric effects (gaseous absorption by water vapor, car-
bon dioxide, oxygen, and ozone, and scattering by molecules
and aerosols). For use in climate models, the accuracy of
surface albedo needs to be +0.05 [22]. Therefore, we found
that albedo results retrieved from TM images were accurate
enough to be used for research on the spatial variation of
albedo.

2.3.2. MODI0AI Daily Albedo Product. Since February 2000,
the MODI0AI daily product, with a spatial resolution of
500 m, has been distributed by the National Snow and Ice
Data Center (NSIDC). The product generates valid shortwave
albedo values when a pixel is covered by ice or snow and is
cloud-free [8]. Compared with the MCD43A3 albedo product
that contains 16 d of data, the daily MODI10A1 product has
the advantage of higher temporal resolution. However, the
MODIO0AL daily albedo product is a beta-test product and
may contain unsubstantiated errors, especially in output from
mountainous regions. It was therefore necessary to verify the
product’s accuracy over the Dongkemadi glacier.

To account for spatial heterogeneity on the glacier surface,
we used spatial scaling transformation technology to upscale
high resolution images to moderate resolution, as described
by Liang et al. [23]. To determine the accuracy of the
MODI10A1 daily albedo product, TM-derived albedo data
were first calibrated using ground-based measurements and
then aggregated to the MODIS resolution (Figure 2(a)). The
difference between calibrated TM-derived albedo and the
MODI10A1 daily albedo product is shown in Figure 2(b).
The average error was less than 0.05 (AE = 0.019, RMSE =
0.05, R* = 0.67), and the correlation coefficient was higher
than 0.8, so the MODI0ALI albedo product was also accurate
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FIGURE 2: Comparison between calibrated TM-derived albedo and MODI10ALI albedo. (a) The difference; (b) the scatter diagram (date

acquired: 2007-4-28).

enough to be used for research on the variation of glacier
albedo.

3. Results

3.1. Spatial Variation of Albedo on the Dongkemadi Glacier.
Field measurements show that albedo at single points on
a glacier changes constantly over time, and this underlies
the variation in spatial distribution of albedo over an entire
glacier in one year. To investigate the spatial distribution
of albedo on the Dongkemadi glacier over one year, we
acquired six Landsat TM scenes between October 2006 and
September 2007 (three winter scenes and three summer
scenes). The glacier albedo was retrieved from the images
using the method described in Section 2.3.1, and the retrieved
albedo values were divided into four levels (0.0-0.3, 0.3-0.5,
0.5-0.7, and 0.7-1.0) (Figure 3).

Figure 3 shows that the spatial distribution of albedo on
the Dongkemadi glacier varied markedly in one mass balance
year, and the variation was more complex over the lower part
of the glacier than the upper.

In early winter (2006-10-2), the albedo of the glacier did
not vary obviously with altitude, with most values between
0.7 and 0.8, because fresh snow covers the glacier surface at
this time of year. There were several albedo values less than
0.7 recorded at high altitude and at the terminal end of the
glacier, caused by terrain shield and slight subglacial melting,
respectively. In midwinter (2006-12-5), glacier albedo values

were similar to those recorded in early winter, and again
values did not vary obviously with altitude. Most values
were higher than 0.7, and the low albedo values observed
were caused by terrain shield. Compared with October, the
albedo values did decrease slightly with altitude because
the snowpack becomes older with less snowfall. In late
winter (2007-4-28), glacier albedo was lower across the entire
surface, but, with most values between 0.5 and 0.7, variation
with altitude was still not obvious.

In early summer (2007-6-22), glacier albedo was only
slightly lower than in late winter, with values between 0.5 and
0.7, and there was little variation with altitude. In midsummer
(2007-8-2), glacier albedo values were lower across the entire
glacier, but values were clearly related to altitude. Values
were higher than 0.5 above 5650 m a.s.l. and lower than 0.3
below 5580 m a.s.l; spatial variation in the upper glacier was
caused by terrain shield. Spatial variation was also obvious in
late summer (2007-9-19), with values higher than 0.7 above
5500 m a.s.l. and lower than 0.5 below 5350 m a.s.l, and
albedo also increased with altitude over the lower glacier.

3.2. Annual Variation of Albedo on the Dongkemadi Glacier.
It is difficult to conduct field observations on glaciers, and it
is therefore difficult to obtain ground-based albedo datasets
on glaciers over long period. The long-term albedo datasets
provided by the MODIOAL product make it possible to
investigate the annual variation of glacier albedo. We studied
the annual variation of albedo on the Dongkemadi glacier
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FIGURE 3: The spatial distribution of albedo on the Dongkemadi glacier in one mass balance year from October 2006 to September 2007.
Where the solid lines represent the contour lines, and the numbers represent the altitude values of the contour lines (units: meters a.s.1).
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FIGURE 4: Annual variation of albedo on the Dongkemadi glacier
from 2000 to 2009.

over the last decade using MODI0ALI daily albedo products
from 2000-2009 and also analyzed the influence of climate
change (air temperature and precipitation) on the annual
variation of albedo.

Variations in albedo differ across the year; therefore,
we divided one mass balance year into summer and winter
periods as described above. The annual variation of glacier
albedo during these two periods is shown in Figure 4. The
figure shows that the annual variation of glacier albedo for the
summer period between 2000 and 2009 decreased at a rate of
0.0052 per year, while the variation for the winter period over
the same period increased slightly at a rate of 0.0045 per year.

4. Discussion

4.1. Influence of Terrain Factors on Spatial Variation of Glacier
Albedo. The above results in Section 3.1 showed that the spa-
tial distribution of glacier albedo varied obviously in a mass
balance year, using TM-derived albedo datasets. In order to
analyze the influence of terrain factors on spatial variation of
Glacier albedo, this research divided the glacier into several
altitude zones at 50 m intervals using ASTER GDEM with the
resolution of 30 meters; then albedo variations with altitude
for the different seasons are analyzed in Figure 5.

