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ABSTRACT

This paper is based on observed mass balance between East and West Branch of Urumgi Glacier No. 1, meteorological data dur-
ing 1988-2010, comparative studies the mass balance variations, and analyses the mass balance sensitivity to climate change. Re-
sults show that average mass balance of East and West Branch was —532 mm/a and —435 mm/a, cumulative mass balance was
—12,227 mm (ice thinned by 13.6 m) and —10,001 mm (ice thinned by 11.1 m), respectively, and mass loss of East Branch was 97
mm/a larger than West Branch. The East and West Branch ELA (equilibrium line altitude) ascended about 176 m and 154 m,
analysis shows the steady-state ELAy was 3,942 m a.s.l. and 4,011 m a.s.l, and when East and West Branch mass balance de-
creased by 100 mm, ELA ascended 20 m and 23 m, respectively. The AAR (accumulation area ratio) of East and West Branch
presented an obviously decreasing trend of 34.5% and 23%, equilibrium-state AAR, was 65% and 66%, when East and West
Branch mass balance increased by 100 mm, AAR ascended 4.6% and 4.2%, respectively. Glacier mass balance was sensitive to
change of net ablation, net ablation of East and West Branch increased 10x 10* m’, and mass balance decreased 110 mm and 214
mm, respectively. By analyzing mass balance sensitivity to climate change, results suggest that East and West Branch mass bal-
ance decreased (increased) 463 mm and 388 mm when ablation period temperature increased (decreased) by 1 °C, East and West
Branch mass balance increased (decreased) 140 mm and 158 mm when annual precipitation increased (decreased) by 100 mm,
and sensitivity of East Branch mass balance to climate change was more intense than that of West Branch.
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1 Introduction

Glacier mass balance is an important index linking glac-
ier change with climate change (Zemp ef al., 2009; Xie and
Liu, 2010; Wu et al., 2011), and mass balance is a direct
response to climate change which affects the volume and
timing of stream flow that provides water for hydroelectric
power production, irrigation, and domestic water supplies
(Ye et al., 2005; Yao et al., 2007). In 1987, climate condi-
tions transformed from warm-dry to warm-wet in Northwest
China (Shi et al., 2003), most glaciers experienced accelerated

melting, the retreat phenomena existed mainly as glacier mass
loss, the equilibrium line altitude ascended, glacier terminus
retreated, and runoff increased. Glaciers in the Tianshan re-
gion are important water resources in arid and semi-arid re-
gions of northwestern China, and it is estimated that glacial
melt water accounts for 22% of river runoff in these regions
(Li et al., 2011; Duan et al., 2012). Thus, the study of glacier
mass balance has important scientific significance.

Urumgqi Glacier No. 1 is a northwest-facing valley glaci-
er which is composed of two ice streams. Due to rising air
temperatures, negative balance increase, area reduction and
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glacier terminus retreat, the two branches of the former
glacier became separate into two small glaciers in 1993.
Some work has been carried out on glacier mass balance at
Urumgqi Glacier No. 1 during the past 20 years, but few have
focused on the variations of East and West Branch. Whereas
the East and West Branch separated completely, they have
differences in terrain, slope, glacier area, and altitude. When
studying mass balance change against the background of
climate warming, it is necessary to compare the differences
of East and West Branch. In this study, according to mass
balance of East and West Branch and meteorological data,
contrastive analysis was carried out on the variations of
glacier mass balance, equilibrium line altitude, accumulation
area ratio and net ablation, and the difference of mass bal-
ance sensitivity to climate change.

