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Abstract This study analyzes the response of glacier to
climate change during the past 49 years in Urumqi River
source region, the Tianshan Mountains of China. The
temporal and spatial variations of winter mass balance
(bn-w) at different time scales were analyzed to identify
their response to climate change during 1988-2006 (The
observation of winter mass balance observation began in
1988) on the Glacier No.1 at the headwaters of the Urumqi
River, Tianshan Mountains, China. The winter accumula-
tion shows a significantly decreasing trend. The results
show that the cumulative values on Glacier No.l is
2,202 mm water equivalent during 1988-2006 and the
mean values is 116 mm a~". Furthermore, the trend anal-
ysis of the winter mass balance indicates a rapid decrease
since 1990, and the mean mass balance is only 79 mm a~'
during 1997-2006. Winter mass balance correlates well
negatively with the total evaporation from September to
April (r = —0.68, o = 0.01), and positively with the total
precipitation from September to April (r = 0.74,
o = 0.01). However, winter mass balance shows a weak
correlation with mean minimum air temperature during
September to April (r = —0.35), and runoff on September
(r = —0.13).
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Introduction

Global warming has caused shrinking of most glaciers and
ice caps in the world over the last century, especially in
recent decades (Dyurgerov and Meier 2000). Small glaciers
are highly sensitive to changes in temperature and precipi-
tation, making them important indicators of climate change
(Oerlemans and Fortuin 1992; Liu et al. 1997). Changes in
the mass of these glaciers affect the volume and timing of
stream flow that provides water for hydroelectric power
production, irrigation, and domestic water supplies (Yao
et al. 2004). Glacier runoff is an important water resource in
the arid northwest China (Yang 1991). Mountain glaciers in
western China have experienced losses of mass and volume
over the last several decades (Yao et al. 2004).

Glacier mass balance (bn) reflects the changes of gla-
cier-ice volume; it is also an indicator of glacier fluctua-
tions and climate change. Therefore, many researchers
have paid more attention to glacier mass balance since
1990s (Yang 1992; Fountain et al. 1999; Chinn 1999;
Oerlemans and Reichert 2000; Schneider and Jansson
2004). Small glaciers are highly sensitive to changes in
temperature and precipitation, it is therefore an important
indicator of climate change (Meier 1984; Oerlemans and
Fortuin 1992).

The annual mass balance does not relate to the ice mass
changes to the weather conditions during the different
seasons (Ohmura 2004). The separate determination of
summer (bs) and winter (bn-w) mass balance will detect
the signal of climate change at the seasonal time scale. Air
temperature can be used as a proxy for analyzing the
energy balance of the ablation processes, and solid pre-
cipitation as an indicator of accumulation.

The winter mass balance of the Glacier No.1 has been
calculated from the difference of mass balance observed
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from the end of August to early May, which primarily
reflects the accumulation in the non-ablation period. The
winter mass balance calculation was conducted during the
period of 1988-2006, which reveals the characteristics of
mass balance in the cold seasons. This glacier has shrunk
over many years and divided into two small glaciers in
1994 (Jiao et al. 2000). The glacier area was 1.742 km?” in
1994, and 1.708 km? in August 2001 (Tianshan Glacio-
logical Station 2002). The horizontal distance is 45 m
between the tongues and the two branches in 2001 (Yang
et al. 2005).

This study systematically analyzes the long-term gla-
cier, climate, and hydrology records; and the effects of
temporal and spatial variations of winter mass balance on
different time scales were examined to identify their
response to climate change over the past several decades.

