Article

Chinese Science Bulletin

Geography

September 2011  Vol.56 No.26: 2820-2827
doi: 10.1007/s11434-011-4621-x

Changes in physical features of Glacier No. 1 of the Tianshan
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This study analyzes the changes in glacier zones and snow composition of Glacier No. 1 in the Tianshan Mountains of China
since 1961, and their possible relations with climate. It is found that precipitation dominated the snow composition and that air
temperature and precipitation controlled the distribution of glacier zones, but interannual change in precipitation had a relatively
large effect on glacier zones and snow composition during 1963-1981 (P1,) and 1963-1989 (P1,). However, during 1982-2007
(P2y) and 1990-2007 (P2;), the air temperature rise (0.57°C/10 a for P2, 0.76°C/10 a for P2;) was more influential than the pre-
cipitation increase (51.3 mm/10 a for P2), and air temperature was principally responsible for the evolution of glacier zones and
snow composition most probably resulting from recent climate warming.
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Glaciers are widely recognized as one of the most visible
and excellent indicators of climate change [1-3] since the
glacier mass balance can be used to infer climatic infor-
mation from glacier accumulation and ablation (i.e. the
glacier mass balance) [4]. Glacier zones characterized by
different ice formation processes (i.e. the water-heat condi-
tion) are distinct parts of the surface layer of glaciers or ice
sheets, and their distribution is closely related to patterns of
the glacier mass balance [5—8]. Moreover, boundaries be-
tween glacier zones provide information on the firn line that
documents the current spatial extent of the ablation area, the
wet-snow line that coincides with the position of the 0°C
isotherm, and the dry-snow line that indicates singular ex-
treme melt events. In particular, the altitude of the firn line
at the end of an ablation season, often referred to as the
equilibrium line altitude (ELA), is a key parameter of the
glacier mass balance [9-12]. Additionally, snow cover in
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the accumulation area of glaciers consists of numerous lay-
ers (e.g. dust, ice, and firn layers) formed by snowfall, wind
erosion, atmospheric deposition and metamorphic processes
(e.g. densification, melting, and freezing) [13]. The transfer
of mass and energy through snow cover strongly depends
on the numbers and properties of these layers preserved in
the snow cover because most fluxes are perpendicular to the
snow surface [14,15]. Consequently, glacier ablation is
closely associated with surface-snow properties, such as the
snow grain size, and thereby depends principally on atmos-
pheric air temperature [16]. The distribution of glacier
zones and the composition of snow cover on glaciers fluc-
tuate year by year according to weather conditions [7], but
on relatively long timescales (e.g. ten years or longer), the
zone distribution and snow composition are well sensitive to
the glacier mass balance and hence climate change (e.g.
atmospheric air temperature and precipitation amount) par-
ticularly under global warming. The glacier zones and snow
composition play a greatly important role in the climate
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responses of glaciers particularly in basins, where available
glacier data such as data on the glacier mass balance, glacier
volume, glacier area, meteorology and hydrology are scarce
probably because of the difficulties involved in and the
oversights of field examinations of glacier zones and snow
composition. Using limited published data on the glacier
zones and snow composition of Glacier No. 1 in the eastern
Tianshan Mountains, this paper examines glacier changes
during different periods to analyze possible relations with
air temperature and precipitation and eventually to quantify
the glacier’s response to climate change. This work will
draw more attention from climatologists to glacier responses
to climate change under global warming.

1 Study area

Glacier No. 1 (43°06'N, 86°49'E) at the head of the Urumgqi
River in the eastern Tianshan Mountains of central Asia is
surrounded by vast deserts—the Gobi desert to the east, the
Taklimakan desert in the Tarim basin to the south, the Peski
Muyunkum and Peski Sary-Ishikotrau deserts to the west,
and the Gurbantunggut desert in the Junggar basin to the
north [17]. The mountain environment in this region in-
cludes a forest zone from 1500 to 2900 m a.s.l., alpine
meadow above 2900 m a.s.l., and bare rock, glacial deposits
and permafrost above 3000 m a.s.l. [18]. With there being a
typical continental climate, a westerly jet prevails across
these high mountains. Near the surface, local valley winds
prevail from March through September [19,20], during
which time the dominant wind directions are from the
northeast and east-northeast [21].

