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ABSTRACT

The degree-day model is one important method to estimate glacier melt, which is based on the specific relationship
between glacial melting and the sum of daily mean temperatures above the melting point. According to the observation
data on the Koxkar Glacier (KG) from 2005 to 2010, we analyzed the temporal and spatial variation of degree-day factors
(DDF) and its influential factors. The results indicate that the average value of DDF was 7.2~10.4 mm/(°C-d) on the KG
from 2005 to 2010. It showed a decreasing trend between 3,700 m and 4,200 m, and the deceasing trend was more obvious
in the upper part of the KG. On a spatial scale, the DDF increased evidently with increasing altitude. The DDF ranged from
3.6 to 9.3 mm/(°C-d) at 3,700 m a.s.l., with the average value of 9.3 mm/(°C-d). It varied from 6.9 to 13.0 mm/(°C-d) at
4,000 m a.s.l., with the average value of 10.2 mm/(°C-d). During the period of ablation, the fluctuation of DDF was not
significant at the lower altitude (3,700 m a.s.l.), but it decreased at the higher altitudes (4,000 m a.s.l. and 4,200 m a.s.1.).
The debris changes the transmission of heat, which accelerates the melting of a glacier; and the DDF showed high value.
This paper will provide the reference for temporal—spatial parameterization schemes of DDF on Tuomuer glaciers of the
Tianshan Mountains.
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1 Introduction

Climate warming is the key issue of climate
change (Jing et al., 2015). Against the backdrop of
global warming, most glaciers have thinned and re-
treated in Northwest China, which has had significant
influences on regional water resources (Qin et al.,
2005; Yao et al., 2012). Glacier mass balance is a key
factor in linking fluctuations of glaciers and climate
change (Liu et al., 1998). Climate change leads to

changes of the energy balance of glaciers, which in-
duce changes of movement and thermal characterist-
ics of glaciers, and then lead to changes of tip loca-
tion, area, and ice reserves in glaciers. Therefore, the
glacier mass balance is one of the most sensitive in-
dicators reflecting climate change (Liu et al., 1999).
Its dynamic change is the material basis for glacier
fluctuation and runoff changes. The estimation of gla-
cier mass balance and ablation have been of wide con-
cern (Laumann and Reeh, 1993; Liu et al., 1999;
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Braithwaite and Zhang, 2000; Han et al., 2012).

The degree-day model is the main method to eval-
uate the ablation of glaciers, which is based on the lin-
ear relationship between ice ablation and positive ac-
cumulated temperature. Positive degree-day factors
(DDF) is the key parameter of the model, which sim-
plifies description of the energy-conversion process
on the surface of the glacier (Singh et al., 2000; Kay-
ast et al., 2003; Sugiyama, 2003). The DDF depends
on the energy balance at the surface of the glacier. In
prior studies, DDF usually was a fixed value for a
whole glacier in a model; the method to calculate the
DDF is based on ablation, using stakes (Braithwaite
and Olesen, 1989; Hock, 2003), which is influenced
by temperature, altitude, slope aspect, thickness of
debris, glacier movement, and other factors (Braith-
waite et al., 2000, 2003; Singh et al., 2000; Scherler
et al.,2011). Compared with bare ice of the Dokriani
Glacier in the Himalayas, the DDF of debris-melting
and snow-melting increased 9% and 2%, respectively.
It is 30% higher in ice-melting than in snow-melting,
the result indicating that the speed of ablation is
slower in debris areas than in bare-ice areas (Singh et
al., 2002; Nuimura et al., 2011, 2012). In addition, the
DDF has spatial variability, ranges from 4.5 to
8.8 mm/(°C-d) (4,305~4,619 m a.s.l.) and 6.0 to
10.5 mm/(°C-d) (5,120~5,270 m a.s.l.) on Qiyi Glaci-
er and Yala Glacier, respectively (Kayastha et al.,
2003). The DDF of snow is about 3.1 mm/(°C-d) on
Urumgqi Glacier No. 1 of the Tianshan Mountains and
5.1~10.1 mm/(°C-d) for bare ice (Liu et al., 1996).
The DDF of the Zhadang Glacier varies from 4.0 to
14.0 mm/(°C-d) (Wu et al., 2010). Comparison of
DDF at several nearby observation points on Koxkar
Glacier (KG) shows the difference is very large, vary-
ing from —21% to 14.2%. These studies show that
DDF are significantly different, even on the same gla-
cier. Therefore, the research focused on the spatiotem-
poral distribution of DDF is helpful for improving the
precision of the degree-day model.