Materials and methods
Study area and data

The Urumgqi Glacier No.l (43.05°N, 86.49°E) is at the
headwaters of the Urumgqi River, Tianshan Mountains,
China (Fig. 1). It is a small cirque-valley glacier, com-
prising east and west branches with a total area of 1.95 km?
in 1962 (Xie and Ge 1965). The Glacier No.l has the
longest monitoring records during 1958-2006 in China.
A standardized method for glacier mass balance mea-
surements has been described by Meier (1962). Glacier
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Fig. 1 Map showing the location of Urumgqi Glacier No.1
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mass balance has been calculated by contour maps of
accumulation and ablation, using data measured at the
permanent stake network, about 45 stakes in 8-9 rows on
the glacier (in the east branch 23 points in 8 rows are from
3,800 to 4,050 m a.s.l., and in the west branch 22 points in
9 rows are from 3,850 to 4,100 m a.s.l.) and additional
snow pits to observe the mass balance of glaciers
(Han et al. 2006).

The glacier observation program at the Tianshan glacier
station was started in 1959 (Xie and Ge 1965) and con-
tinued to the present. Field observations included glacier
accumulation and ablation, equilibrium line altitude (ELA),
changes in glacier length and area, and hydrological data
collections. Winter mass balance observation was launched
in 1988. Glacier data have been internally published in
annual reports of the Tianshan Glacier Station from
1980-2006.

The discharge data of the Glacier No.l hydrological
stations with 3.34 km? drainage area is located at the ele-
vation of 3,659 m a.s.l. about 300 m downstream from the
tongue of Glacier No.l. Temperature, precipitation and
pan-evaporation data are available at the Daxigou meteo-
rological station during 1958-2006. The station is located
at the 3,539 m a.s.l. about 3 km downstream of the glacier
tongue (Fig. 1).

Methods

The winter mass balance (bn-w) (mm) is determined as:

bn-w = Pera — Qsept — E + AM (1)

PerLa = Paxg + Paxg ¥ 14% + (HgLa — 3539) x 22/100
(2)

E; = Epn X 0.4 (3)

where Pgp o (mm) is the bias-corrected total precipitation
during September to April at the ELA (Yang et al. 1991), it
is as simulated the mean precipitation over the glacier
surface; and Py, is the total precipitation during September
to April at the Daxigou Meteorological station (about 3,539
a.s.1.); Hgp 4 is the mean ELA on the Glacier No.1; Qgep is
the glacier runoff for September; E, and E,,, are the
evaporation of glacier surface and the pan evaporation at
the Daxigou Meteorological station from September to
April, respectively (Yang and Zhang 1992); AM is the
residual, including random errors.

The linear regression analysis was carried out for the
long-term meteorological, hydrological, and glacier data
collected at or near the Glacier No.1, and the standard ¢ test
was used to determine the statistical significance of the
trends. Furthermore, the relationship among temperature,
precipitation, and winter mass balance were analyzed to
quantify the impact of climate change on glacier change.
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Climate change and glacier response

This study analyzes long-term climate and glacier response
over the past 49 years in the Urumqi River source area, the
Tianshan Mountains of China. Trend analyses show that air
temperature has been rising during 1958-2007 (Fig. 2),
particularly in winter (Liu et al. 1999; Han et al. 2002).
During the same period, the mean annual precipitation
significantly increased at the headwaters of the Urumgqi
River.

However, the climate became slightly cooler, and air
temperature decreases by 0.1°C on March (0.002°C
(10a)~") during 1958-2007. An increasing trend in pre-
cipitation was found in all months except September, and a
decrease of 3.5 mm occurs on September (0.7 mm (IOa)_l)
during 1958-2007 (Fig. 3). In addition, a very significant
change occurs over the most recent 20 years (1987-2007).
The mean temperature has increased by 0.96°C (0.5°C
(10a)71) and precipitation decreased by 30.9 mm (16.2 mm
(10a)71) in the cold season from September to April
(Fig. 3).

The gradual increase of air temperature leads to an
enhanced glacier shrinkage (Li et al. 2003) although pre-
cipitation increased during the same period. Moreover, the
mass balance exhibits an unprecedented negative balance.
This indicates that the effects of temperature rise on the
glacier mass balance are more predominant than that of the
precipitation increase. The significantly negative mass
balance (winter mass balance) is dominantly responsible
for the strong melting of the glacier after 1997. Glacier
thinning has been linked to a warmer climate, and mean air
temperature in the cold season (September to April) has
increased by 0.96°C in the source regions of Urumqi River
over the last 19 years, which caused the melting of Glacier
No.1 in the cold season (Fig. 2).