Glacier No. 1 is a northwest-facing valley glacier com-
prising an east branch with elevation between 3740 and
4220 m a.s.]. and a west branch with elevation between
3740 and 4486 m a.s.l., and the glacier has a total area of
about 1.68 km? (in 2006) (Figure 1). The two branches sep-
arated into two independent glaciers in 1994 owing to per-
sistent glacier shrinkage under global warming [22]. The
ELA averaged approximately 4058 m a.s.l. from 1959 to
2006 [21,23], and the mean annual precipitation and air
temperature are 456.8 mm and —5.08°C respectively at the
catchment. The Daxigou Meteorological Station (belonging
to the China Meteorological Administration) is located at
3539 m a.s.l. and about 3 km downstream of Glacier No. 1
(Figure 1). A hydrological station was established 200 m
downstream of the terminus of Glacier No. 1 (3689 m a.s.l.),
where the discharge is solely supplied by the glacier (Figure
1). In the catchment, routine observations include those of
the glacier mass balance [24], glacier length and area [25],
and meteorology and hydrology [22]. In addition, the snow
composition has been investigated in the accumulation area
(above the ELA) on both branches at altitudes of 4068 to
4400 m a.s.l. since 1961, including observations of snow
depth, snow density, dust layers, ice layers, superimposed
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Figure 1 Map showing Glacier No.1, the Daxigou Meteorological Sta-
tion and a hydrological station near the terminal of Glacier No.1 at the head
of the Urumgqi River.

ice, and grain size and type [26-28], and the distribution of
glacier zones has been studied [26,28-30].

2 Data and method

This study takes data of snow profiles for the periods (May
to September) 1961-1962 (26 profiles with intervals of 7 to
30 d) [26,31], 1980-1981 (31 profiles with intervals of 8 to
20 d) [27] and 2003-2004 (40 profiles with intervals of 7 d)
[32] and data of glacier zones for the years 1962 [26], 1989
[29] and 2004 [28,30]. Data of the glacier mass balance are
taken from the Annual Report of Tianshan Glaciological
Station, in which data for 1967-1979 are the reconstructed
mass balance [22]. Data of summer air temperature and an-
nual precipitation have been collected continuously since
1959 by the Daxigou Meteorological Station. Discharge data
have been collected continuously from the hydrological
station at the terminal of Glacier No. 1 during the ablation
period since 1980. For these data, the snow composition is
classified on the basis of the diameter of the snow grain into
fine-grain firn (<1 mm), medium-grain firn (1-3 mm) and
coarse-grain firn (>3 mm). The classification is relatively
concise, involves easy identification and quantification, and
is more accurate [26-28] relative to the International Classi-
fication for Seasonal Snow on the Ground [33]. The parti-
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tioning of glacier zones is based on the classification of
Paterson (1994) (i.e.dry-snow zone, percolation zone,
wet-snow zone, superimposed-ice zone and ablation area
from the summit to terminal of a glacier). The boundaries
between glacier zones are judged according to the location
of the equilibrium line, the boundary between firn and ice
on the glacier surface at the end of the melt season, the
boundary where all snow deposited since the end of the
previous summer warmed to the melting temperature by the
end of the current summer, and field observations of su-
perimposed ice and percolation ice at the bottom of the
snow cover [26,28-30].

Using a limited and discontinuous but valuable database
for the snow composition and glacier zones of Glacier No. 1
since 1961, we compare the glacier zones in 1962, 1989 and
2004 and the snow composition during 1961-1962, 1980—
1981 and 2003-2004 to examine their temporal variations,
carry out trend analyses employing linear regression for
long-term meteorological, hydrological and glacier data to
analyze possible relations among summer air temperature,
annual precipitation, annual mass balance and annual dis-
charge, and quantify the effects of climate change (in terms
of air temperature and precipitation) on the distribution of
glacier zones during 1963-1989 and 1990-2004 and snow
composition during 1963-1981 and 1982-2004 (relative to
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the glacier mass balance) for Glacier No. 1 under global
warming.