Previous studies have focused on the variation of
DDF at different elevations, slopes, and slopes of the
glacier cliff on the KG (Zhang et al., 2005; Han et al.,
2009). However, the time scale is just based on days;
and the study period is generally 1~2 months, while
the long-term variation of DDF in relation to the tem-
poral and spatial changes has not been reported yet.
Based at the field station on the southern slope of the
western Tianshan Mountains, we used the ablation
data observed by use of stakes and meteorological
data (from May to September) from 2005 to 2010 to
calculate the DDF of the KG in this study. The tem-
poral and spatial distribution of DDF and influence
factors were systematically analyzed. The results will
provide important parameters for estimation of mass
balance and melt water in the Tuomuer glaciers of the
western Tianshan Mountains.

2 Study area

The area of the KG is 89.6 km?; and the length of
the KG is 25.1 km, with elevation ranging from 2,960
to 6,342 m a.s.l.. Ice volume is 15.79 km3 (Zhang et
al., 2005). The precipitation is supplied mainly by
moisture from the Atlantic and Arctic. Annual precip-
itation is about 533 mm which occurs from June to
August accounts for 50%; 70% occurs from May to
September, and about 30% occurs during the cold sea-
son. Annual precipitation near the snow line is
750~850 mm (Xie et al., 2004; Zhang, 2005; Han,
2012). There is one automatic weather station (AWS)
at the basecamp (3,000 m a.s.l.) and another four
AWSs located on the glacier, with elevations of
3,200, 3,400, 3,700, and 4200 m a.s.l., respectively
(Figure 1).
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Figure 1 Location map of the Koxkar Glacier



Min Xu et al., 2017 / Sciences in Cold and Arid Regions, 9(5): 425-431 427

3 Data and method
3.1 Data

At the KG, the observations of meteorology and
ablation have been carried out since July 2003 on the
KG. The air temperature used is 2 m above the ice;
the interval of observation is 1 hour. The temperature
at other altitudes on the glacier is derived from the
rate of temperature decline (0.61 °C/100m). The pos-
itive accumulated temperature is calculated according
to the method of Liu et al. (1999) and Braithwaite et
al. (1998); approximation of air temperature is re-

garded as a normal distribution. We used stakes to ob-
serve the ablation of the glacier from 3,700 m a.s.1. to
4,200 m a.s.l. (Figure 2). The data of ablation were
collected from 2005 to 2010; observation periods
were from 25 days to 30 days. The ablation water-
equivalent of the glacier was calculated according to
the ablation thickness at each stake. The density of ice
is supposed to be 0.91 g/cm?3. Due to limitations of the
observation conditions, the observed data are incom-
plete. In addition, as the area of the KG is very large,
the DDF of different underlying (debirs, snow, bare
ice) were calculated for different altitudes at 3,700 m
a.s.l., 4,000 m a.s.l., and 4,200 m a.s.1., respectively.

Figure 2  Ablation observation on the KG, using stakes

3.2 Method of calculating DDF

DDEF is the ratio of glacier ablation to positive ac-
cumulated temperature over a certain period. Based
on the ablation data of observation using stakes and
daily temperature data from May to September from
2005 to 2010, positive accumulated temperatures at
different altitudes in the glacier area were calculated
by using the gradient of temperature. The formula is
as follows:

DDF = PDD (1)
where DDF is degree-day factor (mm/(°C-d)), A is
the ablation amount of glacier or snow during the pe-
riod of ablation (mm), and PDD is positively accum-
ulated temperature over the period of ablation (°C).
The method of calculated positive accumulated
temperature at different altitudes is as follows:

PDD = Z HX(T,-K(Z-7,)) )

where T, is the daily mean temperature (7, <0 °C), H,
is the logical variable, when T, >0 °C, H, =1.0, When
T, <0 °C, H,= 0.0. Z is the altitude of the stake, Z; is
the altitude of the meteorological station, and K is the

gradient of temperature (°C).
4 Results and discussion

4.1 The relationship between PDD and amount of
ablation at different altitudes of the KG

There is a close relationship between the ablation
of glacier and the air temperature, especially the posit-
ive accumulated temperature over a certain period
(Liu et al., 1996). Braithwaite and Olesen (1989) have
found that the correlation coefficient between annual
ablation of glacier and annual positive accumulated
temperature in the Greenland ice sheet was 0.96.
Zhang et al. (2005) calculated the correlation coeffi-
cient with the positive accumulated temperature and
data of ablation of 0.7 in the period of ablation during
2005 on the KG. In this study, the correlation coeffi-
cient between ablation and positive accumulated
temperature is 0.57 (p <0.05) from 2005 to 2010
(Figure 3a). The correlation coefficient is different at
different altitudes; the value varies from 0.45 to
0.78 (p <0.05) (Figure 3b). The highest correlation
was at 3,700 m a.s.l., the lowest at 4,000 m a.s.l.. In
general, the correlation between the ablation and
the positive accumulated temperature on the KG is
well-established.
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Figure 3 Ablation amount changes with positive cumulative
temperature for different altitudes on the KG. (a) the correlation
coefficient between ablation and positive accumulated
temperature for the whole glacier; (b) the correlation
coefficient is different at different altitudes

