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Abstract The glaciers are fragile and dynamic in nature and influence the climate
system (e.g. albedo feedback) and as well as key indicator of climate change.
The reduction in mass, volume, area and length of glaciers are considered as
clear signals of a warmer climate. Uttarakhand Himalaya contains 968 glaciers
out of the total 9,575 glaciers in Indian part of the Himalaya, covering an area of
2.,888.37 km? with 213.74 km? of ice volume lies between the altitudes 6,600 and
3,860 m with different dimensions. The observations made during the end of nine-
teenth century over the Uttarakhand Himalayan glaciers indicate that there is con-
tinuous retreat of glaciers but rate of retreat are different to different glaciers. In
this study, the results of a detailed mapping campaign and ground-based measure-
ments of terminus retreat, area vacated and mass/volume change has been carried
out on few glaciers for the period between 1962 and 2010. The study shows con-
tinuous negative mass balance on Tipra, Dunagiri, Dokriani and Chorabari glaciers
during last three decades. In general, Uttarakhand Himalayan glaciers are under
substantial thinning (Mass loss) and reduction of length and area in the present
climate conditions.

Keywords Glacier - Retreat - Mass balance + Climate change - Uttarakhand
Himalaya

1 Introduction

Several future scenarios have been predicted for the climate change and future
of Himalayan glaciers speculating the trends and consequences (Bajracharya et al.
2008). Change in temperature and snowfall pattern have been observed in the
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Himalaya during last century. For instance, significant rise of 1.6 °C temperature
between 1901 and 2002 has been reported in the Northwestern Himalaya
(Bhutiyani et al. 2007). The seasonal mean, maximum and minimum temperatures
of winter months have also been increased over the western Himalaya from 1985
to 2008 and pattern of snowfall has been decreased in winter during similar period
(Shekhar et al. 2010). Variation in climatic parameters (e.g. temperature and pre-
cipitation) directly affects the glacier mass balance and its dynamic properties.
Therefore, glaciers are considered to be as a sensitive indicator of climate (Dobhal
et al. 2004) and good indicator of energy balance (Oerlemans 1989).

A study by Mayewski and Jeschke (1979) indicates that generally Himalayan gla-
ciers have been receding since 1850. Several studies have also reported the increase
in glacier recession rate and continuous negative mass balance in the last decades
especially in the central Himalaya (Dobhal et al. 2008; Kulkarni et al. 2007; Bolch
et al. 2012; Bhambri et al. 2011). Recently, a study has reported significant ice mass
loss for smaller glaciers concurrently increased number of glaciers due to fragmenta-
tion of the tributary glaciers in the Bhagirathi and Alaknanda basins (Bhambri et al.
2011). In addition, Kulkarni et al. (2007) and Dobhal et al. (2013b) have described
the role of debris thickness in the lower region of the glaciers that can reduce the
retreat of glacier but can leads to fragmentation of the snout. Due to glaciers retreat,
favorable conditions for formation of lakes have increased and generally form
behind the newly exposed terminal moraine.

The rapid accumulation of water in these lakes can lead to a sudden breach
of the moraine dam. The resultant rapid discharge of huge amounts of water and
debris is known as a glacial lake outburst flood (GLOF) and the results can be
catastrophic to the downstream (Richardson and Reynolds 2000; Dobhal et al.
2013a). One recent glacier inventory in Alaknanda and Bhagirathi suggest that
~25 % of total glacial area is covered by debris in their ablation zones (Bhambri
et al. 2011). Thus, the regular monitoring of these glaciers of this region is impor-
tant as water discharge from these glaciers and snow melt contributes to a sig-
nificant amount to the overall river runoff of Ganga (Immerzeel et al. 2010) and
provide noteworthy contribution in hydropower development in Uttarakhand state.