3 Results and discussion
3.1 Changes in glacier zones and snow composition

Changes in glacier zones, such as changes in area and posi-
tion (boundary elevation), are directly associated with glac-
ier accumulation and ablation, and the boundaries between
glacier zones provide useful information on the glacier mass
balance [7-10]. Figure 2 shows the distribution of glacier
zones and the snow composition for Glacier No. 1 since
1961. In 1962, from the glacier terminus to summit, the
glacier zones were an ablation area (AA), superimposed-ice
zone (SIZ), wet-snow zone (WSZ) and percolation zone (PZ)
[26] (Figure 2a). The SIZ was in several distinct parts, and
small patches appeared at the head of the west branch and in
an area near a mountain ridge on the east branch most pos-
sibly as a result of the valley terrain. The maximum thick-
ness of superimposed ice was 45 and 265 cm in the AA
(seasonal superimposed ice) and SIZ respectively [26]. By
1989, the glacier zones were the AA, SIZ and WSZ, and the
maximum thickness of superimposed ice was 23 and 38 cm
in the AA and SIZ respectively [29]. During 1962—1989, the
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Figure 2  Glacier zones in 1962 (a) [26], 1989 (d) [29] and 2004 (g) [28,30] and representative snow profiles and snow composition during 1961-1962 (b,c)
[26,31], 1980-1981 [27] (e,f) and 2003-2004 (h,i) [32]. The black crisscross at the summit of the east branch in a, d and g indicate the locations of the rep-
resentative snow profiles. The “fresh snow” and “others” in snow compositions indicate “fresh snowfall” and “composite layers” (e.g. ice layers and dust

layers) respectively.
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SIZ obviously enlarged and appeared above the WSZ in
regions adjacent to the summit of the east branch, the WSZ
diminished particularly on the east branch and the bounda-
ries between the SIZ and WSZ moved upward strikingly on
both branches, and the PZ disappeared and was replaced by
the WSZ (Figure 2a, d). Additionally, the superimposed ice
decreased by 22 and 227 cm in the AA and SIZ respectively.
In 2004, the glacier zones were still the AA, SIZ and WSZ
[28,30]. During 1989-2004, the AA obviously enlarged, the
SIZ diminished particularly on the east branch, and part of
the SIZ disappeared and was replaced by the AA on the
summit of the east branch (Figure 2d,g) as confirmed by a
small meltwater pool that formed at the upper end of the
east branch [34]. Additionally, the boundaries between the
AA and SIZ moved upward 141 m on the east branch and
53 m on the west branch, and the boundaries between the
SIZ and WSZ moved upward 23 and 6 m for east and west
branches respectively. These results suggest that the quan-
tity of meltwater and the percolation of meltwater in snow
cover increased, and the time required to transform snow
into ice decreased particularly in 2004 relative to times in
1962 and 1989 probably as a result of a rapid increase in
heat input into the glacier interior and potential climate
warming.