4.2 The temporal and spatial variation of DDF

Based on the ablation data of observation using
stakes and daily temperature data from May to
September from 2005 to 2010, the DDF was calcu-
lated by Equations (1) and (2) for different altitudes of
the KG (Figure 4). Not only on the spatial scale but
also on the temporal scale, the DDF is not constant.
Due to the different characteristics of the surface, el-
evation, slope, aspect, and other conditions, there are
differences in DDF. In addition, the trend of DDF did
not change obviously; it showed a decreasing trend at
3,700 m a.s.l. and 4,200 m a.s.l. from 2005 to 2010
but an increased trend at 4,000 m a.s.l.. With the inter-
annual changes, the DDF showed significant fluctu-
ations on the KG. At 3,700 m a.s.1., the DDF showed
the highest value in September 2005, dramatic
changes in 2005 and 2006, and relative stability from
2008 to 2010. At 4,000 m a.s.l., the DDF showed the
lowest value in August 2005, the high value in 2008
and 2009. The DDF fluctuated less from 2003 to
2005.

To analyze the monthly variation of DDF, the
monthly average value of DDF at different altitudes
were calculated from 2005 to 2010 (Figure 5). In ad-
dition to September, the DDF changed little during
the ablation season at 3,700 m a.s.l.. The average
value of DDF decreased from May to September from
2005 to 2010 at 4,000 and 4,200 m a.s.l.; the maxim-
um value appeared in July, the minimum value in
September. The fluctuation of DDF was not obvious

from May to August during 2005 and 2010 at 3,700 m
a.s.l.; but in September, it showed high value, the
main reason being that the underlying (covered by
debris) is sophisticated in this area. However, the
DDF have obvious fluctuations at different altitudes
on the KG. Thus, one needs to consider the temporal
and spatial variation of the DDF in assessing the
melting of such glaciers, which will improve the ac-
curacy of simulation. The DDF varied from 3.6 to
9.3 mm/(°C-d) at 3,700 m a.s.l., with a mean value of
6.0 mm/(°C-d). It was from 3.0 to 11.7 mm/(°C-d) at
4,000 m a.s.l., with a mean value of 8.6 mm/(°C-d).
The DDF showed the highest value at 4,200 m a.s.l.;
the value varied from 6.9 to 13.0 mm/(°C-d), and the
mean value was 10.2 mm/(°C-d). In the Karakoram
Mountains, the DDF was 2.6~5.4 mm/(°C-d); it was
8.0~10.5 mm/(°C-d) (5,425 and 5,475 m a.s.l.) on the
Dongkemadi Glacier (Kayastha e al., 2003). The
temporal and spatial differences were due to changes
of the characteristics of underlying of the glaciers, the
characteristics of which changed in different months.
At the lower part of glacier, the underlying of cover
was debris, which resulted in little change in surface
characteristics of the glacier. The mean value of DDF
was 7.2 to 10.4 mm/(°C-d) from 2005 to 2010 on the
KG (Table 1), lower than on the glaciers of
Nyaqgengtanglha (Wu et al., 2010). The DDF have ob-
vious regional differences, which are mainly attrib-
uted to the difference in spatial climatic characterist-
ics of different glaciers, especially their energy
budgets.

In general, the DDF on the KG decreased with
altitude, decreasing from 2005 to 2010 (Figure 6); the
trend of change is consistent with Xiaodongkemadi
Glacier of the Tanggula Mountains, Qiyi Glacier of
the Qilian Mountains, Yala Glacier of the Himalayas
Mountains, and AX010 Glacier (Kayastha et al.,
2003). However, the trend is different than for Urum-
qi Glacier No. 1 of the Tianshan Mountains, and Un-
teraarglet scher Glacier and Lauteraargletscher Glaci-
er in Switzerland (Liu et al., 1996; Sugiyama et al.,
2003). The research indicated that solar radiation is
more intense at the higher glacier areas; and the main
source of energy for glacier melting is solar radiation,
which results in increased glacier melting at higher
altitudes. The daily mean temperature of the glacier
areas with higher elevation is lower, which leads to
smaller positive accumulated temperature (Zhang et
al., 2004). By contrast, there are large area of debris
on the KG; the thickness of debris gradually thins
with increasing elevation, and the value of DDF also
increased.