2 Study Area

The Indian Himalaya with various climatic zone consist 9,575 glaciers covering
an area of ~40,000 km? with an ice volume of ~2,000 km?> (Raina and Srivastava
2008). Himalayan glaciers in the Indian subcontinent are broadly divided into the
three river basins namely the Indus, Ganga and Brahmaputra. The Indus basin
has the largest number of glaciers (~7,997), whereas the Ganga basin including
Brahmaputra contain about 1,578 glaciers (Raina and Srivastava 2008). Out of
these, Uttarakhand Himalaya covers 968 glaciers covering 2,888 km? (Raina and
Srivastava 2008). This show ~13.8 % glacier area of entire Indian Himalaya exists
in Uttarakhand.
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Fig. 1 Location of Uttarakhand Himalaya in India

The Uttarakhand Himalaya covers Yamuna, Bhagirathi, Alaknanda and Kali Ganga
(Ghaghra) basins (Fig. 1). The Bhagirathi River is the main source stream of the Ganga
River, which originates from the snout (Gaumukh; ~3,950 m a.s.l.) of Gangotri Glacier,
the largest valley glacier (~30 km) in the Uttarakhand Himalaya. The headwater of
the Alaknanda River originates from the snouts of Bhagirath Kharak and Satopanth
glaciers. The Alaknanda basin has ~407 glaciers covering ~1,255 km?, whereas the
Bhagirathi basin contains ~238 glaciers covering ~759 km? (Sangewar and Shukla
2009). Uttarakhand Himalayan glaciers are fed by summer monsoon and winter snow
regimes (Thayyen and Gergan 2010). However, maximum snowfall occurs from
December to March, mostly due to western disturbances (Dobhal et al. 2008).

3 Glacier Variations in the Uttarakhand Himalaya

3.1 Length Changes

The Geological Survey of India (GSI) and other scientific Indian organizations
have at their disposal almost 100 years of well-documented recession records
of the lengths of selected Uttarakhand Himalayan glaciers, such as Gangotri
(1842-2006), Meola (1912-2000) and Milam (1906—-1997) glaciers. Gangotri and
Dokriani glaciers have been surveyed extensively by several researchers work-
ing on mass balance, hydrological, geomorphological, isotopic and frontal reces-
sion. The cumulative length recession records of Uttarakhand Himalayan glaciers
(Fig. 2) indicate that glacier retreat is irregular in extent and rate. Therefore, these
records have to be used with caution owing to the different response time of the
glaciers. For instance, in Bhagirathi basin, Dokriani Glacier retreated at the rate of
16.5a°! during 1962-1991, 17.8 a~! from 1991 to 2000, and 15.75 m a~! for the
periods of 2000-2007 (Dobhal and Mehta 2008).
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Fig. 2 Length records of selected Uttarakhand Himalayan glaciers (Source Bhambri and Bolch
2009 modified)

During the study period of 1996-2007 no advancement was found indicating
that the glacier is receding continuously. Available fluctuation records of Indian
glaciers suggest that commonly, south, southeast and southwest facing glaciers,
such as Jaundhar, Jhajju and Tilku Glaciers in the Tons Valley, have receded rap-
idly at a rate of more than 34.18, 15.38 and 13.46 m a~! respectively between
1962 and 2010 (Mehta et al. 2013). Measurement of snout positions of the Tipra
and Rataban Glaciers from 2002 to 2008 indicates an enhanced annual retreat
of 21.3 and 21.2 m a~!, respectively (Mehta et al. 2011). These valley glaciers
accumulate under the influence of the southwestern monsoon. The study suggest
that glaciers longer than 15 km retreat at a rate of more than 20 m a~!, except for
Millam and Gangotri glaciers and furthermore, the recession of these glaciers has
accelerated compared with the previous observation (Fig. 3).

However recession of Gangotri Glacier in last decade shows different behav-
ior as compare to relatively small glaciers in Uttarakhand Himalaya. This glacier
retreated 819 + 14 m from 1965 to 2006 (Bhambri et al. 2012). On an average,
Gangotri Glacier retreated at the rate of 5.9 &£ 4.2 m/year from 1965 to 1968 and
26.9 £ 1.8 m/year from 1968 to 1980, and it retreated 21.0 £ 1.2 m a~! between
1980 and 2001. The recession rate declined during 2001-2006 and it receded
at a rate of 7.0 £ 4.0 m/year. From 2001 to 2006, the recession of Gangotri
Glacier has declined compared to the previous observation during the study
period. However, it does not imply that Gangotri Glacier recession has ceased as
length changes show only the indirect and delayed response of a glacier to cli-
mate change, in contrast to glacier mass balance. The response time of the large
debris-covered Gangotri Glacier is likely to be much longer than that of smaller
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Fig. 3 Changes of Snout retreat rates of glaciers in Uttarakhand Himalaya during the last few
decades