The weather and solar radiation control the snow strati-
graphic characteristics, and seasonal boundaries within the
annual strata correspond to times when air temperature gra-
dients are steepest and when layers of sublimation crystals
(depth hoar) are most likely to form within the snow cover
[35]. The snow composition of Glacier No. 1 shows that the
time required to transform snow into ice decreased, and the
volume of meltwater in the snow cover and the snow densi-
ty increased significantly (Figure 2b,c,e,f,h,i). For instance,
an average of 4.9 dust layers were found in the snow cover
during 1961-1962 (Table 1), suggesting that accumulation
of the glacier mass during those 5 years remained above the
ice [21,31,36]. Nevertheless, by 1980-1981 and 2003-2004,
the average numbers of dust layers above the ice decreased
to 4.2 and 2.9 respectively (Table 1). The decrease in the
number of annual layers identified as dust layers indicates
that the time required to transform snow into ice has been
increasingly decreasing. Additionally, the snow cover con-
tained eight ice layers in 1961-1962 but only 3.3 and 2.5 in
1980-1981 and 2003-2004 respectively (Table 1), as a result
of an increase in meltwater content that destroyed ice layers
[31]. Corresponding to these changes, the snow depth de-
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creased by 57 cm w.e. and snow density increased by 130
kg m™ between 1961-1962 and 2003-2004 (Table 1). Here-
into, the snow depth decreased by 24 cm w.e. and the snow
density increased by 50 kg m™ between 1961-1962 and
1980-1981, and the snow depth decreased by 33 cm w.e.
and the snow density increased by 80 kg m™ between 1980
1981 and 2003-2004. Additionally, fine-grain, medium-
grain and coarse-grain firn layers dominated the snow cover,
and the proportion of fresh snow, fine-grain, medium-grain
and coarse-grain firn layers and other layers (e.g., ice layers
and dust layers) accounted for 6%, 25%, 22%, 40% and 7%
of the snow stratigraphy respectively in 1961-1962 (Figure
2b,c). By 1980-1981, the proportion of the coarse-grain firn
layer increased from 40% to 56%, but the proportion of
fine-grain and medium-grain firn layers decreased from
25% to 12% and from 22% to 14% respectively (Figure 2e,
f). By 2003-2004, the proportion of the coarse-grain firn
layer increased to 75% and the proportion of the fine-grain
and medium-grain firn layers decreased to 8% and 6% re-
spectively (Figure 2h,i). Snow profiles became obviously
less complex, boundaries among snow layers became less
distinguishable, ice layers almost disappeared and the coarse-
grain firn became the dominant firn type, suggesting a rapid
increase in meltwater content in the snow cover and also an
increase in heat input into the snow cover probably as a
result of potential climate warming.

3.2 Changes in climate

Against the background of global warming, the climate of
the head region of the Urumgqi River has changed, particu-
larly since 1997, with the most important indicators being
summer air temperature and annual precipitation [22]. Fig-
ure 3 shows variations in summer air temperature, annual
precipitation, annual mass balance, cumulative mass bal-
ance and annual discharge since 1959. During 1963-1981
(P1y) and 1963-1989 (P1,), air temperature and precipita-
tion fluctuated but their trends were not significant (Figure
3a,b). The glacier mass balance did not have an apparent
trend during P1, but had a decreasing trend (P =0.07) over
P1, relating to a fluctuating discharge during 1980-1989
(Figure 3e), especially during 1978-1982 and 1984-1988;
there was a continuous negative mass balance for 5 years
twice since observations of the mass balance began, and the
three years having the most negative mass balance (less than
—610 mm) were all in the period 1984-1988 (Figure 3c).

Table 1 Average snow depth, snow density and numbers of ice layers and dust layers in snow cover on Glacier No. 1 during 1961-1962, 1980-1981 and

2003-2004
Periods Numbers of profiles Snow depth (cm w.e.) Numbers of ice layers Numbers of dust layers Snow density (kg m™)
1961-1962 [26] 26 139 8 49 540
1980—1981 [27] 31 115 33 42 590
2003—-2004 [28] 40 82 2.5 2.9 670
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Year

Figure 3 a, Summer air temperature (7); b, annual precipitation (P); c,
annual mass balance (B); d, cumulative mass balance (CB) relative to 1959;
e, annual discharge (Q) during 1959-2007. P1,and P2, indicate the periods
1963-1981 and 1982-2007 respectively relative to periods of snow com-
position, and P1, and P2, indicate periods 1963-1989 and 1990-2007
respectively relative to periods of glacier zones. The horizontal dashed
lines indicate zero mass balances, and the inclined dashed lines and solid
lines indicate linear trends during different periods.

Meanwhile, the cumulative mass balance reached —1907.3 mm
(in 1981) and —3982.6 mm (in 1989), equivalent to glacier
thinning of 2.14 and 4.47 m (3.9% and 8.1% of average
glacier thickness in the early 1980s [37]), respectively (Fig-
ure 3d). This suggests that the intra-seasonal fluctuation in
air temperature together with the intra-annual fluctuation in
precipitation is correlated with a decrease in mass balance
and fluctuation in discharge during P1, and P1,. Addition-
ally, air temperature in 1989 and 1980-1981 was 1.1°C and
0.1°C less than that in 1962 and 1961-1962 respectively,
and precipitation was 30.8 mm greater and 92.3 mm less
respectively; however, the mass balance increased by 273.1
mm and decreased by 393.5 mm respectively, further sug-
gesting that interannual fluctuation of the air temperature
and precipitation are responsible for changes in the mass
balance during P1, and P1,.