Figure 5 shows that glacier albedo increases with altitude
generally in the ablation period (2007-8-2, 2007-9-19) and
displaying a steep gradient in the center of the glacier, rela-
tively constant above certain altitudes, while glacier albedo
in the accumulation period (2006-10-2, 2006-12-5, 2007-10-
28) presents a fluctuation around the constant values, not
relativity to altitude.

Aim to further study on the reason for the fluctuation at
the accumulation zone (the part above annual equilibrium
line altitude), terrain shield, represents the influence of
rugged terrain on sunshine hours, was introduced into our
research, and was calculated by ArcGIS software using solar
incident angle and Aster GDEM [24, 25]. The glacier was
also divided into several terrain shield zones at 0.1 intervals.
Figure 6 shows albedo variations with terrain shield for the
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FIGURE 5: Albedo variations with altitude for the different seasons
in the period of 2006-2007.

accumulation zone and the ablation zone (the part below
annual equilibrium line altitude) on the different months
in 2006-2007. From the figure, it can be seen that glacier
albedo decreases with terrain shield in accumulation zone,
while that in ablation zone is not obvious. The above results
indicated that glacier albedo varied little with altitude at the
accumulation zone, and terrain shield was the main factor
underlying spatial variation. However, glacier albedo clearly
increased with altitude at the ablation zone, and terrain shield
again influenced the spatial distribution of albedo.

4.2. Annual Variation of Glacier Albedo Responses to Climate
Change. Air temperature and precipitation are the main
factors controlling the glacier mass balance. The temporal
variation of albedo on glaciers is mainly affected by air
temperature, snowfall, and the black carbon content in the
snow pack [9, 26].

In our study, air temperature and precipitation for the
Dongkemadi glacier during 2000-2009 were rebuilt using the
datasets from four nearby national weather stations (Amdo,
Wudaoliang, Tuotuohe, and Nakchu, shown in Figurel),
based on the relationships of air temperature, precipitation
between AWS on the glacier and these four national weather
stations as described by Gao et al. [27]. Annual variation of
glacier albedo was displayed based on the long-term albedo
datasets provided by MOD10A1 daily product in the period
of 2000-2009.

The annual variations of air temperature, precipitation
levels, frequency of precipitation, and glacier albedo in
summer and winter are shown in Figures 7 and 8, respectively.
The figures show that annual variation of glacier albedo
in summer from 2000 to 2009 followed an opposite trend
to that of air temperature and a similar trend to that of
precipitation levels, but there was no obvious relationship
to the frequency of precipitation. The annual variation of
glacier albedo in winter from 2000 to 2009 followed a similar
trend to precipitation levels and frequency of precipitation,
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FIGURE 6: Albedo variations with terrain shield for the accumulation zone and ablation zone on the different months in 2006-2007.

but there was no obvious relationship to air temperature.
These results suggest that the annual variation of albedo in
summer is influenced by annual changes in air temperature
and precipitation levels, while in winter the variation is
influenced by the annual change of precipitation levels and
the frequency of precipitation.

4.3. Influence of Glacier Albedo on Glacier Mass Balance.
As the controlling factor in energy budget on land surface,
glacier albedo at the ablation period influences the snow/ice
melt rate and then influences glacier mass balance [26, 28].
Aiming at investigating the influence of glacier albedo on
glacier mass balance, we compare the averaged glacier albedo
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in summer to annual mass balance measured by the stakes
located on the glacier (shown as Figure 9). Annual variation
of glacier albedo was displayed based on the albedo datasets
provided by MODI0AI daily product during the period of
2000-2012.

As shown in Figure 9, the annual variation of albedo in
summer was high relative to that of glacier mass balance
(r 0.85, P < 0.05). The compared result indicates that
glacier albedo in summer can be considered as a proxy for
glacier mass balance, so glacier albedo from the remote-
sensing products can be used to monitor the trend of glacier
mass balance over a long period.

5. Conclusions

Monitoring the variations of mass balance on the glaciers
in western China is an important task of the glaciological
community. Glacier albedo has a dominant impact on sim-
ulating the mass balance of glaciers, as well as on meltwater
resources. In this study, we validated the effectiveness of two
remote sensing products, Landsat TM-derived albedo and
the MODI10ALI albedo product. We then analyzed the spatial
variation of albedo on the Dongkemadi glacier in one mass

balance year and investigated the factors influencing this
variation. We also investigated annual variation of albedo
on the Dongkemadi glacier in the last decade and analyzed
its influencing factors and the relationship with glacier mass
balance.

Both TM-derived albedo and the MODI0AI albedo
product used on the Dongkemadi glacier have reasonable
accuracy (RMSE = 0.046, R* = 0.74, and RMSE = 0.050, R* =
0.67, resp.), and they can therefore be used for research on the
variation of glacier albedo. The spatial distribution of glacier
albedo in the accumulation period did not vary obviously
with altitude and was influenced by terrain shield while in
summer albedo increased with altitude and was influenced
by terrain shield at the accumulation zone.

During the period 2000-2009, annual variation of albedo
in the ablation period decreased at a rate of 0.0052 per year
and was related to the annual change in air temperature and
precipitation levels, while the annual variation of albedo in
the accumulation period increased at a rate of 0.0045 per
year and was influenced by the annual change in precipitation
levels and the frequency of precipitation. The annual variation
of albedo in summer was high relative to that of glacier mass
balance measurement, which indicates that glacier albedo in
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the ablation period can be considered as a proxy for glacier
mass balance.
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