2 Study area and data

Urumgqi Glacier No. 1 (43°08'N, 86°82'E), the best-

84°E

monitored glacier in China and a reference glacier in the
World Glacier Monitoring Service (WGMS) glacier moni-
toring network (Zhang et al., 2012), is located at the head-
waters of the Urumgqi River in the eastern Tianshan Moun-
tains (Figure 1), and is the largest glacier in the Urumgqi Riv-
er Basin. Glacier area was 1.95 km” and minimum altitude
was 3,637 m a.s.l. in 1959, and is a continental glacier ac-
cording to ice physical characteristics. The photograph
shown in Figure 1 was taken by ZhongQin Li in 2007, indi-
cating that Urumqi Glacier No. 1 is a northeast-facing valley
glacier with two branches, East Branch (the area was 1.163
km?) and West Branch (the area was 0.677 km?), which were
separated in 1993. According to 2010 data, the East Branch
has a total area of 1.068 km® with a length of 2.028 km,
altitudinal range is between 3,743 m a.s.l. and 4,267 m a.s.1.,
and the median elevation is 3,978 m a.s.l. The West Branch
has a total area of 0.577 km® with a length of 1.714 km, and
altitudinal range is between 3,845 m a.s.l. and 4,484 m a.s.1.,
and median elevation is 4,087 m a.s.l. (WGMS, 2011).
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Figure 1 Location of the Urumgqi Glacier No. 1 within Tianshan Mountain

Glacier mass balance is a traditional and basic observa-
tion that indicates the accumulation and ablation rates of
the glacier. The mass balance observation to the Urumgqi
Glacier No. 1 that began in the summer of 1959 was meas-
ured by the stakes and snow pits method. There were
45-50 stakes and five snow pits over the entire glacier
except the steep slopes. In the ablation zone, accumulation
and ablation was measured by stakes’ changes, in the ac-
cumulation area, they are measured by digging pits at each
of the stakes. Based on mass balance of a single point and
a standard glacier map, the isolines of mass balance can be
drawn, and annual mass balance can be calculated by using

the area weighted method. The altitude where annual mass
balance was zero was defined as the equilibrium line alti-
tude (ELA), the accumulation area ratio (AAR) through
the location of ELA can be calculated.

The mass balance data of East and West Branch have
been separately reported starting from 1987/88 in Annual
Reports of the Tianshan Glaciological Station (TGS) with
study period in 1988-2010 (Table 1). The main data source
is the Annual Report of TGS, Glacier Mass Balance Bulle-
tin, Fluctuations of Glaciers of WGMS, and meteorologi-
cal data obtained from the vicinal Daxigou Meteorological
Station (DMS; 3,539 m a.s.l.).



318 GuoFei Zhang et al., 2013 / Sciences in Cold and Arid Regions, 5(3): 0316-0323
Table 1 Mass balance of East Branch and West Branch, Urumgqi Glacier No. 1
. East Branch West Branch

Period b,(mm)  ELA(m)  AAR(%)  A(x10'm) b,mm)  ELA(m)  AAR(%) A (x10°m)
1987/1988 —646 4,050 32 81.2 —639 4,110 43 48.0
1988/1989 39 3,916 69 20.1 220 4,036 62 10.7
1989/1990 18 3,908 69 29.4 110 4,010 73 15.0
1990/1991 —734 4,110 25 87.7 —657 4,150 41 477
1991/1992 15 3,918 69 277 37 4,032 67 17.8
1992/1993 —34 3,932 69 31.9 =20 4,028 69 19.6
1993/1994 —384 4,037 37 59.8 -367 4,079 46 354
1994/1995 —225 4,021 49 39.7 -233 4,049 53 21.4
1995/1996 46 3,947 66 11.8 37 3910 69 5.0
1996/1997 =773 4,079 25 91.5 —995 4,240 24 67.2
1997/1998 —826 4,055 28 97.1 =726 4,138 41 50.4
1998/1999 —825 4,095 28 97.0 =737 4,170 37 48.9
1999/2000 =379 4,048 47 S51.1 —242 4,090 55 235
2000/2001 -915 4,115 35 107.2 =704 4,153 44 49.9
2001/2002 —871 4,140 31 101.8 =767 4,143 42 514
2002/2003 —387 4,066 45 54.0 -377 4,089 52 322
2003/2004 =706 4,096 42 86.4 —844 4,173 40 56.2
2004/2005 —480 4,045 48 62.2 =503 4,071 54 355
2005/2006 —920 4,086 19 104.3 =506 4,089 43 42.5
2006/2007 —696 4,060 28 82.5 —542 4,100 36 38.2
2007/2008 —1,046 4,152 10 121.5 =719 4,184 31 478
2008/2009 =57 3,975 56 26.1 289 4,010 81 9.7
2009/2010 —1,441 >4,267 0 154.1 -1,116 >4,484 0 64.4

Mean —532 4,049 40 70.7 —435 4,110 48 36.5

b,: mass balance; ELA: the equilibrium line altitude (> means ELA surpassed the glacier summit); AAR: the accumulation area ratio; A: net ablation.