4.3 Factors influencing DDF

The changes of DDF are mainly due to the spatial
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and temporal variation of the energy exchange on the
glacier. In different climatic backgrounds and differ-
ent seasons, glaciers located in different terrains have
different energy composition; and the DDF also
changes accordingly. Under the same conditions,
DDF increased with increasing altitude and solar radi-
ation; it decreased with increasing temperature and re-
flectance (Braithwaite, 1995; Hock, 2003). For the
same glacier, the DDF also changed at different
points. The study indicated that even for the distance
of only a few meters between two points, the value of
DDF has +10% deviation (Hock, 2003).
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Figure 4 Variation of DDF from 2005 to 2010 on the KG.
(a) 3,700 m, (b) 4,000 m, and (c) 4,200 m

The most prominent feature of the KG is that the
zone of ablation is covered by different thicknesses of
debris; the average thickness is about 115 cm at the
terminal of glacier; the maximum is more than 2 m
(Han et al., 2005). Compared with ice or snow, a sur-
face covered by debris has a unique thermal process,
low albedo, and other physical properties that prevent
solar radiation heat and turbulence exchange heat
from directly reaching the ice surface; it heats the sur-
face of debris first, and then the heat is transferred to

the ice surface. In addition, part of the heat in the sur-
face layer also passes up to the air, reducing the heat
that transfers to the surface of glacier; the process af-
fects the melting of the glacier (Sugiyama et al., 2003;
Zhang et al., 2005). The thickness of debris up to
10 cm and 20 cm reduces by 10% and 56%, respect-
ively, ablation of the glacier; if the thickness of debris
is less than 10 cm, it restrains the ablation (Sugiyama
et al., 2003). The thickness of debris less than 5 cm
increases the velocity of ablation on the Khumbu Gla-
cier; when the thickness of debris was above 5 cm, the
ablation of the glacier was refrained (Kayastha et al.,
2000). The debris has great influence on ablation on
the KG. The thickness of debris decreases as altitude
increases; the heat used for ablation of the glacier in-
creases, which leads to accelerating the velocity of ab-
lation; so DDF is larger at high altitudes. We need
more field experiments to clarify the influences of
debris on ablation of the KG in the future.
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Figure 5 Monthly variation of DDF at different
elevations from 2005 to 2010

Table 1 The average value of DDF in different months
from 2005 to 2010 on the KG

Month Average value (mm/(°C-d))
May 8.8
June 10.4
July 8.6
August 7.2
September 6.4

5 Summary

Based on the ablation and meteorological data
from 2005 to 2010, the temporal and spatial variabil-
ity of DDF on the KG and its influencing factors were
analyzed. The results provide important parameters
for estimating glacier mass balance, sensitivity of gla-
cier response to climate change and meltwater of gla-
ciers in the Tuomuer Mountains. The research shows
that the correlation between ablation and positive ac-
cumulated temperature has different effects at differ-
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ent altitudes, with the values varying from 0.45 to
0.78 (p <0.05). The DDF had great variation in the
period of ablation from 2005 to 2010, showing a trend
of decrease that is more obvious on the upper part of
the glacier. On the spatial scale, DDF increased obvi-
ously with increasing altitude. The DDF varied from
3.6 to 9.3 mm/(°C-d) at 3,700 m a.s.l., with a mean
value of 6.0 mm/(°C-d). The DDF was 3.0 to
11.7 mm/(°C-d) at 4,000 m a.s.l., with a mean value
of 8.6 mm/(°C-d). The DDF showed the highestval-
ues at 4,200 m a.s.l., varying from 6.9 to 13.0 mm/(°C-d),
with a mean of 10.2 mm/(°C-d). Overall, the mean
value of DDF was 7.2 to 10.4 mm/(°C-d) from 2005
to 2010 on the KG.
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Figure 6 The relationship between DDF and altitudes
on the KG from 2005 to 2010

Due to limiting conditions, the same height of
continuous observation of the stake is not adequate,
leading to uncertainties in calculating the ablation.
Changes in reflectance, manmade measurement er-
rors and occlusion, slope, and other terrain factors af-
fect the DDF; but these lack corresponding observa-
tions, so we cannot explain them in detail. Some of
the issues in this paper need to be further discussed
and studied in the future.
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