The winter mass balance has been decreasing in recent
years. The cumulated winter mass balances of the Glacier
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Fig. 3 Long-term mean monthly temperature (a) and precipitation
(b), and their total trend at the Daxigou station during 1959-2007.
Trends are in °C (49a)~! for temperature and mm (49a)~! for
precipitation

No.l was 2,202 mm water equivalent during 1988-2006,
while the mean winter mass balance was 116 mm a~'. The
observed data showed that the winter mass balance pre-
sents an accelerated decreasing trend since 1990. The mean
winter mass balance was only 79 mm a~' (68% of mean
winter mass balance) during 1997-2006 (Fig. 4).

In contrast, annual mass balance varies between
375 mm and —860 mm during 1958-2006 (Fig. 5).
Cumulative mass balance reached —12,020 mm over the
study period, equivalent to glacier thinning of —13.4 m
(about 20% of average glacier thickness). Glacier mass
balance has been decreasing almost monotonically in the
past 48 years, especially in the most recent 10 years. The
mean negative mass balance was —453.8 mm a~' during
1988-2006. The 10 years of most negative mass balance
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Fig. 5 Variations of Glacier No.1 bn and bn-w

(over —686 mm) all appeared during 1997-2006. The
climate warming not only enhanced the ablation, but also
increased the ablation area.

Results

To quantify the effect of climate change on the glacier, the
relationships were examined among winter temperature,
precipitation, evaporation, and winter mass balance of
Glacier No.l at the headwaters of the Urumgqi River,
Tianshan Mountains. Precipitation and temperature affect
glacier mass balance differently. The increase of precipi-
tation enhances the accumulation of glaciers, but the rise of

temperature enhances ablation. The negative mass balance,
mainly from a higher ablation rather than the lower accu-
mulation, is associated with the increase of precipitation
and the rise of temperature over the study area. This result
implies that the effect of rising temperature on mass bal-
ance may be more significant than the influence of
increasing precipitation.

The annual mass balance, different from the winter mass
balance, is mainly influenced by summer mean air tem-
perature from June to August. There is a good relationship
between annual mass balance and air temperature in sum-
mer (the correlation coefficient is —0.62 with a significance
of o = 0.01) (Han et al. 2006). However, the correlation
coefficient between annual mass balance and precipitation
is 0.19 during the same period (Han et al. 2006). However,
the correlation coefficient between winter and annual mass
balance is still 0.60 (¢« = 0.01; Table 1).

Though the winter mass balance could not completely
explain the accumulation of glacier in winter, while the
dominant factor is winter precipitation; there exists a poor
relationship between winter mass balance and temperature
over the same period. The winter mass balance roughly
depends on the precipitation in the non-ablation period,
especially from the period of September to April. As
expected the significant correlation exists between winter
mass balance and mean maximum air temperature (r =
—0.51, « = 0.05), and between winter mass balance and
total precipitation (r = 0.74, « = 0.01) during September
to April (Fig. 6; Table 1). The correlation is less significant
between winter mass balance and mean air temperature
during September to April (r = —0.35).