3 Variations of mass balance
3.1 Mass balance and cumulative mass balance

The mass balance change is an undelayed response of
the glacier to climate change, and it is also a sensitive indi-
cator for climate change (Li et a/., 2008). Both mass balance
and cumulative mass balance of East and West Branch have
shown that mass loss is serious and increasing (Figure 2).
During 1988-2010, East and West Branch mass balance
varied between —1,441 to 46 mm and —1,116 to 289 mm,
with average mass balance of —532 mm/a and —435 mm/a,
and cumulative mass balance was —12,227 mm (ice thinned
by 13.6 m) and —10,001 mm (ice thinned by 11.1 m), re-
spectively. From 1988 to 1996 weak negative balance was
typical, the average mass balance of East and West Branch
was —212 mm /a and —168 mm/a, respectively. Especially in
1997-2010, it was characterized by strong negative balance,
the minimum mass balance value of East and West Branch
was —1,441 mm and —1,116 mm in 2010, the average mass
balance sharply reduced to —737 mm/a and —606 mm/a,
respectively, and cumulative mass balance accounted for
85% of total mass loss amount. The main reason for this loss

is due to major worldwide weather events in 1997, with an
average temperature of 16.9 °C, which is the highest average
temperature during the 20th century, and the global climate
continued warming (Li, 1998).

However, the mass loss amount of East and West Branch
are different, the average mass loss of East Branch was 97
mmnv/a larger than West Branch, which means that East Branch
was 2.5 m thinner than West Branch during the past 23 years.

3.2 Mass balance versus ELA

The equilibrium line altitude (ELA) is a theoretical line
on a glacier at which annual mass accumulation equals an-
nual mass loss (Dong et al., 2012; Wang et al., 2012), has a
close relationship with glacier mass balance and local cli-
mate conditions, and its altitude depends on the interaction
among climate, topography and glacier (Ju et al., 2004).
The ELA change is a reflection of glacier morphology for
regional climate, and also is an important climate index to
distinguish glacial properties, types and their activities.
Figure 3a shows the ELA variations of East and West
Branch: ELA descended slowly from 1988 to 1996, as-
cended promptly after 1996, then surpassed the glacier
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summit in 2010. Over the whole study period, ELA dis-
played a general ascending trend, with a linear regression
of its variational trend, ELA of East and West Branch as-
cended about 176 m and 154 m, respectively. ELA of East
Branch varied between 3,908 and 4,267 m a.s.l., with a
mean of 4,049 m a.s.l., ELA of West Branch varied be-
tween 3,910 and 4,484 m a.s.l., with a mean of 4,110 m
a.s.l.. ELA of West Branch was 61 m higher than East
Branch, indicating that ELA of West Branch was generally
higher than East Branch, this may be due to altitude, slope
and surface morphology of the glacier.

Previous research indicated that ELA had negative cor-
relation with mass balance (Liu et al., 1997, Wang et al.,
1998). Figure 3b indicates the correlation between glacier
ELA and mass balance during 1988-2010. Then we ob-
tained the correlation models between the ELA and mass

balance (b,):
East Branch:
ELA=3942-0.20b, (R=0.95) (1)
West Branch:
ELA=4011-0.23b, (R=0.83) )

Results show that ELA has a strong negative correlation
with mass balance. As the mass balance decreases, the ELA
shows an ascending trend, exceeding the upper limit of the
glacier when mass balance decreases to a certain extent.

1988-2010. Based on the aforementioned formulae, the
ELA can be calculated as 4,048 m and 4,111 m, which are in
accordance with the measured average ELA (4,049 m and
4,110 m). In addition, from Formulae (/) and (2), we know
that the ELA of East and West Branch was in a steady state,
namely zero equilibrium line altitude (ELAy) was 3,942 m
and 4,011 m respectively, 107 m and 99 m lower than the
mean ELA.