During 1982-2007 (P2j) and 1990-2007 (P2,), however,
the temperature increased sharply (0.57°C/10 a for P2,, P<
0.01; 0.76°C/10 a for P2;, P<0.01), particularly after 1997
(Figure 3a). Precipitation increased abruptly over P2, (51.3
mm/10 a, P =0.02) and had an unapparent varying trend
during P2, (Figure 3b). As a result, the glacier mass balance
decreased rapidly in the past 26 years (—248.02 mm/10 a for
P2y, P=0.01), but it has an apparent trend in the past 18
years (P2;); in the most recent 10 years (1997-2006), the
seven years having the most negative mass balance (less
than —750 mm) are all after 1996. Moreover, the cumulative
mass balance reached —12064 mm in 2006, equivalent to
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glacier thinning of 13.6 m (25% of the average glacier
thickness in the early 1980s [37]), which is consistent with
the rapid increases in discharge (197.2 mm/10 a for P2,, P<
0.01; 257.5 mm/10 a for P2;, P<0.01) (Figure 3e). These
results indicate that increases in air temperature and precip-
itation most likely led to decreases in mass balance and in-
creases in discharge during P2, and P2,. In addition, there
have been two positive mass balances, in 1992 (23 mm) and
1996 (42 mm), since the beginning of the 1990s (Figure 3c),
which can be attributed to decreases in air temperature in
both 1992 and 1996 and abrupt increases in precipitation in
1996 (632 mm, the greatest since 1959) (Figure 3a, b).
Moreover, air temperature in 2004 and 2003-2004 was
1.5°C and 0.5°C higher than that in 1989 and 1980-1981
respectively, and precipitation decreased by 49.5 mm and
increased by 102.5 mm respectively, corresponding to de-
creases in mass balance of 860.6 and 75.6 mm. This sug-
gests that interannual fluctuations in air temperature and
precipitation are also responsible for changes in the mass
balance during P2, and P2,.

3.3 Correlation of changes in glacier zones, snow
composition and climate

The variation in glacier mass can be used to assess climate
change [38], and studies on the relations between climate
and the glacier mass balance [39,40] are extraordinarily
useful for understanding physical interactions between cli-
mate and glaciers on regional to global scales [38]. The
glacier mass balance is affected mainly by variations in pre-
cipitation, melting and sublimation [41], and it is closely
related to air temperature and physical characteristics of the
material near the surface, which differ greatly among dif-
ferent glacier zones and snow compositions [7]. Moreover,
the boundaries between the glacier zones indicate the glacier
mass balance and climate variability [5,9,10]. Additionally, air
temperature and precipitation as important indicators of
climate change [2] affect the glacier mass balance; specifi-
cally, a precipitation increase enhances glacier accumula-
tion (positive mass balance) and an air temperature rise en-
hances glacier ablation (negative mass balance) [22].

To quantify the effect of climate change on glacier zones
and snow composition, we examine the relationships be-
tween summer air temperature and annual precipitation and
the annual mass balance and annual discharge. During P1,,
the relation between air temperature and mass balance is not
significant (statistically at 49%) (Figure 4a), but precipita-
tion is positively correlated with mass balance (statistically
at 98%) (Figure 4b), indicating that precipitation dominates
the evolution of the snow composition, and the effect of
precipitation on snow composition is obviously more sig-
nificant than the effect of air temperature during P1,, as
confirmed by the relations between precipitation (R* = 0.27,
P=0.02) and air temperature (R*=0.03, P=0.51) and the
mass balance (Figure 4a, b). During P1,, air temperature is
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Figure 4 Regression relationships of summer air temperature (7) and annual precipitation (P) vs. annual mass balance (B) and annual discharge (Q) during