glaciers in the Uttarakhand region. Considering rate of recession of these glaciers,
it has been observed that they are generally in state of recession, however rate of
recession varied from 5 to 20 m/year. A study of long term monitoring glaciers in
Uttarakhand Himalaya clearly show that the retreat rate has been enhance during
the last few decades but there is no change in their trend (Fig. 3).

3.2 Glacier Area Changes

Glacier area change can be analyzed in terms of frontal area and entire area loss.
In the Alaknanda basin, the ice-covered area of Satopanth Glacier diminished by
0.314 m? (1.5 %) near the snout from 1962 to 2006, whereas Bhagirathi Kharak
Glacier lost an area of 0.129 m? (0.4 %) during a similar time period (Nainwal
et al. 2008). These two glaciers are situated in the same basin and likely expe-
rienced similar climatic conditions. However, both glaciers are reported to be
retreating at different recession rates. Bhagirathi Kharak and Satopanth glaciers
retreated 7.4 and 22.8 m a~! during 19622006, respectively. This might be due
to uneven distribution of tributary glaciers, active cirques, drainage density and
distributions of supra-glacial debris cover (Nainwal et al. 2008). One recent study
reveals that Tipra and Rataban glaciers vacated their frontal area by 0.084 and
0.028 km? respectively between 1962 and 2002 (Mehta et al. 2011).

Bhambri et al. (2011) recently reported glacier area decreased from
600 £ 15.6 km? (1968) to 572.5 + 18.0 km? (2006), a loss of 4.6 & 2.8 % in
Uttarakhand Himalaya. In this study, glaciers in Saraswati/Alaknanda basin and
upper Bhagirathi basin lost 18.4 £+ 9.0 km? (5.7 + 2.7 %) and 9.0 &+ 7.7 km?
(3.3 £ 2.8 %) respectively, from 1968 to 2006 (Fig. 4). The number of gla-
ciers in this study increased from 82 in 1968 to 88 in 2006 due to fragmen-
tation of glaciers. In addition, smaller glaciers (<1 km?) lost 19.4 + 2.5 %
(0.51 & 0.07 % a~') of their ice, significantly more than for larger glaciers
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Fig. 4 Glacier change in the Uttarakhand Himalaya from 1968 to 2006 (red and blue glacier
outlines derived from Corona and ASTER images respectively

(>50 km?) which lost 2.8 + 2.7 % (0.074 & 0.071 % a~'). From 1968 to 2006,
the debris-covered glacier area increased by 17.8 & 3.1 % (0.46 &= 0.08 % a~') in
Saraswati/Alaknanda basin and 11.8 + 3.0 % (0.31 + 0.08 % a~!) in the upper
Bhagirathi basin. Individual study on Dokriani Glacier shows that this glacier lost
about 9.5 % area during 1962-2007 (Dobhal and Mehta 2010).

3.3 Mass Balance Studies

Glacier mass balance is the in situ measurements of accumulation and ablation
of entire glacier during a balance year that provide immediate indication of stor-
age system (Paterson 1994). Changes in glacier mass over years reflect the behav-
ior of the glaciers. When a large quantity of snow accumulates in winter survives
and exceeds ablation, the glacier shows mass gain. Similarly, if melting is more
pronounced than the accumulation, the balance shows negative response and sub-
sequently glacier losses it’s mass (Kasser et al. 2003; Dobhal et al. 2008; Cogley
et al. 2011). Ideally, glacier mass balance is monitored continuously for many
hydrological years to derive volume loss or gain to understand climatic fluctua-
tions. Thus, cumulative mass balance trends of several years indicate regional cli-
matic variability (Hodge et al. 1998; Dyurgerov and Meier 2005). In Uttarakhand
Himalaya, so far only four glaciers have been considered for mass balance esti-
mation by field based glaciological methods: Tipra Bank (1982-1989), Dunagiri
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Fig. 5 a Annual specific mass balance, b cumulative specific mass balance and ¢ cumulative net
glacier-wide mass balance of 4 Uttarakhand Himalayan glaciers