3.3 Mass balance versus AAR

The accumulation area ratio (AAR) is the ratio of accu-
mulation area to total glacier area, and is one of the most im-
portant indicators of the weight variation of mass balance. The
AAR of East and West Branch shows an obviously decreasing
trend during 19882010 (Figure 4a), descended by 34.5%
(slope is 1.5%/a) and 23% (slope is 1.0%/a), the slope of the
regression line of East Branch AAR was larger, implying that
the decreased amplitude of East Branch was greater than that
of West Branch. The East Branch AAR varied between
0%—69% with an average value of 40%, the West Branch
AAR varied between 0%—-81% with an average of 48%.

Figure 4b indicates the correlation between glacier AAR
and mass balance. We obtained the correlation models be-
tween the AAR and mass balance (b,) as follows:

East Branch:

. . AAR = 65+0.046b, (R=0.96 3
Analysis shows that if mass balance decreases 100 mm, and n ) 3
the ELA of East and West Branch would ascend by 20 m West Branch:
and 23 m, respectively. The average mass balance of East
and West Branch were —532 mm/a and —435 mm/a during AAR = 66+0.042b, (R=0.92) 4)
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Figure 2 Multi-year course of mass balance and cumulative mass balance. 1: mass balance of East Branch; 2: mass balance of West Branch;
3: cumulative mass balance of East Branch; 4: cumulative mass balance of West Branch
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Results show that AAR has a significantly positive
correlation with mass balance. As the mass balance in-
creases, the AAR also shows an ascending trend. Data
analysis shows that if mass balance increases 100 mm, the
AAR of East and West Branch would ascend 4.6% and
4.2%, respectively. The AAR of East and West Branch was
in an equilibrium state, namely zero accumulation area

ratio (AAR,) was 65% and 66%, respectively, which was
25% and 18% larger than the average value (40% and
48%). We can draw a conclusion that the AAR synchro-
nously changed with mass balance result, the possible rea-
son is that accelerated glacier melt expands the ablation
area, so accumulation area decreases, causing an accumu-
lation area ratio decrease.
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Figure 4 AAR variations (a) and mass balance versus AAR (b) of East and West Branch

3.4 Mass balance versus net ablation

Urumgqi Glacier No. 1 is a summer-accumulation-type
glacier, both accumulation and ablation occurs in the sum-
mer. The net ablation is directly related to the inter-annual
change of mass balance (Shi er al., 2009). During
1988-2010, the net ablation of East and West Branch shows
an obvious increasing trend, the net ablation of East Branch
varied between 12x10* m’ and 154x10* m’, with an average
value of 71x10* m’, the West Branch varied between 5x10*
m’ and 67x10* m® with an average value of 37x10* m’.
Figure 5 shows the relationship between mass balance and

100
(b)
OEast Branch
80 OWest Branch
s 60 AAR = 66:+0.042b,
& R=092
< 40 o 08
[¢]
o AAR = 65+0.046b,
20 A R =0.96
e
0 -0 T T T
-1500 —1000 =500 0 500
Mass balance (mm)
net ablation (4). The correlation models are as follows:
East Branch:
b, =248-11.04 (R = 0.99) o)
West Branch:
b, =367-2144 (R =0.998) 6)

Results show that mass balance has good correlation
with net ablation, demonstrating that as net ablation increas-
es, mass balance decreases, indicating that glacier mass bal-
ance was sensitive to change of net ablation. Data analysis
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shows that net ablation of East and West Branch increases
10x10* m’®, and mass balance decreases 110 mm and 214
mm, respectively. The average net ablation of East and West
Branch was 71x10* m’ and 36x10* m’, according to the
aforementioned analysis, mass balance was 534 mm and
403 mm, almost identical to measured average value (=532
mm and —435 mm).

4 Mass balance sensitivity to climate change

Climate conditions transformed from warm-dry to
warm-wet in Tianshan Mountains since 1987, with Urumgqi
Glacier No. 1 swiftly contracting and thinning, especially in
1997-2010 with strong ablation and mass balance presented
large losses, except for 2009 in which there existed a weakly
positive balance (mass balance of 63 mm w.e.), the remain-
der of the balance year saw strong negative balance, which
is caused by high temperatures in the ablation period. Ac-
cording to DMS records, during 19882010, ablation period
mean temperature (May to August) ranged by 2.04.8 °C,
the average value was 3.4 °C, and increased by 0.5 °C
compared with the mean value in 1959-1987. Annual pre-
cipitation varied between 383—674 mm, the average value
was 499 mm, and increased by 74 mm (17%) compared to
average annual precipitation from 1959 to 1987. If the
change fitted a linear trend, then temperature rose by about
1.7 °C, and precipitation increased by 45 mm during the
period of 1988-2010.