Evaporation plays an important role in the ablation of
the continental-type glaciers in China. Winter snowfall is
low in the area; solar radiation causes the thawing of fresh
snow and the shrinkage of glacial tongue. The wind is
strong so that the evaporation of ice and snow surface
becomes important. All these factors can affect the winter
mass balance of the glaciers. The correlation coefficient
between winter mass balance and evaporation is —0.68
(x = 0.01; Table 1). In the ablation season, evaporation
accounts for 12% of the ablation on the Glacier No.l

Table 1 The correlation

coefficients between bn-w and bn-w E Timean P Tmin Tmax Osept. bn
different meteorological factors b-w 1
at the headwaters of the Urumgqi -
River E —0.68 1
Tnean —0.35 0.70%* 1
P 0.74%* —0.72%* -0.37 1
Trmin —0.39 0.69%* 0.91%** —-0.42 1
** Correlation is significant at Tinax —0.51* 0.76%* 0.90%* —0.54%* 0.96%* 1
the 0.01 level (two-tailed) Osen 0.13 0.25 033 0.02 0.41 039 1
* Correlation is significant at bn 0.60 —0.49 037 0.27 041 047 031 1

the 0.05 level (two-tailed)
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Fig. 6 Variations of winter mass balance and total precipitation (Pc)
and mean temperature (Tc) in the cold season from September to
April

(Zhang et al. 1996), but low correlation exists between the
annual mass balance and evaporation (Han et al. 2006).
Therefore, winter mass balance is determined not only by
the winter accumulative rate of the glaciers mainly from
precipitation, but also by ablation processes in winter
mainly from evaporation (Fig. 7).

The equilibrium-line altitude (ELA) is the boundary
between the accumulation and ablation zone, and is an
important index of the glacier, which is sensitive to tem-
perature and precipitation changes (Yao 1987; Wang 1995;
Liu et al. 1998). The elevation of ELA is derived from a
mass balance observation over the glacier.

In the past 20 years (1988-2006), the elevation of ELA
of the glacier ranges from 3,771 to 4,058 m in winter, the
mean ELA is about 3,923 m. The ELA shows a clear
upward trend (the mean value is 3,936 m) since 1997.
Analysis shows that a close relationship exists between the
height of ELA and the winter mass balance (Fig. 8), which
is primarily due to temperature rising during the same
period.

Statistical analysis shows that winter mass balance
depends primarily on precipitation and evaporation on the
Glacier No.1 during the winter, and also correlates with the
glacier melt on September.
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Fig. 7 Variation of total evaporation (Ec) and precipitation (Pc) in
the cold season from September to April
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Fig. 8 The relationships between winter mass balance and ELA

Table 2 The observation and calculation winter mass balance of
Glacier No.1 at the headwaters of the Urumgqi River

Data Observation Calculation (mm)
(mm)
1991-2006 bn-w Pera QOsep. £ Pria — Eg — AM
Qsept.
Mean 83 198 42 71 85 2

Based on Eq. (1), the average bn-w of the Glacier No.1
is 85 mm during 1991-2006 (Table 2), while the observed
mass balance is 83 mm (relative error AM is about 2 mm,
by 3%), so that the average winter mass balance bn-w can
be obtained from Eq. (1) during the non-melting season.

Conclusion and discussion

The results of this study show that the cumulative values of
winter mass balance of Glacier No.1 was 2,202 mm water
equivalent during 1988-2006. The winter mass balance has
decreased in the recent years. The mean mass balance was
116 mm a~' during 1988-2006 while the mean mass bal-
ance was 79 mm a~' during 1997-2006. Mass balance
observations indicate that the winter mass balance of the
Glacier No.l presents an accelerated negative trend since
1990.

There are significant relationships of winter mass bal-
ance with total glacier surface evaporation and precipita-
tion in the cold season from September to April. The
correlation coefficients are 0.68 and 0.74, respectively.
More important, this study reveals the dominance of pre-
cipitation and evaporation to winter mass balance from
September to April.

It is important to point out that the winter mass balance
is contributed from precipitation in winter season, but also
is strongly affected by winter sublimation in the same
season.
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Variations of the winter mass balance are controlled
mainly by precipitation and evaporation in the cold season.
Furthermore, the additional factors include short-wave and
long-wave radiation (especially related to cloud cover);
although, wind speed, ice temperature, sublimation may
also influence glacier mass balance. The calculation of the
heat budget of the glacier will require precipitation and ice
volume, in particular the volume of ice melting and runoff.
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