1963-1981 (P1y) (a,b) and 1963-1989 (P1,) (c,d).

negatively correlated with mass balance and positively with
discharge (statistically at 90%) (Figure 4c), and precipita-
tion is positively correlated with the mass balance (statisti-
cally at 98%) but its relation with discharge is not signifi-
cant (statistically at 10%) (Figure 4d), suggesting that air
temperature and precipitation dominate the evolution of
glacier zones. However, the effect of precipitation on glaci-
er zones is more significant than the effect of air tempera-
ture during P1,, as confirmed by the relations between pre-
cipitation (R*=0.21, P=0.02) and air temperature (R*=0.1,
P=0.10) and the mass balance (Figure 4c, d). In addition,
the relationships, although weak for air temperature vs.
mass balance during P1,, are reasonable because higher air
temperature leads to greater glacier melt [42], and the very
weak relation for precipitation vs. discharge during P1,
suggests that glacier-derived discharge is mainly controlled
by air temperature rather than precipitation. Therefore, in-
terannual fluctuations in air temperature and particularly
precipitation are responsible for changes in glacier zones
and snow composition during P1, and P1,.

During P2, and P2, air temperature is negatively corre-
lated with mass balance and positively with discharge (sta-
tistically at 99%) (Figure S5a,c), and precipitation is posi-
tively correlated with discharge (statistically at 91% for P2,
and at 82% for P2)), but the relation between precipitation
and mass balance is not significant (statistically at 13% for
P2, and at 1% for P2;) (Figure 5b,d). These results suggest
that the effect of the air temperature rise is greater than the
effect of the precipitation increase, and air temperature

overwhelmingly governs the mass balance and discharge
and is thus principally responsible for the evolution of both
glacier zones and snow composition, as confirmed by the
relations between air temperature and the mass balance (R*=
0.61 for P2y, P<0.01; R>=0.60 for P2,, P<0.01) and dis-
charge (R*=0.54 for P2y, P<0.01; R*=0.47 for P2,, P<
0.01) (Figure 5a,c). In addition, the extremely weak rela-
tionship for precipitation vs. mass balance during P2, and
P2, further indicates that air temperature critically controls
the mass balance and hence changes in glacier zones and
snow composition. Moreover, the regression results show
that a change in air temperature of 1°C led to glacier mass
losses of 470 mm (P2y) and 459 mm (P2,) during a recent
period (Figure 5a, c¢) compared with a loss of 298 mm (P1,)
during an early period over the basin, further implying that
the evolutions of both glacier zones and snow composition
during recent decades most probably resulted from rapid
warming of the climate under global warming. Furthermore,
interannual fluctuation in air temperature to some extent
was more or less responsible for changes in glacier zones
and snow composition during P2, and P2,, but it does not
get the run upon potential climate warming under a back-
ground of global warming.

4 Conclusions

This study analyzed the changes in glacier zones and snow
composition of Glacier No. 1 of the Tianshan Mountains
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Figure 5 Regression relationships of summer air temperature (7) and annual precipitation (P) vs. annual mass balance (B) and annual discharge (Q) during

1982-2007 (P2o) (a,b) and 1990-2007 (P2,) (c,d).

since 1961, and their possible relations with climate change.
During P1, (1963-1981) and P1, (1963—-1989), precipitation
dominated snow composition, and air temperature and pre-
cipitation controlled glacier zones, but interannual change in
precipitation had a relatively large effect on glacier zones
and snow composition. During P2, (1982-2007) and P2,
(1990-2007), the effect of the air temperature rise (0.57°C/10 a
for P2y, 0.76°C/10 a for P2,) overcame that of the precipita-
tion increase (51.3 mm/10 a for P2;), and air temperature
was principally responsible for the evolution of glacier
zones and snow composition. Moreover, a temperature
change of 1°C led to glacier mass losses of 470 mm (P2)
and 459 mm (P2;) compared with a loss of 298 mm in P1;,
further implying that the evolution of glacier zones and
snow composition most probably resulted from recent cli-
mate warming rather than interannual fluctuation in air
temperature.
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