Research has indicated that mass balance is negatively
correlated with ablation period temperature and positively
correlated with precipitation (Liu et al., 1997; Wang et al.,
2012). Figure 6 shows the relationships among glacier mass
balance, ablation period temperature, and precipitation
during 1988-2010. To investigate the difference in mass
balance sensitivity of East and West Branch responding to

climate change, by using the linear regression analysis,
based on the 23-year mass balance observations combined
with climate data, we established correlations among mass
balance (b,), ablation period temperature (7;) and annual

precipitation (P):
East Branch:

b, = 367-463T+1.40P (R =0.79) (7)
West Branch:

b, = 90.5-3887,+1.58P (R = 0.70) (8

The results show that mass balance of East and West
Branch decreased (increased) 463 mm and 388 mm when
ablation period temperature increased (decreased) by 1 °C,
and mass balance of East and West Branch increased (de-
creased) 140 mm and 158 mm when annual precipitation
increased (decreased) by 100 mm. It can be seen that mass
balance sensitivity of East Branch to ablation period temper-
ature was larger than that of West Branch, while mass bal-
ance sensitivity of East and West Branch to annual precipita-
tion was equivalent, because precipitation increase was not
obvious (only increased by 45 mm over the past 23 years).
In addition, the sensitivity of glacier mass balance respond-
ing to ablation period temperature, and precipitation demon-
strates that ablation period temperature controls mass bal-
ance change. Compared with mass balance sensitivity of
East and West Branch to climate change, it suggests that
sensitivity of East Branch is more intense than that of West
Branch. According to the IPCC fourth assessment report
(IPCC, 2007), global temperatures could rise by 1.1 to
6.4 °C in the next 100 years (Wang et al., 2011). Thus, we
can infer that glacier mass balance might continue to de-
crease in the future, and mass loss of East Branch is larger
than that of West Branch.
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Figure 5 Mass balance versus net ablation (4) of East and West Branch
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5 Conclusion

Based on observed mass balance data of East and West
Branch and meteorological data during 1988-2010, by
comparative study of mass balance variations and analysis
of the sensitivity of mass balance to climate change, the fol-
lowing conclusions can be drawn:

(1) The average mass balance of East Branch was —532
mm/a, cumulative mass balance was —12,227 mm (ice
thinned by 13.6 m), that of West Branch was —435 mm/a,
cumulative mass balance was —10,001 mm (ice thinned by
11.1 m), and the mass loss of East Branch was 97 mm/a
larger than West Branch.

(2) East and West Branch ELA ascended about 176 m
and 154 m, respectively, analysis shows that steady-state
ELA, was 3,942 m as.l. and 4,011 m a.s.l., with mass bal-
ance decrease, the ELA shows an ascending trend, and East
and West Branch mass balance decreased 100 mm, ELA
ascended 20 m and 23 m, respectively.

(3) East and West Branch AAR shows an obviously de-
creasing trend, descended by 34.5% and 23%, the equilib-
rium-state AAR, was 65% and 66%, with mass balance
increase, the AAR shows an ascending trend, and East and
West Branch mass balance increased 100 mm, AAR as-
cended 4.6% and 4.2%, respectively.

(4) Glacier mass balance was sensitive to change of net
ablation, as net ablation increased, mass balance decreased,
analysis shows that when net ablation of East and West
Branch increased 10x10* m®, mass balance decreased 110
mm and 214 mm, respectively.

(5) Analyzing results suggest that East and West Branch
mass balance decreased (increased) 463 mm and 388 mm
respectively when ablation period temperature increased
(decreased) by 1 °C, East and West Branch mass balance
increased (decreased) 140 mm and 158 mm respectively
when annual precipitation increased (decreased) by 100 mm,
and the sensitivity of East Branch mass balance to climate
change was more intense than that of West Branch.
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