(1985-1990), Dokriani (1993-2000) and Chorabari (2004-2010). Mass balance
measurements of Tipra Bank (7 km?) and Dunagiri (2.5 km?) glaciers shows aver-
age thinning of —0.23 and —1.04 m a~!' w.e. during 1980s (Fig. 5a, b). Mass
balance analyses in 1990s on Dokriani Glacier indicate continuous negative annual
mass balances. From 1992/1993 to 1998/1999 the trend was increasingly negative;
—0.22 to —0.44 m w.e. respectively. The cumulated mass balance reached —1.94 m
w.e. from 1993 to 2000 which shows —0.32 m a~! w.e. ice mass loss of the gla-
cier. The calculated ice volume of Dokriani Glacier was 385.11 x 10° m® w.e.
in 1962 and 3150 x 10° m® we. in 1995 suggests a total reduction of
—70.11 x 10° m? w.e. ice mass in 33 years.

The annual mass balance from 1995 to 2000 shows continuous negative mass
balances, which tend to compute total loss of —12.0 x 10® m® w.e. in 5 years.
Therefore, total volume change is —82.11 x 10° m® w.e. for Dokriani Glacier since
1962-2000. In the first decade of 21st century (2000-2010) annual mass balances
was measured for Chorabari Glacier during 2004-2010 (Fig. 5a). Over these 7 years
glacier showed mean annual balance of —0.73 m w.e. a~!. This leads to total cumula-
tive mass balance of —5.1 m w.e. from 2004 to 2010. The annual specific mass bal-
ance investigated during the study period is with the maximum deficit (—0.82 m w.e.)
in 2005/2006 and minimum deficit of (—0.65 m w.e.) in 2009/2010. The thinning is
the main component of glacier shrinkage. Therefore, during the periods of 7 year the
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Chorabari Glacier has reduced its ice thickness by 6 m. Field based studies on the
two glaciers (Dokriani and Chorabari) in Bhagirathi and Mandakini basins provide
great insight into the heavy rainfall events during monsoon periods of 2011 and 2013
in short time span, which caused large amount of sediment transport as well as cata-
strophic events of debris flow and moraine dammed Lake Outburst near the glaciers
snout.

4 Conclusions

Glacier variability depends on several environmental conditions such as mini-
mum and maximum temperature, solar radiation, amount of solid precipitation
and debris cover load, as well as altitude and orientation of the glaciers, which
influence the mass balance so as the length change of the glaciers. Out of 968
glaciers in the Uttarakhand Himalaya only few glaciers were monitored for the
long term mass balance and snout recession. Overall, studies of glacier length and
area change in Uttarakhand Himalaya indicate that larger glacier has less varia-
tion rather than small glaciers. Therefore, it can be concluded that glaciers length
change is largely dependent on the shape, size and thickness of the glacier. Glacier
mass balance study was conducted only for four glaciers in the Uttarakhand
Himalaya during 1982-2010. The result shows continuous negative mass balance
trend along with variability in net annual mass balance. Maximum cumulative ice
mass loss is observed in Chorabari Glacier i.e. —30.77 x 10° m? w.e. in 7 years
(2004-2010) with —4.4 x 10® m® w.e. a=! resulting —0.73 m w.e. y a~! of spe-
cific mass balance (Fig. 5a—c). Differences in mass balance observations of indi-
vidual glacier may be due to variability in the orientation and topographic regime
of the region besides the climate.

As a result of negative mass balance and vacating glacierised area, field based
studies on the two glaciers (Dokriani and Chorabari) during 2011 and 2013
emphasized catastrophic events of debris flow sediment transport as well as
moraine dammed Lake Outburst near the glaciers snout. In general, glaciers in
Uttarakhand Himalayan are under substantial ice melting in the present climate
conditions. However, existing data exhibit short time series biases to make out a
complete scenario of climate change impact on Himalayan glaciers. Thus, there is
a need to design for long term glaciers monitoring network to understand the vari-
ability of glaciers mass changes over Himalaya.
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